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Abstract Recently, oxidized regenerated celluloses
has exhibited superior performance as a carbonization
agent for polymers. However, it is a major challenge to
fabricate fire safety and intumescent flame-retardant
polymer composites with high-efficiency, and
“heterogeneous char-forming agent (HCA)” is worth
pursuing. Herein, regenerated cellulose (RC) was
oxidized by H,O, to achieve oxidized RC (ORC) with
high carboxyl content. Interestingly, ORC, the poten-
tial HCA, achieved higher catalytic charring effect and
lower content of the toxic gas release compared with
the presented carbonization agent. 5 wt% ORC and
3.75 wt% microencapsulated ammonium polyphos-
phate (MFAPP) as intumescent flame retardants (IFR)
were utilized to fabricate IFR epoxy resin (EP) (noted
as EP/MFAPP/ORC). Amazingly, a super expansion
ratio (41.5-fold) intumescent char layer was formed in
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EP/MFAPP/ORC27 (ORC with 27% carboxyl con-
tent) after the cone calorimetry test. Moreover, the
peak heat release rate, total heat release and total
smoke production of EP/MFAPP/ORC27 largely
decreased by 55.6%, 61.8% and 62.2%, respectively.
Furthermore, the residual char yield (41.8%) signifi-
cantly enhanced by 9.7-fold, compared with those of
EP. Meanwhile, it achieved 30.3% limiting oxygen
index and V-0 burning test, and the flame retardant
index (FRI) showed “good” flame-retardant perfor-
mances. The concept of HCA and flame-retardant
mechanism were elaborated by analyzing the evolu-
tion process of IFR-EP. These results demonstrate that
ORC?27, acts as HCA, is a novel and efficient strategy
for fabricating fire safety EP with excellent flame-
retardant efficiency.
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Introduction

Compared to metal and ceramics, polymers possess
many merits in light weight, ductility, low cost, and
chemical resistance, which make them suitable for
wide use in various fields, such as buildings, electric
devices, medicines, energy transfer and storage mate-
rials (Feng et al. 2018; Qi et al. 2017; Zhang et al.
2015a). Unfortunately, most carbon-based polymers
have a high risk of fire which restricts their practical
applications. Therefore, the development of a cost-
effective and facile method to enhance the fire safety
and flame retardancy of the polymers has drawn
widespread effort (Wang et al. 2017a). In order to
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minimize the fire risk and meet the fire safety
requirements, many strategies (physical or chemistry)
have been developed to prevent the ignition of the
polymers and reduce the heat release and toxic smoke
release during their combustion (Costes et al. 2017).
Among them, the flame-retardant additives exhibit a
combination of unique properties, such as increased
heat distortion temperature, reduced permeability,
improved mechanical properties and endow polymers
with multifunctional properties (Bourbigot and
Duquesne 2007; Bourbigot et al. 2004). Currently,
the traditional flame retardants are metal hydroxides
(Song et al. 2008), phosphorus/nitrogen/silicon-con-
taining compounds (Laoutid et al. 2009) and nano
dispersed particles [e.g., montmorillonite, clay (Liu
et al. 2015) and carbon nanotubes (Ji et al. 2018)].
The intumescent flame retardants (IFR) have drawn
much attention due to their unmatched low-smoke,
low-toxicity, and high-efficiency properties (Tan et al.
2015; Wang et al. 2011, 2012). Generally, IFR
systems usually consist of three fundamental
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components, an acid source (e.g., ammonium
polyphosphate (APP)), a char forming or carboniza-
tion agent (CA) (e.g., pentaerythritol (PER)), and a
blowing agent (e.g., melamine (MEL)) (Liu et al.
2011). To date, multiple efforts have been devoted to
improve the flame retardant efficiency of IFR, such as
new molecules as acid sources (Alongi et al. 2015),
new synergistic components (Su et al. 2012), non-
polysaccharidic materials (Manfredi et al.2018) and
nano-sized components (Alongi et al. 2019; Shen et al.
2013; Xing et al. 2014). Correspondingly, a commonly
accepted mechanism of IFR had been proposed. The
process of IFR forms char layer by the carbonization
from decomposing of carbonization agent, firstly.
Then, the foamed cellular charred layer is obtained as
the temperature increases, which induces the degra-
dation of the blowing agent and protects the underly-
ing polymer matrix from the heat flux and the flame
(Shao et al. 2014a). To achieve highly-efficient and
intumescent flame-resistant polymers, charring agent
is the key factor to form a compact and homogeneous
expanded char layer during the combustion (Tan et al.
2015; Xu et al. 2013). At present, carbonization agents
are mainly hydroxyl-containing compounds, such as
starch and polyols (Zhao et al. 2016). When the
additives (i.e., APP and carbonization agent) are
incorporated to the polymer matrix, a stable char layer
with a low thermal conductivity can be generated.
Then this intumescent charred layer can reduce the
heat transfer from the heat source to the polymers and
induce the thermal degradation rate and *‘fuel flow”’
of the polymers to decrease (Bourbigot and Duquesne
2007; Camino et al. 1984, 1985; Vandersall 1971).
However, for most IFR, the char layer formed during
combustion is easy to break due to the low char
strength and complex burning condition, thus limiting
the generation of a compact and high intumescent
structure (just presented at Fig. 1) (Jung and Bhat-
tacharyya 2018; Li et al. 2019; Pappalardo et al. 2016;
Tan et al. 2016a; Wang et al. 2017b). The flame
retardancy performances will be decreased and the
formed fragile char layer cannot prevent the heat and
mass transfer between the gas and condensed phases.
Additionally, the mechanism of the expansion process
in IFR has not been well addressed. It remains a
challenge to fabricate a high-efficiency carbonization
agent and develop cost-effective, high-performance,
and IFR systems.

Epoxy resin (EP) is one of the typical thermoset
polymers in the manufacturing industry, such as
casting materials, adhesives, coating, and electronic
circuit boards due to its excellent mechanical perfor-
mance, good adhesive properties, stable chemical
resistance, and superb electrical properties (Gu et al.
2016; Jin et al. 2015). Nevertheless, the drawbacks
during the combustion of EP (e.g., high flammability,
large smoke generation, and toxic gases) severely
restrict its further potential applications in composites
(Zhang et al. 2015b; Zhou et al. 2019). Therefore,
many efforts have been made to improve the flame
retardant performance of EP, such as the functional-
ized nano-particles, (Kalali et al. 2015; Yang et al.
2020) the selection of blowing agent (Zhang et al.
2016, 2018) and curing agent (Ke et al. 2010; Li et al.
2019) etc. But the in-depth investigations of IFR have
never been reported, to our knowledge.

In our previous research, we had developed a facile
and green approach to fabricate oxidized starch
(Zhang et al. 2009, 2015b) and oxidized regenerated
cellulose (ORC) with controlled carboxyl content
(ranged from 13 to 35%) via H,O, (Wen et al. 2019).
Meanwhile, the oxidized wood flour were acted as the
new functional filler for poly(lactic acid) composites
to further improve their flame retardancy (Yang et al.
2019; Zhang et al. 2019). Simultaneously, our low-
cost green oxidation system can selectively oxidize
the cellulose in the C-6 hydroxyl group with high
carboxyl content, and the most noticeable point to
highlight is that ORC exhibits high residual char and
low combustible gas release during the thermal
decomposition. Meanwhile, oxidized starch and
ORC with 15.6% carboxyl content are proved to be
a highly-efficient carbonization agent for EP (Peng
et al. 2017; Zhang et al. 2015b). Interestingly, ORC
tends to exhibit a higher catalytic charring effect,
while lower content of the toxic gas release compared
with the traditional CA. Notably, ORC can be
considered as an impurity in the EP matrix and the
carboxyl group in ORC may promote the cleavage of
the ester bond in the EP molecular chain. Therefore,
inspired by the heterogeneous nucleation during
crystallization, ORC is hoped to act as a heteroge-
neous catalysis in the formation of the char layer.
Accordingly, we first proposed the concept of
“heterogeneous char-forming agent (HCA)”. Conse-
quently, in this work, we develop the green ORC with
high carboxyl content (5 wt%) and microencapsulated
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Fig. 1 Digital photos after
CCT test of different IFR
systems a ET/OSEP
(Pappalardo et al. 2016),

b APP/PER/Uracil (Jung
and Bhattacharyya 2018),
¢ PAz-APP (Tan et al.
2016a), d FR wool L-PA
(Wang et al. 2017b), and

e APP/CaG (Li et al. 2019)

ammonium polyphosphate (MFAPP) (lower than 3.75
wt%) to fabricate IFR-EP, fantastic, a stable, compact,
and intumescent char layer with a super expansion
ratio can be achieved during the cone calorimeter test
(CCT), successfully. Moreover, the IFR-EP also
achieve high flame retardancy (V-0 with LOI of
30.3%) with the significant decrease in total heat
release (THR) and total smoke production (TSP),
simultaneously. The mechanism of ORC influences on
the formation process of IFR char layer is also
investigated and proposed to perfect the IFR theory.
Additionally, the intumescent char structure under
different carbonization temperatures (e.g., 280, 340,
420, and 550 °C) and flame-retardant mechanism of
EP/MFAPP/ORC are investigated.

Experimental section
Materials

Regenerated cellulose (RC) yarn was provided by
Ningbo Xuyi Textile Co., Ltd. Epoxy resin (EP, CYD-
128) was purchased from China Petrochemical Cor-
poration (Yueyang, China). Polyether amine curing
agent (D230, Baxxodur®EC301) was purchased from
BASF SE; Ammonium polyphosphate (APP) was
supplied by Sichuan Haiwang flame retardant mate-
rials Co. (Dujiangyan, China). All other chemicals and
solvents were of analytical grades (99.5%) and used as
received.
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Fabrication of ORC with different carboxyl
content

50.0 g Oxidized regenerated cotton cellulose (ORC)
was prepared by the oxidation of pretreated recyclable
cellulose (PRC), with hydrogen peroxide as the
oxidant and CuSO, as the catalyzer (Wen et al.
2019). Different proportions of hydrogen peroxide
(the molar ratios of H,O, and RC ranged from 1.0 to
3.0) was added to 150 ml deionized water, then the pH
was adjusted to 6.1 with sodium hydroxide. Next, PRC
and 50 mg CuSOy4 (0.1% wt. based on ORC) were
added to the mixture. The mixture was kept at
35 £ 0.1 °C for 48 h. When the reaction was com-
pleted, the oxidized fibers were filtered off, and then
washed with deionized water and dried in the vacuum
oven at 40 °C and 80 °C for 24 h, respectively.
Finally, the product was obtained after pulverization
and ORC with 13%, 27% and 35% carboxyl content
were named as ORC13, ORC27 and ORC35,
respectively.

Preparation of MFAPP

MFAPP was prepared in our lab according to the
method of Yang et al. (Yang et al. 2014). Briefly, 63 g
melamine, 110 ml formaldehyde solution (37%), and
250 ml distilled water were placed into a triple-necked
flask, which was equipped with a condenser and a
stirrer. The mixture was adjusted to pH 8-9 by adding
25% ammonia in water, and then the temperature was
heated to 85 °C and maintained for about 15 min.
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Next, the solution was transferred to another triple-
necked flask containing 100 g APP-II and 100 ml
distilled water. The temperature in this system was
maintained at 85 °C for 2.5 h. Then the mixture was
filtered, washed with distilled water, and dried at
100 °C. Finally, the MFAPP-II powder was obtained.
The phosphorus (P,Os) contents of MFAPP-II and
APP-II were determined using a weighing method.
The phosphorus content in APP-II and MFAPP-II was
70.36% and 29.63%, respectively. Therefore, the
APP-II content in MFAPP-II was about 42.11%.

Preparation of IFR-EP

To evaluate the flame-retardant efficiency of ORC in
polymers, MFAPP and ORC with different carboxyl
contents are incorporated into the EP matrix to
fabricate IFR-EP. A typical case (epoxy-based com-
posites (EP/MFAPP/ORC) containing 5 wt% ORC
and 3.75 wt% MFAPP) was prepared according to the
following procedures. 22.72 g curing agents (D230)
and 68.53 g epoxy resin (EP) were added into a plastic
beaker and mixed for 10 min. The mixture was placed
in a vacuum chamber at 40 °C for 40 min. Then, 5.0 g
ORC and 3.75 g MFAPP were mixed with the pre-
mixture for 3 min. Subsequently, the mixture was
mixed under mechanical stirring with a speed of
2000 rpm for 7 min until a homogeneous mixture was
formed. Then, the mixture was poured into molds.
Finally, the EP/MFAPP/ORC was cured at 60 °C for
2 h and at 85 °C for 1.5 h, respectively. After curing,
the composites were permitted to cool to room
temperature. PER, a traditional char forming agent
in the IFR system, is utilized to prepare EP/MFAPP/
PER as the control sample. The EP/MFAPP/PER and
EP/MFAPP/RC were prepared by the analogous
procedure. ORC with 13%, 27% and 35% carboxyl
content as carbonization agent in EP/MFAPP/ORC
was named as EP/MFAPP/ORC13, EP/MFAPP/
ORC27 and EP/MFAPP/ORC35, respectively.

Kinetic analysis

The Friedman method is the most direct way to get the
activation energy based on equal conversion thermal
analysis. The equal conversion integral method is also
called the Flynn—Wall-Ozawa method (FWO method)
(Ozawa 1965; Flynn and Wall 1966).

The Flynn—Wall-Ozawa method was used to
further elucidate the thermal degradation behaviors
of EP/MFAPP/PER and EP/MFAPP/ORC27.

AE E
logF (o) = log? —logf —2.315 — 0'4567ﬁ (1)

where A was the pre-exponential factor, E was the
activation energy, R was the gas constant, § was the
heating rate, T was the absolute temperature and F(c)
was the function of degree of conversion (weight loss).

This method could be used to determine the
activation energy from TGA results, which was only
relevant to the temperatures at a constant degree of
conversion from several integral thermograms at
different heating rates. The activation energy for
different conversion values was calculated from the
logf versus 1/T plot. The TGA curves of EP/MFAPP/
PER and EP/MFAPP/ORC?27 at different heating rates
under nitrogen were illustrated in Fig. S1. Activation
energies at 5, 10, 20, 30, 40, 50 and 60% conversion
were calculated, respectively. Fig. S2 showed the
best-fit lines of the logf versus 1/T plots which were
nearly parallel, with correlation coefficients above
0.99.

Measurements

Limit oxygen index (LOI) tests were conducted on a
JF-3 oxygen index instrument (Jiangning Analysis
Instrument Factory, China), according to GB/T2406-
93 standard. The dimensions of all samples were
120 x 6.5 x 3.0 mm?>. Vertical burning ratings (UL-
94) of all samples were measured on a CZF-2
instrument (Jiangning Analysis Instrument Factory,
China) with sample dimensions of 130 x 12.5 x 3
mm®. The burning time was recorded from the UL-94
tests based on average burning time of five specimens.
CCT is an effective method to assess the flammability
behavior of materials. Heat release rate (HRR), peak
heat release rate (pHRR), total heat release (THR), and
total smoke production (TSP) achieved from CCT are
the key parameters for fire hazard evaluation of
materials. The combustion properties of EP compos-
ites were carried out on a cone calorimeter based on
ASTM E1354/ISO5660. Every specimen with the
sizes of 100 x 100 x 1.5 mm® (the origin volume
noted as V, and the value was 15 cm®) wrapped in an
aluminum foil was exposed horizontally to a heat flux
of 35 kW/m?>. Notably, the standard samples with

@ Springer
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3.0 mm thickness are not suitable for this test due to
the high expansion ratios of the samples. To calculate
the expansion ratio of IFR-EP, we simulated a round
table model to calculate the volume V, just presented
at Scheme 1. After the cone calorimeter test, a ruler
was used to measure the bottom radius (R), top radius
(r) and height (H) of the expanded carbon. V; and
expansion ratio (Er) were calculated according to the
following equations:

Vi =1/3nh(R"2+7r"2+R-r) (2)
Vi

Er=——1 3

=y ()

Fourier transform infrared (FTIR) spectra were
recorded by a Nicolet FTIR 170SX spectrometer
(Nicolet, America) using the KBr disk, and the wave
number range was set from 4000 to 500 cm™'.
Thermogravimetric analysis-infrared spectrometry
(TGA-IR) was performed using the TGA Q5000 IR
thermogravimetric analyzer that was linked to the
Nicolet 6700 FTIR spectrophotometer. About 5.0 mg
of the sample was placed in an alumina crucible and
heated from 40 to 800 °C. The heating rate was 10 °C/
min (nitrogen atmosphere, flow rate of 50 mL/min).
Thermogravimetric ~ analysis/mass  spectrometry
(TGA-MS) measurements were carried out using a
409 PC thermal analyzer (Netzsch, Germany) coupled
with a QMS403C instrument (Netzsch, Germany).
About 10 mg of each sample was heated from 40 to
800 °C at a heating rate of 10 °C/min under N,
atmosphere. Mass scanning was carried out over the
range m/v 2-100. The morphology of the samples was
obtained by a Quanta 200 scanning electron micro-
scope (SEM) with accelerated voltage of 15 kV and
18 kV. The samples were sputtered with gold using

Before CCT

1.5 mm

Scheme 1. The calculation of the expansion ratio (Er) of IFR-EP
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the ion sputter coater. X-ray photoelectron spec-
troscopy (XPS) spectra of the samples were recorded
by a VG Escalab mark II spectrometer (VG Scientific
Ltd., UK), using Al KR excitation radiation
(1253.6 eV), respectively. The assigned spectra peaks
were ascertained through the NIST X-ray Photoelec-
tron Spectroscopy Database (https://srdata.nist.gov/
xps/selEnergyType.aspx).

Results and discussions
Flame retardancy

The LOI and UL-94 tests are utilized to evaluate the
flame-retardant performances of EP and IFR-EP
samples, and the related data are listed in Table 1.
The results demonstrate that EP/MFAPP/ORC can
achieve high flame retardancy, while EP and EP/
MFAPP/RC are highly flammable, indicating that the
introduction of RC cannot effectively improve the
flame retardancy of EP. With the increase of MFAPP
content, both the UL-94 rating and LOI value of IFR-
EP rise. For example, the LOI of EP/MFAPP/ORC27
(91.25/2.5/6.25 wt%) is 27.5%, while the LOI of EP/
MFAPP/ORC27 (88.75/5/6.25 wt%) increases to
31.2% with UL 94 V-0 when the content of MFAPP
is 5 wt%. As the MFAPP content increases, EP/
MFAPP/ORC27 (88.75/6.25/6.25 wt%) obtains V-0
level with 32.9% LOI. It can be seen that with the
increase of MFAPP content, the flame-retardant
performances of IFR-EP are improved, significantly.

According to Table 1, IFR-EP samples exhibit
excellent flame retardancy with the minimum amount
(3.75%/5%, MFAPP/ORC) of intumescent flame
retardancy additives. In this combination, EP/

Intumescent char

-
——

Simulation
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Table 1 LOI and vertical test of IFR-EP and pure epoxy resin

Samples LOI UL-%4
EP 22.5 No rating
EP/MFAPP/PER (87.5/6.25/6.25 wt%) 31.7 V-0
EP/MFAPP/RC (87.5/6.25/6.25 wt%) 249 No rating

EP/MFAPP/ ORC13 (87.5/6.25/6.25 wt%) 25.8 V-0
EP/MFAPP/ ORC27 (87.5/6.25/6.25 wt%) 32.9 V-0
EP/MFAPP/ ORC35 (87.5/6.25/6.25 wt%) 33.3 V-0
EP/MFAPP/PER (88.75/5/6.25 wt%) 288 V-1
EP/MFAPP/RC (88.75/5/6.25 wt%) 24.1 No rating
EP/MFAPP/ORC13 (88.75/5/6.25 wt%) 258 V-0
EP/MFAPP/ORC27 (88.75/5/6.25 wt%) 312 V-0
EP/MFAPP/ORC35 (88.75/5/6.25 wt%) 307 V-0
EP/MFAPP/PER (91.25/3.75/5 wt%) 29.0 V-1
EP/MFAPP/RC (91.25/3.75/5 wt%) 23.6 No rating
EP/MFAPP/ORC13(91.25/3.75/5 wt%) 29.0 V-1
EP/MFAPP/ORC27 (91.25/3.75/5 wt%) 303 V-0
EP/MFAPP/ORC35 (91.25/3.75/5 wt%) 293 V-0
EP/MFAPP/PER (91.25/2.5/6.25 wt%) 21.5 No rating
EP/MFAPP/RC (91.25/2.5/6.25 wt%) 21.2  No rating
EP/MFAPP/ORC13 (91.25/2.5/6.25 wt%)  21.4 No rating
EP/MFAPP/ORC27 (91.25/2.5/6.25 wt%)  27.5 No rating
EP/MFAPP/ORC35 (91.25/2.5/6.25 wt%)  24.5 No rating

MFAPP/PER does not achieve the UL-94 V-0 rating
in the vertical combustion test when it used as the
control. Whereas in fact, with the increased carboxyl
contents of ORC, the LOI values of EP/MFAPP/ORC
increase. The LOI values of EP/MFAPP/ORC27 and
EP/MFAPP/ORC35 are 30.3% and 29.3%, which are
higher than that of EP/MFAPP/PER and EP/MFAPP/
RC. It has previously been observed that a polysac-
charide with carboxyl groups, tends to endow a higher
catalytic charring effect than a traditional char forming
agent for IFR-EP (Peng et al. 2017; Zhang et al.
2015b). Further analysis shows that ORC is signifi-
cantly more effective to improve the LOI value of EP
than PER.

In order to analyze the combustion behaviors in
CCT, the HRR, pHHR, and TSP curves of neat EP and
IFR-EP are shown in Fig. 2, and the corresponding
data are listed in Table 2. It can be observed that EP
burns rapidly, and its PHRR and THR are 1247.3 kW/
m? and 49.8 MJ/m?, respectively. The PHRR value of
EP/MFAPP/PER slightly decreases to 1022.2 kW/m?

after the introduction of MFAPP/PER, while signifi-
cantly decreases to 553.5 kW/m? as the introduction
of ORC27. It is interesting that EP/MFAPP/ORC27
achieves the lowest THR (19.4 MJ/mz) and TSP (10.1
m?/kg) of all samples. Moreover, the char yield of EP/
MFAPP/ORC is much higher than that of EP/MFAPP/
PER and EP/MFAPP/RC, proved the enhanced char
formation of IFR-EP samples due to the introduction
of ORC.

The Flame Retardancy Index (FRI) was used to
further elucidate the flame retardancy performance of
EP-IFR. Among them, flame retardancy are defined as
“poor” (FRI < 0), “good” (0 < FRI < 10) and “ex-
cellent” (10 < FRI < 100) (Vahabi et al. 2019),
respectively. According to the method, the EP/
MFAPP/ ORC27 exhibits the best flame retardancy
with the largest FRI value, as shown in Fig. 2D.

Digital photographs of the char residues for all
samples after CCT are presented in Fig. 3. It is
observed that both EP/MFAPP/PER and EP/MFAPP/
RC gain small amount of char residue after combus-
tion. It is interesting that an intumescent char layer
with a thick and compact char layer is formed after the
combustion of the EP/MFAPP/ORC, with a marked
increase in the expansion ratio. The super expansion
char layer of EP/MFAPP/ORC27 (about 41.5-fold)
can protect EP to prevent the transmission of heat and
oxygen, inhibit the volatilization of the combustible
gases feeding back to the burning zone, thus reduce the
flammability of EP (Nie et al. 2009; Tan et al.
2015, 20164, 2016b). The variations in the morphol-
ogy of char residue are in accordance with the results
of PHRR, THR and TSP.

Consequently, based on the results of flame retar-
dancy for IFR-EP, it can be concluded that (1) ORC is
much more effective than PER or RC in improving the
fire resistance of IFR-EP; (2) EP/MFAPP/ORC can
not only improve the quantity but also the quality of
the char residue during combustion.

Thermal properties

The thermal stability of RC and ORC with different
carboxyl contents were evaluated by TGA in nitrogen
atmosphere and presented in Fig. S3, the precise Tsq,
and T, of all samples are listed in Table SI.
Interestingly, compared with that of RC, the char
residue of ORC35 at 600 °C increases from 15.5 to
27.2 wt%, significantly. The reason can be attributed

@ Springer
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Fig.2 The curves of EP and
IFR-EPs obtained from cone
calorimeter test: A HRR,

B THR, C TSP, (a) EP,

(b) EP/MFAPP/PER, (c) EP/
MFAPP/RC, (d) EP/
MFAPP/ORC13, (e) EP/
MFAPP/ORC27 and (f) EP/
MFAPP/ORC35. D The
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Table 2 Cone calorimeter parameters of IFR-EP and pure epoxy resin

Samples TTI (s) pHRR (kW/mz) THR (MJ/mz) TSP (m2/1(g) Char yield (%) Expansion ratio
EP(a) 49 1247.3 49.8 26.7 39 -
EP/MFAPP/PER(b) 29 1022.2 40.4 219 13.2 -
EP/MFAPP/RC(c) 31 1122.9 43.1 26.1 11 -
EP/MFAPP/ORC13(d) 31 597.9 21.3 11.1 35.2 224
EP/MFAPP/ORC27(e) 37 553.5 194 10.1 41.8 41.5
EP/MFAPP/ORC35(f) 34 772.0 25.8 11.2 27.9 17.6

(1) Time to ignition (TTIL s): under the same irradiation power and sample thickness, the longer TTI means it is harder to ignite the
material. For flame-retarding polymers, they often decompose in advance due to the addition of flame retardant, thereby shortening
the TTI. Therefore, the shorter TTI does not mean that the flame retardancy of materials becomes worse

(2) Heat release rate (HRR, KW/mz): it is defined as the heat release per unit time and unit surface area during the cone calorimetry
test. Particularly, the peak value of HRR (PHRR) or its maximum (HRRmax) is used to evaluate the fire performance of materials

(3) Total heat release (THR, kJ/m?): the total calorific value released per unit area after the combustion process for materials, which

can be calculated according to the integration of the HRR vs. time

to the presence of terminal carboxyl groups which will
play a key role in catalyzing the dehydration of
glucose units. Furthermore, we also investigate the
thermal degradation behaviors of MFAPP/PER,
MFAPP/RC, MFAPP/ORC13, MFAPP/ORC27 and
MFAPP/ORC35 in both nitrogen and air atmospheres
by TGA. The TGA and DTG curves of samples are
shown in Fig. S4, and the corresponding data are
summarized in Table S2. Compared with that of
MFAPP/PER, both MFAPP/ORC27 and MFAPP/

@ Springer

ORC35 display higher thermal stability and char
residue, correspondingly. Consequently, ORC can
serve as a high efficiency char-forming agent for
IFR-EP.

Furthermore, the thermal stability of EP/MFAPP/
ORC was evaluated to reveal the reasons for the high
flame retardancy in EP/MFAPP/ORC. Figure 4a, b
shows the TGA curves of specimens evaluated under
nitrogen, and the detailed data, including Ts4 and
Tmax are listed in Table S3. Undoubtedly, the
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Fig. 3 Digital photographs of burning residues from Cone calorimeter test: a EP/MFAPP/PER, b EP/MFAPP/RC, ¢, d EP/MFAPP/
ORC13, e, f EF/MFAPP/ORC27, g, h EP/MFAPP/ORC35

Fig.4 a, b TG curves at a
heating rate of 10 °C-min—
under N, atmospheres.

¢ Activation energy of EP/
MFAPP/PER and EP/
MFAPP/ORC27 as a
function of conversion

incorporation of IRFs reduces the thermal stability of

EP (Jian et al. 2019).

The activation energy reflects the difficulty of the
material decomposition and char formation. Herein, to
elucidate the variations in activation energy (E) of EP/

1

Weight (Wt%)

100 4

80 -

60 4

40 -

20 1

=

— EP

1—— EP/MFAPP/ORC35

— - - - - r ........... -
: 100

_ : ()

- :

. 1 ~ 80

i : S

i [} =

1 . 2z 60

5 I St

1 \ =

: . 20 401
—— EP/MFAPP/PER 1 5]
—— EP/MFAPP/RC \ 2 20
—— EP/MFAPP/DRCI3

(b)

— EP
— EP/MFAPP/PER
— EP/MFAPP/RC
— EP/MFAPP/ORCI3

—— EP/MFAPP/ORC27™ "= "7 "= "= 0 —— EPMFAPP/IORC27
....... 1—— Ep/mMFAPP/ORC3S
200 400 600 300 400
Temperature(°C) Temperature(°C)
280
—— EP/MFAPP/PER ()
240 EP/MFAPP/ORC27
:\
S 2004
£
- ]
% 160
]
= 120
80 1
0 10 20 30 40 50 60
Conversion(%)

MFAPP/PER and EP/MFAPP/ORC27 influence on

the structure of intumescent char layer, the E data as a

function of conversion are displayed in Fig. 4c and
Table S4. It can be seen that the apparent activation
energy of EP’/MFAPP/ORC?27 is much higher than that
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of EP/MFAPP/PER. Hence, there are much higher
energy barriers to overcome for EP/MFAPP/ORC27
than that of EP/MFAPP/PER, meaning the decompo-
sition of EP/MFAPP/ORC27 becomes more difficult,
and a more stable residue is generated. As determined
from the corresponding TGA curves, EP/MFAPP/
ORC?27 exhibits an increased initial decomposition
temperature, a decreased maximum decomposition
rate, while an enhanced char residue. The phe-
nomenon maybe an important factor to promote EP/
MFAPP/ORC27 to achieve high expansion char
layers. To reveal the mechanism of char formation
of the ORCs in EP, the dynamic analysis for both gas
phase and char layer structure of EP/MFAPP/ORC had
been adopted.

Gas phase analysis
Generally, the blowing gases (originated from gas

sources), such as the release amount and rate, act as a
key function to form a porous char layer on the surface
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Herein, to explore the flame retardant and thermal
degradation mechanisms of EP/MFAPP/ORC, TGA-
IR and TGA-MS were used to identify the volatilized
products generated from neat EP and IFR-EP during
the thermal degradation. The 3D TGA-IR spectra of
the gas phase of the thermal degradation are adopted in
the study. Peaks located (Fig. 5) in the regions of
3600-4000 cm ™', 2750-3150 cm ™',
2250-2400 cm ™', 14001650 cm ™",
1100-1300 cm ™', and 600-800 cm ™" are attributed
to water, carbon dioxide and compounds containing
the aromatic ring, respectively. The addition of IFR
does not vary the decomposition products, while
changes the gas release amounts. Compared with that
of EP/MFAPP/PER, the gas release amounts of EP/
MFAPP/ORC decrease. Moreover, for EP/MFAPP/
ORC, the gas release amounts decrease as the carboxyl
contents of ORC increase. For IFR, the high gas
release amounts also evoke the char layers to break,
while the low one will cause the lower expansion rate
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Fig. 5. 3D surface graph for the FTIR spectra of the evolved gases products
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of char layers. Based on the flame retardant of EP/
MFAPP/ORC, we can deduce that EP/MFAPP/
ORC27 owns an optimal gas release amount, which
endows it to achieve high flame-retardant
performances.

In order to better understand the detailed thermal
degradation process of neat EP and IFR-EP, the
released gases under different temperatures (250, 280,
340, 420 and 550 °C) are also investigated. As shown
in Fig. 6, the corresponding characteristic peaks are
shown in Table S5, the peaks at 1602, 1510, and
746 cm™' are corresponding to volatile aromatic
compounds. These peaks reflect the chain scission of
phenol or bisphenol A and its derivatives or polyester
fragments. For EP/MFAPP/PER, a peak near
1750 cm ™" is observed as the temperature increases
to 250 °C, which may be ascribed to the sublimation
of PER from EP matrix. For EP or EP/MFAPP/ORC,
no pyrolysis gases can be detected when the temper-
ature is lower than 280 °C, however. When the
temperature increases from 280 to 550 °C, both EP/
MFAPP/ORC13 and EP/MFAPP/ORC27 exhibit a
significant high pyrolysis release rate at 340 °C and
decrease at 420 °C, then keep a stability of pyrolysis

(a) (b)

release at 550 °C. However, EP/MFAPP/PER, EP/
MFAPP/RC and EP/MFAPP/ORC35 show a different
trend of pyrolysis release rate: all of them display
continuous high pyrolysis release rate from 340 to
420 °C, then decrease at 550 °C. As shown in Table 3,
the volatile products (e.g., hydrocarbons, CO,, and
aromatic compounds) for EP/MFAPP/ORC27 are in
lower content than those of EP/MFAPP/PER. The
reason is attributed to the fact that more aromatic
compounds in EP/MFAPP/ORC27 are favored to
converting to solid carbon than those of EP/MFAPP/
PER. This merit will promote more carbon to partic-
ipate in the formation of the char layer when EP/
MFAPP/ORC is ignited.

To analyze how ORC influences the pyrolysis
products of EP, TGA-MS is utilized to investigate the
degradation and pyrolysis mechanism of EP/MFAPP/
ORC. Several intensive signals are detected at
m/z = 18, 44, 47, 63, and 94. The H,O molecule is
associated with a signal at m/z = 18, while the
m/z = 44 and 94 are attributed to CO, and phenol,
respectively. Meanwhile, fragments with m/z = 47
and 63 are ascribed to OP™ and O,P™" (Ding et al.
2017). TGA-MS of EP and IFR-EP are presented at
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Fig. 6 The FTIR spectra of the gas phase in the thermal degradation of a EP, b EP/MFAPP/PER, ¢ EP/MFAPP/RC, d EP/MFAPP/
ORC13, e EP/MFAPP/ORC27, and f EP/MFAPP/ORC35 at different temperatures
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Table 3 The content of

1o g for EP Samples Hydrocarbons (%.) CO, (%) Aromatic compounds (%)
pyrolysis products for
compoundﬁat maximum EP 18.89 0.73 4.16
decomposition rate EP/MFAPP/PER 27.48 0.73 291
EP/MFAPP/RC 30.65 0.82 2.57
EP/MFAPP/ORCI13 21.66 0.70 3.01
EP/MFAPP/ORC27 26.74 0.39 2.08
EP/MFAPP/ORC35 32.05 0.58 2.80
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Fig. 7 The ion current of the major gaseous species released from EP and IFR-EP thermal pyrolysis in nitrogen atmosphere

Table 4 TGA-MS

; - ’ Samples H,O (E-10) CO, (E-10) OP"e(E-10) O,P" (E-10) Phenol (E-10)

integrated intensity of

different ion current curves EP 1.25 5.82 0 0 1.58
EP/MFAPP/PER 3.76 12.6 1.06 2.14 1.79
EP/MFAPP/RC 1.38 9.01 1.05 2.26 2.22
EP/MFAPP/ORC13 4.28 4.02 1.35 2.04 1.05
EP/MFAPP/ORC27 2.69 6.51 1.37 2.24 2.13
EP/MFAPP/ORC35 2.52 11.88 1.52 2.50 1.74

Fig. 7 and the data are listed in Table 4. Compared
with that of EP, the introduction of IRF can promote
the release amounts of H,O and CO,, which may act as
blowing gases to form the expanded char layers.
Meanwhile, the signals of OPT and O,P" just
presented in the curves of EP/MFAPP/PER and EP/
MFAPP/ORC. EP/MFAPP/PER obtains the highest
ion current of pyrolysis products, which is good
agreement with the TGA-IR measurement. The CO,
and phenol outputs of EP/MFAPP/ORC27 are clearly

@ Springer

less than those of EP/MFAPP/PER, which may assign
to the greater number of carbon residue’s formation.
Furthermore, Fig. 7c, d display some interesting
information, for example, they show that the OP
contents increase when with the carboxyl contents of
ORC range from 13 to 35%, indicating that the
presence of carboxylic acid (pyrolysis produce from
ORC) can promote the generation of OP ions. The
existences of OP™ and O,P™ can accelerate the radical
recombination, thereby causing the quenching effect
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in the gaseous phase and improve the flame retardancy
performances of EP/MFAPP/ORC. Summary, all of
the TGA-MS results are in good agreement with the
TGA-IR data and reveal that EP/MFAPP/ORC27
shows a high OP" and O,P"content in the gas phase
with high organic carbon compounds converting to
solid carbon.

Char layer structure analysis

To reveal how the char-layer structure varies with the
increase of temperature, FTIR, XPS, Raman spec-
troscopy and SEM were investigated. Figure 8a, b
shows the FTIR spectra of the char layer for the EP/
MFAPP/PER and EP/MFAPP/ORC27 at different
temperatures. The char layers of EP/MFAPP/PER
and EP/MFAPP/ORC27 display similar curve features
when the temperature is 340 °C. Detailly, the peaks at
2200-1800 cm™' and 1618 cm™' are assigned to
C=N"-H and C=N, respectively. Moreover, the
absorption peak near 1500 and 1450 cm™" indicates
the formation of polyaromatic carbon. Additionally,
the peaks at around 1262-900 cm ™" are ascribed to the

(a) (b)

vibration of P-O-C, C-N, P-O-P and P-O, respec-
tively, and the peaks of P-N—C are observed at 1082
and 723 cm™". The C=N"-H and C=N bonds may be
originated from imine or imine salt due to the reaction
between the amine and aldehyde or ketone (Knoepke
et al. 2010; Nomura and Jones 2013). Meanwhile, the
formation of P-O-C, C-N, P-O-P and P-O, which can
be attributed to the degradation of phosphate esters.
Simultaneously, the phosphorus-containing com-
pound radicals including pyrophosphate radicals and
phosphate ester radicals may generate from the
decomposition of MFAPP, which play an important
role in the interruption of free radical chain reaction.
When the temperature increases, the intensity of these
mentioned peaks for EP/MFAPP/PER reduce, signif-
icantly. Noteworthy, the char layer of EP/MFAPP/
ORC27 exhibits a significant peak at 1709 cm™'
which is ascribed to C=0O from the ORC27 and
disappears as the temperature increases. For EP/
MFAPP/ORC27, the P-O-P and P-O-C bonds still
present in the char residue even at 550 °C. Strikingly,
the contents of polyaromatic carbons decrease and
convert to phenol and carbon in the solid phase,
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significantly. Generally, the char layers mainly con-
sisted of graphite-like complexes and the aromatic
structures bridged by P-O—P and P-O-C bonds. These
cross-linked structures, such as polycyclic aromatic
hydrocarbons, may further facilitate the formation of
char residue by aromatization under high temperature
(around 500 °C) (Shao et al. 2014b; Yan et al. 2012).
The presence of these groups (e.g., C=N*-H, C=N, P—
O-C and P-O-P) in the solid char layer endow EP/
MFAPP/ORC27 with significant improvement in
flame retardancy compared with that of EP/MFAPP/
PER.

XPS data for the condensed products in EP/
MFAPP/PER and EP/MFAPP/ORC27 at different
temperatures are presented at Fig. 8c to illustrate the
evolution mechanism of the char formation. All
samples show the presences of P, C, N and O, and
their contents vary with the temperature. By the results
of Table S6, the contents of N and P increase while
those of C and O decrease with the increase of
temperature. Detailly, XPS-peak-differentation-imi-
tating analysis for Cs, Ny, Oy and Py, spectra of EP/
MFAPP/PER and EP/MFAPP/ORC27 at 340, 420 and
550 °C are shown in Fig. S6-S8. For C;; XPS spectra,
the peak at 284.6 eV is assigned to the C—C and C-H
bonds in aliphatic and aromatic groups, while the peak
at 285.9 eV is attributed to the C-N, C-O—C and C-
OH groups. Meanwhile, the peak at 287.3 eV is
corresponded to C=0 group of ORC27 and the peak
disappears as the temperature increases to 550 °C.
Compared with that of EP/MFAPP/PER, EP/MFAPP/
ORC27 exhibits a higher peak intensity at 285.9 eV,
indicating the presence of more carbon-containing
structure in the char layer of EP/MFAPP/ORC27. As
shown in N3 XPS spectra for all samples, the peak at
398.6 eV is attributed to C-N or P-N group, and the
peak at 400.2 and 401.4 eV is assigned to N=C and N—
H bonds, respectively. Noteworthy, the peak at
400.2 eV is attributed to the formation of the imine
or imine salt. For O XPS spectra, three peaks (C=0/
P=0 at 531.3 eV, P-O/C-O at 532.1 eV, and C-OH
and COOR at 533.2 eV) are appeared in both samples
(Zhu et al. 2019). For P, XPS spectra, two charac-
teristic peaks of the pyrophosphate or polyphosphate
compounds (P-O at 133.8 eV, P=0 at 134.7 eV) are
appeared in two curves. Obviously, the XPS patterns
of samples are good agreements with the FTIR results
of EP/MFAPP/ORC27.
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The contents of each binding energy of correspond-
ing structures of carbon (C), nitrogen (N), oxygen (O),
and phosphorus (P) are presented in Table S7. It is
noted that the contents of C—C and C=C atoms for EP/
MFAPP/ORC27 are less than those of EP/MFAPP/
PER at 340 °C and 420 °C. However, EP/MFAPP/
ORC27 exhibits higher content of C-C and C=C
bonds at 550 °C, which indicates that a large amount
of C structure remained in the char residue of EP/
MFAPP/ORC27. The content of C—-O-C and C-O-P
atoms for EP/MFAPP/ORC27 are higher than that of
EP/MFAPP/PER when the temperature increases from
340 to 420 °C, and keep a stable value at 550 °C.
Generally, the C-O-C and P-O-C structures can
improve the stability of the residue by bound to
aromatic species (Shao et al. 2014b). When the
temperature is lower than 420 °C, a dense carbon
layer with C=0, C—O-C and P-O-C bonds is formed
and more gas is retained (proved by FTIR and TG-
MS), promoting to the expansion of the char layer.
Prominently, there are abundant C=N structures in the
intumescent char layer and the contents of C=N, C-N
of EP/MFAPP/ORC27 are higher than EP/MFAPP/
PER at 550 °C. It is well known that the thermal
stability of C=N and C—N bonds is better than C=C and
C-C, respectively, which results in a more stable char.
Moreover, the content of P=O bond of EP/MFAPP/
ORC27 is higher than that of EP/MFAPP/PER when
the temperature increases from 340 to 550 °C. This
result further confirms that the char layer of EP/
MFAPP/ORC27 contains higher contents of phospho-
ric acid and poly/pyro/super-phosphoric than those of
EP/MFAPP/PER. The overall effect of ORC27 in the
condensed phase can promote EP to form more
stable char and higher carbon residue due to its acid
catalysis. Therefore, as MFAPP is incorporated,
ORC27 significantly increases the char yield of EP
during combustion. The char layer insulates against
heat transfer and prevents oxygen from reaching the
substrate, and also accumulates non-combustion gases
in the condensed phase. Consequently, EP/MFAPP/
ORC27 achieves higher flame retardancy
performances.

Raman spectroscopy was adopted to further char-
acterize the carbon structure of char residues. Fig-
ure 8d, e, f shows the Raman spectra of EP, EP/
MFAPP/PER and EP/MFAPP/ORC27 at 340, 420 and
550 °C, respectively. The Raman spectra consist of
two overlapping bands at about 1600 cm™" (G band,
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reflecting the graphitic structure) and 1360 cm™' (D
band, reflecting the amorphous structure). Basically,
the R value equal to Ip/Ig provides the information to
recognize the graphitization degree of char. Theoret-
ically, samples own the higher the R value will mean
that they obtain the lower graphitization degree of the
char (Jian et al. 2019). The high-graphitized char can
achieve improved melt strength of char layer and
effectively retard the flame and protect the inner
polymer matrix. During combustion, EP tends to form
the amorphous structure char and displays a poor
flame retardancy performance. Figure 8d, e, f also
presents that R of all samples decreases with the
increase of temperature and EP/MFAPP/ORC27
shows the highest graphitization degree of char. The
results confirm that the introduction of IFR can
improve the graphitization degree of the char, signif-
icantly. Furthermore, based on above discussion, the
decomposed products of EP/MFAPP/ORC27 at
420 °C are a key factor for the high expansion char
layer. Yang et al. proposed the “2D structure of fused
rings” may transition to a “graphite microcrystalline
structure” when the temperature is higher than 550 °C
(Chen et al. 2017). Thus, R of EP/MFAPP/ORC27 and
EP/MFAPP/PER decreases. It is proposed that the
catalytic carbonization of ORC27 and the esterifica-
tion of polyphosphoric acid can promote the formation
of protective char layer and hence decrease the HRR
and THR values of EP/MFAPP/ORC27. Conse-
quently, compared with that of EP/MFAPP/PER, EP/
MFAPP/ORC27 achieves 9.7-fold increase in char
yield. These results demonstrate that ORC27 can
effectively enhance the flame retardancy of IFR-EP,
presented at Tables 1 and 2.

Prior studies have noted the compact intumescent
char layer as a thermal insulation layer can restrict
polymer matrix pyrolysis and inhibit the transfer of
flammable gases and heat. The morphology and
chemical composition of the char are of great value
for the evaluation of the flame retardancy of materials
(Zhao et al. 2018). SEM micrographs of the intumes-
cent char of EP/MFAPP/PER and EP/MFAPP/ORC27
at 340, 420 and 550 °C are shown in Fig. 9. EP/
MFAPP/PER exhibits a poor char layer structure with
porous and multiple defect holes, which cannot
prevent the release of the combustible volatile gases
and oxygen permeation. However, EP/MFAPP/
ORC27 obtains a homogeneous and compact char
layer. These results reveal that MFAPP/ORC27

endows the EP matrix to form a protective stable and
compact char layer during combustion, and thus the
heat release of EP/MFAPP/ORC27 has been greatly
reduced.

SEM micrographs of the intumescent char of
vertical section of EP/MFAPP/PER and EP/MFAPP/
ORC27 340, 420 and 550 °C are presented in Fig. 10.
The intumescent carbon in the vertical section of EP/
MFAPP/ORC27 is thicker than that of EP/MFAPP/
PER. When the temperature increases, many holes
generate in the char layer of EP/MFAPP/PER due to
the excessive pyrolysis gases and amorphous structure
char. Then volatile gases release from these porous
char layer, resulting in an unstable char layer with a
low expansion rate in the EP/MFAPP/PER. Strikingly,
a smooth and compact char layer is formed in the EP/
MFAPP/ORC27 and its feature has not obvious
change with the increase of temperature. The
stable and compact char layer can effectively isolate
outside heat and oxygen, enhance the flame retardancy
of EP.

Flame retardant mechanism analysis

According to the above data and discussions, herein,
we propose the flame retardancy mechanism of EP/
MFAPP/ORC27 which exhibits high expansion char
layer, as presented at Schemes 2 and 3.

1. The formation of heterogeneous char-forming
agent (HCA). In the initial stage (from 250 to
280 °C), part of ORC27 decomposes and forms
the carbon with carboxyl content, differed with
that of the PER sublimation. Interestingly, the
carbon with carboxyl content may act heteroge-
neous effect to catalyze EP carbonization and
reduces the thermal stability of EP. Consequently,
with the increase of temperature (to 300 °C), more
ORC27 decomposes and forms HCA sizes in the
EP matrix which can improve carbonization
efficiently and promote EP to form a compact
char layer with aromatic crosslinked structure.

2. The formation of IFR/EP. As the temperature

increases to about 340 °C, pyrolysis gases, such as
NH; and phenol, generated from the decomposi-
tion of MFAPP and EP. Moreover, water vapor
also emerges due to the esterification of phospho-
ric acid (dehydration of MFAPP) and ORC27. All
these gases will expand and accelerate to establish
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Fig. 9 SEM images of EP/ EP/MFAPP/PER EP/MFAPP/ORC27
MFAPP/PER ((al, bl,

cl) x 500 (a2, b2,

c2) x 4000) and EP/
MFAPP/ORC27((Al, B1,
C1) x 500 (A2, B2,

C2) x 4000) of the residues
obtained from calcination
test of muffle furnace

Fig. 10 SEM images of EP/MFAPP/PER ((al, bl, c1) x 100 residues obtained from calcination test of muffle furnace. (D) A
(a2, b2, c2) x 250) and EP/MFAPP/PORC27((Al, BI, schematic of char for obtaining a vertical section of sample
C1) x 100 (A2, B2, C2) x 250) in the vertical section of the

an intumescent char structure of EP. Importantly, formed (due to esterification of phosphoric acid
the existence of high contraction of OP™ and O,P™ and ORC27) in the solid phase. Due to the HCA of
can accelerate the radical recombination to gen- ORC27, EP decomposes and forms ester struc-
erate a quenching effect in the gaseous phase. tures by polycyclic aromatic stacks linked mainly
Synchronously, the luxuriant P-OH bond is with orthophosphate and pyrophosphate bridges.
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Scheme 2. Possible mechanism for charring during the combustion process of EP/MFAPP/ORC27

According to SEM, the intumescent char layer of
EP/MFAPP/ORC27 is much thicker than that of
EP/MFAPP/PER, which is ascribed to carboxyl
groups can accelerate the transformation into
carbonaceous melt of EP. Furthermore, the highly
stable C=N bond originated from the polycyclic
aromatic hydrocarbons (Scheme 2) presented at
char layer ensures to motivate the blow molding
strength (just like a balloon). Consequently, at this
stage, the cross-linking reaction of carbonaceous
melt occurs and matches the release amount and
rate of pyrolysis gases, resulting in expanding of
char from the surface of EP/MFAPP/ORC27.

3. The formation of stable and compact char layer
with high expanded ratio. According to SEM
micrographs at 420 °C of EP/MFAPP/ORC27, the
char layer displays compact and expanding fea-
tures, and the generation rate of pyrolysis gases

decreases, significantly, compared with 340 °C
corresponding data. The pyrolysis gases can act as
effective blowing agents to make the melt char
layer to swell without porous surfaces. Mean-
while, the P-O-C and P-C bonds in the char layer
are more susceptible to cleavage due to their lower
bond strength, and act as weak links during
thermal degradation. The breaking of the P-O-C
and P-C bonds promote the fused ring structure to
convert as graphite (the Ip/Ig decreases from 1.92
to 1.81), and further generate a stable char layer
with high expansion ratio. Thus, EP matrix with a
protective stable and compact char layer during
combustion, and the heat release of EP/MFAPP/
ORC27 has been greatly reduced.

The establishtion of super high expanded and
compact char layers with high Flame retardant
efficiency. When the temperature increases to
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Scheme 3. The proposed flame-retardant mechanism of EP/MFAPP/ORC27

550 °C, there are not new pyrolysis gases generate
for the samples and the original gases expand to
high volume (Here, we support that the IFR-EP is
a closed system and PV/T = K). For EP/MFAPP/
ORC?27, the fused ring structure may be converted
to graphite (the Ip/Ig decreases to 1.65) and
achieves higher char layer strength. Conversely,
the intumescent char layer can hold back the
expanded pyrolysis gases and form a super high
expanded and compact char layer (just presented
at Scheme 3). The continuous and compact
structure can prevent external heat and oxygen
from transmitting through the char layer and
protect the unburned EP when it suffers high
temperature. Furthermore, the high strength of
melted char layer can maintain its stable structure
under the mechanical effect of fire or convective
airflow. Consequently, this new formation IFR-EP
obtains high flame-retardant performances (UL-
VO with LOI of 30.3%) and super expansion ratio
char layer (41.5-fold) with the significant
decreases in total heat release (THR) and total
smoke production (TSP), simultaneously.

@ Springer

Conclusion

ORC27, a novel biomass polymeric carbonization
agent, mixed with MFAPP (3.75 wt%) as the intu-
mescent flame retardants (IFR) is utilized to flame
retard EP and improve its fire safety. Specifically, EP/
MFAPP/ORC27 shows an increased LOI value
(30.3%) and achieves a UL-94 V-0 rating. Addition-
ally, the PHRR, THR and TSP values of EP/MFAPP/
ORC27 have been decreased by 55.6%, 61.8% and
62.2%, respectively, when EP is used as the control.
Surprisingly, the residual char yield significantly
enhanced by 9.7-fold and obtains super expansion
ratio (41.5-fold), compared with those of EP. The
results prove that the introduction of ORC can
remarkably improve the fire safety and flame retar-
dancy of EP and endows EP/MFAPP/ORC27 to
achieve good FRI. Based on the analysis of the gas
phase and char layer structure, we propose the concept
of “heterogeneous char-forming agent”: ORC27
firstly decomposes and forms HCA sizes in the EP
matrix which can improve carbonization efficiently
and promote EP to form a compact char layer with
aromatic crosslinked structure as the temperature
rises. Furthermore, EP/MFAPP/ORC27 owns the
optimal gas release amounts, the fused ring structure
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may be converted to graphite (the Ip/Ig decreases to
1.65) and achieves higher char layer strength, which
endows it to achieve good flame-retardant
performances.

In summary, the significant finding to emerge from
this study is proposed the new evolution law of flame
retardation mechanism of IFR-EP by introduction of
ORC, a novel biomass carbonization agent. This
investigation develops the new applications of recy-
cled regenerated cellulose, as well as fire safety,
cheap, green and eco-friendly biomass carbonization
agent to fabricate high intumescent flame-retardant
performances of EP and other polymers with good
FRI, super expansion and compact char layer.
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Supplementary data. Evidence for kinetic analysis;
TGA evaluated the thermal stability of IFR-EP;
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