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To develop an efficient way to overcome the contradiction among flame retardancy, smoke suppression,
and thermal insulation in expanded polystyrene (EPS) foams, which are widely used insulation materials
in buildings, a novel ‘‘green” porous bio-based flame-retardant starch (FRS) coating was designed from
starch modified with phytic acid (PA) that simultaneously acts as both a flame retardant and an adhesive.
This porous FRS coating has open pores, which, in combination with the closed cells formed by EPS beads,
create a hierarchically porous structure in FRS–EPS that results in superior thermal insulation with a
lower thermal conductivity of 27.0 mW�(m�K)�1. The resultant FRS–EPS foam showed extremely low
heat-release rates and smoke-production release, indicating excellent fire retardancy and smoke suppres-
sion. The specific optical density was as low as 121, which was 80.6% lower than that of neat EPS, at 624.
The FRS–EPS also exhibited self-extinguishing behavior in vertical burning tests and had a high limiting
oxygen index (LOI) value of 35.5%. More interestingly, after being burnt with an alcohol lamp for 30 min,
the top side temperature of the FRS–EPS remained at only 140 �C with ignition, thereby exhibiting excel-
lent fire resistance. Mechanism analysis confirmed the intumescent action of FRS, which forms a compact
phosphorus-rich hybrid barrier, and the phosphorus-containing compounds that formed in the gas phase
contributed to the excellent flame retardancy and smoke suppression of FRS–EPS. This novel porous
biomass-based FRS system provides a promising strategy for fabricating polymer foams with excellent
flame retardancy, smoke suppression, and thermal insulation.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the rapid development of urbanization, global energy use
has increased greatly. About 40% of the world’s total energy con-
sumption comes from maintaining a comfortable interior atmo-
sphere [1]. To reduce unnecessary energy loss, thermal insulation
building materials have been developed and play an important
part in improving the energy efficiency of buildings [2–5]. Among
such materials, expanded polystyrene (EPS) foam occupies the lar-
gest market share [6], due to its low cost and density, excellent
moisture resistance, shock absorption, and thermal insulation [7–
9]. However, as a kind of polyolefin cellular material, EPS is extre-
mely flammable. Moreover, because of its high porosity, large
specific surface area, thin pore wall, and air content of as high as
98% (V/V), it is even more difficult for EPS than for its correspond-
ing resin to be made flame-retardant [10,11]. EPS is a significant
fire hazard due to its ease of ignition and subsequent rapid flame
propagation, heat release, and smoke production [12,13]. As an
external insulation building material, EPS has been reported to
cause countless fire disasters [14], making it a major potential
threat to human lives and properties. Therefore, it is an urgent task
to improve the fire safety (including flame retardancy and smoke
suppression) of EPS.

Based on the manufacturing process, flame retardants can be
added during the polymerization [15–17], foaming [18–22], or
post-processing [23] stages to obtain flame-retardant EPS foams.
However, the most cost-effective flame retardants used during
the polymerization stage are halogen-containing, such as hexabro-
mocyclododecane (HBCD), which has been prohibited by many
countries because of serious concerns regarding its bioaccumula-
tion and the toxic substances produced during its thermal degrada-
tion [24,25].
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Recently, researchers have attempted to coat the surface of EPS
beads with halogen-free flame-retardant coatings in order to make
fire-safe EPS [18–22]. Each EPS bead, as an independent unit, can
be coated with a small number of flame retardants via adhesives
to suppress burning. At present, thermosetting resins are usually
used as the adhesives in this process, including melamine-
formaldehyde and phenolic-formaldehyde resin. However, there
is a demand for large amounts of traditional resin adhesives and
halogen-free flame retardants due to their low flame-retardant
efficiency for EPS, which greatly affects the thermal insulation
and other qualities of the foam [26]. Moreover, the use of
formaldehyde is harmful to the environment and to the human
body [27]. Therefore, it is essential to find an eco-friendly and
formaldehyde-free way to improve the flame retardancy and
smoke suppression of EPS without sacrificing its thermal
insulation.

A ‘‘green” biomass-based flame-retardant coating might be the
most promising solution to this dilemma, as it would address both
health and environmental concerns. More importantly, if a green
functional coating could be constructed with a porous microstruc-
ture and low thermal conductivity, the contradiction between the
flame retardancy and thermal insulation of EPS foam would be
solved. Unfortunately, the literature does not contain reports of
such a coating.

Inspired by the steaming process of sweet buns and the paste
used for pasting spring couplets during the Spring Festival in China,
we found that starch, as a natural, renewable, inexpensive, and
readily available biopolymer, could be foamed into a porous mate-
rial when heated and dried [28–31], and has been extensively used
as a binder and paste [32,33]. Therefore, we propose the utilization
of starch as a green adhesive. In this research, starch is modified by
another biomass-based compound, phytic acid (PA) [34–36], via an
esterification interaction in order to fabricate a porous flame-
retardant starch (FRS), and coat it on the surface of EPS beads. Thus,
FRS, which contains starch (a carbon donor and blowing agent) and
PA (an acid donor), is used to construct a green intumescent flame-
retardant system for EPS foam. This new environmentally friendly
approach can endow EPS with superior flame retardancy and
smoke suppression, while even improving its thermal insulation
due to the hierarchically porous structure of the FRS–EPS foam.
The corresponding fire behavior and flame-retardant mechanisms
are revealed using integrated methods and are reported here.
2. Experimental methods

2.1. Materials

EPS beads (non-flame-retardant, 0.7–1.1 mm granules, with an
expansion ratio of 45–50) were provided by Dongguan Rubber and
Plastic Materials Co., Ltd. (China) and were used as control sam-
ples. Potato starch (Fig. S1(a) in Appendix A) and PA (Fig. S1(b) in
Appendix A) were purchased from Aladdin Industrial Corp. (China).
Deionized (DI) water was used throughout, and all materials were
used as supplied.
2.2. Sample preparation

EPS beads were first pre-foamed at 110 �C for 8–15 min in an
air-circulating oven and then stored at room temperature for 6–
12 h. The starch and PA were mixed adequately and then dispersed
in a certain amount of DI water. After that, the temperature was
raised to 80 �C for about 30 min so that the starch became fully
gelatinized. The pre-foamed PS beads were mixed with FRS in a
high-speed mixer for at least 30 min. Next, the mixture was trans-
ferred into an iron mold at 120 �C under 10 MPa for 6 min to cause
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the pre-foamed PS beads to expand for the second time, solidify,
and fill the shape of the mold. After cooling, the foam boards
caused by the mold were taken out and placed in a vacuum oven
at 60 �C overnight to ensure that the starch adequately reacted
with the PA. The formulation of FRS–EPS is provided in Table S1
in Appendix A, where ExSyPAz refers to the mass ratio (x:y:z) of
EPS, starch, and PA, respectively.

2.3. Characterization

Fourier-transform infrared (FT-IR) spectra with a wavenumber
ranging from 400 to 4000 cm�1 were obtained using an FT-IR spec-
trometer (Nicolet 170SX, Thermo Fisher Scientific, USA). Thermal
gravimetric analysis (TGA) was carried out on a NETZSCH209F1
thermal analyzer (Netzsch, Germany). The samples were heated
from 40 to 700 �C under a nitrogen (N2) and air atmosphere at
10 �C per minute. Thermal gravimetric infrared (TG-IR) spectrom-
etry was conducted to measure the FT-IR spectrum of volatile
products at various temperatures with a combination of TGA
(NETZSCH209F1) and FT-IR (Nicolet 170SX) from 40 to 700 �C
under a nitrogen flow velocity of 50 mL�min�1 at 10 �C per minute.

Limiting oxygen index (LOI) tests were conducted following
American Society for Testing and Materials (ASTM) D286-97 using
an HC-2C oxygen index instrument; at least three samples with the
dimensions of 150 mm � 10 mm � 10 mm were used. Vertical
burning tests for the FRS–EPS and neat EPS were carried out on a
CZF-2 instrument (China) with a UL-94 standard according to
ASTM D3801. The samples were the same size as those used
in the LOI tests. Cone calorimeter (CC) tests were applied to
measure the combustion behavior of the samples using a CC
instrument (FTT, UK) with an external heat flux of 35 kW�m�2,
according to ISO 5660-1:2015. The sample dimensions were
100 mm � 100 mm � 20 mm. Optical density tests were con-
ducted in a smoke density chamber at 25 kW�m�2 according to
ISO 5659-2:2006. The dimensions of the samples used for the tests
were 75 mm� 75 mm � 20 mm.

The morphologies of FRS–EPS and the char residues remaining
after the CC tests were analyzed by means of scanning electron
microscopy (SEM; JSM 5900LV, JEOL, Japan) with an acceleration
voltage of 20 kV. The FRS–EPS samples were fractured in liquid
nitrogen to maintain their original morphology. The elemental
analysis results for the char residues were measured using an
energy-dispersive X-ray (EDX) spectrometer (INCA Oxford Instru-
ments, UK).

Three-dimensional (3D) topographical images and surface
roughness were determined by means of laser scanning confocal
microscopy (LSCM; LSM800, Carl Zeiss AG, Germany). The X-ray
photoelectron spectroscopy (XPS) curves of the char residue from
FRS–EPS after the CC tests were obtained using an XSAM80
spectrometer (Kratos Co., UK) with an Al Ka excitation radiation
(hm-1486.6 eV, 1 eV = 1.602176 � 10�19 J). Raman spectroscopy
was measured with a LabRAM HR800 laser Raman spectro-
meter (Horiba Ltd., Japan) with a 532 nm helium–neon laser line.
The thermal conductivities for FRS–EPS and neat EPS
(30 mm � 30 mm � 10 mm) were measured with a Hot Disk
2500-OT (Hot Disk, Sweden) according to ISO 22007-2:2008. The
mechanical properties of FRS–EPS and neat EPS were determined
by means of an electronic universal testing machine (3366, Instron
Co. Ltd., USA) according to ISO 845:2004. The average value of at
least five samples’ stress at 10% deformation was taken as the com-
pressive strength of the foam; the dimensions for all the samples
were 50 mm � 50 mm � 20 mm. The densities of the FRS–EPS
and neat EPS were measured at room temperature according to
ISO 845:2006. More than three samples with the dimensions of
100 mm � 100 mm � 20 mm were measured in order to obtain
average values.
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3. Results and discussion

3.1. Reaction between starch and PA

The flame-retardant coating, FRS, was fabricated from PA and
starch. A PA molecule contains six phosphate groups, allowing it
to react with the hydroxyl groups in starch. Fig. 1 shows the pro-
posed mechanism for the reaction between starch and PA. In brief,
starch reacts with PA to construct a cross-linked network, accom-
panied by the formation of a phosphonate ester bond [37]. As PA
possesses abundant phosphorus (P), it endows the EPS with excel-
lent flame-retardant properties. To illustrate the proposed reaction
between PA and starch and to characterize the chemical structure
of the FRS, FT-IR and XPS analysis were conducted. As shown in
Fig. 2(a), a new absorption peak at 1037 cm�1 was observed for
FRS, which was assigned to C–O–P [38]. Furthermore, the width
narrowed and the intensity decreased around 3400 cm�1, indicat-
ing that the incorporation of PA destroyed the intramolecular
hydrogen bonds of the starch. The XPS results revealed P 2s and
P 2p for S4PA4, and the O 2s of starch moved to a higher energy
level, further denoting that the starch reacted with PA to form FRS.
Fig. 1. Preparation process

Fig. 2. (a) FT-IR spectra of S4PA4, starch, and PA; (b) X
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3.2. Cell morphology

To investigate the effects of the FRS coating on the cell morphol-
ogy of EPS, SEM measurements were conducted. SEM images of
neat EPS, E8S4, and E8S4PA1 are shown in Fig. 3. In general, the
neat EPS foam displays a closed-cell structure with a smooth
surface, with some spaces existing among the spherical cells
(Fig. 3(a)). Under the adhesion of starch, a porous coating covers
the closed cells and fills in the interspace (Fig. 3(b)), which may
explain why the starch precursor after gelatinization retains its
porous structure under ambient drying [28–31,39,40]. More inter-
estingly, as shown in Fig. 3(c), E8S4PA1 exhibits a uniform porous
coating with open pores on the large EPS spheres, creating a hier-
archically porous structure. That is, after the starch is modified
with PA, the porous FRS structure becomes more uniform and more
open pores are present, probably due to the cross-linking action
between PA and starch. This increases the skeleton strength and
keeps the network skeleton from collapsing during the drying pro-
cess, allowing the porous structure to be maintained [31].

Confocal laser scanning microscope tests for neat EPS and FRS–
EPS were further conducted to investigate the morphology and
of FRS and FRS–EPS.

PS spectra; and (c) O 2s spectra of starch and FRS.



Fig. 3. SEM images of (a) neat EPS, (b) E8S4, and (c) E8S4PA1.
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surface roughness. As shown in Fig. S2 in Appendix A, the surface
roughness of an EPS bead coated with S4PA1 increased from 85.7
to 156.0 lm for the neat EPS bead, and significant differences in
cup depth were detected on the bead for E8S4PA1, further indicat-
ing the presence of an open porous coating on the EPS bead. In
addition, the FRS was evenly and tightly coated onto the EPS beads
without separation between the beads. This hierarchically porous
structure plays a key role in improving the thermal insulation of
the FRS–EPS foam.

3.3. Physical behavior

The physical behavior of EPS, including its mechanical proper-
ties and thermal insulation, are very important in its real applica-
tions, especially in the field of building insulation. The
corresponding data of FRS–EPS and neat EPS are shown in Fig. 4.
As shown in Fig. 4(a), the compressive strength of the neat EPS
was 157 kPa, while that of the FRS–EPS increased greatly. In partic-
ular, E8S4PA4 showed the highest compressive strength at
313 kPa, which was 200% that of neat EPS. Due to the closed-cell
structure of EPS, the FRS was coated on the cell wall of the EPS
beads. With an increasing concentration of FRS precursors, the
coating became harder and stronger, resulting in a higher compres-
sive strength of FRS–EPS. When the PA content was too high in the
coating, the compressive strength of the foam decreased slightly,
probably because the excessive PA destroyed the adhesiveness of
the FRS.

More interestingly, the incorporation of the FRS coating did not
result in a higher thermal conductivity, as was previously reported
Fig. 4. (a) Compressive strength and (b) therm
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for traditional flame-retardant EPS foam with a resin coating [26].
On the contrary, the thermal conductivity decreased from 30.3
mW�(m�K)�1 for neat EPS to 27.0 mW�(m�K)�1 for E8S4PA1, with
a reduction of 10.9% (Fig. 4(b)), indicating that the FRS coating
improves the thermal insulation of EPS. This result can be ascribed
to the porous structure of the FRS coating. As shown in Fig. 3, com-
pared with the simple closed-cell structure of neat EPS (Fig. 3(a)),
FRS–EPS has a hierarchically porous structure with closed cells
due to the EPS and open pores due to the FRS, which contribute
to a decrease in thermal conductivity [3].

IR thermal imaging tests were further conducted to demon-
strate the excellent thermal insulation capability of FRS–EPS.
Fig. 5 depicts pseudo-color thermal images and the time-
dependent temperature curves for the upper surfaces of E8S4PA1
and neat EPS samples with a thickness of 2 cm during continuous
heating on a 100 �C heater. As shown in Fig. 5, when heated at the
same time, the temperatures of the upper surface points of
E8S4PA1 were always much lower than those of the neat EPS,
demonstrating the much better thermal insulation provided by
the former. Remarkably, the temperature of an upper surface point
of E8S4PA1 only increased from 25.7 to 29.5 �C after being heated
at 100 �C for 60 min. Clearly, placing a porous FRS coating onto EPS
effectively improves its thermal insulation.
3.4. Thermal stability

The thermal stability of FRS–EPS and neat EPS were investigated
by means of TGA (Fig. 6), and the corresponding data are summa-
rized in Table 1. Neat EPS had only one decomposition stage from
400 to 470 �C and there was almost no residue after thermal degra-
dation. In contrast, a two-step degradation process was observed in
FRS–EPS, which was ascribed to the respective degradation of FRS
and EPS. The FRS coating decomposed in the first stage from 130 to
400 �C to form a protective char layer, thereby reducing the mass
loss rate to a certain extent. As seen in Table 1, the maximum
degradation temperature (Tmax) of the FRS–EPS increased slightly
while the corresponding mass loss rate decreased greatly in com-
parison with those of neat EPS, indicating that the char layer that
formed in the first stage of FRS degradation slowed down the
degradation of EPS. The Tmax and loss rate for E8S4PA8 were
444.7 �C and �9.82% per minute, respectively. Furthermore, the
charring ability of FRS–EPS was gradually enhanced with an
increasing PA content, with E8S4PA8 having the highest residue
(32.60%). This finding indicates that PA promotes the formation
of more char. The char layer acts as a protective barrier to effec-
tively prevent further degradation of EPS, thus improving the flame
retardancy of FRS–EPS.
al conductivity of FRS–EPS and neat EPS.



Fig. 5. Thermal insulation of FRS–EPS and neat EPS samples with a thickness of 2 cm during continuous heating on a 100 �C heater. Pseudo-color thermal images at different
time points from 0 to 60 min: (a–c) neat EPS; (d–f) E8S4PA1. (g) Time-dependent temperature curves of the upper surface points (Sp).

Fig. 6. (a) TGA and (b) derivative thermogravimetry (DTG) curves for FRS–EPS and neat EPS at a heating rate of 10 �C per minute in N2.

Table 1
Characteristic TGA data of FRS–EPS and neat EPS at a heating rate of 10 �C per minute in N2.

Sample T5% (�C) Tmax (�C) Max loss rate (% per minute) Residue at 700 �C (%)

EPS 391.0 432.8 �23.89 0.45
E8S4 231.8 420.7 �21.10 8.98
E8S4PA1 184.2 434.4 �17.55 12.49
E8S4PA4 159.2 441.7 �12.32 22.58
E8S4PA8 159.8 444.7 �9.82 32.60

T5%: temperature of 5% weight loss.
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3.5. Combustion behavior

3.5.1. Small fire tests
LOI and vertical burning tests are classic small fire tests, which

were used to evaluate the fire safety of FRS–EPS. As shown in
Table 2, neat EPS was extremely flammable, with a very low LOI
value of only 17.0%, while the introduction of the FRS coating sig-
nificantly improved the flame retardancy of the foam. It was found
that the LOI values of the foam increased gradually with increasing
PA content. Notably, E8S4PA8 showed the highest LOI value of
35.5%.

The vertical burning tests of FRS–EPS and neat EPS are shown in
Fig. 7 and the results are listed in Table 2. Neat EPS burnt com-
pletely with serious dripping and spread to the fixture as it ignited
(left side of Fig. 7), while E8S4 failed to pass the tests. With the
incorporation of PA-modified starch, the FRS–EPS passed the V-0
rank without dripping during combustion. In particular, E8S4PA8
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exhibited self-extinguishing behavior (center right of Fig. 7) and
could not be ignited a second time (far right of Fig. 7), showing
excellent small-fire safety performance.

3.5.2. Fire resistance
The fire resistance of the foam was evaluated by means of alco-

hol lamp burning tests. An alcohol lamp was used to impart a con-
tinuous high-temperature flame to E8S4PA8 and neat EPS samples
with a thickness of 2 cm, and the corresponding thermal images
were recorded. As shown in Fig. 8, when neat EPS was exposed
to the alcohol lamp, the fire quickly spread to the top of the sample
along with a considerable amount of smoke production, and the
backside surface temperature reached a maximum of 325 �C in just
20 s. As the EPS combustibles burnt out, the temperature gradually
decreased. In contrast, a compact char shielding formed on the sur-
face of E8S4PA8, which effectively suppressed the combustion and
fire spreading. Even after being continuously burnt for 30 min, the



Table 2
UL-94 and LOI tests of FRS–EPS and neat EPS.

Sample UL-94 LOI (%)

Neat EPS N.R. 17.0
E8S4 N.R. 20.0
E8S4PA1 V-2 23.0
E8S4PA4 V-1 28.5
E8S4PA8 V-0 35.5

Fig. 7. Digital photos of neat EPS and E8S4PA8 during vertical burning tests.
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FRS–EPS prevented the flame from burning through the backside
surface and maintained its structural integrity. More interestingly,
the temperature at the center of the backside surface increased
slowly and stabilized at 140 �C after being burnt for 15 min. It
was notable that the temperature at the edge of the top surface
was actually maintained at the original room temperature, indicat-
ing superior high-temperature thermal insulation. These results
demonstrate that FRS–EPS meets the strict demands for high-
temperature thermal insulation and fire resistance.

3.5.3. Large-scale combustion and smoke-suppressant behavior
The CC test is an effective method to evaluate the large-scale

combustion behavior of materials. It yields key parameters, includ-
ing the peak heat-release rate (PHRR), total heat release (THR),
peak smoke-production rate (PSPR), and total smoke production
Fig. 8. Pseudo-color thermal images during alcohol lamp burning tests for (a–c) neat EP
backside surface points for (g) neat EPS and (h) E8S4PA8.
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(TSP), which can be used to predict the fire and smoke hazards of
a material in a real fire [41–45]. Curves for the abovementioned
parameters are presented in Figs. 9 and 10, and the corresponding
detailed data are provided in Table 3. Lower PHRR and THR values
indicate that a lesser amount of heat is released during a fire. It was
found that the PHRR value of neat EPS reached 640 kW�m�2, while
E8S4 had an even higher value of 683 kW�m�2; however, the incor-
poration of FRS greatly decreased the PHRR value. The PHRR value
of E8S4PA8 was only 107 kW�m�2, which was 83.3% less than that
of neat EPS. Thus, FRS acts as an effective protective barrier to
restrict the fire spread rate. The THR value showed the same trend
as the PHRR value, with the THR value of E8S4PA8 (4.7 MJ�m�2)
being 83.1% less than that of neat EPS (27.8 MJ�m�2). This result
further confirms the effective combustion inhibition of FRS.

Lower PSPR and TSP values denote a lower smoke risk and a
longer escape time during a fire. As shown in Fig. 10 and Table 3,
the incorporation of FRS greatly reduced the smoke emission of
EPS. The PSPR value of E8S4PA8 was only 0.10 m2�s�1, which was
much lower than that of neat EPS at 0.37 m2�s�1, demonstrating
that FRS acts as an effective protective layer to slow down smoke
release. The TSP values also decreased significantly with the incor-
poration of FRS. The TSP value of E8S4PA8 was as low as 4.1 m2,
which was 78.9% lower than that of neat EPS (19.4 m2). This excel-
lent smoke-suppressant performance may be due to the improved
charring ability of FRS, which was also indicated by the residue val-
ues after the CC tests. The residue from E8S4PA8 was 73%, which
was much greater than that of E8S4 (5 wt%) or neat EPS (0). During
combustion, FRS promotes the formation of char layers to prohibit
smoke emission.

Smoke density chamber tests were further conducted to evalu-
ate the smoke-release behavior of FRS–EPS and neat EPS. A high
transmission value reflects high visibility, which indicates more
chances to escape in a fire. As shown in Fig. 11(a), neat EPS burnt
acutely during combustion with a very low transmission (almost
0), and the incorporation of starch did not improve the transmis-
sion. However, after the starch was modified with PA, it increased
the transmission greatly: The transmission of E8S4PA4 was as high
as 12.5%, which was much higher than that of neat EPS (0%). The
smoke density directly corresponds to the smoke hazard of the
materials in a fire. As shown in Fig. 11(b), the specific optical den-
sity (Ds) of neat EPS tended to stabilize around 624 after 150 s,
S and (d–f) E8S4PA8. The corresponding time-dependent temperature curves of the



Fig. 9. (a) Heat-release rate (HRR) curves and (b) THR curves for FRS–EPS and neat EPS during CC tests under 35 kW�m�2.

Fig. 10. (a) Smoke-production rate (SPR) curves and (b) TSP curves for FRS–EPS and neat EPS during CC tests under 35 kW�m�2.

Table 3
Characteristic data for FRS–EPS and neat EPS during CC tests under 35 kW�m�2.

Samples TTI
(s)

PHRR
(kW�m�2)

THR
(MJ�m�2)

FIGRE
(kW�m�2·s�1)

PSPR
(m2�s�1)

TSP
(m2)

Residue
(%)

EPS 12 640 27.8 9.1 0.37 19.4 0
E8S4 14 683 31.2 9.8 0.35 19.9 5
E8S4PA1 15 173 29.4 5.7 0.23 24.0 17
E8S4PA4 12 181 24.6 5.5 0.19 12.2 41
E8S4PA8 18 107 4.7 3.5 0.10 4.1 73

TTI: time to ignite; FIGRE: the ratio of PHRR to TPHRR (time to PHRR).
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while E8S4 showed a much greater specific density of 670. Fortu-
nately, the starch modified with PA effectively reduced the smoke
density of EPS: The specific optical density of E8S4PA4 was as low
as 121, which was 80.6% lower than that of neat EPS, at 624. It was
obvious that the biomass-based FRS coating endowed the EPS with
excellent smoke-suppressant ability.

3.6. Flame-retardant and smoke-suppressant mechanism

To investigate the flame-retardant and smoke-suppressant
mechanism of FRS, TG-IR was used to study the gaseous products
during the thermal degradation of FRS–EPS. Fig. 12 shows the IR
spectra of the volatilized products at typical degradation tempera-
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tures for neat EPS, E8S4, and E8S4PA4, respectively. As shown in
Fig. 12(a) and Fig. 6, the degradation of neat EPS occurred at
400 �C. The absorption peaks at 1625 and 3050 cm�1 were attrib-
uted to the skeletal vibration of the benzene ring and to =C–H
stretching vibrations, respectively, indicating that EPS mainly
degraded into aromatic monomers, dimers, aromatic heterocyclic
groups, and so on. No residue was left and the real-time absorption
peak disappeared at 504 �C. As shown in Fig. 12(b), new character-
istic peaks at 1120 and 1300 cm�1 appeared at 405 �C for E8S4,
which were assigned to the vibration of C–O and O–H from the
decomposition of starch. For E8S4PA4, a new peak at 1000 cm�1,
which was attributed to C–O–P, was observed at 419 �C. Further-
more, the peak at 3050 cm�1 was much lower than those of neat



Fig. 11. (a) Light transmission and (b) specific optical density (Ds) curves for FRS–EPS and neat EPS with a pilot flame at 25 kW�m�2.

Fig. 12. FT-IR spectra of the decomposition products of (a) neat EPS, (b) E8S4, and (c) E8S4PA4 at characteristic thermal degradation temperatures.
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EPS and E8S4, and the absorption peak at 1625 cm�1 still existed at
700 �C, which was due to the FRS slowing down the decomposition
of EPS. Therefore, it can be concluded that FRS not only slows down
the decomposition of EPS, but also generates noncombustible
phosphorous compounds to dilute the oxygen and combustible
volatile gases in the combustion area, thus playing an important
role in gas-phase flame retardation.

Fig. S3 in Appendix A and Fig. 13 show the digital photos and
SEM images of the residual char after CC tests. As shown in
Fig. S3, almost no residual char was left by neat EPS and E8S4, while
obvious intumescent carbon layers were observed for E8S4PA4 and
E8S4PA8. Also, a dense and continuous char residue was displayed
by FRS–EPS (Fig. 13). With increasing PA content in the coating, the
microstructures of the char residue became more compact. Few
defects were found for the intumescent carbon layers of E8S4PA4,
indicating the best protection effect. It was speculated that PA pro-
moted the formation of phosphorus-rich compact char layers,
resulting in a better flame retardancy for EPS. To verify this hypoth-
esis, EDX spectrometry, FT-IR, and XPS were conducted to study the
elemental composition and chemical structure of the residue after
CC tests. As shown in Appendix A Figs. S4 and S5, the absorption
peaks around 1000 cm�1, which were assigned to C–O–P, existed
in all the residues of FRS–EPS in the FT-IR spectra, and P 2s and P
2p peaks were observed in the XPS spectra.

Raman tests were further conducted to characterize the degree
of graphitization of the char residue after combustion. As shown in
Fig. 14, the peak at 1368 cm�1, called the D band, is associated with
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amorphous disordered carbon, while the peak at 1590 cm�1,
assigned to the G band, is related to the graphitized char layer with
sp2 hybridized carbon [46–48]. The degree of graphitization of the
residual char is demonstrated by the D and G band intensity ratio
(ID/IG). A lower ID/IG denotes a greater degree of graphitization,
resulting in more stable char structures and better flame retar-
dancy. As shown in Fig. 14, the ID/IG of FRS–EPS decreased gradu-
ally with increasing PA content. Thus, PA acts as a catalyst to
promote the graphitization of the char, resulting in the formation
of a more stable phosphorus-rich hybrid char that endows EPS
with better flame retardancy.

Overall, the flame-retardant and smoke-suppressant mecha-
nism of FRS–EPS can be speculated, as shown in Fig. 15. When
FRS–EPS is burnt, the starch in the coating quickly dehydrates
under PA catalysis to form a carbon skeleton. Then the non-
flammable gases (e.g., CO2, H2O, and P-containing compounds)
generated during the decomposition of FRS blow up the carbon
scaffold to form an intumescent, compact, and stable
phosphorus-rich hybrid char layer. This hybrid char layer acts as
a protective barrier to suppress the emission of combustible gases
and smoke, and inhibit the transportation of heat, oxygen, and
other thermal degradation products to the surface. Furthermore,
the non-flammable gases dilute the oxygen concentration and pre-
vent combustible volatile gases from entering the combustion area.
Under the condensed and gaseous phase action of FRS, FRS–EPS
exhibits an outstanding flame-retardant, fire-resistant, and
smoke-suppressant performance.



Fig. 13. SEM images of char residues from FRS–EPS after CC tests.

Fig. 14. Raman spectra for the char residues after the CC tests of (a) E8S4PA1, (b) E8S4PA4, and (c) E8S4PA8, respectively.

Fig. 15. Flame-retardant and smoke-suppressant mechanism model diagram of FRS–EPS.
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4. Conclusions

In summary, a novel green porous FRS coating obtained from
starch modified with PA was designed and decorated onto EPS
beads, resulting in highly efficient thermal insulating, flame-
retardant, and smoke-suppressant foams. Benefiting from the por-
ous structure of FRS, the resultant foam exhibited a decreased ther-
mal conductivity of 27.0 mW�(m�K)�1. The FRS also greatly
improved the compressive strength while reducing the flammabil-
ity and smoke emission of the EPS. In particular, the FRS–EPS was
able to retain its original shape without ignition after being burnt
with an alcohol lamp for 30 min; it also effectively restricted heat
transfer, exhibiting excellent high-temperature thermal insulation.
TG-IR, SEM, and Raman results confirmed that a compact and
stable phosphorus-rich hybrid barrier and phosphorus-containing
compounds in the gas phase contributed to the excellent flame
retardancy and smoke suppression. This work provides a new
green approach to solve the contradiction between fire safety
159
and thermal insulation for EPS foam. The obtained foams exhibit
the combined advantages of high fire resistance, smoke suppres-
sion, and low thermal conductivity, thereby demonstrating great
potential for building insulation.
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