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Abstract 42 

Melamine amino trimethyl phosphate (M-AT) has been mixed with bio-based starch, 43 

chitosan, or sodium lignosulfonate (SL), and used to prepare an intumescent flame 44 

retardant (IFR) vinyl acetate-ethylene copolymer emulsion (VAE), which might be 45 

used for the formulation of adhesives, coatings, etc. The goal was to meet the 46 

performance requirements especially with respect to flame retardance and mechanical 47 

properties. The flammability of VAE adhesives was assessed using limiting oxygen 48 

index (LOI), UL-94 vertical burning, and cone calorimetry tests (CCT). The presence 49 

of 30 wt% of the M-AT/SL compounds (mass ratio of M-AT to SL was 3:1) in VAE 50 

polymer brought a 73 % reduction in peak of heat release rate (139.2 to 37.1 kW/m2) 51 

in CCT. The LOI was increased to 31.5 from 20, the UL94 grade was upgraded to V-0 52 

(sample thickness: 5 mm). The formation of bubble-shaped char layer can be 53 

promoted by polyphosphoric acid and benzenesulfonic acid along with ammonia and 54 

sulfur dioxide, which generated by the thermal decomposition of synthesized M-AT 55 

and SL during combustion of the polymer. In addition, the incorporation of 30 wt% 56 

M-AT/SL compounds in VAE matrix leaded to a 56% and 40% increasement in 57 

tensile strength and elongation at break tests, respectively compared to the pure one. 58 

This work offers a green and novel method for the production of high-performance 59 

VAE adhesives with fire resistance properties.          60 

Keywords: Sodium lignosulfonate; intumescent flame retardant; thermal degradation; 61 

bubble-shaped. 62 
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 83 

1. Introduction 84 

Vinyl acetate-ethylene copolymer emulsion (VAE) has been widely used in adhesives 85 

[1], coatings [2], leathers [3], constructions [4], tissues [5], and textiles [6] owing to 86 

its excellent properties for bonding, flexibility, acid/alkali resistance, creep resistance, 87 

and environmental-friendliness [7]. However, VAE is mainly composed of carbon, 88 

hydrogen, and oxygen elements, and is a kind of extremely flammable polymer, 89 

which has no rate in the UL-94 vertical burn test and the LOI value is only 19 [8-10]. 90 

High flame-spread rate, accompanied by thick-toxic smoke formation and evolution 91 

of unpleasant gas occurs during combustion of VAE polymer [11]. It is necessary to 92 

develop high-efficiency and eco-friendly flame retardants to reduce the flammability 93 

and expanded the application areas of VAE polymer.  94 

The halogen-free intumescent flame retardants (IFRs) have attracted an increasing 95 

interest recently, due to its unique flame-retardant mode of action, low toxicity and 96 

little tendency to promote smoke formation [12]. Intumescent materials often form a 97 

foamed multicellular char layer at the surface of a degrading polymer that protects the 98 

inner material from the heat flux from the combustion zone. The presence of an 99 

expanded char layer at the polymer surface acts as a physical barrier to reduce the heat 100 

feedback to the polymer and consequent formation of volatile fuel fragments [13]. 101 

The peak heat release rate (pHRR) for combustion of an ethylene vinyl acetate 102 

elastomer containing aluminium trihydroxide and melamine phosphate was 103 

significantly lower than that for the polymer containing no additive. The pHRR was 104 

reduced from 510 to 124 kW/m2, the LOI value was 38 vol% and a V-0 classification 105 

in UL-94 test (sample thickness: 15 mm) was achieved [14]. The presence of 15 wt% 106 

of b-cyclodextrin nanosponges, triphenyl phosphite, triethyl phosphate, ammonium 107 

polyphosphate, dibasic ammonium phosphate, or diethyl phosphoramidate blended 108 

with ethylene vinyl acetate copolymer significantly reduces the pHRR for combustion 109 

from 582 to 151 kW/m2 with a reduction of total heat release (ca−77%) [15]. An 110 

ethylene-vinyl acetate/mica powder/organo-modified montmorillonite composite 111 

containing 23 wt% ammonium polyphosphate/zinc borate displayed a significant 112 

reduction of pHRR from 1355.6 to 179.6 kW/m2 [16].  113 

An IFR system generally consists three ingredients: acid source, carbonization agent, 114 

and blowing agent. Amino trimethyl phosphonic acid (ATMPA, C3H12NO9P3) is a 115 

representative scale inhibitor applied in the water healing process. The phosphate 116 

groups in the molecular structure of ATMPA provide forceful chelating ability [17]. 117 

Melamine (MEL) is used to synthesize novel flame retardants by self-assembly with 118 

organic or inorganic acids due to its ionic attractivity and propensity for π-π stacking 119 

to form multiple hydrogen bonds [18-19]. A novel MEL amino trimethyl phosphate 120 

(M-AT) was prepared from MEL and ATMPA in an aqueous solution through ionic 121 

attraction and π-π stacking self-assembly. This material can be used as the acid source 122 

and blowing agent in intumescent FR. As the carbonization agent, several natural 123 

materials such as starch, chitosan, and sodium lignosulfonate (SL) can be considered 124 
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as a substitute for pentaerythritol from petrochemicals. Starch, a typical carbohydrate 125 

widely exists in potato, wheat, corn, rice, cassava etc. [20]. Chitosan, a linear 126 

polysaccharide, is derived from the shells of shrimp, crabs, insects, mollusks etc. [21]. 127 

Sodium lignosulfonate (SL), as a low-cost and environmental-friendly additive for 128 

polymer and concrete, is prepared by a chemical modification of lignin [22]. Notably, 129 

lignin is a highly cross-linked polyphenolic polymer and the third most abundant 130 

natural polymer after cellulose and chitin. It is available as a co-product of the pulp 131 

and paper industry [23].  132 

A novel IFR system containing M-AT and bio-based carbonization agent (starch, 133 

chitosan, or SL) has been prepared and was then introduced into a VAE matrix by 134 

blending method. The flame retardance, thermal stability, and mechanical properties 135 

of the modified VAE resins were investigated. The pyrolysis volatiles from the VAE 136 

resins were identified using thermogravimetric analysis coupled with Fourier 137 

Transform InfraRed (TGA/FTIR). Furthermore, the flame retardant mechanism in 138 

condensed phase was proposed based on the analysis of the char residues after 139 

combustion via FTIR and scanning electron microscopy (SEM).              140 

2. Materials and Methods 141 

2.1 Materials  142 

Melamine (MEL), and amino trimethyl phosphonic acid (ATMPA) (50 wt%) were 143 

purchased from Sinopharm Chemical Reagent Co., Ltd. Starch soluble (AR rank, 144 

derived from corn) was purchased from Wuxi Yatai United Chemical Co., Ltd. 145 

Chitosan (Foodstuff rank, 99 wt%) was supplied by Jiangsu Gubei Biological 146 

Technology Co., Ltd. SL (AR rank, 85 %) was provided by Xian Tianmao Chemical 147 

Industry Co., Ltd. Vinyl acetate–ethylene copolymer emulsion (VAE, solid content: 148 

55 %) supplied by GELIN HANYE Co., Ltd. 149 

2.2 Preparation  150 

2.2.1 Preparation of MEL-ATMPA (M-AT) 151 

M-AT has been synthesized by MEL and ATMPA through ionic attraction and π-π 152 

stacking self-assembly [24-25]. Firstly, MEL (30 g) was dissolved in 800 mL boiling 153 

deionized water in a three-neck flask equipped with a magnetic stirrer. The pH value 154 

of the solution was then adjusted to 5-6 using 1 mol/L HCl solution with deionized 155 

water as a solvent. The obtained solution was heated to 90 °C and stirred for 30 min. 156 

After that, ATMPA (65 mL) was added into the flask and the solution was stirred for 157 

6 h. The solution was then cooled down for 12 h and white crystal precipitated. The 158 

obtained crystals were filtered and washed with deionized water for three times. 159 

Finally, the yielding filter cake was dried at 80 °C to a constant weight, leading to M-160 

AT (Yield = 80 %).  161 

2.2.2 Preparation of intumescent flame retardant VAE adhesive (IFR/VAE) 162 
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The intumescent flame retardants (IFRs) were consisted of M-AT and renewable 163 

carbonization agents (starch, chitosan or SL). The preparation process of intumescent 164 

flame retardant VAE polymer (IFR/VAE) has been shown in Figure 1. The ratio of 165 

M-AT to carbonization agents was fixed at 3:1 and the formulation has been listed in 166 

Table 1. The IFR/VAE were prepared by blending 70 wt% of VAE with 30 wt% of 167 

IFRs using a high-speed mixer at a temperature of 60 °C for 30 min, and then cooled 168 

down to ambient temperature before used. The obtained IFR/VAE adhesives were 169 

injected into a curing Teflon mold (150×15×5 mm3) and then dried in an oven at 80 170 

°C for 12 h. The cured samples were used for the limiting oxygen index (LOI) tests, 171 

UL-94 vertical burn test, and thermal stability test. The IFR/VAE adhesives (150 172 

g/m2) were coated on both faces of an analysis filter paper using an adhesive roller, 173 

and then dried in an oven at 60 °C for 12 h. The processed samples with a size of 174 

100×20×0.3 mm3 were used for mechanical test. 175 

176 

Figure 1. Preparation process of intumescent flame retardant vinyl acetate-ethylene 177 

copolymer emulsion (VAE polymer). 178 

Table 1. Formulation of neat VAE and IFR/VAE samples.  179 

Samples 
VAE 

(wt.%) 

M-AT 

(wt.%) 

Starch 

(wt.%) 

Chitosan 

(wt.%) 

SL 

 (wt.%) 

Neat VAE  100 0 0 0 0 

VAE/M-AT  70 30 0 0 0 

VAE/M-AT/Starch  70 22.5 7.5 0 0 

VAE/M-AT/Chitosan  70 22.5 0 7.5 0 

VAE/M-AT/SL 70 22.5 0 0 7.5 

 180 



7 

 

2.3 Characterization 181 

The sample particles with a sieve diameter of less than 100 mesh (150 μm) were 182 

prepared, mixed with KBr powder, pressed into the grinding dish, and placed into the 183 

Fourier-transform infrared (FTIR) spectrometer (Nicolet Nexus 670) for infrared 184 

spectroscopy analysis. X-ray photoelectron spectroscopy (XPS) measurements were 185 

performed on an ESCALAB 250 Xi spectrometer produced by Thermo Fisher 186 

Scientific company using a mono-chromated Al Kα X-ray source (hν-1486.6 eV). 187 

Thermogravimetric analysis (TGA) was conducted on a NETZSCH TG 209 188 

instrument at a heat rate of 10 °C/min under a nitrogen atmosphere over a temperature 189 

range from 25 to 800 °C. FTIR-TGA was performed to analyze the pyrolytic gas of 190 

adhesive samples. The spectra were recorded from 600 to 4000 cm−1 with an 191 

accumulation of 8 scans and an optical resolution of 4 cm−1. A transfer line connected 192 

the TGA instrument and the gas cell, were both heated to approximately 230 °C to 193 

prevent condensation of the decomposition products. The mass of each sample was 194 

approximately 10 mg. The calculated values of residual mass at 800 °C for VAE 195 

polymers are based on the references [26-27]. 196 

The LOI tests were performed with a JF-3 oxygen index apparatus (Jiangning 197 

Analysis Instrument Company, China) on the basis of ASTM D 2863-17 with a 198 

sample size of 100 × 10 × 5 mm3. UL-94 vertical burning tests were performed on a 199 

Jiangning CZF-5 apparatus (Jiangning Analysis Instrument Company, China) with a 200 

sample size of 125 × 13 × 5 mm3. The digital pictures and weight for samples were 201 

recorded before and after the thermal treatment using a muffle furnace under 500 °C 202 

for 3 minutes. The weight of each sample was 0.5 g. 203 

The IFR/VAE adhesives (1500 g/m2) were coated on the surface of steel (100×100×3 204 

mm3) for three times, and each time needed 500 g/m2 in a week for curing. The coated 205 

steel samples were used for combustion behavior test. The combustion behavior was 206 

analyzed using a cone calorimeter (Fire Testing Technology Ltd., East Grinsted, 207 

U.K.) according to ASTM E1354-17 under a heat flux of 50 kW/m2. During the cone 208 

calorimeter test (CCT), the heat release rate (HRR) was measured as a function of 209 

time on the basis of oxygen consumption principle; and time to ignition (TTI), total 210 

heat release (THR), peak of HRR (pHRR), peak of CO yield (pCOY), and total smoke 211 

production (TSP) were obtained after CCT. Besides, some essential parameters like 212 

the maximum average heat rate emission (MAHRE, defined as maximum value of the 213 

cumulative heat emission divided by time), the fire growth rate (FIGRA, defined as 214 

the maximum value of HRR(t) divided by time), and the fire performance index (FPI, 215 

defined as a value of TTI divided by pHRR) could be calculated according to the data 216 

obtained by CCT [28-29]. 217 

Field-emission scanning electron microscopy (FE-SEM) (Model SU8010, Hitachi) 218 

combined with an energy-dispersive X-ray (EDX) detector was used to characterize 219 

the morphology of the samples. The laser Raman spectroscopy (LRS) measurements 220 

were performed on a Raman micro-spectrometer (Renishaw in Via type) with 221 
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scanning region was ranged from 50 to 4000 cm−1. The excitation by a 514.5 nm 222 

helium-neon laser line focused a micrometer spot on the sample surface. The 223 

mechanical properties of samples were analyzed on a CMT4104 tensile testing 224 

machine (SANS Company, China) according to ASTM test methods (D-638). The 225 

samples were tested with a speed of 5 mm/min.   226 

3 Results and discussion  227 

3.1 Intumescent behavior  228 

Figure 2a shows the schematic diagram for the synthesis of M-AT. The XPS spectra is 229 

applied to confirm the self-assembly behavior of MEL and ATMPA and have been 230 

shown in Figure 2b and 2c. The typical peaks of MEL remained in M-AT, and the 231 

new peaks at 133.1 and 191.1 eV corresponding to P2p and P2s of ATMPA 232 

respectively, have been observed in Figure 2b. Furthermore, the peak intensity of O1s 233 

in M-AT is significantly higher than in MEL, which can be attributed to the self-234 

assembly of MEL and ATMPA. The peaks at 398.8 and 399.5 eV corresponded to C-235 

N=C and -NH- from MEL [24]. Notably, the peak at 401.0 eV assigned to NH3
+ 236 

group, which demonstrates the successful self-assembly between MEL and ATMPA. 237 

A smooth surface morphology of MEL is clearly visible and shown in Figure 2d. 238 

However, the morphology of M-AT is significantly transformed after the self-239 

assembly with ATMPA and a plate-like π-π stacking of triazine rings structure of 240 

MEL-AT can be seen in Figure 2e.  241 

 242 

Figure 2. a) Preparation process of M-AT; b) XPS spectra of MEL and M-AT; c) N1s 243 

fitted peaks of M-AT; d) and e) SEM images of MEL and M-AT.  244 

Figure 3a shows the TGA curves of M-AT, starch, chitosan, and SL. The amounts of 245 

char residues at 800 °C for M-AT, starch, chitosan, and SL are 44.0 %, 17.1 %, 246 

22.6 %, and 42.8 % respectively, which indicates that M-AT and SL have a better 247 

charring ability than starch and chitosan. Figure 3b and 3c show the charring results of 248 

M-AT, M-AT/Starch, M-AT/Chitosan, and M-AT/SL samples after thermal treatment 249 

using a muffle furnace. The expansion percentage of M-AT/Starch, M-AT/Chitosan, 250 

and M-AT/SL is 275 %, 283 %, and 250 % relative to the M-AT sample, indicating a 251 
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similar increase ability on the expansion height shown in Figure 3b.  The mass losses 252 

of M-AT, M-AT/Starch, M-AT/Chitosan, and M-AT/SL samples after thermal 253 

treatment in a muffle furnace under 500 °C for 3 minutes are 46.3 %, 52.9 %, 58.9 %, 254 

and 69.1 %, respectively, which indicates that the natural carbonization agents 255 

significantly enhance the charring ability of M-AT. 256 

257 

Figure 3. a) TGA results of M-AT, starch, chitosan, and SL under nitrogen 258 

atmosphere at a heat rate of 10 °C/min; b) Digital pictures of samples M-AT, M-259 

AT/Starch, M-AT/Chitosan, and M-AT/SL before and after thermal treatment in a 260 

muffle furnace under 500 °C for 3 minutes; c) Mass loss samples M-AT, M-261 

AT/Starch, M-AT/Chitosan, and M-AT/SL after thermal treatment in a muffle furnace 262 

under 500 °C for 3 minutes. 263 

3.2 Thermal behavior  264 

The TGA curves of neat VAE and IFR/VAE samples under N2 are shown in Figure 4 265 

(a, b), and key data are listed in Table 2. Figure 4a shows three decomposition steps 266 

for neat VAE sample: decomposition of vinyl acetate with the production of 267 

volatilized acetic acid occurred from 240 to 360 °C, oxidative degradation of 268 

polyethylene chains occurred from 380 to 480 °C [30-32], and a char residue value of 269 

2.3 % at 800 °C is obtained. The amounts of char residues for sample VAE/M-AT 270 

increases to 14.0 % compared to the same value of polymer containing no additive. 271 

Notably, samples VAE/M-AT/Starch (15.9 %), VAE/M-AT/Chitosan (17.9 %), and 272 

VAE/M-AT/SL (20.6 %) exhibit a higher amount of char residues at 800 °C 273 

compared to sample VAE/M-AT, indicating a good thermal stability of natural 274 

carbonization agents (i.e., starch, chitosan, or SL) containing IFRs. The enhanced 275 

thermal stability of VAE polymer loading intumescent materials relative to the 276 

polymer containing no additive, which is ascribed to the degradation of the M-AT to 277 

generate polyphosphoric acids, water, and ammonia under heat, thus protecting the 278 

inner materials from heat [33-34]. In addition, the experimental char residues for 279 

samples VAE/M-AT/Starch, VAE/M-AT/Chitosan, and VAE/M-AT/SL are higher 280 
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than calculated values listed in Table 2, which can be attributed to the good charring 281 

capability of natural carbonization agents (i.e., starch, or chitosan, especially, SL) for 282 

M-AT as shown from the result of thermal treatment in Figure 3c. Moreover, SL had a 283 

better charring ability than starch and chitosan. The excellent thermal stability of SL 284 

could be ascribed to the benzene ring structure in the lignin chemical structure. 285 

Additionally, benzenesulfonic acids along with the release of sulfur dioxide were 286 

generated from the degradation of SL under heat, which was beneficial for the 287 

formation of bubble-shaped char layers. Furthermore, sample VAE/M-AT/SL exhibits 288 

the highest reduction of maximum mass loss rate values compared to starch and 289 

chitosan containing intumescent flame retardant samples, which suggests an excellent 290 

effect on suppressing the thermal decomposition of the VAE matrix at high 291 

temperatures.  292 

293 

Figure 4. a) TGA and b) derivative thermogravimetry (DTG) of the neat VAE and 294 

IFR/VAE samples under N2 atmosphere at a heat rate of 10 °C/min. 295 

Table 2. Essential data of samples neat VAE and IFR/VAE in TGA under nitrogen 296 

atmosphere. 297 

Samples 
Tmax 1 

 (°C) 

T-5wt% 

(°C) 

Tmax 2  

(°C) 

Tmax 3 

(°C) 

Char residue (%) 

at 800 °C 

Experimental Calculated 

Neat VAE - 305 341 461 2.3 - 

VAE/M-AT 190 265 340 457 14.0 14.8 

VAE/M-AT/Starch 197 227 340 461 15.9 12.8 

VAE/M-AT/Chitosan 200 195 338 462 17.9 13.2 

VAE/M-AT/SL 200 205 333 464 20.6 14.7 

 298 

3.3 Fire behavior 299 

3.3.1 LOI and UL-94 test 300 

The LOI values and UL-94 (sample thickness: 5 mm) rating of neat VAE and flame 301 

retarded VAE have been listed in Table 3.  The neat VAE sample has no rate in the 302 

UL-94 vertical burn test together with dripping behavior and the LOI value is only 20 303 

vol %. The LOI value increases to 29 vol % with the incorporation of 30 wt% M-AT 304 

(VAE/M-AT). In addition, the LOI values of samples VAE/M-AT/Starch, VAE/M-305 
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AT/Chitosan, and VAE/M-AT/SL are enhanced to 28 vol %, 30 vol % and 32 vol % 306 

respectively, which represents an increasement of 40, 50 and 60 % respectively 307 

compared to neat VAE sample, and V-0 rating has been achieved for all three flame 308 

retardant samples. The SL-containing intumescent VAE polymer exhibits the 309 

maximal increasement of the LOI value. 310 

Table 3. LOI and UL-94 test results of neat VAE and IFR/VAE samples.  311 

Sample LOI △LOI 
UL-94 (thickness: 5 mm) 

Dripping Rating t1/t2 (s) 

Neat VAE  20±0.2 - Y N t1+t2>60 

VAE/M-AT  29±0.3 +9 N V-0 0/0 

VAE/M-AT/Starch  28±0.3 +8 N V-0 0/0 

VAE/M-AT/Chitosan  30±0.1 +10 N V-0 0/0 

VAE/M-AT/SL 32±0.2 +12 N V-0 0/0 

 312 

3.3.2 Cone calorimeter test 313 

The fire performance of neat VAE and IFR/VAE samples has been further analyzed 314 

using CCT. HRR and THR curves have been obtained and shown in Figure 5a and 5b. 315 

The HRR curves of neat VAE and IFR/VAE samples display a “double-peak” 316 

behavior shown in Figure 5a and 5b, which is attributed to a representative 317 

phenomenon in thermally thick charring samples: an initial increase in HRR occurs 318 

until an efficient char layer is formed, as the char layer thickens, this results in a 319 

decrease in HRR; and the continuously exposed to the flame caused the second peak 320 

HRR [35].  321 

The double-peak in HRR curves of neat VAE with values of 267 and 139 kW/m2 322 

occurred at 90 and 165 s, respectively. The incorporation of intumescent flame 323 

retardant significantly reduces the HRR values of VAE adhesives. The 1st peak-HRR 324 

(pHRR 1) of VAE/M-AT/Starch, VAE/M-AT/Chitosan, and VAE/M-AT/SL samples 325 

exhibit a reduction of 27 %, 33 %, and 48 % respectively compared to the neat VAE 326 

sample. The 2nd peak-HRR (pHRR 2) of VAE/M-AT/Starch, VAE/M-AT/Chitosan, 327 

and VAE/M-AT/SL samples also display a great decrease of 60 %, 60 %, and 73 %, 328 

respectively, relative to the neat VAE sample. Moreover, the incorporation of IFRs 329 

substantially reduces the THR values from 28 MJ of neat VAE to 17, 19, and 14 MJ 330 

of VAE/M-AT/Starch, VAE/M-AT/Chitosan, and VAE/M-AT/SL, respectively. The 331 

SL-containing intumescent VAE polymer exhibits a far superior effect by suppressing 332 

the heat release during combustion process which is better than the starch and 333 

chitosan containing samples. 334 

The key cone calorimetry data of samples neat VAE and IFR/VAE are listed in Table 335 

4. The MAHRE values of VAE/M-AT/Starch, VAE/M-AT/Chitosan, and VAE/M-336 

AT/SL samples represent a reduction of 30 %, 18 %, and 40 % respectively, relative 337 

to the neat VAE sample. The FIGRA and FPI have been used to evaluate the hazard 338 

of developing fires. The lower FIGRA indicates lower fire risk while the higher FPI 339 
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value indicates higher fire safety rank. Samples VAE/M-AT/Starch (3.3 kW/m2.s) and 340 

VAE/M-AT/SL (2.3 kW/m2.s) show a lower FIGRA than sample neat VAE (3.6 341 

kW/m2.s). In addition, samples VAE/M-AT/Chitosan (0.4 m2.s/kW) and VAE/M-342 

AT/SL (0.5 m2.s/kW) represent a higher FPI than neat VAE (0.3 m2.s/kW). This 343 

indicates that the fire resistance of VAE polymers has been significantly enhanced by 344 

incorporating the IFRs composed of M-AT and SL compound.  345 

Besides, the pCOY of samples VAE/M-AT/Starch, VAE/M-AT/Chitosan, and 346 

VAE/M-AT/SL represent a substantial reduction of 85 %, 77 %, and 75 %, 347 

respectively, compared to the neat VAE sample. The TSP values from 2.9 m2 of neat 348 

VAE sample is reduced to 2.1, 2.2 and 2.4 m2 of VAE/M-AT/Starch, VAE/M-349 

AT/Chitosan, and VAE/M-AT/SL samples, respectively. It is concluded that the 350 

introduction of M-AT and SL compound decreased the release of toxic gas (i.e., CO) 351 

and smoke. 352 

353 

Figure 5. a) HRR and b) THR curves of the neat VAE and IFR/VAE samples during 354 

CCT at a flux of 50 kW/m2, digital pictures at pHRR 1 and pHRR 2 of neat VAE (d), 355 

VAE/M-AT/Starch (d), VAE/M-AT/Chitosan (e) and VAE/M-AT/SL (f) during CCT. 356 

Table 4. Cone calorimetry data of the neat VAE and IFR/VAE samples. 357 

Samples 
pHRR 1  

(kW/m2) 

pHRR 2  

(kW/m2) 

THR 

(MJ/m2) 

MAHRE 

(kW/m2) 

FIGRA 

(kW/m2.s) 

FPI 

(m2.s/ kW) 

pCOY 

(kg/kg) 

TSP 

(m2) 

Neat VAE 267  139 28 125 3.6 0.3 2122 2.9 

VAE/M-AT/Starch 
195 

 (-27%) 

56 

(-60%) 

17  

(-39%) 

87 

(-30%) 
3.3 0.3 

309  

(-85%) 
2.1  

VAE/M-AT/Chitosan 
179  

(-33%) 

55 

 (-60%) 

19  

(-32%) 

102  

(-18%) 
3.7 0.4 

492  

(-77%) 
2.2  

VAE/M-AT/SL 
138 

 (-48%) 

37  

(-73%) 

14  

(-50%) 

75  

(-40%) 
2.3 0.5 

536  

(-75%) 
2.4 
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 358 

3.4 Mode action of IFR/VAE 359 

3.4.1 Gas phase analysis 360 

In order to explore the gaseous-phase behavior of IFRs, TGA-FTIR experiments were 361 

used to identify the pyrolysis volatiles of neat VAE and IFR/VAE samples. The 3D 362 

TGA-FTIR graphs shown in Figure S1 indicated that the real-time absorbance of 363 

pyrolysis volatiles of the neat VAE and IFR/VAE samples as a function of 364 

temperature. Overall, the incorporation of 30 wt% of IFRs significantly reduces the 365 

gaseous-products except carbon dioxide, as revealed through the decreased 366 

absorbance intensity, which indicating the thermal degradation of VAE polymer can 367 

be suppressed by the IFRs. Figure 6a shows the FTIR spectra of pyrolysis volatiles for 368 

the thermal decomposition of the neat VAE sample at different temperature. The 369 

peaks of water (H2O) (3577 cm−1), hydrocarbons (3056 to 2840 cm−1, 1448 cm−1, and 370 

1384 cm−1), carbonyl (C=O) (1795 and 1776 cm−1), C-O (1178 cm−1), and hydroxyl 371 

(O-H) deformation (651 and 684 cm−1) are detected [34-35]. Figure 6b shows the 372 

cumulative FTIR spectra of the degradation productions for neat VAE and IFR/VAE 373 

samples. In comparison with the neat VAE, the addition of IFRs noticeably reduces 374 

the absorbance intensity of H2O, C-H, C=O, and C-O. Besides, the characteristic 375 

peaks of ammonia (NH3) (966 and 931 cm−1) and carbon dioxide (CO2) (2358 cm-1) 376 

are identified [38], which plays an essential role in promoting the expansion of the 377 

molten char. Meanwhile, the FTIR spectra of decomposed gaseous-products for neat 378 

VAE and IFR/VAEs at the maximum degradation stage according to TGA results in 379 

Table 4 (Tmax 2 and Tmax 3) are extracted to examine the pyrolysis process in Figure 6c 380 

and 6d. It is indicated that weak vibration peak of aliphatic substituted phenols at 381 

3739 cm−1 are detected at the Tmax 1 for IFR/VAEs while disappear at the Tmax 2, and 382 

the absorbance intensity of H2O, C-H, C=O, C-O of IFR/VAEs is significantly 383 

decreased compared to neat VAE.  384 

The maximum volatiles release intensity of VAE polymers significantly decreased 385 

after incorporating the IFRs and shown in Figure 7a, which is in compliance with the 386 

DTG results shown in Figure 5b. Figure 7b- f shows that the CO2, NH3, C-H, C=O, 387 

and C-O gas volatiles absorption intensity of neat VAE and IFR/VAEs respectively. 388 

The absorption intensity of the diluted gases, i.e., CO2 and NH3, has been increased 389 

for intumescent VAE polymer relative to the pure one, which can be attributed to the 390 

formation of bubble-shaped charring layers. In addition, the absorption intensity of 391 

pyrolysis volatiles of IFR/VAEs, i.e., C-H, C=O, and C-O, is significantly reduced, 392 

which indicated that less gas was released in the gas phase and more char residues 393 

were left.      394 
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395 

Figure 6. a) FTIR spectra of neat VAE at different temperatures, b) Cumulative FTIR 396 

spectra of the degradation productions for neat VAE and IFR/VAE samples, c) and d) 397 

FTIR spectra of neat VAE and IFR/VAE samples at two maximum thermal 398 

degradation stages in Table 4. 399 

400 

Figure 7. Absorption pyrolysis as a function of time for neat VAE and IFR/VAEs: (a) 401 

Gram-Schmidt, (b) CO2, (c) NH3, (d) C-H, (e) C=O, and (f) C-O.  402 

3.4.2 Condensed phase analysis 403 

3.4.2.1 Morphology of char residue 404 
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Neat VAE samples completely burned after the cone test, while abundant char 405 

residues of IFR/VAEs were collected after cone test. Figure 8 shows the digital 406 

photographs, SEM images and EDX spectra of char residues for IFR/VAE samples 407 

after cone test. Abundant blocky and visible-dark char residues are observed for 408 

VAE/M-AT/Starch and VAE/M-AT/Chitosan samples, while the sample VAE/M-409 

AT/SL exhibits a more continuous, smooth, and dense char residue in the digital 410 

photographs after CCT. The surface morphology of char residues for starch 411 

containing sample exits some visible holes and the bubble-shape structure features are 412 

not obvious in SEM images after combustion. As for the chitosan containing sample, 413 

little bit bulky bubble assemblies are attached on the surface of char residues in SEM 414 

images. Differently, numerous of bubbles with viscous feature adhered tightly on the 415 

surficial char layer for the SL containing sample in SEM images after combustion. 416 

Meanwhile, the EDX results show that the VAE/M-AT/SL sample exhibits the 417 

highest P content (17.63 %) of bubble structure on the surface char layer compare to 418 

samples VAE/M-AT/Starch (16.09 %) and VAE/M-AT/Chitosan (9.41%). 419 

Furthermore, the high oxygen and phosphorous percentages in the char obtained from 420 

VAE/M-AT/SL indicated that a tough phospho-carbonaceous closed cell char has 421 

been formed. 422 

423 

Figure 8. Digital photographs, SEM images and EDX spectra of char residues after 424 

cone test for samples VAE/M-AT/Starch (a), VAE/M-AT/Chitosan (b), and VAE/M-425 

AT/SL (c). 426 

3.4.2.2 LRS analysis of char residue 427 

The LRS spectra of char residues for samples VAE/M-AT/Starch, VAE/M-428 

AT/Chitosan, and VAE/M-AT/SL are shown in Figure 9. The D band (1355 cm−1) 429 

attributed to the vibration of carbon atoms in the amorphous sphere, and the G band 430 

(1594 cm−1) ascribed to the sp2 in-plane stretching vibration of carbon atoms in the 431 
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crystalline graphite state. The degree of graphitization of the char residues could be 432 

calculated by an area ratio (R) of the D to G bands [39]. The lower value of R 433 

represents a higher graphitization degree. The char residues for VAE/M-AT/SL 434 

sample shows the lowest value of R (2.51) relative to samples VAE/M-AT/Starch 435 

(3.01) and VAE/M-AT/Chitosan (2.77), indicating the highest graphitization degree 436 

of the char residues for VAE adhesives based on M-AT/SL. 437 

438 

Figure 9. LRS spectra of char residues after cone test for samples VAE/M-AT/Starch 439 

(a), VAE/M-AT/Chitosan (b), and VAE/M-AT/SL (c). 440 

3.5 Evolution of intumescent char layer 441 

The thermal treatment using the muffle furnace at different temperatures was carried 442 

out for VAE/M-AT/SL sample to investigate the flame retardant mechanism. The 443 

treating time is 30s at each temperature, and the sample size is 20 × 20× 2 mm3. The 444 

digital pictures, FTIR spectra, and SEM images of VAE/M-AT/SL sample after 445 

treated in a muffle furnace at different temperature have been shown in Figure 10 and 446 

Figure 11. 447 

The VAE/M-AT/SL sample achieves the highest expansion height (1.2 cm) at a 448 

temperature of 450 °C, which is six times higher than that of the initial thickness. It is 449 

noticeable that the expansion height was reduced from 1.2 cm at 450 °C to 0.5 cm at 450 

600 °C. The char residues were analyzed by FTIR, the characteristic peaks of C-H 451 

stretching vibration (2924 and 2894 cm−1), C=O stretching vibration (1738 cm−1), C-452 

H deformation vibration (1374 cm−1) for VAE are detected [40]. The peak of 1502 453 

cm−1 corresponding to NH3
+ groups is observed above 250 °C, while it disappears 454 

when the temperature rising to 400 °C, indicating the degradation of -NH3
+-O- in M-455 

AT [41]. The peak of P-O-P located at 1233 cm-1 appears above 250 °C, which can be 456 

ascribed to the formation of cross-linked polyphosphoric acids. Meanwhile, the peak 457 

of P-N-C at 1018 cm−1 is detected above 250 °C, which indicated that the decomposed 458 

products of ATMPA and MEL (mainly melem and melon) contribute to the formation 459 

of the cross-linking char [42-44]. Moreover, the absorbance intensity of S=O peak at 460 

1152 cm−1 decreases above 300 °C, which is ascribed to the degradation of 461 

benzenesulfonic acids and the releases of SO2 [41, 45].  462 
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As shown, the physical shape of IFR adhesive was transformed with blocky, 463 

shrinking, and lumpy features from 250 °C to 350 °C. Afterward, the bubble-shape 464 

charring layer starts to be formed on the surface from 400 °C to 500 °C, which is 465 

consistent with expansion height shown in Figure 10a. Over 500 °C, the bubble-shape 466 

structure layer was concentrated on the surface of char residues. Generally, the char 467 

residues of VAE/M-AP/SL sample underwent the process of crack, shrink, melt, 468 

bubbling and enrichment. 469 

The flame retardant mechanism of VAE loaded M-AP/SL samples can be concluded 470 

as follows: a) the blowing effect under heat in the gas phase attribute to the released 471 

gases, such as ammonia, water vapor, carbon dioxide, and sulfur dioxide (shown in 472 

Figure 6 and Figure 10). b) the P-O-P, P-N-C, and S=O chemical structures were 473 

detected in the viscous and bubble-shaped char residues and led to the formation of a 474 

thermally stable phosphor-carbonaceous structure in the solid phase (shown in Figure 475 

8, 10b and Figure 11) and reduce the heat conductivity and heat transfer during 476 

combustion of VAE polymer. 477 

478 

Figure 10. a) Digital pictures and b) FTIR analysis of char residues for VAE/M-479 

AT/SL under a muffle furnace at different temperature. 480 
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481 

Figure 11. SEM images of char residues for VAE/M-AT/SL under a muffle furnace 482 

at different temperature. 483 

3.6 Mechanical properties 484 

Figure 12 shows the mechanical properties of neat VAE and IFR/VAE samples. Neat 485 

VAE shows a tensile strength of 12.4 MPa and an elongation at break of 6.1 %. 486 

However, the tensile strength of VAE/M-AT and VAE/M-AT/Starch samples 487 

represent a reduction of 11 % and 15 % respectively compared to that of the neat 488 

VAE, which can be due to the adverse effect of M-AT and M-AT/Starch on curing 489 

process for VAE adhesives [25]. Notably, an increase of tensile strength for VAE/M-490 

AT/Chitosan (5 %) and VAE/M-AT/SL (56 %) samples are achieved compared to 491 

that of the neat VAE, which may be ascribed to the natural bonding performance of 492 

chitosan and SL [46-48]. Typically, the tensile strength of VAE/M-AT/SL sample 493 

increased significantly compared to that of the neat one by the incorporation of M-494 

AT/SL compound. Figure S2 presents good compatibility between the incorporated 495 

M-AT/SL compound with VAE adhesive matrix. Furthermore, the lignosulfonates 496 

exhibit a higher degree of sulfonation, a lower surface tension, and the OH group in 497 

lignin contributed to improved bond strength [49-50]. As a conclusion, the VAE/M-498 

AT/SL sample presents an excellent mechanical property. 499 
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 500 

Figure 12. Mechanical properties of the neat VAE and IFR/VAE samples. 501 

4. Conclusions 502 

An innovative and efficient intumescent flame retardant formulation was prepared 503 

incorporating synthesized nitrogen-phosphorus compounds and natural SL to enhance 504 

the fire resistance, thermal stability, and mechanical properties of VAE adhesives. 505 

The LOI value of this flame retarded VAE polymer was increased to 31.5% with V-0 506 

classification at UL-94 (sample thickness: 5 mm) by the presence of 30 wt% M-507 

AT/SL, and TGA results showed that the mass of char residue at 800 °C was 508 

increased to 20.6% from 2.3% for neat VAE. In addition, the 1st and 2nd pHRR of 509 

VAE/M-AT/SL sample exhibited a reduction of 48.3% and 73.3% respectively 510 

evaluated by CCT, compared to the neat VAE. The tensile strength of VAE polymers 511 

resulted in an increase of 56% by the incorporation of M-AT/SL. We optimized the 512 

bio-based carbonization agent in IFRs for the high value-added application of VAE 513 

polymers, and this green, fire resistant, and strong adhesive expected to widely used 514 

in construction, leathers, textile areas, etc.     515 
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