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a b s t r a c t

A bio-based organic-inorganic hyperbranched hybrid (PAMA), possessing unique nano-layered structure,
was designed and prepared by the neutralization reaction between phytic acid and melamine, then used
as a multi-function intumescent flame retardant for epoxy resin (EP). FTIR, 1H NMR, XRD, XPS, TGA and
DSC were employed to investigate the chemical structure, growth mechanism and thermal behaviour of
PAMA. SEM and TEM results confirmed the nano-layered structure of the PAMA. The limiting oxygen
index (LOI) of EP incorporated with 6wt% PAMA (EP-6) was 29.7%, and the UL-94 V-0 rating was also
achieved. In contrast to the EP, the peak heat release rate (PHRR), total smoke production (TSP), and fire
growth rate (FIGRA) of EP-6 were reduced by 62.3, 36.2, and 62.16%, respectively. The flame retardant
mechanism of PAMA was further depicted using TG-FTIR and SEM/EDX techniques. In addition, the
mechanical properties of EP composites are reinforced by the incorporation of PAMA. All the results
demonstrate that the nano-layered PAMA is a high-efficient and eco-friendly fire retardant for EP.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resin (EP) is one of the most important thermosetting
polymers, which is widely used in electrical and electronic mate-
rials, transportation and aerospace industry, laminates and com-
posite applications, due to its easy moulding, high thermal,
mechanical stabilities, chemical resistance and strong adherence
[1e5]. However, the high flammability of epoxy resin greatly con-
fines its application areas where needed high fire requirement.
nvironment-friendly Energy
ing, Southwest University of
.
te, C/Eric Kandel, 2, 28906

. Hu), deyi.wang@imdea.org
Many strategies have been developed to improve the fire retard-
ancy of epoxy resin, including halogen-containing fire retardants,
Intumescent fire retardants (IFRs), carbon nanomaterials and LDH,
etc. [6e11].

In which, IFRs have been long-term developed and attracted
numerous attentions due to the unparalleled environmentally
friendliness and high-efficiency [12,13]. In general, a typical intu-
mescent system should involve in three components: acid source,
carbon source, and gas source [14]. In most cases, the intumescent
fire retardants contain ammonium polyphosphate (APP), melamine
(MA) and melamine polyphosphate (MPP). However, the poor
compatibility between IFR and polymer matrix exists inevitably,
which should seriously deteriorate the mechanical properties and
lower the flame-retardant efficiency in EP. To address these prob-
lems, a good approach is combining the three components into one
molecule, especially producing the polymeric IFR [15]. What is
more, it is a preferential pathway by introducing organic groups
into the polymeric IFR molecule, which will largely improve the
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Table 1
Detailed formulation and fire retardancy of various EP/PAMA composites.

Samples EP/wt% PAMA/wt% Fire retardancy

LOI/% UL-94 (3.2mm)

EP-0 100 0 24.0± 0.3 NR
EP-4 96 4 25.6± 0.4 NR
EP-5 95 5 27.8± 0.3 V-1
EP-6 94 6 29.7± 0.1 V-0
EP-7 93 7 30.6± 0.2 V-0
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compatibility of IFR in the polymer matrix.
Nowadays, the environmental footprint of IFRs is a key factor

that must be concerned. Some biodegradable components in IFRs
have been particularly designed and prepared such as mainly lig-
nins, seaweed and starch [16e18]. Phytic acid (PA), mainly origi-
nating from cereal grains, beans and oilseeds, is a natural, eco-
friendly, biodegradable and phosphorus-rich acid [19,20]. From
the point of a flame-retardant perspective, the phytic acid molecule
can provide an effective acid source and a carbon source, simulta-
neously. In addition, phytic acid is an organic acid, which would be
beneficial to the dispersion property of the phytic acid derivatives
in the polymer matrix.

Melamine and its salt were widely used as a fire retardant,
especially in the intumescent system [15,21,22]. It is known that
melamine can produce lots of non-flammable nitrogen-containing
compounds such as NH3, N2 and NO2 during the combustion, which
could dilute the combustible volatiles [23,24]. The research has also
shown that melamine undergoes progressive condensation on
heating with the elimination of ammonia, and then forming the
more thermally stable polymeric products such as melam and
melem, which could contribute to the formation of more char
residue [25]. Thus, integrating the advantages of phytic acid and
MA into one molecule may be a promising candidate for traditional
intumescent flame retardants. However, the flame retardant effi-
ciency is usually affected by the aggregation structure and size of
the flame retardant. In general, the well-dispersion of flame retar-
dant with nano-structure shows excellent properties, including
improved mechanical. For example, non-organic nano-layered
materials, such as montmorillonite (MMT) [26,27], layered double
hydroxides (LDHs) [28e31] and graphene nanosheets (GNSs)
[32e35], have attracted much attention in recent years due to its
“barrier” effect during combustion and its reinforcing function.
However, an organic modification for nano-layered materials is
absolutely necessary to obtain better compatibility in the polymer
matrix. It is desirable to incorporating organic unit into nano-
layered flame retardant in one-step synthesis process, avoiding
complicated modification procedure and reducing the cost of ma-
terial preparation.

Based on the inspiration of above-mentioned research, a unique
bio-based organic-inorganic hybrid (PAMA) was first time designed
and prepared combining phytic acid with melamine, which is of
hyperbranched nano-layered structure, and possesses an acid
source, a carbon source and a gas source, simultaneously. The
chemical structure andmorphology of PAMAwere characterized by
FTIR, 1H NMR, XPS, EDX mapping, SEM and TEM, and a possible
growth mechanism of the nano-layered structure is presented. The
thermal stability, fire retardancy and the flame retardant mecha-
nism of PAMA in EP were comprehensively investigated using
different measurements.

2. Experimental

2.1. Materials

Phytic acid (PA, 70wt% solution in H2O), ethanol and meta-
phenylene diamine were obtained from Aladdin Chemistry Co., Ltd.
Melamine was purchased from Chengdu Kelong Chemical Reagent
Factory and used without further purification. Epoxy resin (Di-
Glycidyl Ether of Bisphenol A, DGEBA, E�44, with an epoxy value of
0.41e0.48) was provided by Nantong Star Material Synthetic Co.,
Ltd.

2.2. Preparation of nano-layered PAMA

The nano-layered PAMA was synthesized employing the
hydrothermal method by adjusting the molar ratio, pH value and
reaction temperature. In brief, 3.7mL (0.005mol) phytic acid and
3.78 g (0.03mol) melamine were added in the 100mL of deionized
water, and stirred at room temperature for 30min to obtain the
homogeneous mixture. Subsequently, the mixture was transferred
into a 200mL Teflon-lined autoclave. The autoclave was sealed and
heated to 80 �C for 48 h. After cooling, the final product was filtered
and washed several times with distilled water and ethanol until the
pH value was around 7.0. The resultant white solid product (named
as PAMA)was dried in vacuum oven at 60 �C to a constant weight. It
is very important that the PAMA is almost water-insoluble under
55 �C.
2.3. EP composite samples preparation

A series of EP composites with different loadings of PAMA
were prepared, and the corresponding formulations are listed in
Table 1. The detailed preparation process can be described as
following: EP and PAMA with various mass ratios were blending
with acetone under ultrasonication of 150W for 20min, next,
placed in a rotary evaporator at 80 �C to remove the acetone
solvent. Afterwards, the appropriate amount of m-Phenylenedi-
amine (m-PDA) was poured into the above mixture and stirred
until m-PDA was totally dissolved, then degassed under a vac-
uum at 80 �C until no bubbles emerged. Subsequently, the
viscous liquid was immediately poured into the preheated pol-
ytetrafluoroethylene mould, and the curing procedure was set as
the procedure of 80 �C/3 h, 100 �C/2 h, and 120 �C/3 h. After
cooling to room temperature gradually, the standard fire retar-
dant samples for various tests were prepared.
2.4. Materials characterization

X-ray diffractometer (XRD) patterns were collected by D/max-
1400 X-ray diffractometer equipped with a Cu-Ka radiation
(l¼ 1.541Å) at a scanning rate of 2� per second in the 2q range of
3e50�. Fourier transform infrared spectra (FTIR) were obtained on a
Perkin Elmer Spectrum One spectrophotometer with a scanning
range from 4000 to 400 cm�1 and using KBr discs. 1H NMR
(600MHz) was performed on Bruker Avance 600 spectrometer,
using DMSO‑d6 as a solvent. The surface morphologies and
composition of the PAMA and MA were carried on a UItra55
scanning electron microscope (SEM) accompanied energy-
dispersive X-ray (EDX) analysis. The PAMA powder was ultrasoni-
cally dispersed in ethanol and then dropped onto a conducting
copper tape. The morphology and microstructures of PAMA were
observed on a Libra200 transmission electron microscopy (TEM)
(Carl Zeiss irts, Germany) at an accelerated voltage of 200 kV. The
fracture surface of EP/PAMA composites and the char formed after
cone calorimetry were investigated using SEM. Elemental analysis
of the chars was also investigated by energy-dispersive X-ray (EDX)
analyzer at an accelerating voltage of 15 kV. All samples were
sputter coated with a thin platinum layer before the examination.
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X-ray photoelectron spectroscopy (XPS) of PAMA and MA were
obtained by a XSAM80 (Kratos Co., U.K.), using Al Kaexcitation ra-
diation (hn¼ 1486.6 eV). The flammability of the sample was
investigated by using a cone calorimeter (Fire Testing Technology,
UK) according to ISO 5660. The samples with 100� 100� 3mm3

were irradiated at a heat flux of 35 kWm�2. The measurements
were done in triplicate and the average data were reported.
Limiting oxygen index (LOI) wasmeasuredwith a JF-3 oxygen index
meter according to ASTM D 2863-97 with test strips of dimensions
130� 6.5� 3.2mm3. UL-94 vertical burning test recorded an in-
strument (Nanjing Jionglei Instrument Equipment Co., Ltd.), ac-
cording to ASTM D 3801 standard and the specimens for testing
were of dimensions 130� 13� 3.2mm3. Thermogravimetric (TG)
analysis was carried out by a STA6000 simultaneous thermal
analyzer (PerkinElmer, USA) with a heating rate of 10 �C/min in
nitrogen with the temperatures range from 40 to 700 �C. TG-FTIR
spectra were recorded on STA6000 simultaneous thermal
analyzer (PerkinElmer, USA) from 40 to 700 �C under a nitrogen
atmosphere. The glass transition temperatures (Tg) of EP and its
composite were investigated by differential scanning calorimetry
(DSC) using a DSCQ2000 (TA Instrument company, USA). An
ETM105D 100 KN computer-controlled electronic universal testing
machine (WANCE GROUP) was utilized to measure the tensile
strength on the dumbbell-shaped specimens at 20mm/min test
speed, complying with GB/T 1040.3e2006. The non-notched
impact tests were performed on a PIT501J LCD plastic Charpy
impact testingmachine (Shenzhenmillion Test Equipment Co., Ltd.)
with dimensions of 80.0� 10.0� 4.0mm3, according to GB/T 1043-
2008.

3. Results and discussion

The chemical structure of PAMA was investigated by FTIR. The
FTIR spectra of MA and PAMA are presented in Fig. S1. For MA, the
multi-absorption peaks between 3100 and 3500 cm�1 belong to the
eNH2, and the numbers of peaks reduce to two in the FTIR spec-
trum of PAMA. The two relatively broaden peaks at 3361 and
3128 cm�1 are caused by the characteristic absorption ofeNH3

þ [36]
and the overlay of a bit unreacted eNH2. The bending vibration of
eNH2 in MA appears at 1654 cm�1, while in PAMA it shifts to
1674 cm�1 due to the intermolecular interactions through the
eNH2 groups [37]. In comparison, a new absorption band,
appearing at 1510 cm�1 for PAMA, can be ascribed to eNH3

þ [38]. In
addition, the breathing vibration of triazine ring in PAMA emerges
at 776 cm�1, which is much lower than that of MA (813 cm�1),
resulted by the characteristic iso form of the protonation of ring
nitrogen [39]. This change further confirms the formation of
ammonium salts. The peaks at 2922, 2855 and 1368 cm�1 are
originated from the asymmetric, symmetric stretching and bending
vibration of eCHeCHe on the ring structure of phytic acid,
respectively. The characteristic absorption peaks at 1178 and
982 cm�1 are ascribed to the stretching vibration of P]O and the
stretching vibration of PeO [40]. The peak at 1064 cm�1 is assigned
to the stretching mode of (PO3)2- [41]. These characteristic ab-
sorption peaks reveal that a neutralization reaction does occur
between phytic acid and melamine.

To further confirm the chemical formation of PAMA, the 1H NMR
of melamine and PAMA was carried out and shown in Fig. S2. As it
can be seen, the peak at 2.50 ppm appears in both spectra of PAMA
and MA, which comes from the solvent “DMSO‑d6”. For MA, the
resonance peak at 6.0 ppm originates from the protons of eNH2.
However, regarding to PAMA, the new peaks at 6.87 and 3.94 ppm
appear, which can be ascribed to the eNH3

þ protons and eCHeCHe
protons in phytic acid, respectively, indicating the structure of
melamine salt. It should be notable that the protons peaks of
unreacted eNH2 and PeOH disappear in the 1H NMR spectrum of
PAMA, which may be caused by the deuterium replacement by the
strong polar solvent.

XPS is an effective method to reflect the atomic scale chemical
interactions and provide reliable and quantifiable structural char-
acteristic [42]. Aiming to comprehensively demonstrate the for-
mation mechanism of PAMA, the XPS tests were performed for
melamine and PAMA and the corresponding spectra are shown in
Fig. 1. For PAMA, the new peaks located at 136.7, 193.9 and 535.1 eV
are assigned to P2P, P2S and O1S of PAMA, respectively. In addition,
the fitted N1S spectra are shown in Fig. 1 b, c and d. For MA (Fig. 1b),
the N1s peak at 398.3 eV is due to the eC]N-, and the N1s peak at
399.1 eV corresponds to the eNH2, which is consistent withWang's
report [43]. In the N1s spectrum of PAMA (Fig. 1c), the N1s peaks of
MA still remain with a little shift of binding energy, but a new peak
appears at 400.4 eV, which should be assigned to the N in eNH3

þ

[44]. At the same time, the integral area ofeC]N- is nearly equal to
the gross area of NH2 and eNH3

þ; and the integral area of eNH3
þ is

almost twice as that of NH2, which means that only two amino
groups on triazine ring react with PA (shown in Scheme S1).
Moreover, the fitted P2p spectra are displayed in Fig. 1d. The spec-
trum of P2p can be subdivided into 2 fitted peaks at 133.5 and
134.5 eV, assigned to HPO4

2� and H2PO4�, respectively [45]. It is
worth noting that the integral area of HPO4

2� is five times that of
H2PO4�, stating that the actual reactionmolar ratio of MA: PA is 5: 1
(shown in Scheme S1). Further, the element contents of PAMA are
shown in Table S1. The data show that the ratio of N/P in experi-
mental value is 4.8: 1, which is approximate to the calculated value
of 5: 1. All the results of 1H NMR and XPS demonstrate that the
hyperbranched PAMA molecules should have been synthesized
successfully.

In general, the changes in the chemical structure will lead to
some changes in crystal structure. Therefore, the crystal structure
of PAMA was further investigated by means of X-ray diffraction.
Fig. S3 shows the XRD patterns of MA and PAMA. For MA, the
characteristic basal reflections appear at 2q¼ 12.96, 14.70, 17.54,
21.50, 21.90, 26.04, 28.66 and 29.66�, indicating that MA is a typical
monoclinic system [JCPDS No. 24-1654]. However, after reacted
with phytic acid, the characteristic reflections of MA almost
disappear and a series of new reflections at 2q¼ 8.95, 9.76, 14.16,
15.16, 17.94, 18.52, 19.22, 20.84, 22.17, 24.32, 25.70, 27.19 and 27.99�

appear in the XRD pattern of PAMA. The reason may be attributed
to the high degree of hybridization between phytic acid and mel-
amine, which leads to the destruction of the inherent crystal
structure of MA and formed new state of aggregation. Based on the
strong reflections of PAMA, an attempt of indexing the XRD pattern
was undertaken by the Bragg equation (2dsinq¼ nl). The reflection
peaks at 2q¼ 8.95, 14.16, 17.94, 18.52, 19.22, 20.84, 22.17, 24.32,
25.70 and 27.19� can be assigned to ammonium hydrogen phos-
phate (JCPDS No. 16-0804). The reflection peak at 27.99�, corre-
sponding to an inter-planar distance of 0.318 nm, indicating an
obvious the p-p stacking of the aromatic triazine rings located in
adjacent hyperbranched approximating planar molecules of PAMA,
resulting in 2-D nano-layered structure [46]. What's more, an in-
planar repeat period of 0.58 nm (100), corresponding to the dis-
tances of adjacent triazine rings around PA group in the PAMA
molecules, is evident from the XRD reflection peak at 15.16�.
Another repeat period of the same structural unit containing five
triazine rings and one PA group also exists and results in the
reflection peak at 9.76� (0.90 nm). All the XRD data show that the
formation of the nano-layered structurewith periodic triazine rings
in the plane of hyperbranched PAMA molecules under the effect of
p-p stacking [19] and hydrogen bonding (see Scheme S1 3-D
structure of PAMA).

In order to confirm the presumed nanoelayered stacking



Fig. 1. Overall XPS spectra of MA and PAMA (a); N1s spectra of (b) MA, (c) PAMA and (d) the various P2P spectra of PAMA.

P.-J. Wang et al. / Polymer Degradation and Stability 159 (2019) 153e162156
structure, SEM testing was used to investigate the morphology of
MA and PAMA prepared under optimum reaction condition. The
MA particles (Fig. S4) show a typical monoclinic crystal structure
and its size is about 10 mm. However, it is surprising that the PAMA
(Fig. 2a, a1) shows a petaloid nano-layered structure and the
Fig. 2. (a, a1) SEM images and (b, b1) TEM images of PAMA.
average diameter is less than 5 mm and the thickness is about
30 nm. The morphologies of PAMA under different reaction con-
ditions were also investigated by SEM (see SI). The TEM images
(Fig. 2b and b1) of PAMA reveal clearly the nano-layered structure,
which means PAMA consisted of planes stacking along the c-axis.
The planes are mainly constructed from the p-p stacking of triazine
rings and hydrogen bonding resulted from unreacted eNH2 and
eOH, as shown in the inset of Fig. 2 b.

To comprehensively understand the chemical formation of
nano-lamellar PAMA, the EDX and EDX mapping tests of PAMA
were carried out. The EDX results and EDX elements mapping im-
ages are shown in Fig. S5. Fig. S5 shows that the lamellar layer of
PAMA is composed of C, N, O, and P elements. Moreover, the EDX
elements mapping images reveal that the C, N, O, and P elements
distribute evenly, further demonstrating that PAMA is formed by
re-assemble in an orderly fashion, not a physical mixture of PA and
MA.

Based on the above analysis, we can speculate about the growth
mechanism of nano-layered PAMA. Firstly, the phytic acid reacts
with the melamine to form the ammonium hydrogen phosphate by
neutralization reaction, then producing hyperbranched macro-
molecules owing to the multi-functional groups of PA and MA;
subsequently, the layer-by-layer self-assembling occurs under op-
timum condition, leading to produce the nano-layered PAMAunder
the effect of p-p stacking, hydrogen bonding. Consequently, the
ideal schematic illustration for producing nano-layered PAMA is
shown in Scheme S1.

In general, the dispersion performance of flame retardant ad-
ditive is a crucial factor to affect the flame retardancy and me-
chanical properties. The SEM test was used to observe the
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dispersion of PAMA and the corresponding result is shown in
Fig. S6. EP-6 composite shows a typical brittle rupture and no
obvious caves on the cross-section, indicating that PAMA lamellas
possess good compatibility in the epoxy resin matrix, which is
attributed to the organic group and the reactive groups existing in
the PAMA molecules. This result was further demonstrated by the
EDX Mapping image in Fig. S6 (a1), the even distribution of P signal
manifests a homogeneous dispersion of PAMA lamellas in the
epoxy matrix. However, for EP-7, some granular aggregates appear
and the distribution of P element is not uniform (Fig. S6) whichmay
be caused by the agglomeration of more PAMA. The glass-transition
temperature (Tg) is an important parameter for characterizing the
molecular chain structure. In principle, reactive additives with
polymeric and rather rigid molecular structures will improve the Tg
[47]. The Tg values of the EP and its composites were measured
using DSC in a nitrogen atmosphere at 10 �C/min and the result is
presented in Fig. S7. The Tg value for the EP is 122 �C. However,
when adding the 6wt% PAMA, the Tg value of EP-6 significantly
increase to 135 �C, which can be explained by the incorporation of
bulky and rigid structure of nano-layered PAMA. What's more, the
eNH2 group derived from PAMA can react with epoxy group,
increasing the crosslinking density, consequently, limit themobility
of the molecular chain of EP [48]. It should be noticed that only one
Tg appears after incorporated 6wt% PAMA in EP, illuminating a
uniform system of EP-6, which is consistent with the results of SEM.

Usually, the thermal degradation process of polymer will
become more complex in air, and more weight loss occurs. The real
combustion cycle of polymer material needs O2, but the O2 mainly
exists in the region of the outer flame during burning; hence, it is
close to the anaerobic environment rather than the aerobic envi-
ronment at the interface between the flame and the surface of the
underlying polymeric material during actual combustion. Accord-
ingly, we merely discuss the thermal degradation process of PAMA
under a nitrogen atmosphere rather than an air atmosphere.

The thermal degradation behaviours of PAMA, EP-0 and EP-6
were investigated by TG/DTG in N2, and the TG and DTG curves
are shown in Fig. 3. The corresponding data are summarized in
Table S2, including the initial decomposition temperature (T-5%, 5%
weight loss), the temperature at maximum weight loss rate (Tmax)
and the char residues at 600 and 700 �C. For PAMA, the thermal
decomposition possesses twomain degradation stages, and the T-5%
is 265.5 �C, at which point the decomposition of some thermally
unstable structural groups in PAMA starts [49]. The first tempera-
ture at maximumweight loss rate (Tmax1) is 282.9 �C, which can be
assigned to the elimination of NH3 and H2O. Actually, During the
temperatures range from 250 to 450 �C, the thermal decomposition
of melamine and the dehydration reaction of phosphoric acid
Fig. 3. (a) TG and (b) DTG curves of PAMA, EP-0, and EP-6
groups in phytic acid keep occurring slowly, generating the water
vapor, NH3, polyphosphoric acid, metaphosphoric acid, ammonium
polyphosphate and melem polyphosphate by branching and cross-
linking [49]. The second temperature at maximumweight loss rate
(Tmax2) appears at about 576.8 �C, corresponding to the release of
phosphoric acid, polyphosphoric acid, metaphosphoric acid with
the further decomposition of PAMA [50e53]. It should be noted
that the residue of PAMA at 700 �C is 37.5% and PAMA exhibits a
very low decomposition rate in the whole thermal degradation
process, demonstrating that the PAMA possesses a high thermally
stability. For EP (EP-0), it shows a single thermal decomposition
stage starting at 362.4 �C, and almost immediately reaches its Tmax
at 397.4 �C with a maximum degradation rate of 1.62wt %/min and
a char residue of 17.94% at 700 �C. Compared with EP-0, EP-6 shows
a lower T-5%, Tmax and a higher char residue (22.98%) at 700 �C. The
earlier thermal decomposition of EP-6 is mainly caused by the
decomposition in advance of PAMA, which produces poly-
phosphoric acid and metaphosphoric acid, then accelerating the
decomposition of EP matrix. During the high temperature stage,
polyphosphoric acid and metaphosphoric acid can produce
branched and cross-linking reaction and catalyze carbonization of
EP molecules to form a stable protective char layer [54]. The
maximum thermal degradation rate of EP-6 (1.19wt%/oC) is much
lower than that of EP-0, suggesting that introducing the PAMA into
EP can effectively improve the thermal stability of EP. At the same
time, the NH3 and water derived from the decomposition of PAMA,
serving as a blowing agent, can dilute the combustible gas and lead
to the formation of effective intumescent char residue, which
would protect the underlying matrix and thereby improve the fire
resistance of EP composites [55]. Additionally, it is very noticeable
that the Tmax2 at 576.8 �C of PAMA disappears in the DTG curve of
EP-6, strongly corroborating the chemical crosslinking interaction
between PAMA and EP molecules during curing process.

The limiting oxygen index (LOI) and UL-94 test results are pre-
sented in Table 1. EP-0 is highly combustible with a LOI value of 24%
and is not classified in the UL-94 vertical test. However, the LOI
values of EP/PAMA composites show a gradual improvement with
increasing loadings of nano-lamellar PAMA. Particularly, by adding
6wt% PAMA, the LOI value of EP-6 reaches 29.7% and the V-0 rating
can be easily achieved. What's more, EP-7 shows a higher LOI value
of 30.6% and reaches the V-0 rating in UL-94 test. The improved fire
retardancy could be due to the physical barrier effect of nano-
lamellar PAMA in condensed phase, the catalyzed carbonization
effect of polyphosphoric acid produced by the thermal decompo-
sition of PAMA, and the dilute and blowing effect of the non-
combustible gases originated from melamine. Although EP-7 has
the best LOI value, the improvement is not remarkable compared to
at a heating rate of 10 �C min�1 under N2 atmosphere.



Fig. 4. (a) HRR, (b) THR, (c) TSP and (d) Mass loss curves of EP-0 and EP-6.
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EP-6. Furthermore, the EP-6 has better tensile strength and impact
strength than that of EP-7 (discussed following) and would be a
more useful material. With a view to the balance between the fire
retardancy andmechanical performance, EP-0 and EP-6 composites
were selected to do the cone calorimeter test for further evaluating
the fire behaviour of EP/PAMA composites.

The cone calorimeter (CC) is an effective method to evaluate the
fire behaviour of polymeric material. The fire resistance perfor-
mance of EP-0 and EP-6 were further investigated by cone calo-
rimeter and the heat release rate (HRR), total heat release (THR),
total smoke production (TSP) and mass loss rate curves are
demonstrated in Fig. 4, and the corresponding data are shown in
Table 2. Based on Fig. 4a and b, EP-0 burns rapidly after ignition and
the peak heat release rate (PHRR) and THR are 1050.5 kW/m2 and
101MJ/m2, respectively. Comparatively, the PHRR of EP-6 is
remarkably reduced to 395.6 kW/m2 (approximate 62.3% reduc-
tion) and the THR decreases to 91MJ/m2, suggesting that the
addition of the nano-layered PAMA can significantly reduce the fire
risk.

From the data in Table 2, it can be found that the time to ignition
(TTI) of EP-6 occurs slightly earlier, which may be caused by the
early decomposition of PAMA. The AvMLR of EP-6 shows a dramatic
reduction from 17.21 to 6.02 g/s, suggesting that the early decom-
position of PAMA makes for the formation of a protective stable
char layer on the surface, which is well consistent with the TG/DTG
Table 2
Detailed CC data of EP-0 and EP-6.

Samples TTI (s) PHRR (kW/m2) TTPHRR (s) AvHRR (kW/m2)

EP-0 72± 2 1050.5± 60 165± 3.5 172.7± 11.0
EP-6 70± 2 395.6± 5.5 185± 10.6 116.7± 9.4
results. The fire growth rate (FIGRA, FIGRA¼ PHRR/time to PHRR) is
usually used to assess the fire hazards of the material. In general, a
lower FIGRA implies a longer time to flashover, meaning that there
is enough time to evacuate for people in fire danger [55]. The FIGRA
value of EP-0 is 6.37 kW/m2.s. However, the EP-6 exhibits a 62.16%
reduction in FIGRA, suggesting that adding the PAMA actually
largely decrease the fire hazards of EP material. The total smoke
production (TSP) curves of EP-0 and EP-6 are shown in Fig. 4c. It is
found that the TSP of EP-6 decreases from 73.94 to 47.1m2, stating
that PAMA is also an effective smoke-suppression agent.

It should be noted that the char residue of EP after CC test is only
4.4% and but the char residue of EP-6 is 26.7%. This marked
improvement in char residue further indicates that the addition of
PAMA could effectively fix the carbon and promote partial epoxy
molecules to be involved in the charring process, thereby
improving the fire retardancy of the EP. This result can be verified
by CO and CO2 production of EP-0 and EP-6. Fig. S8 a and b, show a
lower production of CO2 and CO of EP-6 than that of EP-0, disclosing
an obvious flame retardant mechanism of condensed phase action
withmore carbon fixed char residue [56]. However, the peaks of CO
and CO2 for EP-6 occurred earlier than EP-0. The reason may be
attributed to the early decomposition of PAMA, and resulting in the
formation of the stable protective char layer, which can prevent the
EP matrix from further thermal degradation. Consequently, the
smaller CO and CO2 were formed during the combustion process of
THR (MJ/m2) TSP (m2) Char
(%)

AvMLR
(g/s)

FIGRA (kW/m2.s)

101.0± 1.8 73.9± 4.3 4.4± 1.0 17.2± 1.2 6.4± 0.3
91.0± 1.2 47.1± 2.0 26.7± 1.4 6.0± 0.8 2.1± 0.2



Fig. 5. (a, b) FTIR spectra of pyrolysis gaseous products for EP-0 and EP-6 at different stages of decomposition; Absorbance of pyrolysis products for EP-0 and EP-6 versus tem-
perature: (c) Gram-schmidt (GS) curves, (d) hydrocarbons, (e) aromatic compounds (f) CO and (g) CO2.

Fig. 6. The digital photographs of residual char after cone calorimeter test for (a, a1)
EP-0 (b, b1) EP-6.
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EP-6. Above all, PAMA is not only a good flame retardant but also in
an effective smoke-suppression agent. The real-time TG-FTIR
technique is the most popular method to determine gaseous
products analysis during the thermal degradation process, which
could make a great contribution to understanding the thermal
degradation mechanism and the gas phase fire retarding
mechanism.

The evolved gaseous volatiles of EP-0 and EP-6 are both recor-
ded by TG-FTIR at a heating rate of 10 �C min�1 under nitrogen, and
the corresponding FTIR spectra at different thermal degradation
temperatures are shown in Fig. 5(a and b). It is found that there are
almost similar gaseous products evolved from EP-0 and EP-6, such
as H2O (3600-4000 cm�1), CO2 (2360 cm�1), CO (2180 cm�1), hy-
drocarbons (2800-3000 cm�1), and aromatic compounds (1605,
1510, 834, 748, and 689 cm�1) [57,58]. Nevertheless, the maximum
absorptions of all the pyrolysis gaseous products appear at 350 �C
for EP-0, while the relevantmaximum absorptions for the EP-6 shift
to the earlier temperature owing to the earlier thermal degradation
of nano-layered PAMA. The earlier thermal decomposition of PAMA
might result in many nano-sized carbonization layers during
combustion, which would act as a barrier for the transfer of heat
and oxygen, consequently, protecting the underlying polymer
matrix from further thermal degradation.

To understand thoroughly the influence of PAMA on the pyrol-
ysis products of EP, the FTIR absorbance of pyrolysis products for
EP-0 and EP-6 versus temperatures are shown in Fig. 5(ceg). Fig. 5 c
presents the Gram-Schmidt (GS) curves as well as total volatile gas
intensity versus the temperature curves of EP-0 and EP-6. It is
clearly observed that EP-6 shows a lower gas pyrolytic products
release, indicating the lower smoke toxicity. Furthermore, Fig. 5(d)
and (e) and (f) display the absorbance intensity of hydrocarbons,
aromatic compounds and CO of EP-0 and EP-6, which of EP-6 is
much lower than that of EP-0. The result may be explained by two
reasons: 1. The barrier effect of nano-sized carbonization layers
formed by earlier thermal decomposition of PAMA; 2. Under a high
temperature, the thermal decomposition product of PAMA, such as
polyphosphoric acid, will promote the char-formation and
consolidate more carbon in the condensed phase, thereby sup-
presses the further decomposition of EP. In general, hydrocarbons
and aromatic compounds tend to aggregate into smoke particles
[59], and CO is poisonous, which cause most fire accidents. The
reduction of hydrocarbons, aromatic compounds and CO indicates



Fig. 7. SEM images of residues and corresponding EDX data for (a) EP-0, (b) EP-6.
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fewer smoke particles and toxic gas formed during the thermal
degradation, which will be conducive to fire rescue when a fire
accident happens. One obvious increasing signal of CO2 can be
observed in Fig. 5 (b) and (g), which originates from the thermal
degradation of PAMA starting from low temperature. The CO2 is
inert and dilute flammable gas, then preventing the further com-
bustion of EP matrix, which is an important factor for the reduction
of CO2 of EP-6 in CC test. Therefore, the presence of PAMA could not
only reduce and dilute flammable gas products, but also catalyze
the more char formation of EP in the condensed phase.

Fig. 6 shows the digital photographs of residual char after cone
calorimeter test for EP-0 and EP-6. Fig. 6 a and a1 show the EP-0 is
almost burnt out. However, for EP-6, a denser and intumescent char
layer can be observed from Fig. 6 b and b1, then reducing the heat
and mass transfer between gas and condensed phases, which is
agreement with the TG-FTIR data.

In order to further demonstrate the quality of the char residues,
the char residues after cone calorimetry test were investigated by
SEM as shown in Fig. 7. For EP-0, many cracks can be observed,
meaning that the formed char cannot hinder heat and flammable
gases. However, the char layer of EP-6 is continuous and compact
(Fig. 7 b), which can provide a good barrier to the transfer of heat,
oxide and flammable gases during combustion. This phenomenon
may be the reason for the improvement of char residue, fire
retardancy and smoke suppression of EP-6.

Additionally, the EDX was used to investigate the chemical
elemental composition of the char residue of EP-0 and EP-6 after
cone calorimetry test. As shown in Fig. 7, the change in the chemical
components of the chars between EP-0 and EP-6 is also impressive.
In general, the high ratio of C/O means that more carbons exist in
the char residue, resulting in a better thermal oxidative resistance
[60]. The C/O ratio of the residual char of EP-6 is 4.10, which is much
higher than that of EP-0 (2.61), suggesting that the incorporation of
PAMA does improve the thermal oxidative resistance of the char
residue. There is no doubt that the char layer with high thermal
oxidative resistance can hinder the heat transferring and mass loss,
and thus significantly enhance the fire retardancy. Based on the
above analysis, the possible flame retardant mechanism of EP-6
was shown in Scheme S2. From Scheme S2, in the early stage of
combustion, the nano-layered PAMA forms firstly nano-sized
carbonization layer, which acts as a barrier to delay the transfer
of the heat and oxygen. Next, the various phosphorus-containing
derivatives are produced from PAMA under high temperature,
then accelerating the catalyzing carbonization of EP to form
continuous, dense outer char layer and intumescent internal char
layer, which could hinder the transfer of heat and oxygen and
interrupt the flammable gas volatile feeding back to the combus-
tion and thereby improve the fire resistance of EP-6. PAMA, a nano-
lamellar filler with organic group is beneficial to improve the
thermal stability and fire retardancy of EP like other nano-layered
filler [32]. In summary, the PAMA, integrating the advantages of
PA and MA, is really a promising candidate for a traditional intu-
mescent flame retardant for EP.

The impact and tensile strength of EP and its composites were
investigated (Fig. S9 and Table S3). And the stress-strain curve was
shown in Fig. S10. Clearly, the impact strength of EP composites
tends to decrease with the increased of the amount of the PAMA in
the EPmatrix, suggesting that the impact toughness of EP would be
descent with the incorporation of PAMA. However, an increased
tensile strength and Young Modulus of EP composites could be
obtained when the addition of PAMA within 6wt%. This result is
attributed to factors: One is that the eNH2 groups in PAMA mole-
cules react with epoxy groups during the curing process, which will
cause the higher density of cross-linking. In this case, the move-
ment of molecule chains must be limited; the other is that the
nano-lamellars of PAMA can restrict the segmental motion of the EP
molecule chains. These factors are also reflected by the improved Tg
value of EP-6 composite as discussed in DSC test (Fig. S7). In
generally, nano-layered structure always shows the reinforcement
effect in the polymer matrix [61e63]. However, for EP-7, its impact
and tensile strength, as well as the YoungModulus are deteriorated,
which can be explained by the agglomeration of PAMA as afore-
mentioned in SEM (see Fig. S6).
4. Conclusions

In summary, in this work, a bio-based organic-inorganic hybrid
with a unique nano-layered structure was first successfully syn-
thesized via self-assembly and acting as an intumescent flame
retardant used in epoxy resin. The Tg value of EP-6 was improved
due to the rigid structure and the eNH2 group derived from PAMA.
The organic groups in PAMA endow its better dispersion perfor-
mance in EP matrix. The results from TGA indicate that the PAMA
exhibits an excellent thermal stability and the lamellar PAMA could
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act as a barrier to delay the transfer of heat and promote carbon-
ization of EP, thus improving the thermal stability of EP composites.
The flame retardance and combustion behaviour of EP-6 and EP-
0 were comprehensively investigated. With just 6wt% loading of
PAMA, the LOI value of EP-6 was increased to 29.7%, and the V-
0 rating can be easily achieved. Moreover, the EP-6 composite ex-
hibits a significant reduction in PHRR, THR, and TSP compared to
that of EP-0 observed from CC test. The outstanding fire retardant
and thermal stability properties of EP-6 over EP-0 are assigned to
the unique nano-layered structure and the catalytic charring effects
of PAMA, which is helpful to produce the compact and continuous
residue char during combustion, consequently protect the under-
lying matrix from the fire. The tensile strength and Young Modulus
of EP composites are enhanced by introducing less than or equal to
6wt% PAMA when contrast to EP-0. The impact strength of EP
composites decreases slightly compared to EP-0. These data show
that PAMA is a green and multi-function nano-filler with efficient
fire retardancy and mechanical reinforcement. This study can
provide a new fire retarding idea to synthesize easily multi-
function intumescent flame retardant with a nano-layered struc-
ture based on renewable resources.
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