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Introduction

Intumescent flame retardant systems have been studied as an alternative to reduce the inherent flammability of polymeric composites [START_REF] Papaspyrides | Polymer Green Flame Retardants[END_REF]. Between the 80´s and the 90´s, important contributions were made regarding the mechanisms involved in these systems by combining thermal analysis, flamma-bility tests and spectroscopic techniques, to enlighten the complex process that leads to intumescence [START_REF] Camino | Study of the mechanism of intumescence in fire retardant polymers: part I-Thermal degradation of ammonium polyphosphate-pentaerythritol mixtures[END_REF][START_REF] Camino | Intumescent fire-retardant systems[END_REF][START_REF] Camino | Study of the mechanism of intumescence in fire retardant polymers: part VI-Mechanism of ester formation in polyphosphate-pentaerythritol mixtures[END_REF][START_REF] Camino | Study of the mechanism of intumescence in fire retardant polymers: part III-Effect of urea on the ammonium polyphosphate-pentaerythritol system[END_REF][START_REF] Delobel | Fire retardance of polypropylene by diammonium pyrophosphate-pentaerythritol: spectroscopic characterization of the protective coatings[END_REF][START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF][START_REF] Bourbigot | Synergistic effect of zeolite in an intumescence process: study of the carbonaceous structures using solid-state NMR[END_REF]. In sum-mary, an intumescent formulation consists on a mixture of a carbonific agent, an acid source and a blowing agent. A typi-cal intumescent formulation is composed by pentaerythritol (PER) (a polyhydroxylated carbon source) and ammonium polyphosphate (APP), which acts both as the acid source and the blowing agent [START_REF] Camino | Study of the mechanism of intumescence in fire retardant polymers: part I-Thermal degradation of ammonium polyphosphate-pentaerythritol mixtures[END_REF][START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. With the increase of tempera-ture, as in a fire scenario, the polymer starts to melt and the APP decomposes, generating inorganic acids that will react with the hydroxyl groups of PER, generating phosphorous esters, until 280 °C [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. With further heating, between 280 and 350 °C, the esters undergo elimination reactions, forming unsaturated compounds which, through Diels-Alder cyclization reactions, produce aromatic compounds that will originate the char [START_REF] Delobel | Fire retardance of polypropylene by diammonium pyrophosphate-pentaerythritol: spectroscopic characterization of the protective coatings[END_REF]. Next, ammonia is released from the blowing agent, promoting the swelling of the char [START_REF] Bourbigot | Fire retardant polymers: recent developments and opportunities[END_REF]. The char is a rigid and spongy carbonaceous layer constituted of stacks of condensed aromatic rings, which are more resistant to thermal oxidation. Once formed, the char acts as a physical barrier, protecting the polymeric matrix from the exchange of heat, combustible volatiles and oxygen, ceasing the flame [START_REF] Ribeiro | Influence of clays on the flame retardancy and high temperature viscoelastic properties of polymeric intumescent formulations[END_REF]. However, as the temperature increases to values higher than 430 °C, further condensation of the aromatic structures occurs, and the char becomes stiff and prominent to fissures, enabling the transport of flammable gases from the degradation of the polymeric matrix towards the flame [START_REF] Bourbigot | Fire retardant polymers: recent developments and opportunities[END_REF].

Aiming to improve the performance of the intumescent composites, many works studied the incorporation of inorganic synergistic agents, such as zeolites and clays [START_REF] Bourbigot | Synergistic effect of zeolite in an intumescence process: study of the carbonaceous structures using solid-state NMR[END_REF][START_REF] Estevão | Spent refinery catalyst as a synergistic agent in intumescent formulations: influence of the catalyst's particle size and constituents[END_REF][START_REF] Bourbigot | Zeolites: new synergistic agents for intumescent fire retardant thermoplastic formulations-criteria for the choice of the zeolite[END_REF][START_REF] Lecouvet | A comprehensive study of the synergistic flame retardant mechanisms of halloysite in intumescent polypropylene[END_REF][START_REF] Chigwada | Synergy between conventional phosphorus fire retardants and organically-modified clays can lead to fire retardancy of styrenics[END_REF][START_REF] Tang | PA-6 and EVA alloy/clay nanocomposites as char forming agents in poly(propylene) intumescent formulations[END_REF][START_REF] Ribeiro | Brazilian clays as synergistic agents in an ethylenic polymer matrix containing an intumescent formulation[END_REF][START_REF] Huang | Combination effects of graphene and layered double hydroxides on intumescent flame-retardant poly(methyl methacrylate) nanocomposites[END_REF], into the intumescent formulation. In a previous pioneer work of the group [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF], the influence of the acidic sites of montmorillonites on the performance of intumescent polymeric composites was investigated. A raw montmorillonite was submitted to acidic activation with sulfuric acid for different times, producing clay mineral samples containing acidic sites with different natures (Brønsted or Lewis) and different strengths (weak, moderate and strong). Next, the clay minerals were added to an intumescent formulation composed by APP and PER using polypropylene as the polymeric matrix. The influence of the nature and the strength of the acidic sites on the synergistic action with the intumescent formulation was then evaluated. Through limiting oxygen index (LOI) tests, one of the most relevant quality control used in the polymer industry [START_REF] Papaspyrides | Polymer Green Flame Retardants[END_REF], it was observed that the flame-retarding properties are directly affected by a competition between the nature and the strength of the acidic sites. The best performance was achieved for the composite containing the clay mineral with an excess of Brønsted sites relative to the Lewis ones, with preference to moderatestrength sites to strong ones. In addition, the existence of these sites seems to be crucial for the esterification reaction between APP and PER.

Therefore, this work aims to evaluate the influence of the acidity of montmorillonites on another important flammability test, the cone calorimeter, a more elaborate medium-sized bench-scale method, through which several fire properties of a material can be determined. Besides, in order to achieve a better understanding of the action of montmorillonites acidity in intumescent formulations composed of APP and PER, chemical groups present in the gas and condensed phases, produced during the thermal degradation of the composites, were also evaluated. In addition, the mechanical properties of the composites were investigated.

Materials and methods

Materials

The intumescent formulation (IF) consisted of ammonium polyphosphate (APP), purchased from Clariant, under the trade name Exolit AP 422, and of pentaerythritol (PER) from Sigma Aldrich. Polypropylene (PP) (code 448R) was supplied by Braskem and it was used as the polymeric matrix. Raw, sodic montmorillonite (ANa) originated from Paraíba, Brazil, was submitted to an acidic activation with 4 mol L -1 H 2 SO 4 solution, for 2, 5 and 20 h, at a concentration of 10% m/v of clay mineral, resulting in an increase of the concentration of the acidic sites, as described in a previous work [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF]. The acidified clay minerals were labelled as AH2 (for 2 h treatment), AH5 (for 5 h treatment) and AH20 (for 20 h treatment). For further comparison of the acidic sites, the commercial montmorillonite K10 (acid-treated, non organomodified), supplied by FLUKA, was used.

Montmorillonite characterization

The characterization of the clay minerals by X-ray fluorescence (XRF), X-ray diffraction (XRD), nitrogen adsorption analysis, particle size distribution and Temperature-Programmed Desorption (TPD)-NH 3 was reported in Martins et al. [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF]. The concentration of Brønsted (Bpy) and Lewis (Lpy) acidic sites in ANa, AH2, AH5, AH20 and K10 samples was measured by Fourier transform infrared spectroscopy with pyridine adsorption (FTIR-Pyr; pyridine purity: 99.9%) in three desorption temperatures: 150, 250 and 350 °C. The acidic sites were classified as "weak" (the ones present only up to 150 °C), "moderate" (those remaining after desorption at 250 °C) and "strong" (those remaining after desorption at 350 °C). The main results are reported in Table 1 and further details related to the FTIR-Pyr can be found in Martins et al. [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF].

Processing of the composites

For the composite without clay mineral, PP/IF, a PP mass/ IF mass proportion of 70/30 was used, whereas, for the composites with clay mineral, this proportion was 67% PP/30% IF/3% clay mineral. A 3APP:1PER mass ratio was used for the intumescent formulation, as this proportion endows the maximum of flame retardant properties for polyethylenic materials [START_REF] Bourbigot | Zeolites: new synergistic agents for intumescent fire retardant thermoplastic formulations-criteria for the choice of the zeolite[END_REF][START_REF] Ribeiro | NMR evaluation of montmorillonite's d -spacings on the formation of phosphocarbonaceous species in intumescent systems[END_REF].

As previously described [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF], the polymeric materials were processed in a Thermo Scientific Haake Rheomex double screw extruder model PTW16 (Thermo Fisher Scientific Inc.,Waltham, MA, USA), with six heating zones T zone 1 = 90 °C, T zone 2 = 135 °C, T zone 3 = 170 °C, T zone 4 = 180 °C, T zone 5 = 190 °C, T zone 6 = 190 °C, a 13% feeding and a thread rotation of 300 rpm. After extrusion, the materials were pelletized in a Brabender Nord instrument (Brabender GmbH & Co. KG, Duisburg, Germany) and the pellets were pressed using a Carver Laboratory Press, model C (Carver, Inc, Wabash, IN, USA), at 220 °C, under 6000 lbf for the first 4 min and 12,000 lbf for the remaining 6 min.

Polymer composites thermogravimetric analysis coupled to gas phase Fourier transform infrared spectroscopy (TGA-FTIR)

A SETSYS evolution TGA equipment from Setaram (Caluire, France) was employed to analyse around 12 mg of the PP and the composites under the following experimental conditions: 100 cm 3 min -1 99.999% pure synthetic air flow, alumina microbalance pan, 10 °C min -1 heating rate and temperature range between 30 and 900 °C. The volatile products were directed to a coupled gas phase IS10 Thermo IR spectrometer (Thermo,Waltham, MA, EUA) (temperature of transfer line of 200 °C and time interval between measurements of 0.4 min).

Polymer composites scanning electron microscopy (SEM)

The surfaces of the cone calorimeter residues were submitted to a Quanta FEG 200 (FEI Company, Hillsboro, OR, EUA) SEM equipment, operating at 10 kV with a back scattered electrons (BSE) detector.

Cone calorimetry

Cone calorimeter tests were conducted in a Fire Testing Technology (FTT, East Grinstead, UK) equipment, under the following experimental conditions: 24 L s -1 air flow, 50 kW m -2 external heat flux, distance between the cone and the sample of 25 mm and specimens measuring 100 × 100 × 4 mm 3 . The parameters such as time to ignition (TTI), peak of heat release rate (pHRR), total heat released (THR), maximum average rate of heat emission (MARHE) and mass ratio of the remaining residue (M residue ) were measured.

Production of residues at key burning temperatures

Around 10 g of pellets of PP and of the composites were burnt in a muffle furnace with air feed during 15 h at 280, 350, 430 and 560 °C. The residues were then submitted to Fourier transform infrared spectroscopy (FTIR), Solid State Nuclear Magnetic Resonance Spectroscopy (MAS NMR) and X-ray diffraction (XRD) analysis.

Fourier transform infrared spectroscopy (FTIR)

The PP and the composites pellets were milled in a Fritsch cryogenic mill, model. Pulverisette 14 (Fritsch, Idar-Oberstein, Germany) at 12,000 rpm, in order to obtain homogeneous and fine particles to FTIR sample preparation. The milled PP, the composites samples at room temperature (RT) and the residues obtained after burning the composites at 280, 350, 430 and 560 °C ("Production of residues at key burning temperatures" section) were analysed in a Nicolet 6700 FTIR (Thermo, Waltham, MA, EUA) spectrometer with a 4 cm -1 resolution and a spectral range from 4000 to 400 cm -1 . KBr pellets with a sample concentration of 1% were used in the analyses.

Solid state nuclear magnetic resonance spectroscopy (MAS NMR)

The composites were submitted to NMR analysis before and after being burned. As previously explained, these are keytemperatures to evaluate the chemical changes in the condensed phase along the thermal degradation process.

The MAS NMR spectra were recorded on a Bruker Avance III400 WB NMR spectrometer (9.4 T), operating at Larmor frequencies of 100.63 MHz ( 13 C), 161.99 MHz ( 31 P) and 104.28 MHz ( 27 Al), equipped with a Bruker CPMAS triple channel 4 mm probe head. The samples were packed into a 4 mm ZrO 2 rotor and stopped with Kel-F caps. Since the spinning rate employed was in the range of 10-12 kHz and the bearing air temperature was 293-294 K, it can be considered that the samples were analyzed at around 306 K in that spinning rate range [START_REF] Alves | Development and validation of an analytical methodology for quantification of Al in alumina-based materials by 27Al Solid-state nmr[END_REF].

The 1 H- 13 C cross polarization spectra were obtained for PP, PER, PP/IF and the PP/IF/clays (ANa, AH2, AH5, AH20, K10) for the milled samples before burning, using a ramped-amplitude pulse sequence (50-100% amplitude on 1 H channel), during a contact time of 1000 μs, with a recycle delay of 10 s and 512 scans. 13 C High Power 1 H Decoupling (HPDEC) MAS NMR analyses were performed for the residues obtained at 430 and 560 °C from the PP/IF/clays (ANa, AH2, AH5, AH20, K10) samples, rotating at 10 kHz, with a 90° flip angle (5.0 μs) and a recycle delay of 100 s and 512 scans. The 13 C chemical shifts were externally referenced to the CH 2 of adamantane (δ 38.48 ppm).

The 31 P High Power Decoupling (HPDEC) MAS NMR spectra were obtained for APP, PP/IF and PP/IF/clays samples at a rotation speed of 10 kHz (for RT samples) and 11 kHz (for residues after 430 and 560 °C burning), with a 90° flip angle (5.31 μs) and a recycle delay of 60 s. For the RT composites and for the composite residues after burning at 430 °C, 48 accumulations were necessary, whereas for the composite residues after burning at 560 °C burning, 96 scans were co-added. A sample of H 3 PO 4 85% (0.0 ppm) was used as reference.

The 27 Al Single Pulse (SP) MAS NMR spectra were acquired for all the clays and the PP/IF/clay composites at a spinning rate of 12 kHz, an excitation pulse of 0.99 µs (corresponding to π/12), and a recycle delay of 0.5 s. The number of scans varied depending on the sample analysed: 4000 accumulations for the clay samples, 8000 accumulations for the composite residues after burning at 430 and 560 °C and 16,000 accumulations for the non-burnt composites. A sample of aqueous 1 M AlCl 3 .6H 2 O (0.0 ppm) was used as external reference for chemical shifts.

X-ray diffraction (XRD)

The milled PP and the composites samples at room temperature (RT) and the residues obtained after burning the composites at 280, 350, 430 and 560 °C ("Production of residues at key burning temperatures" section) were carefully compacted into appropriated XRD sample holders, until the achievement of an equally levelled and homogeneous surface. The burnt residues were previously macerated with an agate mortar and pestle. The samples were submitted to a Bruker-AXS D8 Advance Eco (Bruker AXS GmbH, Karlsruhe, Germany) with Cu kα radiation, operating at the following conditions: generator at 40 kV and 25 mA; goniometer velocity of 0.02° s -1 and 2θ range from 1 to 40 

Melt flow rate (MFR)

A MF20 CEAST Melt Flow Tester (Instron, Norwood, MA, EUA) was used to determine the MFR of the PP and the composites, according to the ASTM D1238, method A, at 230 °C, and 2.16 kg mass.

Tensile test

The dumb-bell-shaped specimens (ISO 1BA, according to ISO 527) of the PP and the composites were manufactured in a mini Zamak Mercator press (Zamak Mercator, Skawina, Poland) under the following conditions: oven temperature of 200 °C for 160 s, mould temperature of 70 °C, pressure of 5 bars, and injection time of 10 s. A set of five specimens for each sample was submitted to a ZwickRoell BZ2 (Zwick-Roell, Ulm, Germany) device equipped with 10 N load cell. The tensile strength, the yield stress and the elongation at break were determined at a cross-speed of 50 mm min -1 . The Young's modulus was determined at a cross-head speed of 1 mm min -1 through an extensometer.

Results and discussion

Cone calorimetry (CC)

The values of the main parameters obtained in the cone calorimeter test, such as the time to ignition (TTI), peak of heat release ratio (pHRR), the total heat released (THR), maximum average rate of heat emission (MARHE), and the mass ratio of the remaining residue (M residue ) are presented in Tables 2 and3, respectively for the composites without and with the intumescent formulation.

Figure 1a-b presents the HRR curves for the composites without and with the intumescent formulation, respectively. According to Fig. 1a, PP and the PP/clay mineral samples present similar HRR curve profiles, with a single sharp peak between 110 and 140 s and an abrupt decrease until 255-350 s, when the entire polymeric matrix has already been consumed. Table 2 shows that the sole addition of clay mineral did not enhance the performance of the composites in the CC tests, since it caused a decrease of the TTI and a slight increase of the pHRR, while maintaining the THR values close to that of the neat PP.

The addition of the intumescent formulation (Fig. 1b) contributed to the decrease of the pHRR and the THR when compared to the neat PP and the PP/clay mineral composites, as well as to the increase of the final mass percentage (Table 3), as expected and observed in similar systems in the literature [START_REF] Ribeiro | Influence of the zeolite acidity on its synergistic action with a flame-retarding polymeric intumescent formulation[END_REF][START_REF] Wei | An investigation on synergism of an intumescent flame retardant based on silica and alumina[END_REF]. Moreover, the addition of the clay minerals to the intumescent composites lowered the pHRR values relative to PP/IF, except for the sample PP/IF/AH20, which showed the highest value of pHRR among the intumescent composites. Despite different fire parameters are determined through both tests [START_REF] Papaspyrides | Polymer Green Flame Retardants[END_REF][START_REF] Bourbigot | Fire retardant polymers: recent developments and opportunities[END_REF], the fire behaviour of PP/IF/AH20 agrees with its poor performance in the LOI test (27%, the lowest value among all the samples tested) [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF], what could be explained by the lack of moderate strength sites in AH20 [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF]. The MARHE values are smaller for the intumescent composites, when compared to that of the neat PP. The values for PP/IF/ ANa and PP/IF/K10 were significantly reduced relative to the composite without clay, PP/IF. However, the sample PP/IF/AH20 shows a 37% increase in the MARHE value, whereas other intumescent compositions with modified clays showed moderate values of MARHE, close to this of PP/IF/K10. Differently from the neat PP (Fig. 1a), the intumescent composites show one more peak beyond their pHRRs, as well as longer test times, until approximately 800 s (Fig. 1b, Table 3). The PP/IF/ANa, PP/IF/AH2, PP/ IF/AH5 and PP/IF/AH20 samples (Fig. 1b) present their pHRR right at the beginning of the test (until 60 s) followed by a drop in the HRR (associated to the formation of the intumescent layer) and then an increase to a second peak (ascribed to the degradation of this charred structure) slightly lower than their respective pHRRs. It is worth remarking that the second peak of the PP/IF/AH20 sample is close to the pHRR of PP/IF and it appears earlier, indicating a less cohesive char. On the other hand, the PP/IF and PP/IF/K10 samples present, at first, a lower peak and a larger one (the pHRR) just close to the end of the test. Time/s Time/s layer, while the smaller ones for PP/IF/ANa, AH2 and AH5 point towards a better structured char. Figure 2 presents the morphology of the external surface of the char. The PP/IF composite shows a smoother and more homogeneous surface when compared to the composites with clay mineral, whose surfaces are spongy [START_REF] Zhao | Flame retardant treatments for polypropylene: strategies and recent advances[END_REF][START_REF] Ribeiro | Mechanism of action of different d-spacings clays on the intumescent fire retardance of polymers[END_REF]. The only exception is PP/IF/AH20, which presents the poorest quality char, with more fractures and bigger holes in comparison to the other composites. This aspect contributes to the migration of flammable volatiles compounds from the inner parts of the composite towards the heat source, feeding the flame and, consequently, leading to a pHRR value higher than for all the other composites, as observed in Table 3.

Thermal behaviour and analysis of the volatile thermal degradation products through FTIR

Figure 3a-b enables the comparison between the TGA and dTG curves of the neat PP and the intumescent composites. The neat PP degrades in two steps, the first one with an abrupt mass loss (94.3%) between 260 and 443 °C, followed by a smoother mass loss curve until 550 °C, when PP is completely consumed [START_REF] Lai | Flame-retardant mechanism of a novel polymeric intumescent flame retardant containing caged bicyclic phosphate for polypropylene[END_REF]. The addition of the intumescent formulation (PP/IF sample) is responsible for improving the composite thermal stability, as it reduces the mass loss to 68% until 450 °C. As the charred structure begins to form, the curve tends to level up until 550 °C, when a second smaller degradation step occurs until 900 °C, keeping the residual mass over 14% until the 4). The mass loss between 250 and 450 °C results from the degradation of the additives and the polymeric matrix, and also from the reactions responsible for the char formation. The products from the APP degradation (phosphoric acid and orthophosphates) react with PER to form a mixture of esters at temperatures up to 280 °C [START_REF] Bourbigot | Fire retardant polymers: recent developments and opportunities[END_REF]. Next, between 280 and 350 °C, the degradation of the esters promotes the formation of double bonds which undergo Diels-Alder reactions and free radical processes, giving rise to the polyaromatic structures that will form the char. Also, the ammonia released during the APP degradation causes the char to swell [START_REF] Bourbigot | Fire retardant polymers: recent developments and opportunities[END_REF]. The abrupt decrease of the mass loss at 450 °C indicates the complete formation of the char, which prevents further degradation of the material.

The composites with clay mineral show a profile similar to that of PP/IF, with comparable T onset values, differing only in the T dTG peak values, which occur at lower temperatures for the composites containing ANa, AH2, AH5 and AH20, and in the mass of residue, which are greater at the end of the test due to the mineral remaining fractions of the clays (added in 3% m/m to the composite).

The absorption spectra of the volatile species released during the degradation of the neat PP and of the composites PP/IF and PP/IF/clay minerals at different key-temperatures are presented in Fig. 4a-j. The full spectra can be found in the Supplementary Information (Fig. S1a-h). The temperatures were chosen according to the TGA and dTG data (Fig. 3 andTable 4): 300 °C (after the T onset ), 425 °C (close to T dTG peaks ), 500 °C (along the thermal stabilization of the composites curves) and 800 °C (close to the end of the TGA test).

At 300 °C (after T onset , Fig. 4a-b), the PP degradation produces CO 2 (2359, 2321 and 668 cm -1 ) [START_REF] Lai | Flame-retardant mechanism of a novel polymeric intumescent flame retardant containing caged bicyclic phosphate for polypropylene[END_REF][START_REF] Herrera | Thermal degradation studies of some aliphatic polyamides using hyphenated techniques (TG-MS, TG-FTIR)[END_REF] and CO (2180 and 2107 cm -1 ) [START_REF] Xi | Flame-retardant behavior of bigroup molecule derived from phosphaphenanthrene and triazine groups on polylactic acid[END_REF]. At that temperature, only the PP/IF, PP/IF/ANa and PP/IF/AH20 composites present some significant bands (of CO 2 ) besides the ones of PP. The bands in PP/IF/AH20 are more intense than those of the other composites, indicating the poor ability of this composite to slow down the release of volatile degradation products at the beginning of the degradation process.

Close to the T dTG peaks (425 °C, Fig. 4c-f), the presence of other volatile species becomes evident as the new bands in the spectra can be assigned to CH 3 bending (1373 cm -1 ), C-H stretching (2968 cm -1 range) and alkene C-H stretching vibrations (3017 cm -1 ). These bands evidence the degradation of the PP into hydrocarbons, which are a significant part of the combustible gases [START_REF] Lai | Flame-retardant mechanism of a novel polymeric intumescent flame retardant containing caged bicyclic phosphate for polypropylene[END_REF][START_REF] Wu | Microencapsulation of ammonium polyphosphate with PVA-melamine-formaldehyde resin and its flame retardance in polypropylene[END_REF]. At this temperature, there is enough thermal energy to promote the homolytic dissociation of the C-C and C-H bonds, leading to the formation of free radicals, which can react with the oxygen present in the air via free radical chain reactions to produce oxidized, volatile species, such as acetaldehyde and acetone [START_REF] Tidjani | Polypropylene-graft-Maleic anhydride-Nanocomposites: II-Fire behaviour of nanocomposites produced under nitrogen and in air[END_REF]. These potential reactions could justify the strong bands in 1734 cm -1 , associated to a gas phase carbonyl band. Furthermore, the increase of all bands intensities is remarkable for the whole samples, evidencing the increase of the concentration of the degradation products at the T dTG peak . The PP and PP/IF/AH20 spectra show the highest band intensities when compared to those of the other composites, once more indicating the impairing effect of the presence of the AH20 clay mineral in the composite.

At 500 °C (Fig. 4g-h), only the bands related to CO and CO 2 are present for all the samples. For the neat PP sample, the reduction in the intensity of these bands and the disappearance of the other ones can be explained by the low amount of residual mass remaining at this temperature (around 3%).

Close to the end of the analysis, at 800 °C (Fig. 4i-j), the absence of bands in the PP spectrum shows that it is already completely consumed, whereas the PP/IF, PP/IF/ ANa and PP/IF/AH20 spectra present weak bands in the region of the CO 2 while these bands are completely absent in the other composites containing the clay minerals AH2, AH5 and K10. For the composites which conserve a high mass percentage at this temperature (between 15 and 20%), this result evidences that their degradation rate was slowed down due to the formation of thermally stable products (char).

The common bands present in the spectra of PP and of the composites evidence that all the samples underwent identical thermal degradation processes. At 425 °C (Fig. 4c-d), the intensity of the bands related to CO 2 observed for PP/IF/ AH20 is higher than for the other composites containing clay minerals and equivalent to the composite PP/IF, indicating an impairing effect promoted by the AH20 clay mineral. On the other hand, the lower intensity of the bands observed for the composites containing ANa, AH2, AH5 and K10 reveals that the presence of these clay minerals with the intumescent formulation promotes a superior effect in protecting the inner polymeric matrix from further degradation. Wavenumber/cm -1 Wavenumber/cm -1 Wavenumber/cm -1
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Melt flow rate (MFR)

The MFR values obtained for the neat PP and the composites are presented in Table 5. The addition of 30% of intumescent formulation, as in PP/IF, is responsible for an almost threefold increase of the neat PP MFR value, contributing to the composite's fluidity. Inversely, the addition of the clay minerals reduces the MFR by almost 50% (for ANa, AH2 and K10) and by around 18% (for AH5) when compared to PP/IF composite, increasing its viscosity. The only exception is for the composite containing AH20 clay mineral, which presents a MFR value around 22% higher than the PP/IF. A higher fluidity, i. e, a higher MFR value in the molten state, could increase the transport rate of combustible volatile products from the inner polymeric matrix to the external environment [START_REF] Kim | Effects of wool fibres, ammonium polyphosphate and polymer viscosity on the flammability and mechanical performance of PP/wool composites[END_REF]. This could justify the highest pHRR observed for PP/ IF/AH20 in the cone calorimeter tests, as well as its poor ability to avoid the exchange of volatiles as observed in the TGA-FTIR spectra. Moreover, it seems there is a direct correlation between the structural and compositional changes of the montmorillonite and the viscosity of the intumescent composite; the higher the degree of organization (as discussed in [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF]), the higher the viscosity of the composite (the lower the MFR).

FTIR spectra of the condensed phase

According to the literature, at 280 °C the reactions between ammonium polyphosphate (APP) and pentaerythritol (PER) give rise to phosphate esters [START_REF] Camino | Study of the mechanism of intumescence in fire retardant polymers: part VI-Mechanism of ester formation in polyphosphate-pentaerythritol mixtures[END_REF][START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. In addition, at this temperature, there is the formation of phospho-carbonaceous structures and of polyaromatic species. The aliphatic chains originated from the thermal degradation of the polymeric matrix can also contribute to these structures, by connecting the polyaromatic species that start to be formed, making the structures more flexible [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. A good balance between flexibility and rigidity is important in order to support the pressure generated by the ammonia and the volatiles released during the degradation process. It is suggested that, between 350 and 560 °C, the cleavage of the P-O-C bonds from the phospho-carbonaceous structures promotes the condensation of the polyaromatic structures. This condensation increases the rigidity of the char, affecting its barrier properties, especially at 430 °C [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF], generating fissures through which the combustible products could escape, feeding the flame. In order to evaluate the chemical changes in the condensed phase along the thermal degradation process, the composites were burnt at key temperatures (280, 350, 430 and 560 °C) and their spectra were recorded (Fig. 5a-e). The bands in the range between 850 and 1350 cm -1 allow the characterization of the phosphate species (through P-O bonds in P-O-P chains) and of phosphocarbonaceous structures (through P-O-C bonds), whereas the range of 2500-3700 cm -1 corresponds to the aliphatic groups, enabling the evaluation of the polymeric matrix stability in the intumescent layer [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF][START_REF] Ribeiro | Mechanism of action of different d-spacings clays on the intumescent fire retardance of polymers[END_REF].

At room temperature (RT) (Fig. 5a and Fig. S2a-b), all the samples present bands at 2952 and 2921 cm -1 , which can be assigned to the symmetrical and asymmetrical axial stretching of the C-H bonds in aliphatic hydrocarbon chains [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF][START_REF] Mckee | The inhibition of graphite oxidation by phosphorus additives[END_REF]. At 280 °C (Fig. 5b), these bands are very weak in PP/IF/K10 and absent in PP/IF/AH20, indicating the poor ability of these composites in protecting the polymeric matrix at this stage. In addition, the bands at 1402 and 1460 cm -1 in Fig. 5b correspond to a CH 2 bending absorption [START_REF] Mckee | The inhibition of graphite oxidation by phosphorus additives[END_REF][START_REF] Chen | The effect of chitosan on the flammability and thermal stability of polylactic acid/ammonium polyphosphate biocomposites[END_REF]. In the second range, 850-1350 cm -1 , bands at 924 cm -1 (asymmetric vibrations of P-O bond in a P-O-P chain), at 997-999 cm -1 (symmetrical axial deformation of PO 2 and PO 3 in complex carbon-phosphates) and at 1155-1180 cm -1 (stretching mode of P-O-C in phosphate-carbon complexes) are observed [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF][START_REF] Mckee | The inhibition of graphite oxidation by phosphorus additives[END_REF], indicating the loss of symmetry of the APP chain due to its degradation and subsequent reaction with the organic compounds. Furthermore, the low intensity band at 1639 cm -1 (C = C stretching vibrations) [START_REF] Mckee | The inhibition of graphite oxidation by phosphorus additives[END_REF][START_REF] Chen | The effect of chitosan on the flammability and thermal stability of polylactic acid/ammonium polyphosphate biocomposites[END_REF][START_REF] Tang | Enhancement of flame retardant performance of bio-based polylactic acid composites with the incorporation of aluminum hypophosphite and expanded graphite[END_REF][START_REF] Yang | Manufacturing, mechanical and flame retardant properties of poly(lactic acid) biocomposites based on calcium magnesium phytate and carbon nanotubes[END_REF] indicates the formation of unsaturated compounds.

At 350 °C (Fig. 5c), the bands close to 1000 cm -1 (PO 2 and PO 3 in complex carbon-phosphates) and 1155-1180 cm -1 (P-O-C in phosphate-carbon complexes) become more evident. A remarkable difference between PP/ IF and PP/IF/clay minerals composites resides on the intensities of these two bands. The PP/IF sample presents a more intense band at 1000 cm -1 than at 1155 cm -1 , while the other samples present both bands (at 1022 and 1180 cm -1 ) with equivalent intensities. As explained above, the P-O-C bond between the polycyclic aromatic structures is associated to the flexibility of the intumescent layer, and a lower intensity in the related band implies in a more rigid, condensed aromatic structure, leading to the formation of fissures. In fact, for the PP/IF sample, at 560 °C these bands are not observed anymore, pointing towards the cleavage of Fig. 4 Gas phase TGA-FTIR spectra of PP and the composites at a-b 300 °C; c-f 425 °C; g-h 500 °C; i-j 800 °C under air atmosphere ◂ the P-O-C bonds and the condensation of the polyaromatic structure. At 430 °C (Fig. 5d and Fig. S2c-d) the residue of PP/IF is highly hygroscopic, possibly due to the formation of P 4 O 10 crystals [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF], and the O-H stretching band (which appears more clearly for the other composites at 3458 cm -1 ) [START_REF] Mckee | The inhibition of graphite oxidation by phosphorus additives[END_REF] from adsorbed water covers the entire spectrum. On the other hand, the residues containing clay mineral were able to maintain those structures until 560 °C, with intense bands at 1180 cm -1 , indicating that the addition of the clay minerals avoided the complete cleavage of the P-O-C between the polycyclic structures, favouring the thermal stability of the intumescent layer until 560 °C. Wavenumber/cm -1

Wavenumber/cm -1

Wavenumber/cm -1 Wavenumber/cm -1

Another remarkable feature is the weak intensity of the bands at 1022 and 1180 cm -1 (PO 2 and PO 3 in complex carbon-phosphates and P-O-C in phosphate-carbon complexes) in the PP/IF/AH5 spectrum compared to the respective ones of the other composites with clay mineral at 350 °C. Between 280 and 350 °C the formation of double bonds occurs, followed by cyclization reactions that will extend the polyaromatic structure, accompanied by the decomposition of the APP and the release of ammonia [START_REF] Bourbigot | Fire retardant polymers: recent developments and opportunities[END_REF]. In a previous work [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF], PP/IF/AH5 achieved the highest performance in the LOI test (38%) among all the other composites (35% for PP/IF/ANa and AH2, 33% for PP/IF/K10, 30% for PP/IF and 27% for PP/IF/AH20), a result that was justified by the higher ratio of Brønsted/Lewis sites with moderate strength and the absence of strong sites. According to the literature, a higher ratio of Brønsted/Lewis acidic sites promotes a higher esterification conversion [START_REF] Dill | Brazilian mineral clays: classification, acid activation and application as catalysts for methyl esterification reactions[END_REF]. Therefore, it is possible that AH5 leads to a higher efficiency in the esterification, the first step in a sequence of reactions to produce the polyaromatic structures, consuming the APP and leaving a lower content of aliphatic chains available to form phosphate-carbon complexes, implying in weaker bands at 1022 and 1180 cm -1 . PP/IF/AH20 sample, whose clay mineral contains only weak acidic sites, shows the strongest bands at 350 °C, which could imply a lower conversion in the phosphate esters and, consequently, in the polyaromatic structures.

Solid state nuclear magnetic resonance spectroscopy (MAS NMR) of the condensed phase

The NMR analyses were performed in order to gain a better understanding of the structure of the intumescent layer as a function of the temperature and under the action of the raw and acidic-activated montmorillonites. Before starting the discussion of these results, it is important to mention that it was not possible to analyze the residues of the composites burnt at 280 °C and 350 °C due to the exudation of a liquid from these samples which is corrosive to the NMR probe. Those are key-temperatures to the esterification and cyclisation reactions and, due to this technical limitation, an attempt at suggesting a mechanism for the involved reactions could not be accomplished. Nevertheless, the obtained results are presented and discussed as supporting evidences for the data presented in this work.

C NMR spectra

Figure 6a-b present the 13 C NMR spectra of the precursors poly(propylene) (PP) and pentaerythritol (PER), as well as of the composites before burning. In Fig. 6b the signals are identical for all the composites and correspond to those of PP and PER. The signals at 21.9, 26.5, 44.0/ 44.6 ppm are related to the -CH 3 , -CH and -CH 2 groups in the PP chain, respectively [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. The signals at 50.0 and 58.1 are associated [START_REF] Ribeiro | NMR evaluation of montmorillonite's d -spacings on the formation of phosphocarbonaceous species in intumescent systems[END_REF].

At 430 °C (Fig. 6c), the PER has already degraded and the signals of the PP chain are no longer observed. This is due to the high level of condensation of the polyaromatic structures at this temperature. As in this technique the 1 H is excited in order to measure the signal of the 13 C, the higher the level of condensation (i. e. the lower the content of 13 C-1 H bonds), the lower the signal observed. No signals related to aliphatic chains are observed for the composites, which can indicate either the absence of these chains in the sample or a lower content, below the limits of detection of the technique. The PP/IF/ANa sample is the only one that shows signals between 100 and 150 ppm, which correspond to aromatic carbon atoms bonded to C, H, N or O [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF][START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. This result suggests that the condensation of the polyaromatic structures was not so effective for PP/IF/ANa as it was for the other composites. At 560 °C (Fig. 6d) no signal is observed for the PP/IF/ANa sample, indicating a further condensation of the polyaromatic species.

P NMR spectra

Figures 7a-c present the 31 P NMR spectra of the ammonium polyphosphate (APP) and of the intumescent composites before burning. The APP spectra (Fig. 7a) presents signals at -22.3/-23.0 ppm relative to the P-O bond in the APP chain, and at 0.29 ppm, attributed to the orthophosphate group [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF][START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. The composites present similar spectra (Fig. 7b-c), showing the signals relative to the P-O bond in the APP chain (around 22-23 ppm), as well as a signal at 1 ppm, associated to PO 4 units in R 2 HPO 4 , RH 2 PO 4 and//or H 3 PO 4 (R = alkyl groups) [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. A weak signal around -9 ppm is also observed (zoomed in Fig. 7d), possibly related to PO 4 units in ɸ 2 RPO 4 , and/or ɸ 2 HPO 4 (ɸ = aromatic or polyaromatic groups), and/or pyrophosphate group, and/or polyphosphate chain (end group) [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence-part II. Association with an ethylene terpolymer and the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. These signals at 1 and around 9 ppm suggest that a reaction between APP and PER and/ the polymeric matrix has already occurred during the processing step.

At 430 °C (Figs. 7e-f), when the cleavage of the P-O-C bonds and the further condensation of the polyaromatic structure occur, the signals around 0 ppm are only observed for the PP/IF/AH5 and PP/IF/AH20 samples. In addition, signals in the range -40 to -50 ppm are observed, which are related to phosphoric oxides of the type P 4 O 10 (cage structure) with different P-O-P bond angles [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF]. It is suggested [START_REF] Bourbigot | Carbonization mechanisms resulting from intumescence association with the ammonium polyphosphate-pentaerythritol fire retardant system[END_REF] that, at this temperature, phosphate species (mainly orthophosphates) recondense to form pyrophosphate and polyphosphate groups. It is also proposed that the P 4 O 10 Considering that the APP concentration is the same for all the composites, a more intense peak could mean a higher concentration of phosphate groups that did not participate in the esterification reactions and that therefore contributed to the formation of the P 4 O 10 type crystals. Conversely, the less intense peaks could be a consequence of a more efficient esterification reaction. These features corroborate the FTIR results ("FTIR spectra of the condensed phase" section) obtained at 350 °C, in which the PP/IF/AH5 spectrum shows the weakest intensity bands at 1022 and 1180 cm -1 (PO2 and PO3 in complex carbon-phosphates and P-O-C in phosphate-carbon complexes) compared to the respective ones of the other composites with clay mineral. At 560 °C (Fig. 7f), no more signals are observed around 0 ppm. The signals in the range -40 to -50 ppm are still visible for all the samples, but with a lower intensity. The signals for the PP/IF/AH20 sample are remarkably more intense when compared to the ones for other composites.

27

Al NMR spectra

Figures 8a-c present the 27 Al NMR spectra of the clays before burning. The signals around 5 ppm are related to the Al (VI) present in the octahedral sheets of the montmorillonite, whereas the signal around 60 ppm refers to the Al (IV) [START_REF] Ribeiro | NMR evaluation of montmorillonite's d -spacings on the formation of phosphocarbonaceous species in intumescent systems[END_REF], present in the tetrahedral sheet of the silica due to isomorphic substitution. The acidic activation promotes the leaching of the octahedral cations, with a gradual loss of the montmorillonite structure, explaining the gradual decrease of the signals of aluminum species as the acidic activation becomes more severe [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF][START_REF] Steudel | Alteration of swelling clay minerals by acid activation[END_REF].

For the composites before burning (Fig. 9a-b), signals around -15 ppm are observed, related to P-Al(VI) bonds [START_REF] Ribeiro | NMR evaluation of montmorillonite's d -spacings on the formation of phosphocarbonaceous species in intumescent systems[END_REF][START_REF] Bourbigot | Synergistic effect of zeolite in an intumescence process. Study of the interactions between the polymer and the additives[END_REF]. These signals evidence the reaction between the APP (the only source of phosphorous of the samples) and the montmorillonites (the only source of aluminium of the samples) during the processing step [START_REF] Ribeiro | NMR evaluation of montmorillonite's d -spacings on the formation of phosphocarbonaceous species in intumescent systems[END_REF]. At 430 °C (Figs. 9c) and 560 °C (Figs. 9d), the peaks around 5 and 60 ppm disappear, indicating that the montmorillonite structure was destroyed. In addition, all the samples show well-defined signals around -10 ppm, indicating the formation of aluminophosphate species [START_REF] Ribeiro | NMR evaluation of montmorillonite's d -spacings on the formation of phosphocarbonaceous species in intumescent systems[END_REF][START_REF] Bourbigot | Synergistic effect of zeolite in an intumescence process. Study of the interactions between the polymer and the additives[END_REF], which are important to increase the thermal stability of the char [START_REF] Ribeiro | NMR evaluation of montmorillonite's d -spacings on the formation of phosphocarbonaceous species in intumescent systems[END_REF]. 

XRD of the condensed phase

The intumescent layer is a highly heterogeneous material, composed by liquid and solid phases, comprising amorphous and crystalline domains. The amorphous phase is composed by small polyaromatic molecules and alkyl chains produced from the thermal degradation of the additives and the polymeric matrix. The crystalline phase involves macromolecular stacks of polyaromatic structures connected by fragments of alkyl chains and by phosphate groups [START_REF] Bourbigot | Intumescence and Nanocomposites: a Novel Route for Flame-Retarding Polymeric Materials[END_REF]. Figure 10a-e presents the changes in the crystallinity of the residues obtained after burning at 280, 350, 430 and 560 °C. From 430 °C, not enough residue of PP/IF could be produced to perform the XRD analysis. At room temperature (RT; Fig. 10a), the main reflections present in the samples are related to the PP and APP crystallinity (Fig. S3a). From RT to 280 °C (Fig. 10b), a change in crystallinity is observed, possibly associated to the beginning of the degradation of the polymeric matrix and the formation of the phosphate-carbon complexes, as discussed in the analysis of the FTIR spectra. At this stage, PP/IF is highly amorphous, differently from the other composites with clay mineral. With further heating, at 350 °C (Fig. 10c), PP/IF is completely amorphous, whereas the composites with clay mineral present a new diffractogram profile, with the main reflections associated to silicon phosphate (Fig. S3b). This feature evidences the important role played by the clay minerals in maintaining the char crystallinity and, consequently, its integrity. According to the literature [START_REF] Bourbigot | Fire retardant polymers: recent developments and opportunities[END_REF][START_REF] Ribeiro | NMR evaluation of montmorillonite's d -spacings on the formation of phosphocarbonaceous species in intumescent systems[END_REF][START_REF] Bourbigot | Synergistic effect of zeolite in an intumescence process. Study of the interactions between the polymer and the additives[END_REF][START_REF] Fontaine | Role of montmorillonite for enhancing fire retardancy of intumescent PLA[END_REF], the formation of aluminosilicophosphate complexes is responsible for the improvement of the mechanical properties of the intumescent layer. From 430 °C (Fig. 10d), not enough residue could be collected from the PP/IF sample (remembering that the samples were submitted to a 15 h-burning), whereas for the other samples the char was preserved. The profile exhibited by the composites with clay mineral at 350 °C is kept until 560 °C (Fig. 10d-e), only with variations in the reflections' intensities.

Therefore, the presence of the clay minerals seems important to preserve the phosphocarbonaceous structures (through P-O-C bonds) and, consequently, to maintain the char structure at higher temperatures, i. e. over 430 °C, and for long-lasting tests.

Mechanical properties of the composites: tensile test

Table 6 reports the main parameters extracted from the stress versus strain curves (Fig. S4). PP presents the highest tensile strength, yield strain and elongation at break values, but the lowest Young's modulus values, making it more ductile and less rigid than the composites. The addition of the intumescent formulation decreased the ductility but improved the rigidity of the composites, as evidenced by the lower values of the elongation at break and the higher Young's modulus. The composites PP/IF/AH2 and PP/IF/AH5 present lower values than PP/IF for the elongation at break, but, in general, the incorporation of the clay minerals, even delaminated as AH20 [START_REF] Martins | Synergistic action of montmorillonite with an intumescent formulation: the impact of the nature and the strength of acidic sites on the flame-retardant properties of polypropylene composites[END_REF], did not affect significantly the mechanical properties compared to PP/IF.

Conclusions

The cone calorimeter results show that the addition of montmorillonite with moderate strength acidic sites to the intumescent formulation is important to reduce the pHRR relative to that of the intumescent composite without clay mineral. The nature of the acidic sites of the montmorillonites has not affected the performance of the composites in the CC tests, but the absence of moderate strength sites, as in AH20, reduces the decrease of the pHRR. Also, the TGA-FTIR spectrum of the PP/IF/AH20 sample reveals its poor ability in slowing down the degradation process at 425 °C (close to the T dTG peak ), as more intense bands of CO and CO 2 were observed at this temperature when compared to the ones of the other composites containing a clay mineral.

Through MFR tests, it was possible to observe that the addition of the clay minerals promotes an increase of the viscosity of the molten state of the composites (i.e. the decrease of the MFR value) relative to that of PP/IF, except for AH20, for which the opposite effect is observed. The increase of the MFR, or the decrease of the viscosity, could raise the transport rate of flammable volatiles, corroborating the cone calorimeter and the TGA-FTIR results.

The FTIR analyses of the condensed phase show that the addition of the clay minerals gives rise to bands around 1180 and 1022 cm -1 (related to P-O-C and to PO 2 and PO 3 in complex carbon-phosphates, respectively) until 560 °C. The P-O-C bonds between the polycyclic structures are important to the flexibility of the char. At 350 °C, those bands in the PP/IF/AH5 spectrum present the lowest intensities, suggesting a more efficient ester conversion with subsequent cyclization process to produce the polyaromatic structures. This could be associated to the AH5 distinct distribution of acidic sites, composed of a high ratio of Brønsted/Lewis sites with moderate strength, and the absence of strong acidic sites. For the PP/IF/AH20 sample, whose clay mineral AH20 contains only weak acidic sites, these bands are the most intense among the composites at 350 °C, which could suggest a lower efficiency in the esterification reactions. In addition, the 31 P NMR spectrum of the PP/IF/AH5 composite presents the less intense peaks in the range -40 to -50 ppm (associated to the formation of P 4 O 10 type crystals), which could be a consequence of a more efficient esterification reaction when compared to the other composites.

The XRD results reveal that the addition of clay mineral is important to promote the formation of crystalline structures that contribute to the rigidity of the char.

Finally, the addition of the intumescent formulation is responsible for decreasing the ductility and increasing the rigidity of the composite when compared to those of the neat PP. The addition of clay minerals, even with a high degree of disorganization (as AH20), did not affect significantly the mechanical properties of the composites.
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 67 Fig. 6 13 C NMR spectra of a the precursors PP and PER (CP MAS); b the intumescent composites before burning (CP MAS); c the burnt residues of the composites at 430 °C (HPDEC MAS); d the burnt residue of PP/IF/ANa sample at 560 °C (HPDEC MAS)
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 8 Fig.827 Al SP MAS NMR spectra of the clays at 25 °C: a ANa and AH2; b AH5, AH20 and K10; c zoomed spectrum for AH20
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 9 Fig. 927 Al SP MAS NMR spectra of the composites a-b before burning; c after being burnt at 430 °C; d after being burnt at 560 °C

Table 1

 1 

	Concentration of Brønsted (Bpy) and Lewis	Sample	Concentration of acidic sites by FTIR-Pyr		
	(Lpy) acidic sites of the clay minerals ANa, AH2, AH5, AH20 and K10, measured by FTIR-Pyr [19]		150 °C (weak sites) Bpy/% Lpy/%	250 °C (moderate strength sites) Bpy/% Lpy/%	350 °C (strong sites) Bpy/% Lpy/%
		ANa	50	50	31	69	-	-
		AH2	52	48	51	49	25	75
		AH5	48	52	55	45	-	-
		AH20	54	46	-	-	-	-
		K10	54	46	47	53	17	83

  • . The qualitative interpretation was performed using the Bruker AXS Diffrac. Plus software through a PDF02 (ICDD, 2006) database.

Table 2

 2 Main cone calorimeter results obtained for neat PP and the composites PP/clay mineral

	Sample	TTI/s	pHRR/kW m -2	THR/MJ m -2	M residue /%
	PP	25	883	110	0
	PP/ANa	13	1068	114	≤ 3%
	PP/AH2	20	1002	112	≤ 3%
	PP/AH5	18	893	112	≤ 3%
	PP/AH20	21	986	112	≤ 3%
	PP/K10	15	1079	116	≤ 3%

TTI: time to ignition; pHRR: peak of heat release ratio; THR: total heat released; MARHE: maximum average rate of heat emission; M residue : mass ratio of the remaining residue

  The second large peak observed in PP/IF/AH20, PP/IF/K10 and PP/IF samples indicate a poor structured protective Table3 Main cone calorimeter results obtained for neat PP and the composites PP/IF and PP/IF/clay mineral TTI: time to ignition; pHRR: peak of heat release ratio; THR: total heat released; MARHE: maximum average rate of heat emission; M residue : mass ratio of the remaining residue

	Sample	TTI/s	pHRR/k m -2	Time to pHRR/s	2nd highest peak/kW m -2	Time to the 2nd highest peak/s	THR/MJ m -2	MARHE/kW m -2	M residue/ %
	PP	25	883	125	-	-	110	494	0
	PP/IF	23	312	280	181	50	94	190	16
	PP/IF/ANa	23	194	60	188	215	96	158	16
	PP/IF/AH2	22	272	70	239	260	95	192	15
	PP/IF/AH5	26	267	70	243	360	97	196	17
	PP/IF/AH20	21	368	50	341	240	93	260	16
	PP/IF/K10	22	238	555	136	260	99	144	18

Table 4

 4 Data for TGA and dTG curves for PP and the composites produced with intumescent formulation and clay minerals

	Sample	T onset / o C	T dTG peak / o C	Residue at 900 °C/%
				mass
	PP	261	425	0
	PP/IF	250	433	14.5
	PP/IF/ANa	250	422	16.3
	PP/IF/AH2	250	424	16.6
	PP/IF/AH5	249	422	18.4
	PP/IF/AH20	249	423	17.8
	PP/IF/K10	255	434	19.4

Table 5

 5 

	Melt flow rate for the neat PP and the composites	Sample	MFR/g 10 -1 min -1
		PP	25
		PP/IF	74
		PP/IF/ANa	37
		PP/IF/AH2	39
		PP/IF/AH5	61
		PP/IF/AH20	90
		PP/IF/K10	

Table 6 Tensile

 6 

	test results for the neat PP and the composites PP/IF and PP/IF/clay mineral	Sample n = 5	Yield strength ± σ/ Yield strain ± σ/ Strength at break ± σ/ Elongation at break ± σ/ MPa % MPa %	Modulus ± σ/ MPa
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