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Abstract
A hybrid flame retardant, of excellent stability in aqueous media, was designed to develop flame-retarded polyethyleneimine 
(PEI) foam. In this case, iron phosphonate (FeP) with carboxyl group and hydroxyl group was first designed and synthesized. 
The carboxyl group could be hydrogen bonded with the water-soluble ammonium polyphosphate (APP) in aqueous media, 
and then dispersed as nano-sized particles. Subsequently, the well-dispersed nano-hybrid of FeP and APP (FeP/APP) was 
blended with hydrophilic PEI to prepare a kind of composite foam through a freeze-drying process. For FeP/APP, the transi-
tion metal iron showed excellent catalytic carbonization performances. Meanwhile, APP could also catalyze the degradation 
of polymers to form a protective char layer. The thermogravimetric analysis coupled with Fourier transform infrared analysis 
(TG-FTIR) test disclosed that the improvement of flame retardancy for PEI-based foams was ascribed to the synergistic effect 
of FeP and APP in the condensed phase. The composite foam containing 30 wt% FeP/APP could self-extinguish and reach 
V-1 rating in UL-94 test. When the loading level of 45% FeP/APP reached 45%, the composite foam could elevate up to V-0 
rating, and the peak of heat release rate and total heat release were reduced by 71.8% and 74.2%, respectively, compared to 
a neat PEI foam. It is worth noting that our work presents a promising way for preparation of stable aqueous flame retard-
ant, and is expected to enhance the fire safety of aqueous foams, coatings, cotton textiles, and other flammable materials.
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Introduction

Polymer-based foams have been widely used in applications 
as furniture, automotive cushions, construction, etc., due to 
their high resilience, high heat insulations, and low densities 

[1–3]. However, non-fire-retarded foams are highly flamma-
ble in the air. During the fire, these foams would generate a 
large amount of toxic smoke, which causes danger of burns 
and suffocation [4]. A simple and effective method to endow 
polymer-based foams with flame retardancy is to incorpo-
rate addition-type additives [5]. Various addition-type flame 
retardants, such as the ones with halogen, phosphorus, nitro-
gen, silicon, and sulfur content have been widely reported [6, 
7]. Unfortunately, these flame retardants are usually insolu-
ble or poorly dispersed in solvents. Therefore, the defects of 
poor compatibility, reduced mechanical properties, and easy 
leaching are inevitable during the process of use.

Solvent-dissolution/dispersed flame retardants are 
researched to solve these defects of solid additives. It can 
achieve better compatibility with the polymer matrix in the 
liquid phase [8, 9]. But to the best of our knowledge, many 
solvent-dissolution/dispersed flame retardants can only be 
dispersed in organic solvents rather than dispersed in aque-
ous solution. Besides, the extensive use of organic solvents 
will endanger human health and environmental safety [10]. 
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Thus, it is an urgent need to develop a class of green, non-
toxic water-dispersed flame retardants to solve these nega-
tive effects on human and the environment.

The aqueous foaming process enables a water-dis-
persed flame retardant to be well miscible with the poly-
mer matrix to prepare flame-retarded polymer-based 
foam. Until now, there are only a limited number of 
reports on foamable hydrophilic polymer. Among them, 
polyethyleneimine (PEI), as a hydrophilic polymer, can 
dissolve in aqueous solution. The structure of multi-
amino groups in PEI imparts its unique properties and 
extremely high chemical reactivity. It has been reported 
that PEI has high efficiency of  CO2 capture and smoke 
suppression performance as a flame retardant additive 
[11, 12]. Based on these advantages mentioned above, 
using PEI as a foam material will broaden its practical 
applications in the polymer field. However, the neat 
PEI foam itself is flammable and has a low compressive 
strength [13]. The research has shown that the addition of 
silica at above 80% can make the PEI foam exhibit excel-
lent flame retardancy [14].

Ammonium polyphosphate (APP), as an acid source 
of traditional intumescent flame retardant, is considered 
to be an effective “green” fire retardant [15]. The low 
molecular weight APP is soluble in aqueous solution. 
APP is usually converted into polyphosphoric acid dur-
ing the combustion process, when the protective carbo-
naceous layers are formed by catalytic dehydration of 
polyphosphoric acid [16]. However, the materials often 
exhibit limited flame retardancy when the APP was only 
added. The synergistic effect of phosphorous with tran-
sition metal compounds is a viable proposal to devise 
efficient flame retardants to achieve the flame retardant 
standard [16].

Transition metal phosphonate comprises an important 
segment in the market of nano synergists. It is the deriva-
tive of inorganic phosphate whose −OH group is substi-
tuted by an organic group. Transition metal ions as Lewis 
acids are reported to have superior catalytic carbonization 
performances, which can produce continuous and solid 
carbonaceous inorganic layer in combustion [17, 18]. In 
addition, the inorganic phosphate ceramic body produced 
by thermal degradation has high thermal stability and a 
low coefficient of thermal expansion which can enhance 
the stability of the flame retardant char layer [19]. Most 
importantly, the organic group not only participates in the 
construction of catalytic active sites, but also as a surface 
modifier to regulate its surface properties [20]. It has also 
proved that metal phosphonate containing Fe, Cu, Ce, Zr, 
and Zn exhibits special mechanical properties and flame 
resistance in composites [21, 22]. Therefore, it is expected 

that the aqueous dispersion of the organic phosphonate can 
be achieved by regulating its surface groups.

Based on the above results, in this work, we proposed a 
strategy to prepare an efficient flame retardant hybrid that 
is very stable in aqueous media. Iron phosphonate (FeP) 
with carboxyl group and hydroxyl group was first designed 
and synthesized. The carboxyl group could be hydrogen 
bonded with the amino group of a water-soluble ammonium 
polyphosphate (APP); therefore, achieved its nano-dispers-
ability in aqueous system. Subsequently, the stable aqueous 
suspension (FeP/APP) was combined with hydrophilic PEI 
in environmentally friendly water media to prepare a kind 
of flame-retarded composite foams. The synergistic catalytic 
carbonization performances between transition metal iron 
and APP made the PEI composite foams to exhibit promi-
nent flame retardancy. The morphology, thermal stability, 
and combustion behavior of PEI-based foams were investi-
gated in detail. Meanwhile, the flame-retarded mechanism 
was disclosed by the thermogravimetric analysis coupled 
with Fourier transform infrared analysis (TG-FTIR) test.

Experimental

Materials

Polyethyleneimine (PEI, 50% aqueous solution, branched 
polymer with Mw 750,000) was purchased from Zheng-
zhou Alpha Chemical Co., China. Ammonium polyphos-
phate (APP, short chain, water soluble) was provided by 
Zhenjiang Star Flame Retardant Technology Co., China. 
2-Hydroxyphosphonoacetic acid was purchased from Shang-
hai Tengzhun Biotechnology Co., China. Ferric hydroxide 
was provided by Shanghai Titan Scientific Co., China, and 
the cross-linker (1,4-butanediol diglycidyl ether) was sup-
plied by Tianjin Seanshop Technology Co., China.

Synthesis of FeP

FeP was synthesized by hydrothermal reaction of ferric 
hydroxide with 2-hydroxyphosphonoacetic acid. In sum-
mary, ferric hydroxide (0.04 mol) was dispersed in 120 mL 
de-ionized water under sonication for 30  min. Then, 
2-hydroxyphosphonoacetic acid (0.04 mol) was added into 
the above mixture and stirred overnight. After that, the 
mixed solution was transferred to a Teflon-lined stainless 
steel autoclave and reacted at 160 °C for 48 h. The resultant 
precipitate was washed by de-ionized water, and oven dried 
at 60 °C for 12 h.
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The hybridization of FeP and APP

The mass ratio of FeP and APP was fixed at 1:10. Briefly, 
FeP solid (1.0 g) was dispersed in 80 mL de-ionized water 
under stirring at 70 °C for 30 min. Meanwhile, APP solution, 
containing 10.0 g dissolved in 170 mL de-ionized water, 
was added dropwise into the above suspension. The stable 
colloidal dispersion was obtained after continuing the reac-
tion for 8 h.

Preparation of the composite foams

A series of FeP/APP/PEI composite foams were prepared 
by one-step freeze-drying process. Briefly, FeP/APP col-
loidal dispersion was mixed with 2 g PEI (50% aqueous 
solution) and stirred to form a transparent solution. Then, 
1 g cross-linker (1,4-butanediol diglycidyl ether) was added 
into the above solution to obtain the hydrogel under agita-
tion. Subsequently, we allowed 24 h for the cross-linking 
reaction to be completed, and the hydrogel was frozen at 
-20 °C, freeze-dried for another 48 h for ice sublimation 
to obtain the target foam. Similarly, the FeP(45%)/PEI and 
APP(45%)/PEI foams were prepared without the addition of 
FeP and APP, respectively.

Characterization

Fourier-transform infrared spectroscopy (FTIR) was con-
ducted on a Nicolet 170SX Fourier-transform infrared spec-
trometer (Madison, WI, USA) using KBr disc method.

Thermogravimetric analysis (TGA) was obtained using a 
TA-STDQ600 (New Castle, USA) instrument under nitrogen 
flow (20 mL/min). The samples were heated from 50 °C to 
800 °C at a linear rate of 20 °C/min.

The morphology of the composite foams and char resi-
dues was observed using a scanning electron microscopy 
(JSM-6510LV, Japan). The samples were fractured in liquid 
nitrogen, and the fracture surfaces were later coated with a 
conductive platinum layer before observation. Transmission 
electron microscopy (TEM, JEM2100F, Japan) was used to 
study the structure of FeP, APP, and FeP/APP.

The apparent density of the composite foams was calcu-
lated by measuring its weight using an analytical balance 
and its volume by a digital caliper. The density, as the ratio 
of weight to volume, was measured three times on each sam-
ple to obtain an average value.

Elemental analysis for FeP was measured by Elementar 
Vario Micro Select (Germany).

Compression tests were performed using a Microelectron-
ics Universal Testing Instrument Model Sans 6500 (Shen-
zhen, China) with a compression strain rate at 10 mm/min. 

Three cylindrical samples (1 cm in diameter and 2 cm in 
height) were tested for each composition, and their values 
were averaged.

Raman spectrum of char residues was conducted on a 
Raman spectroscopy (Invia, Renishaw, Gloucestershire, UK) 
with a 532 nm laser source.

Thermogravimetric analysis coupled with Fourier trans-
form infrared analysis (TG-FTIR) test was performed by a 
Pyris 1 thermogravimetric analyzer (Perkin-Elmer, USA) 
coupled with a Nicolet 6700 Fourier-transform infrared 
(Thermo Fisher Scientific Inc., USA) spectrophotometer 
through a polytetrafluoroethylene pipe. The samples were 
heated from 35 to 800 °C at a heating rate of 20 °C/min.

Vertical burning tests were performed with a CZF-3 verti-
cal burning tester (Nanjing, China), similar to UL-94. The 
cylindrical foam samples with the height and diameter of 
3 cm and 2 cm were used. The bottom of the samples was 
exposed to the flame for 10 s, and then the Bunsen burner 
was removed.

Limiting oxygen index (LOI) tests were measured on an 
oxygen index meter (ZR-01, Qingdao Shanfang Instrument 
Co., China), which was performed according to the ASTM 
D2863-2009.

The cone calorimetric test (CCT) was conducted on a 
cone calorimeter (6810, Suzhou Vouch Testing Technology 
Co., China) according to the ISO-5660 standard. The sam-
ples with the dimension of 100 mm × 100 mm were exposed 
to a radiant cone of 35 kW/m2 heat flux.

Results and discussion

Structure and morphology of FeP/APP

The FTIR spectra of FeP, APP, and FeP/APP are shown 
in Fig. S1a. The peak of FeP at 3354 cm−1 corresponded 
to the symmetrical hydroxyl-group stretch, and the peak at 
1064 cm−1 was the vibration absorption of Fe–OP groups 
[23]. These results indicated that the ferric hydroxide reacted 
with 2-hydroxyphosphonoacetic acid to form a Fe–OP 
bond. Moreover, the characteristic peaks of FeP at 1160 
and 1635 cm−1 corresponded to P=O and C=O stretching 
vibrations, respectively. This confirmed that FeP has been 
successfully synthesized. In comparison, for FeP/APP, all 
typical peaks of FeP and APP still exist, a red shift of the 
peak (–NH) from 3249 to 3222 cm−1 indicated the existence 
of hydrogen bonds between FeP and APP [24]. In addition, 
for a series of FeP/APP/PEI composite foams (Fig. S1b), 
apart from the characteristic peak of PEI, the appearance of 
Fe–OP (1062 cm−1) and P–O (905 cm−1) indicated that the 
FeP/APP has been introduced into the PEI matrix.

Elemental analysis showed that the carbon and hydro-
gen contents of FeP were 11.2% and 1.9%, respectively. 
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Combined with TG experimental data (Fig.  S1c), 
the molecular formula of the synthesized FeP was 
 Fe2[PO3CH(OH)COOH]3·1.5H2O. The first mass loss 
before 200 °C was mainly the dehydration of FeP. The 
second weight loss occurred at 266 °C, associating with 
the release of 8.3% (its theoretical value at 8.5%). This 
was attributed to the dehydroxylation process in the 
aliphatic chain of FeP. The maximum mass loss was 
observed at 386 °C, which corresponded to the formation 
of ferric phosphate after removal of the carboxyl group 
(theoretical value was 20.9%). The total weight loss of 
organic matter (32.9%) was close to the theoretical value 
of 33.8%. This indicated that the organic part of the prod-
uct has been decomposed to a great extent.

The morphology and structure of FeP, FeP/APP, 
and APP were observed by TEM. It is clear that FeP 
(Fig. 1a) displayed a nanosheet layer structure with obvi-
ous agglomeration. As for FeP/APP colloidal dispersion 
(Fig. 1b), the small black spots were FeP, and the long 
strips were APP (figure inset in Fig. 1b). It could be seen 
that FeP was dispersed into nano-sized particles with a 
size of about 5 nm.

Thermal stability of PEI‑based foams

To understand the effects of FeP/APP on FeP/APP/PEI 
composite foams, the thermal analyses (TG) of the neat PEI 
and flame retardant PEI composite foams were carried out 
(Fig. 2), and the related data are listed in Table 1. Neat PEI 
foam underwent one-stage degradation. It started to decom-
pose at 276 °C (T5%, defined as the temperature at which 

Fig. 1  TEM images of: a FeP, b FeP/APP, and APP (embedded figure in b)

Fig. 2  a TGA and b DTG 
curves of neat PEI and FeP/
APP/PEI composite foams

Table 1  Data of the TGA curves for neat PEI and FeP/APP/PEI com-
posite foams

Sample T5% (°C) Tmax (°C) Residue 
(800 °C, 
wt%)

PEI 276 372 6.8
FeP/APP(15%)/PEI 166 349 11.4
FeP/APP(30%)/PEI 169 341 20.2
FeP/APP(45%)/PEI 170 339 20.8
FeP(45%)/PEI 193 362 17.9
APP(45%)/PEI 163 334 18.4
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5% mass loss occurs), and Tmax (the temperature at the rate 
of maximum decomposition) occurred at 372 °C. Further-
more, the T5% and Tmax of composite foams were lower than 
that of neat PEI foam. This was mainly the decomposition 
of APP prior to neat PEI foam. The ammonia and water 
released by the early degradation of APP could dilute the 
combustible gas, and also take away part of the heat from 
the system. These are beneficial to alleviate the burning of 
composites [25]. Meanwhile, the addition of APP, FeP, and 
FeP/APP obviously increased the residue weight at 800 °C, 
indicating the good catalytic charring ability of APP, FeP, 
and FeP/APP. The FeP/APP(45%)/PEI showed the high-
est residue, which was ascribed to the excellent synergistic 
effect between FeP and APP [26].

Apparent density and microstructure 
of the PEI‑based foams

The related data of apparent density are listed in Table S1. 
All PEI-based foams exhibited similar densities with around 
0.2 g/cm3. Also, the SEM micrographs of composite foams 
are shown in Figs. 3 and S2. APP-only foam exhibited a flat, 
collapsed cellular structure (Figs. S2a and S2b). Further, 
the cellular structure of FeP(45%)/PEI (Figs. S2c and S2d) 

was irregular and uneven, it could be clearly seen that there 
were many agglomerated FeP in the pore and pore walls due 
to poor dispersion. When FeP/APP was added, the cellular 
structure of FeP/APP(45%)/PEI foam became more ordered, 
denser, and smaller with a pore size of about 100 microns, 
it was apparent that many secondary pores appeared on the 
pores well (Fig. 3a, b). These results indicated that the FeP/
APP could facilitate the formation of cell structure through 
the strong interfacial interaction among FeP, APP, and PEI. 
Moreover, the strong deformation resistance of small cells 
accounts for the increase of compression modulus for com-
posite foams [27].

To further confirm the dispersion of FeP/APP in FeP/
APP(45%)/PEI foam, the energy dispersive spectroscopy 
(EDS) elemental mapping of P and Fe distributions in the 
selected region (Fig. 3b) are displayed in Fig. 3c, d, respec-
tively. The Fe and P elements were homogeneously dis-
persed in foam with no aggregates observed. This indicated 
that FeP/APP was uniformly distributed in PEI foam.

Combustion behavior of PEI‑based foams

Vertical burning test is a kind of effective method to evalu-
ate the combustion performance of composite foams. The 

Fig. 3  SEM images of a–b FeP/APP(45%)/PEI foam and elemental mappings of c phosphorus and d iron for the selected region in b 
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results are listed in Table 2 and the digital photos are 
shown in Fig. S3. The neat PEI foam exhibited no rating 
in UL-94 vertical burning test. It is easy to ignite and burn 
rather quickly until it is burned out with almost no residual 
char remaining. In contrast, the FeP/APP composite foams 
exhibited excellent flame retardancy as the FeP/APP load 
increases, i.e. FeP/APP(30%)/PEI could self-extinguish 
and reach V-1 in UL-94 test, and FeP/APP(45%)/PEI 
foam could pass UL-94V-0, which was due to the efficient 
synergy between nano-size FeP and APP, thus achieving 
high-efficiency flame retardancy. Interestingly, no dripping 
was also observed during the combustion of all samples 
including neat PEI foam, which means that PEI has great 
potential to replace other traditional polymer-based foams.

Limiting oxygen index (LOI) measurements were car-
ried out to evaluate the combustion performance of com-
posite foams. The corresponding values are summarized 
in Table 2. With the increase of FeP/APP loading, the 
LOI values of composite foams increased from 17.4% for 
neat PEI to 25.6%, 28.5%, and 31.8% for FeP/APP(15%)/
PEI, FeP/APP(30%)/PEI, and FeP/APP(45%)/PEI, respec-
tively, which implied these foams are self-extinguishable 
in air. However, foam with only added FeP or APP showed 
a slight increase in the LOI value. The result indicated 
that the significant improvement of flame retardancy for 

FeP/APP foams was due to an excellent synergistic effect 
between FeP and APP.

To further evaluate the synergistic influence between 
FeP and APP on the flame retardancy of PEI quantita-
tively, Epppms was used to calculate the synergistic effect 
index of FeP/APP(45%)/PEI foam [13].

The synergistic effect is reflected in Epppm > 0, and the 
antagonistic effect is Epppm < 0. The value of Epppms was 3, 
indicating an obvious synergistic effect between FeP and 
APP.

The fire-retardant behavior of PEI composite foams was 
further evaluated by the cone calorimetric test (CCT). The 
heat release rate (HRR), total heat release (THR) curves of 
PEI composite foams are shown in Figs. 4a, 4b, and the 
corresponding data are summarized in Table 3. Neat PEI 
foam burned very quickly after ignition with a peak heat 
release rate (pHRR) of 819 kW/m2. The pHRR of FeP(45%)/
PEI, APP(45%)/PEI, and FeP/APP(45%)/PEI were 478, 
258, and 231 kW/m2, in the stated order. The lowest pHRR 
was achieved by FeP/APP(45%)/PEI, with a remarkable 
decreased in pHRR (71.8%). Besides, the THR of compos-
ite foams gradually decreased and the FeP/APP(45%)/PEI 
foam gave rise to the lowest THR, nearly 74.2% reduction 
compared with that of neat PEI foam. These results were 
ascribed to the excellent catalytic char ring properties of FeP 
and APP. FeP and APP showed an obvious synergistic effect, 
which promoted the formation of a more stable intumescent 
char layer. The fire growth rate (FGR) was used to assess the 
fire hazard of composites according to the following equa-
tion [28]:

Generally, a lower FGR represents that the time to flash 
over was delayed. The FGR of FeP/APP(45%) was 3.8 kW/

Epppms = (LOIFeP∕APP(45%)∕PEI − LOIPEI)∕
[

(LOIFeP(45%)∕PEI − LOIPEI)

+(LOIAPP(45%)∕PEI − LOIPEI)
]

.

FGR = pHRR∕tpHRR.

Table 2  The UL-94 rating, and LOI results of neat PEI and PEI-
based composite foams

Sample UL-94 LOI (%)

t1 (s) t2 (s) Dripping Rating

PEI > 30 / No NR 17.4 ± 0.2
FeP/APP(15%)/PEI > 30 / No NR 25.6 ± 0.3
FeP/APP(30%)/PEI 26 5 No V-1 28.5 ± 0.2
FeP(45%)/PEI > 30 / No NR 19.5 ± 0.4
APP(45%)/PEI 22 10 No V-1 20.0 ± 0.3
FeP/APP(45%)/PEI 6 1 No V-0 31.8 ± 0.2

Fig. 4  The curves of: a HRR 
and b THR of neat PEI and 
composite foams
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m2s, reducing about 78.2%, indicating the FeP/APP has 
superior flame retardant properties for PEI foam.

The parameters of smoke production rate (SPR), total 
smoke production (TSP), carbon monoxide production 
(COP), and carbon dioxide production  (CO2P) are also 
summarized in Table 3, and the curves of CO and  CO2 are 
shown in Fig. S4a, b. Noticeably, the addition of APP could 
not lower the SPR and TSP. However, for FeP/APP(45%)/
PEI, the peak smoke production rate (pSPR) and TSP obvi-
ously declined to 0.021 m2/s and 0.28 m2, further to confirm 
the synergistic effect between FeP and APP. Besides, with 
the introduction of FeP/APP, the peak carbon monoxide 
production (pCOP) and peak carbon dioxide production 
 (pCO2P) greatly decreased to 0.002 g/s and 0.10 g/s, reduc-
ing to about 88% and 71.4%, respectively. These results were 
attributed to that the organic skeleton of PEI was more cata-
lyzed to remain in the condensed phase rather than being 
converted to volatile gases for further combustion [12, 29]. 
Correspondingly, the FeP/APP(45%)/PEI also showed the 
highest char residues (23.4%), much higher than that of neat 
PEI foam (2.6%).

Flame retardant mechanism of FeP/APP

Analysis of char residues

To better understand the flame retardant mechanism, the char 
residues of PEI-based composites after the LOI test were 
analyzed by the SEM test and Raman spectroscopy. The 
morphologies of char residues were investigated by SEM in 
Fig. S5. The residual char of neat PEI (Fig. S5a), FeP(45%)/
PEI (Fig. S5b), and APP(45%)/PEI (Fig. S5c) looked rela-
tively fragile, with many obvious no-uniform voids and 
folds, which failed to prevent the flame and heat transfer. 
Whereas the char from FeP/APP(45%)/PEI (Fig. S5d) foam 
was more continuous and more compact, which was due to 
the excellent synergistic effect between FeP and APP. The 
decomposed products of FeP and APP catalyzed degradation 
of PEI in the condensed phase to form a more stable char. 
The stable char could act as a superior barrier for both heat 

flow and gas transport, thus preventing the further combus-
tion of the underlying material [30].

The Raman spectra of char residues after the LOI test 
are shown in Fig. S6. There are two main bands, located at 
approximately 1590 (G band) and 1370 cm−1 (D band). The 
former corresponded to the first-order scattering of the E2g 
phonon of  sp2 C atoms, whereas the latter represented the 
activation in the first-order scattering process of  sp3 car-
bons and the presence of defect-like amorphous domains 
[21, 32]. The intensity ratio of D-band to G-band (ID/IG) 
was used to indicate the graphitization degree of the char 
residue. Interestingly, from neat PEI (1.76) to FeP(45%)/EI 
(1.67), APP(45%)/PEI (1.42), then to FeP/APP(45%)/PEI 
(1.16), the ID/IG of composite foams gradually decreased, 
indicating the improvement of the degree of graphitization 
in residual char. The high-quality char layer tended to better 
protect inner materials from thermal degradation by prevent-
ing the volatile flammable gases from being exposed to heat 
and oxygen.

Evolved gas analysis

To investigate the flame retardant mechanism of FeP/APP in 
the gas phase, TG-FTIR was used to analyze the pyrolysis 
products during the entire pyrolysis process under a nitrogen 
atmosphere, with the results are shown in Fig. 5. The char-
acteristic peaks in neat PEI foam (Fig. 5a) at 2965, 1736, 
2336, 2180, and 1080 cm−1 corresponded to the absorb-
ance of hydrocarbons, carbonyl compounds,  CO2, CO, and 
ether, respectively [33]. Furthermore, its main degradation 
was between 270 and 360 °C and the releases of  CO2 and 
CO were mainly after 360 °C. However, all the character-
istic peaks mentioned above were significantly weakened 
in APP(45%)/PEI (Fig. 5b) and FeP/APP(45%)/PEI foam 
(Fig. 5c), and were also consistent with the reduction of 
smoke,  CO2, CO in CCT test. No characteristic peaks con-
taining phosphorus were found. It could be inferred that the 
addition of APP, FeP/APP obviously inhibited the pyrolysis 
of PEI. They catalyzed more gaseous products to participate 
in the char formation process, thereby increasing the char 

Table 3  Combustion parameters 
obtained from the cone 
calorimeter test

Sample PEI FeP(45%)/PEI APP(45%)/PEI FeP/APP(45%)/PEI

pHRR (kW/m2) 819 ± 16 478 ± 11 258 ± 10 231 ± 8
tPHRR (s) 47 ± 2 46 ± 1 50 ± 2 61 ± 1
FGR (kW/m2s) 17.4 ± 1.2 10.4 ± 0.5 5.2 ± 0.4 3.8 ± 0.2
THR (MJ/m2) 26.7 ± 2.1 18.3 ± 1.8 12.6 ± 2.0 6.9 ± 1.5
pSPR  (m2/s) 0.037 ± 0.001 0.048 ± 0.002 0.065 ± 0.001 0.021 ± 0.001
TSP  (m2) 0.80 ± 0.03 0.90 ± 0.02 1.19 ± 0.01 0.28 ± 0.03
pCOP (g/s) 0.018 ± 0.001 0.007 ± 0.001 0.006 ± 0.002 0.002 ± 0.001
pCO2P (g/s) 0.35 ± 0.01 0.23 ± 0.03 0.09 ± 0.03 0.10 ± 0.01
Residue (wt%) 2.6 ± 0.1 10.0 ± 0.1 18.6 ± 0.1 23.4 ± 0.1
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yield in the condensed phase, rather than exerting a flame 
retardant effect in the gas phase. Moreover, a comparison 
of the infrared absorption intensity versus time of the main 
products of neat PEI, APP(45%)/PEI, and FeP/APP(45%)/
PEI foam are qualitatively shown in Fig. S7. The maximum 
absorption of pyrolysis products in FeP/APP(45%)/PEI was 
less than that of the APP(45%)/PEI and neat PEI. These 
results indicated that the hybridization of FeP and APP could 
further enhance the catalytic char formation efficiency, lead-
ing to a significant reduction of releasing flammable volatile 
species, and a decrease in pHRR and THR.

On the basis of the condensed phase and gas phase anal-
ysis, possible flame retardant mechanisms of composite 
foams are proposed in Fig. S8. The excellent flame retard-
ant property of FeP/APP/PEI was mainly attributed to the 
superior condensed phase flame-retarded effect. The decom-
posed products of FeP and APP synergistically catalyzed 
and induced the formation of carbonaceous residue. Then, 
a more compact and higher degree of graphitization protec-
tive layer was created, which acted as a barrier to prevent the 
migration of heat and gases.

Compressive behavior of PEI‑based foams

The compressive properties of composite foams are shown 
in Fig. S9, and the related data of compressive properties are 
listed in Table S1. The compressive strength of FeP/APP/

PEI composite foams gradually increased with the increase 
of FeP/APP content. For example, the stress at 50% strain 
of the FeP/APP(45%)/PEI composite foam (719.4 kPa) 
was much higher than that of the neat PEI foam (6.6 kPa). 
Also, the compressive modulus of FeP/APP/PEI composite 
foams exhibited a similar trend with the compressive stress. 
Compared with the neat PEI foam (8.46 kPa), the FeP/
APP(45%)/PEI composite foam showed the highest com-
pressive modulus (1229.3 kPa). These significant improve-
ments in mechanical properties were primarily related to the 
composition and cellular structure of foams. First, the FeP 
nanoparticles itself acted as a good reinforcing agent in poly-
mers to enhance the strength and modulus [34]. Second, due 
to the interaction of FeP/APP with PEI, incorporating FeP/
APP into PEI tended to form a denser and smaller cellular 
structure. Obviously, this could enhance the ability of the 
foam to resist deformation [27]. Therefore, the composites 
exhibited excellent compression modulus. In contrast, the 
addition of FeP or APP alone did not achieve such a high 
reinforcing effect.

Conclusion

In summary, we proposed a strategy to prepare flame retard-
ants that are well-stable in aqueous media. The hybrid flame 
retardant (FeP/APP) was obtained by hydrogen bonding 

Fig. 5  FTIR spectra for the con-
densed products of: a neat PEI 
foam, b APP(45%)/PEI foam, 
and c FeP/APP(45%)/PEI foam 
at different temperatures
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between iron phosphonate (FeP) and ammonium polyphos-
phate (APP). Subsequently, the aqueous suspension of the 
FeP/APP hybrid was blended with hydrophilic polyethyl-
eneimine (PEI) to construct flame-retarded composite foam 
through the freeze-drying process. The limiting oxygen 
index (LOI) and vertical burning test presented that 30 wt% 
FeP/APP addition could cause foam self-extinguish, and 
45 wt% FeP/APP was a suitable amount to achieve V-0 
rating and 31.8% in LOI. The cone calorimeter test (CCT) 
results gave further evidence that the incorporation of FeP/
APP could dramatically decrease the fire growth rate (FGR), 
heat release rate (HRR), total release rate (THR), produc-
tion of smoke, and simultaneously enhance the yield of the 
residual char. For FeP/APP composite foams, transition 
metal ions presented prominent catalytic carbonization per-
formances, and APP could also catalyze the degradation of 
polymers to form a protective char layer. The study on the 
flame-retardant mechanism towards PEI-based foam was 
mainly derived from the synergistic effect between FeP and 
APP in the condensed phase. Thermogravimetric analysis 
also demonstrated that the residual yields of FeP/APP/PEI 
were improved. This high-efficiency flame retardant foam 
prepared by a green, facile method was a promising alterna-
tive to conventional polymer-based foams.
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