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Abstract: Biomass phytic acid has potential flame retardant value as the main form of phosphorus in plant seeds. In this study, phytate-based flame retardants aluminum phytate (PA-Al) and iron phytate (PA-Fe) were synthesized and characterized. Subsequently, they were introduced into rigid polyurethane foam (RPUF) as flame retardants by one-step water-blown method. The results indicated that RPUF/PA-Fe30 exhibited the highest char residue of 22.1 wt%, significantly higher than 12.4 wt% of RPUF. Cone calorimetry analysis showed that the total heat release (THR) of RPUF/PA-Al30 decreased by 17.0% and total smoke release (TSR) decreased by 22.0% compared with pure RPUF, which were the lowest, demonstrating a low fire risk and good smoke suppression. Thermogravimetric analysis-Fourier transform infrared spectrometer (TG-FTIR) implied the release intensity of flammable gases (hydrocarbons, esters) and toxic gases (isocyanate, CO, aromatic compounds, HCN) of composites was significantly reduced after the addition of PA-Fe. The analysis of char residue indicated that the RPUF composites formed a dense char layer with a high degree of graphitization after the addition of PA-Al/PA-Fe, endowing RPUF composites with excellent mass & heat transmission inhibition effect and fire resistance in the combustion process.
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1  Introduction

In the polyurethane system, rigid polyurethane foam (RPUF) has the advantages of convenient construction, low thermal conductivity, good compression resistance and low density, so it is widely used in building insulation, petrochemicals, transportation and household appliances [1–5]. However, RPUF is highly combustible and releases large amounts of heat in a short time because of its porous structure and organic skeleton. When the temperature rises to the decomposition temperature, RPUF begins to pyrolyze into oligomers, producing various combustible gases that react with oxygen to further intensify the combustion process. At the same time, the combustion of RPUF will produce much smoke and toxic gases [6,7]. In recent years, fire accidents caused by the ignition of RPUF occur frequently. Therefore, how to modify the flame retardant of RPUF composites and effectively reduce the toxic flue gas in the combustion process has become a prominent problem to be solved.

Adding flame retardants directly into polymer is the most effective method to modify the polymer. In past few decades, researchers have developed various flame retardants for flame retardant modification of various polymers. These flame retardants can be divided into halogen-based flame retardants and halogen-free flame retardants according to whether they contain halogen elements. Although halogen-containing flame retardants present excellent fire retardant efficiency, it often results in the production of variety corrosive substances and toxic gases during combustion, which was gradually abandoned by people [8–10].

In recent years, biomass flame retardants have been widely concerned by the industrial and academic circles with the popularity of the environmental protection concept [11–13]. Yang et al. [14] used malic acid and 1, 6-hexanediol as raw materials to synthesize a series of biomass multi-functionality polyester polyols (MAP) with different alcohol-acid ratios, which were used to prepare RPUF composites. It was indicated that MAP significantly reduced the thermal conductivity of the composites with uniform cell structures. The thermal conductivity of RPUF-1.8 was only 0.019 W/(m⋅K), which was approximately 35% lower than that of RPUF-4110. At the same time, the char residue at 700°C of RPUFs based on MAP increased in accordance with the increase of MAP alcohol-acid loading, indicating the possibility that MAP could replace petrochemical polyols. Gao et al. [15] prepared liquefied lignin-based polyol (LBP), which was combined with organic modified layered double hydroxide (OLDH), microencapsulated ammonium polyphosphate (MAPP) and commercial flame retardant Polyols (FRP) to prepare halogen-free flame retardant rigid polyurethane foam nanocomposites. Compared with RPUF, the LOI of modified RPUF composites increased from 19 to 28.1 vol%, and the average heat release rate (avHRR) and total smoke release (TSR) of the nanocomposite were decreased by 48.0% and 50.7%, respectively. Septevani et al. [16] found that bio-based polyols prepared by liquefaction of palm kernel oil-based polyols could be used as renewable materials for the synthesis of rigid polyurethane foams, and polyurethane foams with excellent mechanical and thermal insulation properties could be obtained. Tsuyumoto et al. [17,18] coated RPUF with the mixture of starch and amorphous sodium polyborate (SPB), and the composites exhibited high retardant performance. When hydroxyethyl cellulose, carboxymethyl cellulose, glucomannan, gellan gum and 2-hydroxypropyl guar gum (HPG) were used to replace starch, the flame retardant performance of the composites was further improved. However, most studies focus on thermal hazards, while less attention is paid to the non-thermal hazards of RPUF composites. It should be clear that the casualties in fire mainly come from non-thermal hazards.

Phytic acid (PA) as the main form of phosphorus that exists in oil crops, cereals and legume is a natural, environmentally friendly and biodegradable saturated biological base acid. The development of synergists is relatively simple compared with the synthesis of new flame retardants. In previous studies, phytic acid metal salts have good smoke suppression and toxicity reduction effects, effectively reducing the non-thermal hazard of composites. In this work, two biobased flame retardants, aluminum phytate (PA-Al) and ferric phytate (PA-Fe) were prepared to modify RPUF. This not only improves the effect of high content flame retardant on the matrix, but also reduces the cost to a certain extent. As an organic acid, PA is helpful to improve the dispersion performance of its derivatives in the polymer matrix. At the same time, the six phosphate groups in PA have the strong chelating ability and can be complexed with metal ions [19,20]. In addition, phytic acid is biomass with high phosphorus content, enhancing the flame retardant properties of polymers by promoting their carbonization [21]. On this basis, SEM-EDS, thermal conductivity tester, density measurement, thermogravimetric analysis, cone calorimetry, TG-FTIR and Raman spectroscopy were used to investigate the effects of PA-Al/PA-Fe on the physical properties, thermal stability, pyrolysis gas products and combustion characteristics of RPUF composites.

2  Experimental Section

2.1 Experimental Materials

Polyether polyol (LY-4110) and triethylene diamine (A33%, 33%) were purchased by Jiangsu Lvyuan New Material Technology Co., Ltd., China, Polymethylene polyphenyl polyisocyanate (PAPI) was provided by Wanhua Chemical Group Co., Ltd., China, Dibutyltin dilaurate (LC) was purchased from American Air Chemical Co., Ltd., Silicone surfactant (AK-8805) was provided from Jining Hengtai Chemical Co., Ltd., China, Triethanolamine (TEOA), sodium hydroxide (NaOH), Al2(SO4)3⋅18H2O and Fe(NO3)3⋅9H2O were obtained from China Sinopharm Chemical Reagent Co., Ltd., and phytic acid (PA: 70 wt% aqueous solutions) was purchased from Aladdin biochemical reagent Co., Ltd., Distilled water was made in the laboratory.

2.2 Preparation of Phytate Metal Salt

0.04 mol Fe(NO3)3⋅9H2O (16.16 g) and 250 ml distilled water were added to a 1000 ml beaker, respectively, and stirred until completely dissolved. 9.43 g PA solution (equal to 0.01 mol) was mixed with 250 ml distilled water and dropped it into Fe(NO3)3⋅9H2O solution with a constant pressure dropping funnel. Moreover, the pH value of the solution was adjusted to 7–8 with 2.5 mol/L NaOH and reacted at 80°C for 1 h. Then, the mixture was centrifuged to obtain precipitate, which was washed by deionized water for 3 times and drying at 80°C for 12 h, obtaining yellow iron phytate (PA-Fe). Aluminum phytate (PA-Al, white) was prepared as a similar strategy (Scheme 1).
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Scheme 1: Synthesis route of phytate metal salt (taking PA-Fe as an example)

2.3 Preparation of RPUF Composites

As shown in Scheme 2, RPUF composites were prepared by one-step water-blown method, with raw materials as shown in Table 1. Except for PAPI, added all the materials were added to a 1000 ml plastic beaker, which was stirred with a high-speed mixer. Then, PAPI was quickly poured into the plastic beaker. The mixture was stirred for about 10 s and turned white with bubbles escaped. Quickly poured it into the mold for foaming. Then putted the sample into an oven, cured it at 80°C for 6 h. Finally, it was cooled at room temperature for 24 h and cut it according to the experiment.
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Scheme 2: Preparation diagram of RPUF composites
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2.4 Testing and Characterization

Fourier transform infrared (FTIR) spectra of PA-Al/PA-Fe powders were performed by Nicolet 6700 FTIR spectrometer (USA) with transition mode and the scanning range was set at 4000–400 cm−1.

D8ADVANCE X-ray diffractometer (Japan) was applied to test PA-Al/PA-Fe powder, Cu target was used with the power of 3 kW, and test angle of 5–80°. The angle accuracy was ≤0.02°.

Oxford Aztec X-Max 80 energy dispersive X-ray spectrometer (EDS) (UK) combining with SU8220 scanning electron microscope (SEM) (JEOL Ltd., Japan) was applied to scrutinize the cell structure and the morphology of char residues of RPUF composites. The accelerating voltage was 20 kV. The composites were sprayed with a thin layer of conductivity earlier than observation to enhance the conductivity.

Q5000IR (TA instrument, USA) thermal analyzer was used for thermogravimetric analysis (TGA). Nitrogen atmosphere mode was used with a temperature range from room temperature to 800°C and heating rate of 20°C/min.

According to GB/T10297-2015, the thermal conductivity of composites was tested using the TC3000E thermal conductivity instrument (Xi’an Xiaxi Electronic Technology Co., Ltd., China) with sample size of 50 mm × 50 mm × 25 mm. Each group was tested three times, and the average value was reported.

According to GB/T6343-2009, the density of the composites was tested according to the sample mass/sample volume method. The sample size was 50 mm × 50 mm × 50 mm. Each group was tested for 3 times and the average value was obtained.

According to ASTM-D2863 standard, JF-3 oxygen index instrument (China Jiangning Analytical Instrument Co., Ltd., China) was used to test the limiting oxygen index (LOI) of RPUF composites. The sample size was 127 mm × 10 mm × 10 mm.

According to GB/T2408 standard, the CZF-3 (Nanjing Jiangning District Analytical Instrument Factory, China) horizontal and vertical combustion tester were used to investigate the horizontal combustion grade of composites. The sample size was 125 mm × 13 mm × 10 mm.

Cone calorimeter 6180 (Siemens analyzer) was used to test the combustion properties of composites according to ISO5660-1 standard. The sample size was 100 mm × 100 mm × 25 mm, and the radiation flux was 35 kW/m2.

Thermogravimetric analysis-Fourier transform infrared spectrometer (TG-FTIR) was conduct by the combination of 170SX Fourier transform infrared spectrometer (Shimadu, Japan) and DT-50 thermogravimetric analyzer (Setaram Instruments, France) to investigate the gaseous products in the degradation process of the composite. 5–10 mg samples were put into an alumina crucible, which was heated from 40°C to 800°C in a nitrogen atmosphere, and the heating rate was 20°C/min.

Raman spectra of char residues were collected by LABRAM-HR Confocal Raman spectrometer (HORIBA Jobin Yvon) with a laser at 514.5 nm laser.

3  Results and Discussion

3.1 Characterization of Phytate Metal Salt

FTIR spectra of PA, PA-Al and PA-Fe were shown in Fig. 1. The bending vibration peaks of water molecules and asymmetric −OH stretching in PA appeared at 1640 and 3410 cm−1, respectively [22]. The absorption peak of P–OH was at 2850 cm−1, and the bending vibration of –CH–CH− appeared at 1398 cm−1 [23,24]. The characteristic absorption peaks of stretching vibration of P=O and P–O were at 1126 and 976 cm−1, and the characteristic peaks at 1052 and 1012 cm−1 were attributed to the stretching vibration of (PO3)2− [24,25]. As shown in Fig. 1a, for PA-Al, the broad peak at 542 cm−1 was ascribed to the stretching vibration of the Al-O bond. It was observed that the characteristic absorption peak of P-OH disappeared, and the peak position of (PO3)2− moved to a high wavenumber region and formed a wide absorption band, indicating the existence of interaction between PA molecules and Al3+ ions [20]. However, after the sample was dried at 80°C for 12 h, the characteristic peaks at 3410 and 1640 cm−1 in PA-Al did not disappear, suggesting that PA-Al contained crystal water or adsorbed water [26]. In Fig. 1, for PA-Fe, the characteristic peak at 516 cm−1 was ascribed to the stretching vibration of Fe-O, and the broad peak of P–OH at 2850 cm−1 disappeared. Meanwhile, the peak corresponding to (PO3)2− also moved to the high wavenumber region. The above results indicated that PA-Al and PA-Fe were successfully prepared.

[image: images]

Figure 1: FTIR spectra of PA-Al (a) and PA-Fe (b)
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Figure 2: SEM and EDS element mapping images of PA-Al and PA-Fe: A(PA-Al); B(PA-Fe)

The SEM-EDS was used to investigate the morphology and element distribution of PA-Al and PA-Fe. As shown in Fig. 2, both PA-Al and PA-Fe were exhibited irregularly shaped particles. As shown in Fig. 2a, four elements of C, O, P and Al existed in PA-Al, with P content of 5.72 at% and Al content of 4.08 at%, and the molar ratio of P/Al was closed to 1.5, indicating that the successful reaction between PA and Al2(SO4)3⋅18H2O. In Fig. 2b, the molar ratio of P/Fe was 1.45, indicating that the PA solution also fully reacted with Fe(NO3)3⋅9H2O [27]. At the same time, it could be observed from EDS element mapping images that all elements in PA-Al and PA-Fe were evenly distributed, indicating the successful fabrication of PA-Al and PA-Fe.

XRD patterns of PA-Al and PA-Fe were shown in Fig. 3. At the range of 20° to 40°, a broad peak in the pattern of PA-Al and PA-Fe was observed, suggesting a low crystal degree of PA-Al and PA-Fe, which were inconsistent with the previous report [28].
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Figure 3: XRD pattern of PA-Al and PA-Fe

The degradation behavior of PA-Al and PA-Fe in the nitrogen atmosphere were analyzed by TGA and the correlation curves were displayed in Fig. 4. According to the figure, there were three stages in the degradation process of PA-Al and PA-Fe. The first stage at 40–200°C corresponded to the evaporation of water in PA-Al and PA-Fe. The second stage was at 200–420°C, PA was decomposed into polyphosphate and H3PO4. At the third stage, polyphosphate was decomposed into phosphorus-containing oxides [29]. At 700°C, the char residues of PA-Al and PA-Fe were 60.47 and 69.81 wt%, respectively.

[image: images]

Figure 4: TGA curve of PA-Al and PA-Fe

3.2 Analysis of Cell Structure of RPUF Composites

The cell structure of RPUF, RPUF/PA-Al and RPUF/PA-Fe composites were shown in Fig. 5. According to Fig. 5a, the cells of pure RPUF were relatively uniform and the fracture surface was smooth. When 15 phr of PA-Al and PA-Fe were added, the cells of RPUF/PA-Al15 and RPPUF/PA-Fe15 composites increased and the cell size decreased, indicating that PA-Al and PA-Fe possessed certain nucleation effect, which could effectively reduce the free energy required by the nucleation process of foaming [30]. When magnified by 500 times, the smooth fracture surface of the composites could be observed, suggesting excellent compatibility between PA-Al/PA-Fe particles and the RPUF matrix. RPUF/PA-Al30 and RPUF/PA-Fe30 exhibited thinner cell walls with increased heterogeneity of cell structure when more flame retardants were added. It was even observed obvious collapse of cell structure in RPUF/PA-Al30. This may be because PA could promote the foaming process, the active −OH in PA reacted with –N=C=O group in polyisocyanate to generate carbamate, which further decomposed and released CO2, resulting in uneven forces in all directions during the growth of bubbles in the foaming process [31].
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Figure 5: Cell structure of RPUF composites: (a) RPUF; (b) RPUF/PA-Al15; (b1) RPUF/PA-Al30; (c) RPUF/PA-Fe15; (c1) RPUF/PA-Fe30

3.3 Physical Properties of RPUF Composites

Apparent density as the important parameters, which affects the thermal, mechanical and physical properties of polymers. It directly affects the application for RPUF composites [32]. It could be seen from Table 2, pure RPUF possessed a density of 54.9 kg/m3. With the increase of PA-Al or PA-Fe content, the density of the composites decreased obviously, which was because PA-Al and PA-Fe promoted foaming and nucleation. As observed from Table 2, pure RPUF possessed a thermal conductivity of 0.0390 W/m⋅K. With the addition of PA-Al or PA-Fe, the thermal conductivity of RPUF/PA-Al15, RPUF/PA-Fe15 and RPUF/PA-Fe30 composites had little change compared with pure RPUF. However, the thermal conductivity of RPUF/PA-Al30 increased to 0.0425 W/m⋅K, which may be due to the addition of PA-Al30 resulting in the destruction of the closed cell structure [33].
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3.4 Flame Retardancy of RPUF Composites

The LOI and horizontal combustion were used to evaluate the flame retardancy of the composites, and the corresponding test results were gived in Table 3. The LOI value pure RPUF was 18.8 vol%, the horizontal combustion rate was 319.15 mm⋅min−1, which was accompanied by dripping. With the increase of PA-Al or PA-Fe content, the LOI value of RPUF composites was enhanced. Meanwhile, the horizontal combustion rate of RPUF composites was decreased significantly. Therefore, Pa-Al and PA-Fe played a positive role in improving the flame retardancy of RPUF composites.
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3.5 Thermal Stability of RPUF Composites

Fig. 6 and Table 4 were degradation curves and related data of RPUF, RPUF/PA-Al and RPUF/PA-Fe composites under nitrogen condition. The initial degradation temperature (T−5%) of pure RPUF was 254°C, and the degradation midpoint temperature (T−50%) was 338°C. There were three stages in the degradation process of RPUF, and the Tmax corresponding to the temperature at maximum degradation rate in each stage was 291°C, 335°C and 460°C, respectively. The first and second stages in the range of 210–400°C, the hard segment of RPUF molecular chain was degraded, releasing isocyanates, aldehydes, alcohols, primary or secondary amines, olefins, H2O and CO2. Then the oxidative decomposition of isocyanates and aromatic compounds occurred in the third stage of 400–550°C with the formation of CO [34–36]. The char residues of RPUF was only 12.4 wt% when heated to 700°C. RPUF/PA-Al15 and RPUF/PA-Fe15 both had a lower T−5% than pure RPUF, indicating that the addition of PA-Al/PA-Fe promoted the initial degradation of polyurethane molecular chains. It is worth noting that when 30 phr PA-Al or PA-Fe were added, the degradation stage of the composite was changed into two stages, and the degradation rate was significantly reduced. Moreover, T−50% and Tmax values had been greatly improved. This is due to the branching and cross-linking reactions of pyrophosphate and polyphosphate generated by the decomposition of PA-Al/PA-Fe [24], which catalyzed the dehydration carbonization of RPUF molecules. It could form a stable protective char layer, which inhibited the degradation of the composites, and made the degradation of the hard segment within 210°C–400°C became a stage. RPUF/PA-Al30 and RPUF/PA-Fe30 composites at 700°C possessed the char residues of 20.7 and 22.1 wt%, respectively, which were significantly higher than those of unmodified RPUF. The above results indicated that PA-Al/PA-Fe could promote the initial degradation of the RPUF composites and cross-link with the polyurethane matrix at medium and high temperatures to form a protective barrier, thereby improving the high-temperature thermal stability of the composites.
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Figure 6: TGA (a) and DTG (b) curves of RPUF composites
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3.6 Combustion Properties of RPUF Composites

Conical calorimetry is one of the most effective ways to analyze the combustion properties of various polymer materials [37]. The effect of PA-Al/PA-Fe on the combustion parameters of RPUF composites was shown in Fig. 7 and Table 5. As shown in the Fig. 7, due to the organic material and porous structure of the composites, the ignition time (TTI) of all samples was 2–3 s. As shown in Fig. 7a, RPUF burned rapidly and reached the peak heat release rate (pHRR) of 260.7 kW/m2 at 49 s. When 30 phr PA-Al or PA-Fe was added, the pHRR of RPUF/PA-Al30 and RPUF/PA-Fe30 composites decreased to 248.4 and 254.4 kW/m2, respectively, which may be due to the catalytic carbonization effect of PA-Al/PA-Fe [20,38]. According to Fig. 7b, RPUF possessed a total heat release (THR) of 23.0 MJ/m2. With the addition of PA-Al/PA-Fe, the THR of the composites was significantly decreased. THR value of RPUF/PA-Al30 exhibited 19.1 MJ/m2, which was the lowest THR and 17.0% lower than unmodified RPUF. It was because that PA molecules could produce active free radicals capturing H⋅ and ⋅OH free radicals produced by the pyrolysis of polyurethane molecular chains in the combustion process of composites, which inhibited the formation of flammable components and thus reduced the heat generated by combustion [39]. At the same time, the addition of PA-Al/PA-Fe decreased the continuous combustion time (Td) of the composites. The Td of RPUF/PA-Al30 was 116 s, showing a strong self-extinction of the composites in combustion. The results confirmed that the fire safety of the composites was significantly improved when PA-Al and PA-Fe were loaded.
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Figure 7: HRR, THR, SPR, TSR and SF curves of RPUF composites: (a) HRR; (b) THR; (c) SPR; (d) TSR; (e) SF
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The smoke generation rate (SPR), total smoke release (TSR) and smoke factor (SF: the product of pHRR and TSR) were used to measure the effect of PA-Al/PA-Fe on smoke generation and release during combustion of composites [40]. It could be seen from Fig. 7c, the SPR curves of RPUF/PA-Al30 and RPUF/PA-Fe30 composites were basically coincident with that of pure RPUF before reaching the peak. After reaching the peak value, the SPR curves of the composites decreased rapidly, and both of them were below the SPR curve of RPUF. The results showed that the degradation products polyphosphate and metaphosphate of PA-Al/PA-Fe could promote the dehydration carbonization of polyurethane molecular chains, formed a stable protective char layer, and effectively reduced the escape of smoke particles in the combustion process of the composites. At the same time, the existence of metal ions also largely inhibited the generation of flue gas [20]. According to Figs. 7d and 7e and Table 5, the TSR and SF of RPUF were 422.6 m2/m2 and 110.2 MW/m2, respectively. Compared with pure RPUF, the TSR and SF of RPUF/PA-Al30 decreased by 22.0% and 25.7%, respectively, suggesting excellent smoke suppression performance.

Furthermore, fire growth index (FGI, ratio of pHRR to peak time TP) and fire performance index (FPI, ratio of TTI to pHRR) were applied to analyze the fire safety of RPUF composites [41]. As shown in Table 5, compared with RPUF, the FPI of RPUF/PA-Al30 and RPUF/PA-Fe30 were 0.0081 and 0.0118 m2⋅s/kW, indicating lower fire hazard. Since the addition of PA-Al promoted the initial degradation of the composite and reduced the TP value of RPUF/PA-Al30, the FGI of RPUF/PA-Al30 was slightly higher than that of RPUF.

3.7 Analysis of Gas-Phase Products of RPUF Composites

The gaseous products of RPUF, RPUF/PA-Al30 and RPUF/PA-Fe30 composites during pyrolysis were investigate by TG-FTIR to explore the flame retardant mechanism of PA-Al and PA-Fe. Fig. 8 showed that the temperature corresponding to the maximum release intensity of gaseous products for the composites was around 350°C. The peak values of gas-phase products were mainly distributed between 3550–3750, 2800–3050, 2250–2400, 1500–1800, 950–1200 and 650–750 cm−1, which were in agreement with previous reports [31]. The FTIR spectra of the gaseous products of the composites at 350°C were shown in Fig. 9. The peaks at 3730, 2968, 2360, 1630 and 690 cm−1 corresponding to the characteristic peaks of N-H bonds in carbamates, hydrocarbons, isocyanates, aromatic compounds and HCN, respectively [42–45].
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Figure 8: TG-FTIR 3D spectra of RPUF composites. (a) RPUF (b) RPUF/PA-A130 (c) RPUF/PA-Fe30
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Figure 9: The FTIR spectrum of the pyrolysis product of RPUF composites at 350°C

According to Figs. 8 and 9, the volatile products of RPUA/PA-Al30 and RPUF/PA-Fe30 were consistent with those of RPUF. For quantitative comparison, Fig. 10 presented the release intensity vs. time curves for typical cracking gas-phase products of RPUF, RPUF/PA-Al30 and RPPUF/PA-Fe30. It could be observed that the release intensity of hydrocarbons for RPUF/PA-Al30 was higher than RPUF before 450°C, probably due to the initial decomposition of phytic acid in PA-Al, which promoted the degradation of the polyurethane molecular chain. At the same time, the early char layer of RPUF/PA-Al was unstable and further combustion led to the increase of hydrocarbon. For RPUF/PA-Fe30, compared with RPUF, the curves of each typical pyrolysis gas-phase product were below RPUF, indicating that PA-Fe inhibited the release of gas-phase products for RPUF/PA-Fe30 in the combustion process. This may be caused by the Lewis acid-base interaction between PA and the polyurethane molecular chain, which promoted pyrolysis products of polyurethane molecular chain into condensed phase to form compact char [46]. CO and HCN are important factors causing serious death in polyurethane fire [44,47]. The interaction of PA and metal ions in PA-Al/PA-Fe could effectively reduce the release of toxic gases during the degradation of RPUF/PA-Al and RPUF/PA-Fe composites. As shown from Figs. 10d and 10e, PRUF/PA-Fe30 exhibited the lowest CO and HCN production, suggesting an excellent detoxification effect of PA-Fe.
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Figure 10: Curves of the typical cracking gas intensity of RPUF composites over time: (a) Urethane; (b) Hydrocarbons; (c) CO2; (d) Isocyanate compound; (e) CO; (f) Aromatic compound; (g) Esters; (h) HCN

3.8 Char Residues Analysis of RPUF Composites

EDS mapping and SEM images of the char residues for the composites were gave in Fig. 11. It could be observed that the char residues of RPUF was loose and thin, with obvious cracks on the surface, which was unfavorable to restrain heat and mass transfer during combustion, resulting in more heat and smoke release. When 15 phr PA-Al or PA-Fe was added, the compactness of the char layer for the composite increased obviously, and the cracks almost disappeared, but there were still some holes on the surface of RPUF/PA-Al15. When the addition amount of PA-Al/PA-Fe reached 30 phr, RPUF/PA-Al30 and RPUF/PA-Fe30 composites exhibited compact char layers with vermicular structure after combustion, which was the result of the catalytic carbonization effect of PA and cross-linking effect of metal ions. The above structure was conducive to preventing the diffusion of flammable gas and toxic gas, inhibiting the heat transfer process in the combustion area to achieve the flame retardant purpose.
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Figure 11: SEM images and EDS analysis of char residues for RPUF composites: (a, a1) RPUF; (b) RPUF/PA-Al15; (b1, b2) RPUF/PA-Al30; (c) RPUF/PA-Fe15; (c1, c2) RPUF/PA-Fe30

Further study on the element composition of the char layer of the composites showed that the char slag of RPUF mainly contained C, O and N elements. With the addition of PA-Al/PA-Fe, RPUF/PA-Al30 and RPUF/PA-Fe30 exhibited decreased N and O content with significantly increased C content in the char residue, the enhanced C elements were conducive to the formation of stable graphite-carbon structure. Moreover, The C/O ratio of RPUF/PA-Al30 and RPUF/PA-Fe30 increased significantly compared with pure RPUF, meaning that RPUF/PA-Al30 and RPUF/PA-Fe30 composites possessed higher oxidation resistance and cross-linking density for the char layer [48]. Therefore, the composites had higher char residues and better smoke & toxicity suppression. At the same time, phosphorus and metal elements in RPUF/PA-Al30 and RPUF/PA-Fe30 contributed to the formation of the condensed char layer.

Raman spectra of char residues which was obtained in muffle furnace for the composites was shown in Fig. 12. The D peak at 1360 cm−1 corresponded to the amorphous phase composed of disordered carbon atoms, and the G peak at 1580 cm−1 corresponded to the graphited carbon atoms in the crystalline phase. The graphitization degree of char residues could be measured by the area ratio of D peak to G peak (ID/IG). The smaller the ratio was, the higher the graphitization degree was, the higher the thermal stability and flame retardancy of the composites were [49–51]. It could be observed that ID/IG of char residues for RPUF was 2.55. For RPUF/PA-Al or RPUF/PA-Fe composites, the char residues decreased with PA-Al/PA-Fe loading, indicating that the addition of PA-Al/PA-Fe helped to improve the graphitization degree of char residues for the composites, endowing them with enhanced thermal resistance.
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Figure 12: Raman spectra of RPUF composites: (a) RPUF; (b) RPUF/PA-Al15; (c) RPUF/PA-Al30; (d) RPUF/PA-Fe15; (e) RPUF/PA-Fe30

3.9 Flame Retardant Mechanism

Combined with the above analysis, the flame retardant mechanism of RPUF/PA Fe composites was proposed in Fig. 13. In the condensed phase, pyrophosphate and polyphosphate produced by PA-Fe decomposition could catalyze the pyrolysis products of the composites to form condensed phase carbon and reduced the release of combustibles & toxic gas. At the same time, PA molecules could produce active free radicals capturing H⋅ and OH free radicals in the combustion process of composites to block the combustion reaction. In addition, Fe-P species in the char layer also acted as an effective catalytic effect in the redox reaction during combustion, which was confirmed by the significant inhibition of reduced gas products (isocyanate compounds, aromatic compounds, CO and HCN) [38]. It can be concluded that PA-Fe plays an important role in flame retardant, smoke and toxicity suppression of RPUF composites.
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Figure 13: Schematic diagram of flame retardant mechanism (taking RPUF/PA-Fe composites as an example)

4  Conclusion

Bio-based flame retardants aluminum phytate (PA-Al) and iron phytate (PA-Fe) were fabricated by simple ionic reaction with phytic acid and metal salt as raw materials, which were used to prepare flame retardant RPUF composites. The addition of PA-Al/PA-Fe could decrease the apparent density of the composites. SEM test showed that PA-Al/PA-Fe exhibited excellent compatibility with the RPUF matrix. TGA and cone calorimetry tests confirmed that the addition of PA-Al/PA-Fe could enhance the thermal stability of the composites at high temperatures, which also endowed them with improved smoke suppression performance. At the same time, TG-FTIR suggested that PA-Fe exhibited better toxicity reduction properties compared with PA-Al. Compared with RPUF, PA-Fe had a positive effect on reducing the release intensity of flammable gases (hydrocarbons, esters) and toxic gases (isocyanate, CO, aromatic compounds, HCN) during the pyrolysis of composites. The above work provided a new strategy for the development and application of bio-based flame retardants.
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Table 3: LOI, horizontal burning of RPUF composites

Sample LOI/vol% Horizontal burning

t/s L/mm  Rating/mm-min
RPUF 18.8 1410 75 319.15
RPUF/PA-AIIS 195 1635 75 27523
RPUF/PA-AI30  19.8 1672 75 269.14
RPUF/PA-FelS 202 1878 75 239.62
RPUF/PA-30 20.4 1954 75 230.30

Abbreviations: L, horizontal combustion length; t, horizontal burning time.
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Table 4: TGA data of RPUF composites

Sample T 50,(°C)  T_500,(°C) Tmax(°C) Char residue at 700°C (wt%)
Step1 Step2 Step 3

RPUF 254 338 291 335 460 12.4

RPUF/PA-AIIS 233 341 292 346 462 16.9

RPUF/PA-AI30 249 358 - 346 473 20.7

RPUF/PA-Fel5 237 330 271 319 474 16.8

RPUF/PA-Fe30 245 355 — 337 478 22.1
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Table 1: The formulae of RPUF, RPUF/PA-Al and RPUF/PA-Fe composites

Sample LY-4110/ PAPI/ LC/  AK-8805/ A33/ TEOA/ Water/ PA-AlV/  PA-Fe/
phr® phr phr phr phr phr phr phr phr
RPUF 100 150 0.5 2 1 3 2 0 0
RPUF/PA-ALLS 100 150 0.5 2 1 3 2 15 0
RPUF/PA-AI30 100 150 0.5 2 1 3 2 30 0
RPUF/PA-Fel5 100 150 0.5 2 1 3 2 0 15
RPUF/PA-Fe30 100 150 0.5 2 1 3 2 0 30

Note: “Parts per hundreds of polyether polyol.
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Table 2: Typical physical performance parameters of RPUF composites

Sample plkg/m) M(W/m-K)

RPUF 549+3.1 0.0390 £ 0.0004
RPUF/PA-AILS 448+2.4 0.0382 £ 0.0006
RPUF/PA-AI30 43.0+2.7 0.0425 £0.0008
RPUF/PA-Fel5 48.7+£4.2 0.0392 £ 0.0004

RPUF/PA-Fe30 41.3+£1.3 0.0389+0.0003
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Table 5: Cone calorimetric data of RPUF composites

Sample TTI(s) T,(s) Tq(s) pHRR  THR TSR FP1 FGI SF
(kW/m?) (MJ/m?) (m*m?) (m*skW) (kW/m?s) (MW/m?)

RPUF 2 49 154 260.7 23.0 422.6  0.0077 5.32 110.2

RPUF/PA-AI30 2 37 116 2484 19.1 329.8  0.0081 6.71 81.9

RPUF/PA-Fe30 3 64 126 2544 22.5 3622 0.0118 3.98 92.1
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