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Abstract
Vegetable oils, as raw materials for polyurethane foam, have attracted much attention for being non-toxic, biodegradable, 
renewable, and so on. However, polyurethane foam burns extremely easily and the vegetable oil grafted phosphorus/silicon 
flame retardant polyols alone do have insufficient fire-retardant efficiency. Herein, a new bio-based flame retardant (Polyol-
P) was successfully synthesized through a ring-opening reaction by using epoxy soybean oil and phenylphosphonic acid 
as raw materials. Then, Polyol-P was first combined with melamine-formaldehyde resin-microencapsulated ammonium 
polyphosphate (MAPP) to modify polyurethane foam. The synergistic flame-retardant effects of Polyol-P with MAPP in 
polyurethane foam have been studied by thermogravimetric analysis, limiting oxygen index test, vertical burning test, and 
cone calorimeter. TG test results showed the addition of Polyol-P and MAPP promoted the degradation of polyurethane 
foam composites and the char residue rate at 800 °C of PU-P/15MAPP was significantly enhanced. Flame retardant test 
results confirmed PU-P/15MAPP exhibited LOI of 25.8% and passed the V-0 rating in the UL-94 test. Cone calorimeter 
test results indicated the peak heat release rate of PU-P and PU-P/15MAPP reduced from 395.10 kW/m2 to 291.92 kW/m2 
and 222.72 kW/m2 compared with PU-0. Furthermore, the ratio of CO and CO2 remarkably reduced and the residual carbon 
yield of PU-P/15MAPP was the highest, and its value was 20.0 wt%. SEM confirmed that the char residue of PU-P/15MAPP 
was wrinkled and uneven, which was caused by the release of many volatile gases. FT-IR verified the formed structure of 
the phosphorous-containing carbonaceous structure. These results suggest that Polyol-P and MAPP have a good synergistic 
flame retardancy on polyurethane composites and can reduce fire risk.
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Introduction

Polyurethanes (PUs) are a variety of polymeric substances 
containing urethane linkages (-NH-COO-), which consist of 
isocyanate, polyol, catalysts, surfactants, and so on [1, 2]. 
Due to high flexibility in structural design, polyurethanes 
have been fabricated into elastomers, adhesives, coatings, 
foams, and fibres [3, 4]. Among these materials, rigid pol-
yurethane foam has been applied as thermal insulation in 
high-rise buildings because of its low density, low thermal 

conductivity, and high specific strength [5, 6]. However, 
owing to the porous structure and organic skeleton of polyu-
rethane foam [7], it burns extremely easily and releases high 
heat and harmful gases, resulting in serious casualties and 
property losses. Consequently, enhancing the flame retar-
dancy of polyurethanes has become an urgent problem to 
be solved in the industry [8].

With the popularization of the environmental protection  
concept and the increasing demand for sustainable develop-
ment of resources, people gradually turn their targets to bio-
mass resources [4, 9]. Because of their abundant resources,  
non-toxicity, renewability, and non-pollution characteristics 
[6, 10], biomass resources, such as starch [11], lignin [12,  
13], chitosan [14–16], rice husk [17, 18], and sugar 
beet leaves [19], are flame retardant materials that meet  
the requirements of green development. Among many bio-
mass resources, vegetable oils are made up generally of 
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triglyceride molecules with varying degrees of unsatura-
tion [20], which are applied in fuels (bio-diesel), polymers, 
lubricants, surfactants, and plasticizers [21]. There are many 
kinds of vegetable oils, including soybean, castor, sunflower, 
canola, and so on, which contain ester groups and carbon-
carbon double bonds to provide modification sites for chemi-
cal modification [22]. However, vegetable oils have poor 
heat resistance and poor flame-retardant effect, and therefore 
flame-retardant modification of vegetable oils has become a 
current research hotspot.

Castor oil containing phosphorus polyols (COFPL) was 
synthesized through a multi-step reaction using castor oil, 
glycerol, and diethyl phosphate. And the author investigated 
the effect of COFPL on the properties of polyurethane foams 
[23]. The results showed that COFPL enhanced the thermal 
stability of polyurethane and the value of LOI reached 23.1% 
with the addition of 75 phr COFPL. Heinen et al. synthe-
sized phosphorylated soybean oil polyol and used it as a raw 
material to synthesize flame-retardant polyurethane. When 
all of them replaced petroleum-based polyols, the LOI value 
was 21.8% [24]. Zhou et al. modified polyurethane foam 
containing 80 wt% PTOP. And the LOI value was 24.0% 
[25]. Aynur et al. carried out silylation of epoxidized soy-
bean oil (ESO) by epoxy ring opening reaction of methoxy 
and ethoxy silane compounds, which were used to prepare 
polyurethanes labeled as PUSiTh and PUSiAm [26]. And the 
LOI values were 23.6% and 22.8%, respectively. Whereas, 
the above vegetable oil grafted phosphorus/silicon flame 
retardant polyols alone do have insufficient fire-retardant 
efficiency and the LOI of flame-retardant polyurethane 
foams is hard to over 24%. The joint use of disparate flame 
retardants is proposed to assemble a multiform synergistic 
device to satisfy the need in the actual production [27].

Inorganic flame retardants, such as ammonium polyphos-
phate (APP), Al(OH)3, Mg(OH)2, and so on, are easy to 
obtain and low cost [28, 29]. As a common flame retardant 
for high nitrogen and phosphorus elements, APP is added 
with additives. However, APP has poor compatibility with 
organic polymer materials, which may seriously reduce 
flame-retardant efficiency [30]. Microencapsulation tech-
nology can solve the defect of inorganic flame-retardant 
[31]. Whereas, there are few reports on the combination 
of synergistic flame retardancy for the formulation of soy-
bean oil phosphate-based polyols and modified ammonium 
polyphosphate.

In this paper, a new soybean oil-based flame retardant was 
synthesized from epoxidized soybean oil and phenylphos-
phonic acid and compounded with modified ammonium 
polyphosphate to prepare flame retardant polyurethane 
foams. The thermal stability, flame retardancy, morpho-
logical characteristics, and mechanical properties of polyu-
rethane were evaluated using thermogravimetric analyser, 
cone calorimeter, mechanical property tests, and scanning 

electron microscopy. The synergistic effect between Polyol-P 
and MAPP improves the flame retardancy and mechanical 
properties of polyurethane foam.

Experimental

Materials

Epoxidized soybean oil (ESO) with an epoxide index of 
3.80 mol/kg was supplied by Aladdin Co., Ltd. (Shanghai 
China). Phenyl phosphonic acid (PPA) was purchased from 
Aladdin Co., Ltd. (Shanghai China). Tertiary butanol and 
n-hexane were received from Shanghai Lingfeng Chemical 
Reagents Co., Ltd. (Shanghai China). Melamine-formalde-
hyde resin‑microencapsulated ammonium polyphosphate 
(MAPP) was provided by Guangzhou Yinyuan New Mate-
rial Co. Ltd. (Guangzhou China). The petrochemical polyol 
(PPG 4110), with a hydroxyl value of 440 mg KOH/g, was 
supplied by Xuzhou Yahiya New Material Co. LTD. Poly-
methylene polyphenyl isocyanate (PM-200), with an NCO 
content of 30 wt%, was bought by Jining Huakai Resin Co., 
Ltd. (Jining China). Dibutyltin dilaurate (DBTDL) and 
triethanolamine (TEOA), as catalysers 1 and 2, were pro-
vided by Aladdin Co., Ltd. (Shanghai China). Silicon sur-
factant (AK 8805) was provided by Jiangsu Maysta Chemi-
cal Co., Ltd. (Nanjing China). Distilled water was used as 
the chemical blowing agent.

Synthesis of Polyol‑P

The procedure was inspired by those works of literature [32, 
33]. 50 g of ESO and 25 g of tertiary butanol were added to 
a 250 mL four-neck flask equipped with a mechanical stir-
rer, a refluxing column, a thermometer, and a dropping fun-
nel. The reaction device was placed in an oil bath of 85 °C. 
Then, the mixture of phenyl phosphonic acid (12.5 g) and 
tertiary butanol (25 g) was dropped into the flask for 25 min. 
The reaction mixture was stirred at 85 °C for 9 h. After the 
reaction, the solvent was removed using a rotary evapora-
tor. A soy-based polyol labelled Polyol-P was obtained. The 
hydroxyl value of Polyol-P was 195 mg KOH/g. Although 
Polyol-P can consider a mixture of different related polyols, 
a certain polyol is listed in Fig. 1 and it does not hinder the 
modification of polyurethane foam [33]. The result further 
facilitates the practical application of the method.

Preparation of PU composites

Table 1 depicted the formulation of PU composites. The 
value of R (R=-NCO/-OH) of PU composites was 1.2. First, 
polyol, water, n-hexane, dibutyltin dilaurate (DBTDL), 
triethanolamine (TEOA), AK8805, and MAPP were 
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thoroughly mixed in a plastic beaker at 1000 rpm for 10 min 
to form a uniform mixture. And then PM-200 was immedi-
ately added to the mixture and stirred (1500 rpm) for 10 s. 
The mixture was freely foamed in the plastic cup and cured 
at room temperature for 3 days. Finally, PU composites to 
be tested were cut into standard-size pieces.

Methods

The infrared spectra were analysed by NEXUS670 
(Thermo Nicolet Corporation, US) within the wave 
number range of 4000 − 400 cm− 1. The 1H NMR and 31P 
NMR of products were carried out on a Bruker Avance 
III HD-400 spectrometer using CDCl3 as the solvent. 
The surface morphology of PU composites and the 
residual carbon after cone calorimeter tests were deter-
mined by JSM-5610LV scanning electron microscopy. To 
improve the electrical conductivity, all specimens were 
sprayed with gold coating. The apparent density of PU 

composites was measured according to ASTM D1622, 
with a sample size of 30 × 30 × 30 mm3. The compres-
sive strength at 10% was examined by a universal tensile 
instrument CMT4000 according to ASTM D 1621, and 
the dimension of the sample was 50 mm × 50 mm × 
25 mm. Thermal degradation behaviour of PU compos-
ites was obtained from a NETZSCH TG 209 F1 apparatus 
at the heating rate of 15 °C/min from 30 to 800 °C under 
N2 atmosphere. LOI values of samples were detected via 
a JF-3 oxygen index meter in line with ASTM D2863-
97, with the dimensions of 100 mm × 10 mm × 10 mm. 
The vertical burning test was performed by a JF-3 instru-
ment according to ASTM D3801-2010, with a sample 
size of 130 mm× 10.0 mm × 10.0 mm. The combustion 
behaviour of PU composites was characterized by cone 
calorimetry (Fire Testing Technology) according to ISO 
5660. Each specimen with the size of 100 mm × 100 mm 
× 25 mm was exposed horizontally to 35 kW/m2 external 
heat flux.

Fig. 1   The synthesis route of 
Polyol-P

Table 1   The formulation of PU 
composites

Samples PU-0 PU-P PU-P/5MAPP PU-P/10MAPP PU-P/15MAPP

PPG 4110 (g) 60 24 24 24 24
Polyol-P (g) 0 36 36 36 36
Water (g) 0.6 0.6 0.6 0.6 0.6
DBTDL (g) 1.5 1.5 1.5 1.5 1.5
TEOA (g) 0.3 0.3 0.3 0.3 0.3
AK 8805(g) 1.2 1.2 1.2 1.2 1.2
n-hexane (g) 6 6 6 6 6
MAPP (g) 0 0 7.2 15.6 24
MAPP (wt%) 0 0 5 10 15
Isocyanate index 1.2 1.2 1.2 1.2 1.2
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Results and discussion

Characterization of Polyol‑P

Figure 2 depicted the 1H NMR spectra of ESO and Polyol-
P. As shown in 1H NMR of ESO, the peak at 0.8 ppm was 
matched with the protons of -CH3 (labelled a), and the signals 
at 5.26 ppm and 4.13–4.31 ppm were allocated to the protons 
of the methylene protons of triglyceride structure (labelled i 
and h). The peak at 2.9–3.1 ppm was associated with protons 
of the epoxy groups (labelled f). Whereas, through the com-
parison of 1H NMR between ESO and Polyol-P, we could see 
that the peak at 2.9–3.1 ppm (labelled f) disappeared and the 
multi-peaks around 7.46–7.80 ppm (labelled j) corresponding 
to protons of benzene skeleton were observed. These results 
suggested reaction occurred between epoxidized soybean oil 
and PPA.

31P NMR spectra of Polyol-P and PPA were measured 
and the results were shown in Fig. 3. As can be seen, there 
was a sharp signal at 34.06 ppm in the 31P NMR spectra of 
Polyol-P. And the peak of PPA was observed at 15.82 ppm. 
From the above analysis, it could be concluded that Polyol-P 
was synthesized successfully.

FT-IR spectra of ESO and Polyol-P were depicted 
in Fig. 4. As shown in the FT-IR spectrum of ESO, the 
peaks at 2927 cm− 1 and 2858 cm− 1 were attributed to the 
antisymmetric stretching vibration and symmetric stretch-
ing vibration of -CH3. Furthermore, the absorption peaks 
at 1740 cm− 1 and 826 cm− 1 were ascribed to the stretch-
ing vibration of the C = O and epoxy groups, respectively 
[34]. In contrast, the FT-IR spectra of Polyol-P showed a 
strong and broad peak at 3424 cm− 1 assigned to -OH, while 
the peak of the epoxy group of ESO at 826 cm− 1 disap-
peared. And the absorption peaks at 1438 cm− 1, 1157 cm− 1, 
and 750 cm− 1 corresponded to stretching vibration of the 

benzene skeleton, P = O, and P-C, respectively [33]. These 
results implied that the phosphorous-phenyl structure was 
introduced into Polyol-P.

Thermal performance of PU composites

As a research instrument on pyrolysis behaviour, ther-
mogravimetric analyser can provide relevant information 
such as thermal stability, degradation behaviour, char 
formation, and so on [35–37]. Herein, the thermal stabil-
ity of PU composites was investigated by thermogravim-
etry under N2 atmosphere. The TG and derivative TG 
(DTG) curves of PU composites were depicted in Fig. 5.  
The selected data were as follows: temperature of 5% 
weight loss (T5%), the temperature of the maximum deg-
radation rate (Tmax), and the char residue at 800 °C, which 
were summarized in Table 2 [8]. All samples showed two 
weight-loss stages coinciding with results in the literature 

Fig. 2   1H NMR of ESO and Polyol-P

Fig. 3   31P NMR spectra of Polyol-P and PPA

Fig. 4   FT-IR spectra of ESO and Polyol-P
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[27, 37]. The first stage was at 200–385 °C. This could 
be ascribed to the broken of the urethane bond and it was 
further decomposed into diimine carbides, olefin, alde-
hydes, ketones, carbon dioxide, and water [31, 38].

The second stage at 385–500 °C was attributed mainly 
to the decomposition of polyols [39]. As shown in 
Fig. 5A, T5% of PU-0 was 235 °C and Tmax was 322 °C and  
470 °C, respectively. The char residue of PU-0 was 15.1 
wt% when heated to 800 °C. When added Polyol-P, T5% 
and Tmax1 of PU-P dropped to 193 °C and 312 °C. This 
may be explained by the first reason that urethane link-
ages of polyurethane foam are formed by secondary OH 
groups with isocyanate groups [40, 41]. The second reason 
is that the energy of the P-O bond (149 kJ/mol) is much 
lower than the C-O bond (256 kJ/mol). When MAPP was 
added, T5% and Tmax of PU-P/5MAPP, PU-P/10MAPP, 
and PU-P/15MAPP continued to decrease. These results 
mainly resulted from that polyphosphoric acid generated 
by the thermal decomposition of MAPP promoted decom-
position of polyurethane matrix [31]. Furthermore, PU-P, 
PU-P/5MAPP, PU-P/10MAPP, and PU-P/15MAPP exhib-
ited char residues of 23.6 wt%, 17.4 wt%, 21.9 wt%, and 
28.1 wt%, respectively, which were higher than that of 
PU-0. Although the decomposition temperature of polyu-
rethane composites reduced, polyphosphate produced by 
the early decomposition of Polyol-P and MAPP is condu-
cive to the formation of a stable and dense carbon layer 
on the surface, which can well block the external heat and  
oxygen generation [27, 42].

Flame retardancy tests of PU composites

To assess the flammability of PU composites, the LOI and 
UL-94 test results of PU composites were listed in Table 3. 
PU-0 possessed the LOI value of 20.0% and failed in the 
UL-94 tests, which also observed a molten dripping phe-
nomenon. The high flammability of PU-0 was attributed to 
the large surface area and porous structure of polyurethane 
[43, 44]. However, when Polyol-P was added to the material, 
the LOI of PU-P increased to 22.7% and passed the V-1 rat-
ing in the vertical burning test. When MAPP was added to 
polyurethane foam, the LOI values of PU-P/MAPP increased 
continuously. When the addition of MAPP ranged from 5 
wt% to 15 wt%, the LOI value of PU-P/MAPP increased 
from 23.5% to 25.8%.

The digital images of the UL-94 test of PU composites 
were given in Fig. 6. It was noteworthy that the burning 

Fig. 5   The thermal performance 
of PU composites: A TGA and 
B DTG

Table 2   Thermal properties of 
PU composites

Samples PU-0 PU-P PU-P/5MAPP PU-P/10MAPP PU-P/15MAPP

T5% (℃） 235 190 194 189 241
Tmax1 (℃） 322 312 304 299 299
Tmax2 (℃） 470 471 459 450 444
Residue rate at 

800 °C
15.1 wt% 23.6 wt% 17.4 wt% 21.9 wt% 28.1 wt%

Table 3   LOI and UL-94 results of PU composites

Samples LOI (%) UL 94

Dripping Rating

PU-0 20.0 Yes NR
PU-P 22.7 No V-1
PU-P/5MAPP 23.5 No V-1
PU-P/10MAPP 24.6 No V-0
PU-P/15MAPP 25.8 No V-0
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area of PU-0 reduced drastically while the burned PU-P/
MAPP retained most of the residual. This phenomenon was 
observed mainly because MAPP and Polyol-P released PO* 
and PO2*radicals to quench the H* and HO* and terminated 
the free radical reaction [30]. Meanwhile, polyphosphoric 
produced by MAPP can catalyse the forming of a dense  
carbon layer to hinder the energy exchange in the combus-
tion zone [43–45], thereby effectively improving the flame 
retardancy of polyurethane. By combining all analysis 
results, the incorporation of Polyol-P combination with 
MAPP jointly has a good synergistic flame-retardant effect.

Combustion behaviour of PU composite

Cone calorimeter test is used to evaluate the combustion 
behavior of polyurethane materials in a real fire environment 
[46]. It was listed the curves of the heat release rate (HRR) 
and the mass change of polyurethane composites in Fig. 7.

Relevant characteristic parameters, such as ignition 
time (TTI), total heat release (THR), peak heat release rate 
(PHRR), and ignition performance index (FPI), were shown 
in Table 4. As can be seen in Table 4, the TTI (2–4 s) of all 

samples was very short, which was attributed to the porous 
structure and large surface area of polyurethane [43, 44]. It 
is well known that HRR and THR are important parameters 
for studying flammability, which can be used to express fire 
intensity and fire spread rate [46]. From Fig. 7A, it was clear 
that PU-0 achieved the maximum value of HRR (395.1 kW/
m2) after being ignited for 18 s. With the addition of Polyol-
P, the PHRR of PU-P decreased to 291.9 kW/m2. Further-
more, when incorporating MAPP and Polyol-P, the PHRR 
jointly further decreased to 222.7 kW/m2 and reduced by 

Fig. 6   Digital photos of UL-94 
test of PU-0 (A, A'), PU-P (B, 
B'), PU-P/5MAPP (C, C'), 
PU-P/10MAPP (D, D'), and 
PU-P/15MAPP (E, E')

Fig. 7   A HRR and B Mass loss 
curves of PU-0, PU-P, and PU-
P/15MAPP

Table 4   Cone calorimeter data of PU-0, PU-P, and PU-P/15MAPP

Sample PU-0 PU-P PU-P/15MAPP

TTI (s) 2 4 4
PHRR (kW/m2) 395.10 291.92 222.72
THR (MJ/m2) 24.72 23.63 32.37
CO/CO2 ratio 0.031 0.011 0.004
Av-EHC (MJ/kg) 28.42 22.63 26.07
Av-MLR (g/s) 0.051 0.048 0.041
FPI (m2s/kW) 0.005 0.014 0.018
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43.6% than PU-0. This result suggested that the combination 
of MAPP with Polyol-P had a significant inhibitory effect 
on the combustion intensity of polyurethane composites. In 
addition, it was worth noting that the reduction of THR of 
PU composites was not obvious and the THR value of PU-
P/15MAPP bounced. This phenomenon was related to more 
vapour-phase products released from Polyol-P and MAPP 
due to the gaseous phase flame retardancy [47, 48].

CO and CO2 are two representative gases used to inves-
tigate toxic gas emissions of polyurethane composites [49]. 
The ratio of CO and CO2 was shown in Table 4. With the 
addition of Polyol-P and MAPP, the ratio of CO and CO2 
decreased continuously, further revealing the effective 
smoke suppression of Polyol-P and MAPP for polyurethane 
[50]. The degree of the volatile gas combustion is reflected 
by the average effective heat combustion (Av-EHC) in the 
gas phase. The Av-EHC of PU-P was 22.63 MJ/kg, which 
was 20.4% lower than that of PU-0, indicating a quenching 
effect of Polyol-P. When the additional amount of MAPP 
was 15 wt%, the value of Av-EHC increased to 26.07 MJ/kg, 
which suggested MAPP enhanced the flame-retardant effect 
of the condensed phase.

The mass loss curves disclose the effect of char residue on 
combustion-restraining behavior during the fire [3]. As plotted 
in Fig. 7B, the char yield of PU-0 was 0.8 wt%, whereas the 
residues of PU-P and PU-P/15MAPP reached 12.3 wt% and 
20.0 wt%, respectively. This result was caused by the fact that 
the charring of the substrate was promoted by the dehydration 
of phosphate derivatives produced by Polyol-P and MAPP 
in the condensed phase [37]. A-MLR represents the thermal 
cracking, volatilization, and combustion of materials under a 
certain fire intensity [50]. The value of A-MLR dropped from 

0.051 g/s to 0.041 g/s from Table 4, indicating that much more 
char residues were formed (confirmed by Fig. 7B). There is a 
good synergistic flame-retardant effect of Polyol-P combined 
with MAPP.

Finally, fire hazards are analysed by calculating the 
fire performance index (FPI), which is the ratio of TTI 
and PHRR [51]. A higher FPI value indicates lower fire 
risk. Compared to PU-0, the FPI values of PU-P and PU-
P/15MAPP increased to 0.014 m2s/kW and 0.018 m2s/kW, 
respectively. These results suggest that MAPP and Polyol-P 
endow PU composites with higher fire safety.

Char residue analysis and flame‑retardant 
mechanism

Firstly, the morphologies of the residues were studied 
through digital photos and SEM micrographs. The digi-
tal photos of residual chars were described in Fig. 8. The 
residual carbon layer of PU-0 (Fig. 8A) was light and would 
be easily broken, which meant that PU-0 completely dis-
integrated during the combustion process [52]. In Fig. 8B, 
Polyol-P could form a relatively dense carbonaceous layer. 
With the addition of MAPP, the carbon residue rate of PU-
P/15MAPP increased significantly and the densification of 
the char residue was improved (Fig. 8C).

SEM images of the residues were shown in Fig. 9. It was 
clear that the char structure of PU-0 was broken and loose 
[53]. Whereas, the char of PU-P was observed to be com-
pact, smooth, and wrinkled, which could effectively reduce 
the release of heat [46]. The coke of PU-P/15MAPP was 
creased and uneven, with obvious pores on the surface. This 
resulted from many volatile gases released by MAPP, which 

Fig. 8   Digital photographs of 
the residues after the cone calo-
rimeter test. A PU-0, B PU-P, 
and C PU-P/15MAPP

Fig. 9   SEM images of residues 
after cone calorimeter test: 
A PU-0, B PU-P, and C PU-
P/15MAPP
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increased the combustion intensity [54]. This result was con-
sistent with the analysis of cone calorimeter test.

Analysis of the residue composition contributed to 
revealing the fire-retardant mechanism [43]. The FTIR 
spectra of PU-0, PU-P, and PU-P/15MAPP residual chars 
were shown in Fig.  10. The peak at 3435  cm− 1 corre-
sponded to the stretching vibration of N-H [6]. Peaks around 
2925 − 2850 cm− 1 were typical for the stretching vibration of 
-CH2-. And The absorption peaks at 1450 cm− 1, 1370 cm− 1, 
and 753 cm− 1 could be attributed to the vibration adsorp-
tion of -CH3 and CAr-H, respectively. The patterns of PU-P 
and PU-P/15MAPP composites were similar. Compared 
with PU-0, the characteristic absorption of P = O, P-O-C, 
and P-O-P near 1214 cm− 1, 1068 cm− 1, and 981 cm− 1 were 
observed in the FTIR of PU-P and PU-P/15MAPP. And 
the absorption intensity of P-O-P of PU-P/15MAPP was 
stronger than that of PU-P. The result suggested phosphoric 

acids interacted with the polyurethane matrix and formed 
phosphorus-rich residues [37]. The result of the FTIR spec-
trum showed that the formed phosphorous-containing car-
bonaceous structure contributed to the enhancement of fire 
retardancy.

Summarizing the abovementioned results, the synergistic 
flame-retardant mechanism of the Polyol-P/MAPP system 
applied in PU composites is obtained, and is depicted in 
Fig. 11. When Polyol-P was alone added to PU composites, 
the flame-retardant mechanism was dominated by the gas 
phase. This result was consistent with the average effec-
tive heat combustion (Av-EHC), which reflected the degree 
of the volatile gas combustion. The Av-EHC of PU-P was 
22.63 MJ/kg, which was 20.4% lower than that of PU-0, 
indicating a quenching effect of Polyol-P. Polyol-P could 
produce PO* and PO2* free radicals capturing *OH and 
H* active radicals, thus blocking the combustion reaction. 
Meanwhile, when MAPP was added to the PU-P, the decom-
position of NH3 and water vapor produced by MAPP could 
dilute combustible gases and remove some heat. The value of 
Av-EHC increased to 26.07 MJ/kg, which suggested MAPP 
enhanced the flame-retardant effect of the condensed phase. 
Polyphosphoric acid produced by the thermal decomposi-
tion of MAPP and Polyol-P could dehydrate and carbonize 
polyurethane molecular chain to form a condensed carbon 
layer, which inhibited mass and heat transmission in a fire. 
In conclusion, the synergistic action of the gas-phase and 
condensed-phase flame-retardant mechanism significantly 
enhances the fire-retardant ability of PU composites.

Cell morphology of PU composites

The mechanical property of PU is observably affected by 
cell morphology [55]. Therefore, SEM images with 50 
times magnification of each cross section from PU compos-
ites were shown in Fig. 12. It was obvious that all samples 

Fig. 10   FT-IR spectra of the residual char of PU-0, PU-P, and PU-
P/15MAPP

Fig. 11   Possible flame-retardant 
mechanism of the PU compos-
ites incorporated with Polyol-P 
and MAPP
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were composed of spherical and polyhedron cells [56]. The 
surface of PU-0 and PU-P exhibited a relatively clean and 
smooth morphology at high magnification. When 5 wt% 
MAPP was added, the cellular structure of PU-P/5MAPP 
was relatively uniform. This indicated MAPP particles were 
evenly dispersed, with good compatibility with polyurethane 
foam. However, when 10 wt% MAPP and 15 wt% MAPP 
were added to polyurethane foam, the surfaces became much 
rougher. In addition, the rupture of some struts and the col-
lapse of the cellular structure were observed, with particles 
agglomerating. This may be due to the limited compatibility 
between polyurethane and MAPP.

As shown in Fig. 12A, the average cell size of PU-0 was 
191.27 μm, with a cell size distribution of 125–275 μm. 
With the addition of Polyol-P, the average cell size of PU-P 
was increased to 223.23 μm, with a cell size distribution of 
175–280 μm (Fig. 12B). The reason was that the hydroxyl 
value of.

Polyol-P was lower than PPG 4110, resulting in a 
decrease in crosslink density. When MAPP was added to 
polyurethane foam, the average cell size became smaller. The 
cell size of PU-P/10MAPP was the smallest (103.32 μm) 
and the cell-size distribution was 40–180 μm (Fig. 12D). 

However, the average cell size of PU/15MAPP increased 
to 105.55 μm, and the cell-size distribution expanded to 
70–180 μm (Fig. 12E). These results indicated MAPP pos-
sessed a certain nucleation effect, which effectively reduced 
the free energy for the nucleation during foaming [4, 57]. In 
addition, the incorporation of MAPP increased the viscosity 
of the mixture, preventing the merging of air bubbles, which 
could lead to a reduction in cell size [55].

Mechanical properties of PU composites

Apparent density and compressive strength are important 
physical properties of polyurethane, which directly affect  
the application of polyurethane composites [58, 59].  
Figure 13 showed the density and compressive of PU com-
posites. As can be seen from Fig. 13A, PU-0 possessed a 
density of 47.0 kg/m3. With the addition of Polyol-P, the 
density of PU-P increased to 66.0 kg/m3, which was ascribed 
to increasing the viscosity of the reaction mixture. Fur-
thermore, the foam density increased from 68.9 kg/m3 to 
76.2 kg/m3 further as the amount of MAPP was added.

This was because MAPP was a solid filler, which had a 
higher density [60]. It was noteworthy that the compressive 

Fig. 12   SEM and cell sizes distribution of PU composites: A PU-0, B PU-P, C PU-P/5MAPP, D PU-P/10MAPP, and E PU-P/15MAPP

Fig. 13   A apparent density and 
B compression strength of PU 
composites
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strength of the polyurethane increased from 0.130 MPa to 
0.260 MPa with the addition of Polyol-P and MAPP (Fig. 13B), 
which could be ascribed to the high density, resulting in the high 
compressive strength [61]. Apart from density, the compressive 
strength of polyurethane depends on the porous structure of the 
polymer [61]. The addition of MAPP makes cell size decrease 
and cell number increase, leading to the fact that more cell walls 
per unit area of the foam encountered more applied load.

Conclusion

In this paper, a new bio-based flame-retardant Polyol-P was 
combined with MAPP to modify polyurethane foam. The 
test results showed that the joint addition of Polyol-P and 
MAPP enhanced the flame retardancy of polyurethane. Com-
pared with PU-0, the LOI value of PU-P/15MAPP increased 
from 20.0% to 25.8% and passed the V-0 rating in the verti-
cal burning test. In addition, cone calorimetry test results 
showed that the total heat release of PU-P/15MAPP sig-
nificantly increased. Meanwhile, compared with PU-0, the 
peak heat release rate of PU-P and PU-P/15MAPP reduced 
from 395.10 kW/m2 to 291.92 kW/m2 and 222.72 kW/m2 
respectively. The flame-retardant mechanism indicated that 
Polyol-P and MAPP produced active free radicals capturing 
*OH and H* active radicals, thus blocking the combustion 
reaction. At the same time, Polyol-P and MAPP jointly pro-
moted the generation of the cross-linking system, forming 
more protective carbon layers gases and removing some 
heat. Therefore, the synergistic action of the gas-phase and 
condensed-phase flame-retardant mechanism significantly 
enhanced the fire-retardant ability of PU composites. Addi-
tionally, the addition of MAPP induced a significant increase 
in compressive strength, and the maximum compressive 
strength of PU-P/15MAPP was 0.260 MPa, compared to 
PU-0. These results indicate that the PU-P/15MAPP system 
improved the mechanical properties and heat resistance of 
polyurethane foam more effectively than the PU-P system.
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