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Cardanol derived P, Si and N 
based precursors to develop flame 
retardant phenolic foam
Caiying Bo1,2,3,4*, Zhongyu Shi1,2,3,4, Lihong Hu1,2,3,4, Zheng Pan1,2,3,4, Yun Hu1,2,3,4, 
Xiaohui Yang1,2,3,4, Puyou Jia1,2,3,4, Xiaoli Ren1,2,3,4, Meng Zhang1,2,3,4* & 
Yonghong Zhou1,2,3,4*

A novel eco-friendly halogen-free cardanol-based flame retardant with P, Si, and N on the chain 
backbone (PSNCFR) was synthesized and incorporated into phenolic foams (PFs). PSNCFR was 
comprehensively investigated via Fourier transform infrared spectroscopy and nuclear magnetic 
resonance. PSNCFR endowed PFs with flame retardancy, contributed to generating a composite char 
defense against flames, and efficiently prevented smoking from PFs. PSNCFR introduction improved 
the flexural strength of the PFs to approximately 155% of that of pristine PF. PSNCFR-modified PFs 
displayed a high limiting oxygen index value of 41.9%. The results of cone calorimeter show that the 
mean heat release rate, mean effective heat of combustion, and total heat release of the PSNCFR-
modified PFs reduced by 26.92%, 35.71%, and 31.25%, respectively. In particular, the total smoke 
production of the PSNCFR-modified PFs decreased by 64.55%, indicating excellent smoke inhibition. 
As for the mechanism, the condensation and gas phases during pyrolysis were responsible for the 
synergistic flame retardancy in the modified PFs. The findings demonstrate that PSNCFR can be used 
in PF preparation to overcome their drawbacks of internal brittleness and flammability.

Biorenewable resources have attracted significant attention owing to growing concern over environmental prob-
lems and energy crisis. Cardanol, an agricultural by-product abundantly extracted from cashew nut shell liquid, 
is a potential non-edible and safe biorenewable resource1,2. Cardanol contains multiple functional groups, such 
as an aromatic ring, a hydroxyl group, and double bonds in the alkyl chain. Therfore, cardanol is considered a 
promising resource for preparing of a wide range of chemicals3,4. Cardanol and its derivatives can be used as 
stabilizers, antioxidants, chemical intermediates, anticorrosive paints, plasticizers, and resins5–7.

Phenolic foams (PFs), characterized by thermal and chemical stability, adhesivity, high thermal insulation, and 
flame retardancy, have been widely used in electric instruments, petrochemistry, and architecture8–10. However, 
the application of PFs to other areas are limited owing to their relatively low mechanical performance and high 
flammability. A previous recent study examined cardanol-based11, in particular, the effect of cardanol on the 
mechanical characteristics of phenol–formaldehyde formulations and the role of cardanol’s flexible alkyl side 
chains as plasticizers to enhance the mechanical properties of PFs. Unfortunately, the presence of flexible chains 
of cardanol compromises the flame retardancy of PFs, thereby limiting their use in fields requiring fire resistance.

The most important and feasible requirement to promote the further utility of cardanol-based PFs at the 
industrial scale is to improve their flame retardancy. Since the European Union banned the use of halogenated 
fire retardants, flame retardants incorporating P10,12,13, Si14,15 and N16,17 have emerged as efficient non-halogenated 
candidates. To eliminate PF’s current drawbacks, i.e., the intrinsic brittleness and high flammability, this study 
examines cardanol as a renewable feedstock to replace phenol in PF synthesis18. To impart functional proper-
ties in cardanol-based PFs, we have incorporated synergistic flame retardant elements into cardanol structures, 
which can improve the corresponding functional properties of PFs.

In this study, a novel cardanol-based flame retardant containing P, Si, and N (PSNCFR) on the chain back-
bone was synthesized and incorporated into PFs. Owing to its unique chemical structure, PSNCFR imparted 
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superior mechanical properties in PF, contributed toward forming a hybrid char antiflame defense, and efficiently 
avoided smoke generation from PFs. Further the mechanical property, morphology, thermal decomposition, fire 
avoidance, and smoke restriction of PFs with varying PSNCFR concentrations are further discussed. Finally, the 
corresponding toughening and flame-retardant mechanisms are presented.

Results and discussion
Characterization of PSNCFR.  Figure 1 shows the Fourier transform infrared (FT-IR) spectra of cardanol 
and PSNCFR. Clearly, the spectrum of PSNCFR shows absorption at 3,010, 2,926, 2,856, and 1,586 cm−1, indi-
cating that PSNCFR contains various functional groups of cardanol19. Compared with cardanol, the peaks at 
3,346 cm−1 (–OH) in the spectrum of PNCFR (see Supplementary Fig. S1 online) almost disappeared, imply-
ing that the phenolic hydroxyl groups were converted. The FT-IR spectrum of PSNCFR shows typical peaks at 
2,973 cm−1 (–CH3 of 3-aminopropyltriethoxysilane (APTES)), 1390 cm−1 (Si–CH2), 1103 cm−1 (Si–O–C), and 
3,379 cm−1 (N–H)20 indicating the incorporation of the APTES moieties in PSNCFR. In addition, the peaks 
at 1,217 and 788 cm−1 were assigned to the P=N and P–N stretching vibration21,22, and the peak at 957 cm−1 
was assigned to P–O–Ph. Howerver, the peaks at 600 and 519 cm−1 corresponding to the stretching vibration 
of P–Cl in phosphonitrilic chloride trimer (HCCP)23,24 (see Supplementary Fig. S1 online), disappeared, as rep-
resented in the supplementary document. The above-mentioned absorptions confirm the reaction of cardanol 
with HCCP and APTES.

The proton nuclear magnetic resonance (1H NMR) spectrum of PSNCFR (Fig. 2a), i.e., the peaks at 
7.24–6.66 ppm, are attributed to the protons on the benzene ring, and those at 5.83, 5.43–5.34 and 5.07–4.97 ppm 
correspond to the proton of –CH=CH– in the cardanol moiety. The protons in the—(CH2SiOCH2CH3)—moiety 
occur at 3.79 ppm (SiOCH2), 1.20 ppm (CH2CH3), and 0.56 ppm (CH2SiOCH2CH3). The carbon-13 nuclear mag-
netic resonance (13C NMR) of PSNCFR (Fig. 2b) shows the unsaturated carbons on the aromatic ring and alkyl 
side chains of the cardanol moiety in the range of 112–157 ppm. The chemical shifts at 35–22 and 14.22 ppm are 
attributed to the carbons in the methylene and methyl groups of the alkyl side chains of cardanol25. The new peaks 
that appeared at 58.29, 18.28 and 43.29 ppm are attributed to the carbons in the –OCH2CH3 and N–CH2– groups. 
Phosphorous-31 nuclear magnetic resonance (31P NMR) spectrum was also used to elucidate the chemical 

Figure 1.   The FT-IR spectra of cardanol and PSNCFR.

Figure 2.   The (a) 1H and (b) 13C NMR spectrum of PSNCFR.
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structures as shown in Supplementary Fig. S2. Because the six monomers of HCCP were mix-substituted by 
cardanol and APTES, the chemical environment of phosphorus atoms in the same monomer was different for 
its asymmetric nature26. The above mentioned absorptions indicate the formation of flame-retardant PSNCFR.

Figure 3 presents the thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves of 
cardanol and PSNCFR under N2 and air. Table 1 shows the initial decomposition temperature (Ti), temperature 
at maximum heat weightlessness rate (Tmax), and char yield. Clearly, PSNCFR was thermally decomposed under 
N2 in two stages. In first stage (250–380 °C), the weight loss of approximately 34.34% can be ascribed to the 
decomposition of oxygen functionalities and aliphatic chains. In the second stage (380–800 °C), the weight loss 
of 33.15% can be assigned to the pyrolysis of silane, phosphorus moieties, and benzene rings, as well as to the 
generation of char residues27. The thermal degradation of PSNCFR was changed by the introduction of APTES 
and HCCP moieties. Clearly, the Ti and Tmax of PSNCFR were higher compared with cardanol, and PSNCFR had 
a higher mass residue than cardanol (32.54% vs 0.63%), indicating that PSNCFR was more thermally stable. This 
is because the introduction of P, N, and Si into the PSNCFR structure enhanced its thermal stability. Figure 3b 
shows a similar two-stage thermal decomposition for PSNCFR in air. According to the TGA and DTG results in 

Figure 3.   The (a) TGA and (b) DTG curves of cardanol and PSNCFR under N2, (c) TGA and (d) DTG curves 
of cardanol and PSNCFR under air.

Table 1.   TGA data of cardanol and PSNCFR.

Samples Degradation step (no.)

Degradation 
step (°C)

Mass loss (%) Residual mass (%)Ti Tmax

N2

 Cardanol I 253.0 282.6 99.37 0.63

 PSNCFR
I 271.6 344.7 34.34 –

II 386.7 472.1 67.49 32.51

Air

 Cardanol I 237 269.3 99.06 0.94

 PSNCFR
I 298.8 325.5 26.06 –

II 376.3 471.5 62.03 37.97
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Fig. 3, PSNCFR has weight loss at 100–200 °C. The minor stages are assigned to the release of residual solvent 
or small molecular weight impurities from the samples. 

Physical properties of pristine PF and PSNCFR‑modified PFs.  The reinforcing and toughen-
ing effects of the PSNCFR-incorporated PFs were investigated via static compressive tensile and flexural tests 
(Fig. 4). The compressive strength of the modified PFs was first enhanced by increasing the PSNCFR content; 
it was maximized to 0.240 MPa, which was 26.98% higher than that of pristine PF (0.189 MPa), at 5% PSNCFR 
in resin. However, further increase in PSNCFR content weakened the compressive strength. When the PSNCFR 
content was 10%, the compressive strength of the modified PFs dropped but was still higher than that of pristine 
PF. Moreover, the flexural strength of PSNCFR-modified PFs first increased and then reduced with an increase 
in PSNCFR content. It maximized at 5% PSNCFR to 0.329 MPa, which was 55.19% higher than that of pristine 
PF (0.212 MPa). At 10% PSNCFR content, the flexural strength slightly decreased but still outperformed pristine 
PF due to a condensation reaction between the triethoxysilyl group in PSNCFR and the hydroxyl groups in the 
phenolic resin linked flexible alkyl side chains to the main chains of phenolic resins28. However, with an increase 
in PSNCFR content, the alkyl side chains enhanced the steric hindrance against the formaldehyde-phenol reac-
tion. Thus, the modified foams were mechanically worsened with excess PSNCFR. The toughening mechanism 
is illustrated in Scheme 1.

Figure 4.   The mechanical properties of pristine and PSNCFR-modified PFs.

Scheme 1.   The synthetic route for preparation of PSNCFR and schematic of PSNCFR toughening of PF.
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The effect of PSNCFR on the microstructure of the PFs was investigated via scanning electron microscopy 
(SEM, Fig. 5). We computed the sizes of 200 cells of pristine or modified foams from SEM images taken by 
Nano Measurer 1.2 (Fig. 5). The mean size of pristine PF was 128.7 μm, and the cell size distribution ranged 
from 83.32 to 202.05 μm. However, for PSNCFR-modified foams, the cell shape was hexagonal and formed a 
stable honeycomb-like structure, which contrasts with the ellipsoid-like cells exhibited by pristine PF. The cell 
morphology of PSNCFR-modified foams was more even when the mean cell size was smaller and the cell size 
distribution was narrower. When the PSNCFR mass fraction was 5% and 10%, the mean cell sizes of the modified 
foams were 103.8 and 115.9 μm, respectively, with a decline of 19.35% and 9.95% compared with pristine PF, 
respectively. The presence of irregular cells, a uniform cell distribution, and a stable honeycomb-like structure 
will result in outstanding mechanical properties8,29. These results are similar to those of the mechanical analysis.

Flame retardancy.  The flame retardancy of the modified PFs was characterized using the limiting oxygen 
index (LOI) and cone calorimeter test. A higher LOI indicates better flame retardancy. As expected, the use of 
PSNCFR improved the flame retardancy of the PFs. The LOIs of the PSNCFR-modified PFs added with 5 wt% 
and 10 wt% PSNCFR were 38.6% and 41.9%, with an increase of ~ 1.85% and 10.55% compared with pristine PF 
(37.9%), respectively (Fig. 6).

The effects of PSNCFR on the combustion behaviors of PFs were studied by measuring the burning perfor-
mance parameters using cone calorimetry, including total heat release (THR), heat release rate (HRR), and total 
smoke production (TSP) (Fig. 6). Moreover, peak HRR (pHRR), mean HRR (mHRR), peak effective heat of 
combustion (pEHC) and mean EHC are listed in Table 2.

HRR, also referred to as fire intensity, measures the heat release rate per unit area from a burning material. 
pHRR and mHRR are measures of the scale, development, and termination of fire. THR indicates the amount 
of heat released per unit area from a burning material. Generally, a higher HRR or THR implies a greater risk 
from fires. Thus, HRR and THR help to more objectively and fully assess burning behaviors30.

The THR in our study gradually dropped following an increase in PSNCFR content, and at the load of 10 wt.% 
PSNCFR, it decreased to 11 MJ/m2, which is a drop of 31.25% compared with pristine PF (Fig. 6a).

The HRR of PSNCFR-modified PFs was lower than that of pristine PF (Fig. 6b). The mHRRs of the modified 
PFs containing 5 wt% and 10 wt% PSNCFR were 23 and 19 kW/m2, with a drop of 11.54% and 26.92% compared 

Figure 5.   SEM of (a,a’) pristine, (b,b’) 5% PSNCFR-modified and (c,c’) 10% PSNCFR-modified PF, cell 
sizes distribution of (a’’) pristine, (b’’) 5% PSNCFR-modified and (c’’) 10% PSNCFR-modified PF Cell sizes 
distribution of pristine and modified foams were computed by Nano Measurer 1.2.0, the software does not 
require permission to be used and freely available.
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with pristine PF (26 kW/m2), respectively. These data imply that the PSNCFR-modified PFs outperformed pris-
tine PF in terms of flame retardancy.

EHC, defined as the heat released per unit mass of a volatilized material, reflects the combustion efficiency 
of volatile materials31,32. The mEHCs of the modified PFs with 5 wt% and 10 wt% PSNCFR were 1.1 and 0.9 MJ/
kg, dropping by 21.43% and 35.71% compared with pristine PFs (1.4 MJ/kg), respectively. At the same external 
heat flux, the gas phase flame retardancy will reduce EHC more efficiently in comparison with pristine PF.

A lower TSP means a lower smoke risk and longer escape time in fires incidents33. The introduction of 
PSNCFR in PFs considerably reduced their smoke production (Fig. 6c and Table 2). Specifically, the TSP of 10 
wt.% PSNCFR-modified PFs decreased by 64.55% when compared with pristine PF (0.039 vs. 0.11 m2). These 
data confirm the excellent smoke inhibition effect of PSNCFR.

Possible flame‑retardant and smoke‑suppressant mechanisms.  The flame-retardant mechanism 
of the PFs was probed using TGA-FTIR (Fig. 7). Clearly, the gaseous pyrolysis products of pristine or 10 wt.% 
PSNCFR-PF mainly showed peaks at 3,500–3,800, 2,800–3,000, 2,200–2,400, 1,000–1,800, and 600–800 cm−1. 
The peak position and intensity varied largely with an increase in temperature, implying that the decomposi-
tion products differed with temperature. The species of the products evolved at 250, 300, 400, and 500 °C were 
confirmed by two-dimensional (2D) FT-IR spectra (base of Fig. 7a). At 250 °C, the main products of pristine 
PF were minor H2O (3,750–3,500 cm−1) and CO2 (2,350–2,240 cm−1)34. At 300 °C, the absorbance of H2O and 
CO2 was much higher than that at 250 °C, which means that more H2O and CO2 were emitted. The peaks at 

Figure 6.   LOI and curves of (a) THR, (b) HRR and (c) TSP of pristine and PSNCFR-modified PFs.

Table 2.   Cone calorimeter test results.

Samples

HRR (kW m−2) EHC (MJ kg−1)

THR (MJ m−2) TSP (m2)pHRR mHRR pEHC mEHC

Pristine PF 39 26 7 1.4 16 0.11

5 wt.% PSNCFR modified PF 35 23 6 1.1 14 0.083

10 wt.% PSNCFR modified PF 33 19 6 0.9 11 0.039
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3,100–2,850 cm−1 correspond to the C-H stretching vibration. At 400 and 500 °C, the positions of the FT-IR 
peaks were similar, although the intensity varied slightly.

Different from pristine PF, the FT-IR spectrum of 10 wt.% PSNCFR-modified PFs shows absorption 
at 925 cm−1 (P–O–Ph), 1,120 cm−1 (P–O), and 1,245 cm−1 (P=N)35. It is assumed that the degradation of 10 
wt.% PSNCFR formed P-containing compounds, which seized the free radicals in the gas phase and restricted 
burning36. However, the FT-IR spectrum of 10 wt.% PSNCFR-modified PFs did not show Si-containing com-
ponents, indicating that the decomposition products were at the condensed phase and improved the residual 
char yield.

Laser Raman spectroscopy (LRS) characterizes the graphitization degree of carbonaceous substances after 
combustion37,38. The LRS spectra for the outer residual chars of pristine or 10 wt.% PSNCFR-modified PFs 
after cone calorimetry are shown in Fig. 8. The LRS spectra of carbon signals typically show the D band at ca. 
1,360 cm−1 and the G band at ca. 1,580 cm−1. The intensities of the D and G bands correspond to amorphous 
carbon and graphitized carbon respectively; accordingly, the D and G band intensity ratio (ID/IG) character-
izes the graphitization extent of residues. A lower ID/IG implies a more stable char structure with more intense 
graphitization and thereby better flame retardancy39. The ID/IG of 10 wt.% PSNCFR modified PFs was less than 
that of pristine PF (1.05 vs. 1.10, Fig. 8). This indicates the higher graphitization degree residue of the modified 
PFs. The introduction of PSNCFR facilitated the char graphitization of PFs after burning, forming a more stable 
hybrid char to raise the flame retardancy of PFs.

To explore the residual char’s structure, the surface elemental composition of 10 wt.% PSNCFR-modified 
PFs after combustion was characterized using X-ray photoelectron spectroscopy (XPS, Fig. 9) and energy dis-
persive X-ray spectrometry (EDS) mapping (Fig. 10). Clearly, the residual char of 10 wt.% PSNCFR-modified 
PFs mainly consists of C, O, N, P, and Si. The C1s XPS spectrum revealed that the following structures could be 
assigned to C–C and C–H belonging to the aliphatic and aromatic species at 284.6 eV, the peak at 286.0 eV is 
assigned to C–O, and the bond at 288.6 eV is attributed C = O. The O1s spectrum shows that the bond energy 

Figure 7.   The 3D TGA-FTIR and 2D FT-IR spectra of gas-phase thermal degradation products of (a) pristine 
and (b) 10 wt.% PSNCFR modified PF at different thermal degradation stages.

Figure 8.   Raman spectra of the char residues after cone calorimeter tests of pristine and 10 wt.% PSNCFR 
modified PF.
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at 531.4 eV is attributed to the P=O or C=O groups, and the peak at a binding energy of 532.8 eV is assigned 
to C–O–C or C–O–P40. The P2p spectrum displays the bond energy of the P=O, P=N, and P–O in the residual 
char to be 133.4, 134.3, and135.1 eV, respectively41,42. The peak in the Si2p spectra at 103.2 eV is attributed to the 
Si–O–Si structures43. In addition, the N1s spectra have two peaks at around 398.7 (N–P) and 400.3 eV (N=P)44. 
The above analysis confirms that the compact char residues isolated inflammable gases and heat and enhanced 
the flame retardation ability of the PFs.

Based on the above mentioned findings regarding the structure and components of PSNCFR and the thermal 
stability and flame retardancy of PSNCFR-modified PFs, it is not difficult to understand that the flame-retardant 
mechanism (Scheme 2). When the PSNCFR-modified PFs were ignited, P- and N-containing flame retardants 
produced phosphorus-based substances such as phosphoric/polyphosphoric acid and cross-linked phosphorous 
oxides40,45, which, together with the P-,Si-, and N-containing carbon formed during the combustion, contrib-
uted to the formation of compact and integral char layers that effectively inhibited thermal decomposition of 

Figure 9.   (a) XPS wide scanning spectrum, (b) C1s, (c) O1s, (d) P2p, (e) Si2p and (f) N1s spectra of char residue of 
10 wt.% PSNCFR-modified PF.

Figure 10.   (a) Electron image, (b) map sum spectrum, (c) EDS layered image, (d) Si, (e) P, (f) O, (g) C and (h) 
N mapping of char residue of 10 wt.% PSNCFR-modified PF.
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the modified foam and hindered the heat transfer in the PF matrix46,47. Furthermore, the barrier-like char layers 
delayed the spread of pyrolysis volatiles and eliminated smoke release. Meanwhile, the cyclotriphosphazene 
groups decomposed to generate PO free radicals with a quenching effect on the gaseous phase. In addition, 
nitrogenous nonflammable gases originated from the cyclotriphosphazene groups in PSNCFR, which also func-
tioned in the gaseous phase, and the dilution effect further helped in reducing the fire hazard of PFs.

Conclusions
PSNCFR, a novel cardanol-based eco-friendly halogen-free flame retardant containing P, Si, and N on the chain 
backbone was synthesized and incorporated into PFs. PSNCFR was fully characterized using FT-IR and NMR. 
It endowed PFs with flame retardancy, contributed to generating a composite char defense against flames and 
efficiently prevented smoke generation from PFs. The introduction of PSNCFR improved the flexural strength 
by approxiamately 155% of that of pristine PF. PSNCFR-modified PFs had a high LOI value of 41.9%. Cone 
calorimetry tests revealed that the mHRR, mEHC and THR of the PSNCFR-modified PFs were reduced by 
26.92%, 35.71% and 31.25%, respectively. In particular, the TSP of the PSNCFR-modified PFs displayed a 64.55% 
reduction, suggesting high smoke inhibition. As for the mechanism, PSNCFR acted both in the vapor phase and 
in the condensed phase to restrict exothermic reactions and combustion by changing the degradation route, and 
thereby enhancing char formation with the least volatile evolution. Hence, PSNCFR can be used in PF prepara-
tion to handle the drawbacks of intrinsic brittleness and high flammability.

Experimental methods
Materials.  Cardanol (~ 95%, Shanghai Meidong Biomaterials Co., Ltd., China), dioxane (≥ 99.5%), trieth-
ylamine (TEA, 99%), phenol (> 99%), paraformaldehyde (PFA, ≥ 95%), NaOH (≥ 96%) (Nanjing Chemical Co. 
Ltd., China); APTES (99%), HCCP (98%) (Aladdin, USA) were all of reagent grade.

Synthesis of PSNCFR.  PSNCFR was prepared as shown in Scheme 1. HCCP (0.033 mol, 11.71 g), TEA 
(10.12 g, 0.1 mol) and anhydrous dioxane (100 mL) were added into a 500-mL 4-neck flask equipped with a 
reflux condensation tube, a thermometer and a stirring part. After the flask was heated to 55 °C, a solution of 
cardanol (21.05 g, 0.067mole) in 100 mL anhydrous dioxane was dropped inside for 1 h. Subsequently, the tem-
perature was raised to 98 °C in an oil bath under N2 gas for 24 h (PNCFR). After cooling to 0 °C using an ice bath, 
TEA (10.12 g, 0.1 mol) was added to the system, followed by dropwise addition of APTES (29.74 g, 0.133 mol) 
for 30 min. The resulting mixture was heated to 70 °C, and kept for 10 h. The reaction system was processed 
under reduced pressure to evaporate the solvent, and the residue was filtered and washed with water, leading to 
the formation of PSNCFR.

Preparation of pristine and PSNCFR‑modified PFs.  A mixture of phenol and a NaOH aqueous solu-
tion in a 4-neck flask was adjusted to pH 9. After the flask was heated to 70 °C, PFA was added four times (nphe-
nol/nPFA = 1:1.7). Then the temperature was first raised to 85 °C, maintained for 30 min, increased to 90–95 °C, 
and then maintained for 30 min. Thereafter, PSNCFR at different mass ratios was added and maintained for 
30 min of the reaction. Finally, after cooling to 50 °C, the PSNCFR-modified phenolic resin was obtained.

Under rapid stirring, pristine or PSNCFR-modified phenolic resin (100 g), a surfactant (Tween-80/modified 
silicone oil = 1/1, 5 g) and n-pentane (8.5 g) were blended; then, a curing agent (8.5 g) was added. Thereafter, the 
mixture was poured quickly into a preheated foaming mold (200 × 200 × 50 mm3), followed by 1 h of foaming at 
80 °C. Foams (50 ± 1 kg/m3) were obtained after cooling and demolding.

Scheme 2.   Schematic illustration of the flame retardant mechanism of PSNCFR modified PF.
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Characterization.  The samples were characterized on a Nicolet iS10 FTIR meter (Nicolet Instrument Crop., 
USA) within 400–4,000 cm−1 using a thin KBr pill. 1H, 13C and 31P NMR spectra were obtained using a Bruker 
AV-300 Advance NMR spectrometer (Bruker Corporation, Germany) at 300 MHz, CDCl3 as the solvent, and a 
ThermoFisher DXR laser Raman spectrometer operated at room temperature with a back-scattering geometry 
with a 532 nm Ar laser. XPS curves were recorded using a Kratos Axis Ultra DLD (UK) spectrometer to analyse 
the chemical composition of the residue char after cone calorimetry tests. The STA 409 PC/PG thermal gravi-
metric analyzer (TGA, Netzsch, Germany) was heated at 10 °C /min to 800 °C under N2 and air. On a 409PC/PG 
thermal analyzer (Netzsch) together with the FTIR device, a sample was heated at 10 °C /min to 800 °C under 
N2 and scanned within 4,000–600 cm−1 at a resolution of 4 cm−1. Compressive, flexural properties and SEM 
were analysed as reported before18. On the British FTT 0,007 cone calorimeter, a sample of 100 × 100 × 20 mm3 
wrapped in Al foil was tested at a power of 35 kW/m2 as per ISO5660.
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References
	 1.	 Guo, W. et al. Cardanol derived benzoxazine in combination with boron-doped graphene toward simultaneously improved 

toughening and flame retardant epoxy composites. Compos. A Appl. Sci. Manuf. 116, 13–23. https​://doi.org/10.1016/j.compo​sites​
a.2018.10.010 (2019).

	 2.	 Ravichandran, S., Bouldin, R. M., Kumar, J. & Nagarajan, R. A renewable waste material for the synthesis of a novel non-halogenated 
flame polymer. J. Clean. Prod. 19, 454–458. https​://doi.org/10.1016/j.jclep​ro.2010.09.010 (2011).

	 3.	 Bo, C. et al. Synthesis of a cardanol-based phosphorus-containing polyurethane prepolymer and its application in phenolic foams. 
RSC Adv. 6, 62999–63005. https​://doi.org/10.1039/c6ra0​8249a​ (2016).

	 4.	 Bo, C. et al. Structure and thermal properties of phosphorus-containing polyol synthesized from cardanol. RSC Adv. 5, 106651–
106660. https​://doi.org/10.1039/C5RA2​0749E​ (2015).

	 5.	 Figueredo, I. D., Rios, M. A. D., Cavalcante, C. L. & Luna, F. M. T. Effects of amine and phenolic based antioxidants on the stability 
of babassu biodiesel using rancimat and differential scanning calorimetry techniques. Ind. Eng. Chem. Res. 59, 18–24. https​://doi.
org/10.1021/acs.iecr.9b052​09 (2020).

	 6.	 Breloy, L. et al. beta-Carotene/limonene derivatives/eugenol: green synthesis of antibacterial coatings under visible-light exposure. 
ACS Sustain. Chem. Eng. 7, 19591–19604. https​://doi.org/10.1021/acssu​schem​eng.9b046​86 (2019).

	 7.	 Sharma, P., Dutta, P. & Nebhani, L. Sustainable approach towards enhancing thermal stability of bio-based polybenzoxazines. 
Polymer 184, 121905. https​://doi.org/10.1016/j.polym​er.2019.12190​5 (2019).

	 8.	 Li, Q. et al. Effect of multi-walled carbon nanotubes on mechanical, thermal and electrical properties of phenolic foam via in-situ 
polymerization. Compos. A Appl. Sci. Manuf. 82, 214–225. https​://doi.org/10.1016/j.compo​sites​a.2015.11.014 (2016).

	 9.	 Zhou, J., Yao, Z., Chen, Y., Wei, D. & Wu, Y. Thermomechanical analyses of phenolic foam reinforced with glass fiber mat. Mater. 
Des. 51, 131–135. https​://doi.org/10.1016/j.matde​s.2013.04.030 (2013).

	10.	 Chang, B. P., Thakur, S., Mohanty, A. K. & Misra, M. Novel sustainable biobased flame retardant from functionalized vegetable oil 
for enhanced flame retardancy of engineering plastic. Sci. Rep. 9, 15971. https​://doi.org/10.1038/s4159​8-019-52039​-2 (2019).

	11.	 Jing, S. et al. Phenolic foams modified by cardanol through bisphenol modification. J. Appl. Polym. Sci. 131, 39942. https​://doi.
org/10.1002/app.39942​ (2014).

	12.	 Mestry, S. & Mhaske, S. T. Synthesis of epoxy resins using phosphorus-based precursors for flame-retardant coating. J. Coat. 
Technol. Res. 16, 807–818. https​://doi.org/10.1007/s1199​8-018-00157​-3 (2019).

	13.	 Luo, C. Y. et al. Preparation and properties of halogen-free flame retardant and high refractive index optical resin via click chem-
istry. Macromol. Res. 26, 346–352. https​://doi.org/10.1007/s1323​3-018-6045-8 (2018).

	14.	 Bo, C. et al. Enhancement of flame-retardant and mechanical performance of phenolic foam with the incorporation of cardanol-
based siloxane. Polym. Compos. 40, 2539–2547. https​://doi.org/10.1002/pc.25285​ (2019).

	15.	 Shi, Y. Q. et al. A combination of POSS and polyphosphazene for reducing fire hazards of epoxy resin. Polym. Adv. Technol. 29, 
1242–1254. https​://doi.org/10.1002/pat.4235 (2018).

	16.	 Wang, J., Su, X. & Mao, Z. The flame retardancy and thermal property of poly (ethylene terephthalate)/cyclotriphosphazene modi-
fied by montmorillonite system. Polym. Degrad. Stab. 109, 154–161. https​://doi.org/10.1016/j.polym​degra​dstab​.2014.07.010 (2014).

	17.	 Gao, M. & Yang, S. A novel intumescent flame-retardant epoxy resins system. J. Appl. Polym. Sci. 115, 2346–2351. https​://doi.
org/10.1002/app.29483​ (2010).

	18.	 Bo, C. et al. Synthesis of a novel cardanol-based compound and environmentally sustainable production of phenolic foam. J. Mater. 
Sci. 53, 10784–10797. https​://doi.org/10.1007/s1085​3-018-2362-9 (2018).

	19.	 Ecochard, Y., Decostanzi, M., Negrell, C., Sonnier, R. & Caillol, S. Cardanol and eugenol based flame retardant epoxy monomers 
for thermostable networks. Molecules 24, 1818. https​://doi.org/10.3390/molec​ules2​40918​18 (2019).

	20.	 Cheng, R. et al. Adsorption of Sr(II) from water by mercerized bacterial cellulose membrane modified with EDTA. J. Hazard. 
Mater. 364, 645–653. https​://doi.org/10.1016/j.jhazm​at.2018.10.083 (2019).

	21.	 Dong, L. et al. A large-area, flexible, and flame-retardant graphene paper. Adv. Funct. Mater. 26, 1470–1476. https​://doi.org/10.1002/
adfm.20150​4470 (2016).

	22.	 Li, J.-J. et al. A novel star-shaped, cardanol-based bio-prepolymer: Synthesis, UV curing characteristics and properties of cured 
films. Polym. Degrad. Stab. 158, 124–135. https​://doi.org/10.1016/j.polym​degra​dstab​.2018.10.025 (2018).

	23.	 Fang, Y., Miao, J., Yang, X., Zhu, Y. & Wang, G. Fabrication of polyphosphazene covalent triazine polymer with excellent flame 
retardancy and smoke suppression for epoxy resin. Chem. Eng. J. 385, 123830. https​://doi.org/10.1016/j.cej.2019.12383​0 (2020).

	24.	 Yang, Z., Wang, X., Lei, D., Fei, B. & Xin, J. H. A durable flame retardant for cellulosic fabrics. Polym. Degrad. Stab. 97, 2467–2472. 
https​://doi.org/10.1016/j.polym​degra​dstab​.2012.05.023 (2012).

	25.	 Phalak, G., Patil, D., Patil, A. & Mhaske, S. Synthesis of acrylated cardanol diphenyl phosphate for UV curable flame-retardant 
coating application. Eur. Polym. J. https​://doi.org/10.1016/j.eurpo​lymj.2019.10932​0 (2019).

	26.	 Eserci, H., Şenkuytu, E. & Okutan, E. New cyclotriphosphazene based nanotweezers bearing perylene and glycol units and 
their non-covalent interactions with single walled carbon nanotubes. J. Mol. Struct. 1182, 1–8. https​://doi.org/10.1016/j.molst​
ruc.2019.01.023 (2019).

	27.	 Zhou, L. et al. The synthesis, curing kinetics, thermal properties and flame rertardancy of cyclotriphosphazene-containing mul-
tifunctional epoxy resin. Thermochim. Acta 680, 178348. https​://doi.org/10.1016/j.tca.2019.17834​8 (2019).

	28.	 Li, J. et al. Reinforced properties of polybenzoxazine-based nanocomposites with siloxane benzoxazine-modified halloysite nano-
tubes. J. Appl. Polym. Sci. 136, 47882. https​://doi.org/10.1002/app.47882​ (2019).

https://doi.org/10.1016/j.compositesa.2018.10.010
https://doi.org/10.1016/j.compositesa.2018.10.010
https://doi.org/10.1016/j.jclepro.2010.09.010
https://doi.org/10.1039/c6ra08249a
https://doi.org/10.1039/C5RA20749E
https://doi.org/10.1021/acs.iecr.9b05209
https://doi.org/10.1021/acs.iecr.9b05209
https://doi.org/10.1021/acssuschemeng.9b04686
https://doi.org/10.1016/j.polymer.2019.121905
https://doi.org/10.1016/j.compositesa.2015.11.014
https://doi.org/10.1016/j.matdes.2013.04.030
https://doi.org/10.1038/s41598-019-52039-2
https://doi.org/10.1002/app.39942
https://doi.org/10.1002/app.39942
https://doi.org/10.1007/s11998-018-00157-3
https://doi.org/10.1007/s13233-018-6045-8
https://doi.org/10.1002/pc.25285
https://doi.org/10.1002/pat.4235
https://doi.org/10.1016/j.polymdegradstab.2014.07.010
https://doi.org/10.1002/app.29483
https://doi.org/10.1002/app.29483
https://doi.org/10.1007/s10853-018-2362-9
https://doi.org/10.3390/molecules24091818
https://doi.org/10.1016/j.jhazmat.2018.10.083
https://doi.org/10.1002/adfm.201504470
https://doi.org/10.1002/adfm.201504470
https://doi.org/10.1016/j.polymdegradstab.2018.10.025
https://doi.org/10.1016/j.cej.2019.123830
https://doi.org/10.1016/j.polymdegradstab.2012.05.023
https://doi.org/10.1016/j.eurpolymj.2019.109320
https://doi.org/10.1016/j.molstruc.2019.01.023
https://doi.org/10.1016/j.molstruc.2019.01.023
https://doi.org/10.1016/j.tca.2019.178348
https://doi.org/10.1002/app.47882


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:12082  | https://doi.org/10.1038/s41598-020-68910-6

www.nature.com/scientificreports/

	29.	 Li, J. et al. Larch tannin-based rigid phenolic foam with high compressive strength, low friability, and low thermal conductivity 
reinforced by cork powder. Compos. B Eng. 156, 368–377. https​://doi.org/10.1016/j.compo​sites​b.2018.09.005 (2019).

	30.	 Rao, W.-H., Liao, W., Wang, H., Zhao, H.-B. & Wang, Y.-Z. Flame-retardant and smoke-suppressant flexible polyurethane foams 
based on reactive phosphorus-containing polyol and expandable graphite. J. Hazard. Mater. 360, 651–660. https​://doi.org/10.1016/j.
jhazm​at.2018.08.053 (2018).

	31.	 Liu, S., Yu, B., Feng, Y., Yang, Z. & Yin, B. Synthesis of a multifunctional bisphosphate and its flame retardant application in epoxy 
resin. Polym. Degrad. Stab. 165, 92–100. https​://doi.org/10.1016/j.polym​degra​dstab​.2019.04.022 (2019).

	32.	 Zhou, J. et al. Preparation of highly efficient flame retardant unsaturated polyester resin by exerting the fire resistant effect in 
gaseous and condensed phase simultaneously. Polym. Adv. Technol. 30, 1684–1695. https​://doi.org/10.1002/pat.4599 (2019).

	33.	 Shi, X., Peng, X., Zhu, J., Lin, G. & Kuang, T. Synthesis of DOPO-HQ-functionalized graphene oxide as a novel and efficient flame 
retardant and its application on polylactic acid: thermal property, flame retardancy, and mechanical performance. J. Colloid Interface 
Sci. 524, 267–278. https​://doi.org/10.1016/j.jcis.2018.04.016 (2018).

	34.	 Zhang, X. & Shi, M. Flame retardant vinylon/poly(m-phenylene isophthalamide) blended fibers with synergistic flame retardancy 
for advanced fireproof textiles. J. Hazard. Mater. 365, 9–15. https​://doi.org/10.1016/j.jhazm​at.2018.10.091 (2019).

	35.	 Huo, S. et al. Synthesis of a phosphaphenanthrene_benzimidazole-based curing agent and its application in flame-retardant epoxy 
resin. Polym. Degrad. Stab. 163, 100–109. https​://doi.org/10.1016/j.polym​degra​dstab​.2019.03.003 (2019).

	36.	 Yang, S., Wang, J., Huo, S., Wang, J. & Tang, Y. Synthesis of a phosphorus/nitrogen-containing compound based on maleimide and 
cyclotriphosphazene and its flame-retardant mechanism on epoxy resin. Polym. Degrad. Stab. 126, 9–16. https​://doi.org/10.1016/j.
polym​degra​dstab​.2016.01.011 (2016).

	37.	 Xu, L., Lei, C., Xu, R., Zhang, X. & Zhang, F. Hybridization of α-zirconium phosphate with hexachlorocyclotriphosphazene and 
its application in the flame retardant poly(vinyl alcohol) composites. Polym. Degrad. Stab. 133, 378–388. https​://doi.org/10.1016/j.
polym​degra​dstab​.2016.09.025 (2016).

	38.	 Zhao, H.-B., Cheng, J.-B., Zhu, J.-Y. & Wang, Y.-Z. Ultralight CoNi/rGO aerogels toward excellent microwave absorption at ultrathin 
thickness. J. Mater. Chem. C 7, 441–448. https​://doi.org/10.1039/c8tc0​5239e​ (2019).

	39.	 Zhao, H.-B. et al. A flame-retardant-free and thermo-cross-linkable copolyester: flame-retardant and anti-dripping mode of action. 
Polymer 55, 2394–2403. https​://doi.org/10.1016/j.polym​er.2014.03.044 (2014).

	40.	 Mu, X. et al. Flame retardant and anti-dripping properties of polylactic acid/poly(bis(phenoxy)phosphazene)/expandable graphite 
composite and its flame retardant mechanism. RSC Adv. 5, 76068–76078. https​://doi.org/10.1039/c5ra1​2701g​ (2015).

	41.	 Wang, P. et al. Flame-retarding epoxy resin with an efficient P/N/S-containing flame retardant: preparation, thermal stability, and 
flame retardance. Polym. Degrad. Stab. 149, 69–77. https​://doi.org/10.1016/j.polym​degra​dstab​.2018.01.026 (2018).

	42.	 Zhang, W., Li, X., Fan, H. & Yang, R. Study on mechanism of phosphorus–silicon synergistic flame retardancy on epoxy resins. 
Polym. Degrad. Stab. 97, 2241–2248. https​://doi.org/10.1016/j.polym​degra​dstab​.2012.08.002 (2012).

	43.	 Bao, Q., Li, W., Liu, Y. & Wang, Q. Preparation and properties of phosphorus- and silicon-modified phenolic resin with high abla-
tion resistance. Polym. Int. 68, 1322–1331. https​://doi.org/10.1002/pi.5819 (2019).

	44.	 Zhang, Z., Yuan, L., Guan, Q., Liang, G. & Gu, A. Synergistically building flame retarding thermosetting composites with high 
toughness and thermal stability through unique phosphorus and silicone hybridized graphene oxide. Compos. A Appl. Sci. Manuf. 
98, 174–183. https​://doi.org/10.1016/j.compo​sites​a.2017.03.025 (2017).

	45.	 Liu, L. et al. An efficient synergistic system for simultaneously enhancing the fire retardancy, moisture resistance and electrical 
insulation performance of unsaturated polyester resins. Mater. Des. https​://doi.org/10.1016/j.matde​s.2019.10830​2 (2020).

	46.	 Li, M.-E. et al. Hierarchically porous SiO2/polyurethane foam composites towards excellent thermal insulating, flame-retardant 
and smoke-suppressant performances. J. Hazard. Mater. 375, 61–69. https​://doi.org/10.1016/j.jhazm​at.2019.04.065 (2019).

	47.	 Kashiwagi, T. et al. Flame retardant mechanism of silica gel/silica. Fire Mater. 24, 277–289. https​://doi.org/10.1002/1099-1018(20001​
1/12)24:6<277::AID-FAM74​6>3.0.CO;2-A (2000).

Acknowledgements
The authors are grateful to the financial support by supported by the Fundamental Research Funds for the Cen-
tral Non-profit Research Institution of CAF (No.CAFYBB2018MA001), National Natural Science Foundation 
of China (No. 31901256, 31670577, 31670578)

Author contributions
C.Y.B. Performed the analysis, wrote the paper. Z.Y.S. Performing the experiments. L.H.H. Contributed data 
or analysis tools, provided some test instruments. Z.P. Contributed data or analysis tools, provided some test 
instruments. Y.H. Collected the data, collected part of data. X.Y. Conceived and designed the analysis, designed 
this work. P.Y.J. Collected the data, collected part of data. X.L.R. Collected the data, collected part of data. M.Z. 
wrote the paper, rewrote this paper. Y.H.Z. Conceived and designed the analysis, Designed this work.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-68910​-6.

Correspondence and requests for materials should be addressed to C.B., M.Z. or Y.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1016/j.compositesb.2018.09.005
https://doi.org/10.1016/j.jhazmat.2018.08.053
https://doi.org/10.1016/j.jhazmat.2018.08.053
https://doi.org/10.1016/j.polymdegradstab.2019.04.022
https://doi.org/10.1002/pat.4599
https://doi.org/10.1016/j.jcis.2018.04.016
https://doi.org/10.1016/j.jhazmat.2018.10.091
https://doi.org/10.1016/j.polymdegradstab.2019.03.003
https://doi.org/10.1016/j.polymdegradstab.2016.01.011
https://doi.org/10.1016/j.polymdegradstab.2016.01.011
https://doi.org/10.1016/j.polymdegradstab.2016.09.025
https://doi.org/10.1016/j.polymdegradstab.2016.09.025
https://doi.org/10.1039/c8tc05239e
https://doi.org/10.1016/j.polymer.2014.03.044
https://doi.org/10.1039/c5ra12701g
https://doi.org/10.1016/j.polymdegradstab.2018.01.026
https://doi.org/10.1016/j.polymdegradstab.2012.08.002
https://doi.org/10.1002/pi.5819
https://doi.org/10.1016/j.compositesa.2017.03.025
https://doi.org/10.1016/j.matdes.2019.108302
https://doi.org/10.1016/j.jhazmat.2019.04.065
https://doi.org/10.1002/1099-1018(200011/12)24:6<277::AID-FAM746>3.0.CO;2-A
https://doi.org/10.1002/1099-1018(200011/12)24:6<277::AID-FAM746>3.0.CO;2-A
https://doi.org/10.1038/s41598-020-68910-6
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:12082  | https://doi.org/10.1038/s41598-020-68910-6

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Cardanol derived P, Si and N based precursors to develop flame retardant phenolic foam
	Anchor 2
	Anchor 3
	Results and discussion
	Characterization of PSNCFR. 
	Physical properties of pristine PF and PSNCFR-modified PFs. 
	Flame retardancy. 
	Possible flame-retardant and smoke-suppressant mechanisms. 

	Conclusions
	Experimental methods
	Materials. 
	Synthesis of PSNCFR. 
	Preparation of pristine and PSNCFR-modified PFs. 
	Characterization. 

	References
	Acknowledgements


