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In this work, a bio-based macromolecule ammonium phytic acid named as PA-AEP was synthesized
successfully via neutralization reaction between phytic acid (PA) and N-aminoethylpiperazine (AEP) and
served as a monocomponent flame-retardant curing agent to improve the flame retardancy and smoke
suppression of epoxy resin (EP). Curing behavior, flame retardancy and combustion behavior of PA-AEP
cured epoxy resin were investigated. By comparison with EP/AEP reference sample, EP/PA-AEP samples
showed good flame retardancy and smoke suppression effect because of the addition of PA-AEP. The PA-
AEP cured EP sample passed UL-94 V-0 rating and achieved to a limiting oxygen index (LOI) value of
28.0% with 20 wt% PA-AEP. Cone calorimeter test results showed that, compared with EP/20% AEP
reference sample, both the peak of heat release rate (PHRR), total heat release (THR), the peak of smoke
production release (SPR) and total smoke production (TSP) of EP/20 wt% PA-AEP sample were decreased
by 44.4%, 55%, 49% and 80.8%, respectively. In addition, by analyzing the char residues and volatile py-
rolysis products, it was concluded that PA-AEP mainly played an important role in condensed phase

Mechanism which was associated with the formation of phosphorus-rich intumescent char layer.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Epoxy resin (EP) has been widely used in the fields of electronic
appliances, aerospace and coatings because of its good cohesive-
ness, chemical and corrosion resistance and outstanding mechan-
ical properties etc [1—3]. However, the drawbacks of high
flammability and lots of smoke during combustion restrict its
application in many areas to a certain degree.

In this regard, several approaches have been proposed to solve
these defects. Adding halogenated flame retardants (HFRs) is the
most economical and effective method to achieve expected flame
retardancy due to its low cost and high efficiency [4,5]. Unfortu-
nately, many HFRs produce numerous toxic products and smoke
during burning, which are harmful to the ecological environment
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and human health. Recent decades, halogen-free flame retardants
(HFFRs), particularly phosphorus-containing flame retardants have
attracted extensive attention thanks to high flame-retardant effi-
ciency [6—8]. Phosphorus element or phosphorus-containing
groups can be introduced into epoxy resins matrix by physically
blending or chemically bonding. Comparatively, chemical bonding,
also known as reactive flame-retardant method including reactive
flame-retardant monomer [9—13] and reactive flame-retardant
curing agent [14—19], can endow EP more durable flame retard-
ancy. Among these phosphorus-containing groups, 9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide (DOPO) is often used in
preparation of flame-retardant EP. By introducing DOPO groups
into the polymer network can greatly enhance the flame retardancy
of EP, but it has to compromise on lots of smoke production of EP.
For instance, Xu et al. [20]. synthesized a novel phosphorus-
containing imidazole-based curing agent (IHODOPO) from DOPO
and imidazole for EP. The cured EP sample containing 15 wt%
[HODOPO achieved UL-94 V-0 rating and produced less heat
release. However, the total smoke production was not suppressed
instead of increased. Intumescent flame-retardant (IFR) is
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considered to be a promising method for imparting EP with ex-
pected flame retardancy, more importantly, which can effectively
achieve smoke suppression effect due to its condense phase flame-
retardant activity [21]. Typical IFR system consists of an acid source,
a carbon source and a gas source. Once the materials containing IFR
are ignited, expanded carbon layer will be formed by esterification,
carbonization and expansion processes, which can insulate the
transfer of oxygen and heat simultaneously plays a role on smoke
suppression and fire resistance. In our previous works [22], we
prepared a novel IFR-EP system based on ammonium poly-
phosphate (APP) and a novel charring agent, which presented good
flame retardancy and much lower production of smoke.

Besides, considering the environmental protection and the us-
age of renewable flame retardant resources, bio-based flame re-
tardants like chitosan (CS) [23—26], phytic acid (PA) [27—30] and
alginate [31] are used to construct flame-retardant system in recent
years. Among them, phytic acid mainly comes from seed and root of
plant and possess relatively high phosphorus content of 28 wt%,
which can provide both acid and carbon source for intumescent
flame retardants. Wang et al. [32]. prepared an additive type phytic
acid salt intumescent flame retardant based on PA and melamine,
and it gave EP with good flame retardancy and smoke suppression
effect.

Hence, in order to solve the flammability and lots of smoke
production defects simultaneously endow EP more durable flame
retardancy, a bio-based macromolecule ammonium phytic acid was
designed and prepared to construct reactive intumescent flame-
retardant EP. In this paper, through simple neutralization reaction
between PA and N-aminoethylpiperazine (AEP), the macromole-
cule ammonium phytic acid named PA-AEP was successfully pre-
pared. The secondary amines in PA-AEP molecule acted as reactive
sites with epoxy groups, while phytic acid groups endowed EP with
good flame retardacy, making it a flame-retardant curing agent.
Therefore, a series of PA-AEP cured flame-retardant EP materials
were prepared and studied. The results of LOI, UL-94, and cone
calorimeter tests proved that the PA-AEP was an effective flame-
retardant curing agent for EP. The smoke suppression and flame
retardancy of the PA-AEP cured EP samples were promoted
significantly. Meanwhile, the flame-retardant mechanism was also
discussed. The results of this paper will provide a theoretical basis
for the development of bio-based flame-retardant curing agents
with similar structures.

2. Experimental
2.1. Materials

Diglycidyl ether of bisphenol A (DGEBA, E—44) was obtained by
Nantong Xingchen Synthetic Material Co., Ltd. (Nantong, China).
Phytic acid aqueous solution (70%) and N-aminoethylpiperazine
(99%) was purchased by Aladdin Chemistry Co., Ltd. (China).
Anhydrous ethanol (99%) was from by Sinopharm Chemical Re-
agent Co., Ltd. (Shanghai, China). Distilled water was provided by
our Lab.

2.2. Synthesis of macromolecule ammonium phytic acid (PA-AEP)

At room temperature, first, 18.86 g of 70% phytic acid aqueous
solution (0.02 mol) was dissolved in 150 ml of distilled water. Then,
15.5 g of N-aminoethylpiperazine (0.12 mol) was added into the
above aqueous solution, and the mixture kept stirring for 20 min.
Subsequently, the crude product was obtained by removing the
water with rotary evaporation and was washed ethanol several
times. Finally, the blackish green powder was dried in vacuum oven
at 60°C for 8 h.

2.3. Preparation of the cured epoxy resins

The EP/AEP was obtained by traditional thermal curing process
as reference. The air bubbles in DGEBA were removed under vac-
uum, and then AEP was added into DGEBA with continuous stirring.
Once the mixture became a homogeneous solution, it was rapidly
poured into prepared PTFE mold. Subsequently, the mixture was
cured at 150°C for 4 h. The flame-retardant EP was prepared in a
similar process with a little difference. First, the PA-AEP (curing
agent) and DGEBA were mixed together and stirred at 120 °C under
vacuum condition until no bubbles appeared. Afterwards, the
blends were transferred to PTFE mold. The higher the addition
content of curing agent PA-AEP meant the faster the curing rate. EP/
15% PA-AEP, EP/20% PA-AE and EP/25% PA-AEP were obtained after
curing at 200 °C for 15, 12 and 10 h. Formulation of epoxy samples
were shown in Table 1. EP/x% PA-AEP, where x wt% represented the
weight percentage of PA-AEP in epoxy resins.

2.4. Characterization

Fourier transform infrared spectra (FT-IR) (400-4000 cm™!) of
samples were recorded (KBr pellets) at rt from a Nicolet 6700 FTIR
instrument.

H nuclear magnetic resonance (NMR) spectra of samples were
collected with a Bruker Ascend 400 spectrometer using D,0 as the
solvent.

X-ray photoelectron spectroscopy (XPS) spectra of samples were
recorded using a K-Alpha+ (Thermo fisher Scientific Co., USA) with
Al Ka excitation radiation (hv = 1486.6 eV) under ultrahigh vacuum
condition.

Thermogravimetry analysis (TG) was obtained on thermogra-
vimetric analyzer (TGA4000, USA). The samples (about 7 mg) were
heated from 40°C to 800°C at a heating rate of 10 °C/min under
nitrogen. The volatile pyrolysis products decomposed from TG were
connected by coupling FT-IR.

Glass transition temperature (Tg) of EP/AEP and EP/PA-AEP
samples was measured by a PE instrument 4000 differential scan-
ning calorimeter (DSC) from 30°C to 150°C at a heating rate of
10°C/min under N, atmosphere. The non-isothermal curing ki-
netics of DGEBA/PA-AEP samples were carried on a DSC 4000 in-
strument (PE, USA) from 30 °C to 250 °C at different heating rates
(5,10, 15 and 20 K/min) under N, atmosphere.

Limiting oxygen index (LOI) values were tested by a HC-2C

Table 1

Formulation of EP/AEP and EP/PA-AEP samples and its LOI and UL-94 test results.
Sample DGEBA(wt%) AEP(wWt%) PA-AEP(wt%) LOI(%) UL-94 (3.2 mm)

av-t1%(s) av-tp*(s) Rating Dripping

EP/20% AEP 80 20 0 21.5+02 >60 - NR Yes
EP/15% PA-AEP 85 0 15 26.0+0.5 47 1.5 NR No
EP/20% PA-AEP 80 0 20 28.0+0.5 3.5 2 V-0 No
EP/25% PA-AEP 75 0 25 324+05 2 0.5 V-0 No

2 Average combustion duration after the first (t;) and the second ignition (t;).
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Fig. 1. IR spectra of AEP, PA and PA-AEP.

oxygen index meter (Jiangning, China) with sheet sizes of
130 x 6.5 x 3.2 mm according to ASTM D2863-97. The LOI tests for
each spline were repeated three times, the results were the average
of the three parallel tests. UL-94 rating level was measured on a
CZF-4 instrument (Jiangning, China) and the size of sheets was
130 x 13 x 3.2 mm according to ASTM D3801. The fire behavior of
samples was investigated using a cone calorimeter (Fire Testing
Technology, UK) according to ISO5660-1. Each sample with size of
100 x 100 x 3.2 mm was exposed to a radiant cone at a heat flux of

400 396 392

Binding Energy (e.V)

408 404

Fig. 3. Ny5 XPS spectra of PA-AEP.

35 kW/m?. The data were obtained from the two parallel tests.

The carbon structure of cured EP samples after cone calorimeter
test was analyzed by a LabRAM HR800 laser Raman spectrometer
(SPEX Co.) with a 532nm helium-neon laser line at room
temperature.

The morphologies of char residues for cured EP samples after
cone calorimeter test were observed by a JEOL J[SM-5900LV scan-
ning electron microscopy (SEM) instrument. The char layers were
tested after gold coating in a high vacuum at a voltage of 20 kV.
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Fig. 2. "H NMR spectra of PA (a), AEP (b) and PA-AEP (c).
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Table 2
Kinetic parameters of the curing reaction with PA-AEP.

DGEBA/15%PA-AEP DGEBA/20%PA-AEP

Kissinger? and Crane eq® E.?
InA®
n(

Flynn-Wall-Ozawa eq’ E?

88.05 108.75
15.02 20.33
0.95 0.96
89.73 110.68

2 The reaction activation energy in kj/mol.
Pre-exponential factor in s~

Reaction order.

Kissinger equation: In ([i/T%,) =In ((A x R)/E,) - (Ea/R) x (1/Tp).
Crane equation: Inp = - (Ea/nR) x (1/T) + C.

" an o

f 0zawa equation: Inp +1.0516 x (E4/R) x (1/T,)=C, B is the heating rate, T, is the exothermic peak temperature and R is the gas constant.

3. Results and discussion
3.1. Characterization of PA-AEP

Fig. 1 showed IR spectra of N-aminoethylpiperazine (AEP),
phytic acid (PA) and ammonium phytic acid (PA-AEP). For AEP,
absorption peak at 3274 cm ™! and 1120 cm~! belonged to N—H and
C—N bonds, respectively [32]. The peaks at 2800-3000 cm™! were
assigned to C—H bond. For PA, the peak at 2400 cm™~! was assigned
to (P=0)—O0H. By comparison with AEP and PA, some difference was
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=
.g DGEBA/15% PA-AEP
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found in PA-AEP. The peaks at 3274cm~! (N—H) and 2400 cm™!
(-OH) were disappeared. Instead, a new peak appeared at
1528 cm™, which belonged to NH$ and NH3 bonds [33], suggesting
that N—H bonds was changed to NH3 and NH3 bonds after a pro-
cess of neutralization reaction.

Fig. 2 presented 'H NMR spectra of raw materials and target
product. In Fig. 2, the signal peak at 4.8 ppm belonged to deuterated
water. For PA, two peaks at about 4 ppm were observed. For AEP, the
peaks at about 2.5—2.6 ppm was ascribed to CH,- protons of
—HN—CH,-C- and —CH>-CH;- group of N—CH,—CH,—NH, and the
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Fig. 4. DSC curves of DGEBA/15% PA-AEP (a) and DGEBA/20% PA-AEP (b) at different heating rates, fitting curves of ln(B/T,Z,) (c) and Inf (d) versus 1/T, x 103,
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Scheme 1. The curing process of PA-AEP for EP.
peaks at 2.2—2.4 ppm belonged to —CH; protons of —HN—C—CH;—.
EP/20% AEP In Fllg. 2¢, hthT tfwo [l)ﬁall;g actl '2.5—5.6hanl\(li 2.2.—2.4 ﬁplm movgd obv;—
EP/15% PA-AEP ously to t.e e.t, which indicated the N-aminoethylpiperazine salt
s~ EP/20% PA-AEP with phytic acid was forrped.
XPS test was also carried out to further analyze the structure of
o . PA-AEP. As seen in Fig. 3, three peaks appeared in spectra for PA-
= 97'? ¢ AEP, which implied that there were three different environments
® \/___.f : of N atoms in PA-AEP. Herein, the peaks at 400.1,399.5 and 398.3 eV
S 704°C were assigned to NH3, NH3 and -N- groups [18], respectively. The
.g . o—0——o o *—o result of Nis XPS was in agreement with the results of "H NMR and
c '\r at d | .
i ' 81.4 °C FT-IR, suggesting that PA-AEP was prepared successfully.
. :
' 3.2. Curing
. . . . . . . . To investigated the influence of PA-AEP on the curing behavior
40 60 80 100 120 140 of epoxy resin, the curing kinetics of DGEBA/PA-AEP was studied by
Temperature (°C nonisothermal DSC testing at different heating rates (5, 10, 15 and
p ure (°C) 20 K/min). The reaction activation energy (E;), pre-exponential
Fig. 5. DSC curves of EP/AEP and EP/PA-AEP samples. factor. (A) and r.eactior.l order (n) were cal.culated by thg Kissinger
equation combined with the Crane equation, as shown in Table 2.
The Flynn-Wall-Ozawa equation was also applied to verify the E,
values. The three methods are applied to calculate the kinetic pa-
rameters without any assumption about a conversion-dependent
equation [34]. As shown in Fig. 4, for DGEBA/PA-AEP samples, the
100 0
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Fig. 6. TGA (a) and DTG (b) curves of PA-AEP, EP/AEP and EP/PA-AEP samples.
Table 3

TGA and DTG data of PA-AEP, EP/AEP and EP/PA-AEP samples.

Sample Tsy% (°C) Tmax (°C) Rate at Tpax (%/min) Residue at 800 °C (wt%)
PA-AEP 2223 227.3/317/459.2 -11.2/-6.1/-4.8 25.6

EP/15% PA-AEP 324.8 382 -26.5 18.4

EP/20% PA-AEP 304.5 375 -17.2 20.6

EP/20% AEP 326.2 364.5 -232 59
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Table 4
Cone calorimeter data of EP/20% AEP and EP/20% PA-AEP.

Sample EP/20% AEP EP/20% PA-AEP
TTI (s) 50+1 82+2

tp (s) 105+3 95+2

PHRR (kW/m?) 1274+ 60 708 +36
FIGRA ((kW/m?-s) 12.1 7.5

THR (M]/m?) 93242 419+1

PSPR (m?/s) 0.53 +0.02 0.27 +0.01

TSP (m?) 682+25 13.1+05
Char residue (wt%) 2.8+0.2 352+1

T, vaules moved toward higher temperature with the increasing of
heating rate, which may be due to the fact that the lower heating
rate provided longer time for chemical reaction of active groups
[35]. Notable, the E, value of DGEBA/20% PA-AEP was higher than
that of DGEBA/15% PA-AEP, which was due to the higher concen-
tration of curing agent PA-AEP which made DGEBA/20% PA-AEP
system have more active sites and required higher energy to
participate in the chemical reaction at the beginning stage. In
addition, The curing reactions of DGEBA/15% PA-AEP as well as
DGEBA/20% PA-AEP were both consistent with the n-order kinetic
model, where the n values were equal to 0.95 and 0.96, respectively.
The above results showed that PA-AEP was an effective curing
agent for epoxy.

What's more, according to similar literature reported [18], the

500

1200 (a)
E 800+ —=—EP/20% AEP
3 —e— EP/20% PA-AEP
z
T 400
o bl T T L)
0 100 200 300 400
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e —e— EP/20% PA-AEP
=
20-
o b L) L] T L)
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Time (s)

500

curing process for EP/PA-AEP was explained as follows: At a certain
temperature, the tertiary nitrogen atom in PA-AEP first reacted
with the epoxy groups to form a zwitterion, and then the oxygen
anion would further react with another epoxy groups. Here, NH3
and NH3 in PA-AEP which did not react with epoxy groups. The
curing route was shown in Scheme 1.

3.3. Thermal analysis

The glass transition temperatures (Tg) of EP/AEP and EP/15% PA-
AEP and 20% PA-AEP were investigated by DSC test. As seen in Fig. 5,
all samples had a single T,. In addtion, the Ty vaule of EP/AEP
sample were higher than those of EP/PA-AEP, which was ascribled
to the higher cross-linking density caused by the higher reactivity
of AEP. The Tg vaule of the EP/PA-AEP sample increased with the
addition of PA-AEP, which was due to the further increase of the
crosslinking density of epoxy with the addition of high concen-
tration of curing agent PA-AEP.

Fig. 6 showed TG and DTG curves of PA-AEP, EP/AEP and EP/PA-
AEP samples under N, atmosphere, and the relevant data were
summarized in Table 3. For PA-AEP, the onset decomposition
temperature (Tsy, defined as the temperature at which 5 wt% mass
loss) was 222.3 °C, and the residues at 800 °C was 25.6%. In Fig. 6a,
the thermal decomposition of PA-AEP (as curing agent) showed
three degradation stages, in which the temperature at maximum
weight loss rate (Tpax) were 227.3°C, 317°C and 459.2°C,

80-
E 6o- —=— EP/20% AEP
= —e— EP/20% PA-AEP
x 401
=
=
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Fig. 7. HRR (a), THR (b), TSP (c) and residual mass (d) curves of EP/20% AEP and EP/20% PA-AEP.
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Fig. 8. Digital photos of EP/20% AEP (a, b) and EP/20% PA-AEP (c, d) before and after
combustion.

respectively. The first degradation was mainly assigned to the
breakage of ionic bonds in PA-AEP and the dehydration reaction of
phytic acid [36]. During the second and third steps of decomposi-
tion, phosphorus-containing acid and N-aminoethylpiperazine
would continue to decompose, and generate NH3, H,0, poly-/pyro-/
ultraphosphoric acids and other containing the P—N bond com-
pounds, etc [33]. For cured EP samples, due to the addition of PA-
AEP, the onset decomposition temperature (Tsy) and Tpax of EP/
PA-AEP samples were lower than EP/AEP reference sample, and it
decreased continuously with the increase of the PA-AEP. Here, the
reasons for the decrease of Tsy and Trhax Were explained as follows:

Because the ionic bonds in PA-AEP did not react with epoxy groups,
it first gradually broken and decomposed into poly-/pyro-/ultra-
phosphoric acids at relative lower temperature, and then the
phosphorus-containing acids promoted the dehydration and
carbonization of epoxy resin to form a stable carbon. This stable
char layer was able to isolate transfer of oxygen and heat. As a
result, the residual mass at 800°C of EP/PA-AEP samples were
much higher than EP/AEP reference sample. The higher residual
mass implied a positive effect on the flame retardancy.

3.4. Flame retardancy and combustion behavior

Flame retardancy of EP/AEP and EP/PA-AEP samples was first
investigated by LOI and UL-94 tests, and relative data were listed in
Table 1. As shown in Table 1, the EP/20% AEP reference sample was
flammable with only a LOI value of 21.6% and failed to pass UL-94
vertical burning test. By contrast, adding 15 wt% PA-AEP increased
the LOI value of EP from 21.6% to 26.5%, but it did not have a positive
influence on UL-94 test. As the addition content of PA-AEP
increased to 20 wt%, the EP/20% PA-AEP sample passed UL-94 V-
0 rating and achieved a LOI value of 28.5%. The above results sug-
gested PA-AEP was an effective flame-retardant curing agent for EP.

Combustion behavior of EP/20% AEP and EP/20% PA-AEP were
also investigated by cone calorimeter test and the corresponding
data were listed in Table 4. By comparison with EP/20 wt% AEP, the
TTI of EP/20% PA-AEP was increased remarkably. This was because
the early decomposition of EP/20% PA-AEP produced some non-
combustible substances, which would covered the surface of the
substrate and slowed down the combustion of the substrate [37]. As
seen in Fig. 7, EP/20% AEP reference sample was very flammable
and had a sharp the peak of heat release rate (PHRR) value of
1274kW/m?, while the PHRR value of EP/20% PA-AEP was
decreased to 708 kW/m?. In addition, unlike EP/20% PA-AEP, the
HRR curve of PA-AEP was relatively flat, which indicated that there
was an obvious charring process during combustion of EP/20% PA-
AEP [38]. As seen in Fig. 8, after cone calorimeter test, EP/20% AEP
almost burned out with only 2.8 wt% residual mass, while EP/20%

Fig. 9. Morphology of the external char residues for EP/20% AEP (a, a-1) and EP/20% PA-AEP (b, b-1) after cone calorimeter test.
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Fig. 10. IR spectra of the chars for EP/20% AEP and EP/20% PA-AEP after cone calo-
rimeter test.

PA-AEP had a large expansive carbon layer (35.2 wt% residual
mass), which suggested the existence of condensed phase flame-
retardant mechanism. Meanwhile, because of the significant char-
ring effect of EP/20% PA-AEP in the combustion, total smoke
product (TSP) and the peak of smoke product rate (PSPR) values
were greatly inhibited, and their value were decreased by 80.8%
and 49%, respectively. Fire growth rate (FIGRA), defined as the
maximum value of HRR/t and was always equal to PHRR/tp, which
was used to evaluate the fire safety of materials. As shown in
Table 4, the FIGRA value of EP/20% PA-AEP was lower than EP/20%
AEP, resulting from the reduction in PHRR. A lower FIGRA value
indicated a more escape time in the real life fire scenarios [39].

3.5. Char analysis

The char often has a positive effect on improving the flame
retardancy of materials. To better understand the flame-retardant
mechanism in condensed phase, the structure and composition of
chars after cone calorimeter test was investigated by SEM and IR.

Fig. 9 showed SEM images of external chars for EP/20% AEP and EP/
20% PA-AEP. In Figs. 9a—1 and b-1, the char layer of EP/20% AEP was
a honeycomb structure, while the char layer of EP/20% PA-AEP
exhibited relatively compact. Due to the existence of PA-AEP, EP/
20% PA-AEP generated phosphorus-containing acids during
burning, and then resulting acids catalyzed the cross-linking of EP
to form a stable and dense char layer. In addition, the external
surface of EP/20% PA-AEP presented bubble-like structure, which
was attributed to the release of non-combustible gases. This intu-
mescent and compact char was effective to slow down the transfer
of the heat and oxygen, and hence interrupt combustion effectively.

The composition of chars after combustion was analyzed by IR.
In Fig. 10, the absorption peaks at about 3000 cm ™', 1618 cm ™! and
1081 cm~! were assigned to the stretching vibrations of CH,-, C=C
and C—N bonds, respectively. However, for EP/20% PA-AEP, a new
sharp absorption peak appeared at 989 cm~!, which belonged to
the stretching vibration of P—O—C bonds, suggesting that there
were some organophosphorus and graphite-like complexes exited
in chars [40,41]. This result confirmed that phosphorus-containing
acids produced by PA-AEP promoted the degradation of EP to form
carbon residues rich in P-O—C bond.

3.6. Gaseous products analysis

In order to investigate volatile pyrolysis products of EP/20% AEP
and EP/20% PA-AEP during thermal degradation process, TG-IR
tests were carried out. Fig. 11 showed FT-IR spectra of gaseous
products produced by EP/20% AEP and EP/20% PA-AEP obtained at
different temperature (Tsy, Tmax, 400°C, 450°C and 500 °C). As
seen in Fig. 11, the absorption peaks intensity of gaseous products
increased first and then decreased with the increasing of temper-
ature, and reached the maximum at Tyax (365 and 375 °C), which
was consistent with the results of TGA. In addition, the main
gaseous products of the degradation of EP/20% AEP and EP/20% PA-
AEP were basically the same, including hydrocarbons (2964 cm™1),
€O, (2350 cm™ 1), aromatic compounds (1607 and 1510 cm™') and
ether (1260 and 1175 cm™!), which was caused by the decompo-
sition of EP [42]. However, unlike EP/20% AEP, a new peak appeared
in IR spectra of EP/20% PA-AEP (from 305 to 500 °C), belonged to
NH3 (965 and 930cm™!) [43], which was resulted from the
decomposition of PA-AEP. Notably, a certain amount of NHj3
released in early stage would dilute the flue gases to slow down
burning. At the same time, produced poly-/pyro-/ultraphosphoric
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Fig. 11. FT-IR spectra of volatile pyrolysis products of EP/20% AEP and EP/20% PA-AEP after cone calorimeter test.
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acids also catalyzed the degradation of EP to form chars. Conse-
quently, an intumescent char would be formed under the blowing
effect of NH3. Furthermore, it was because of the protection of char
residues that absorption peaks intensity of gaseous products of EP/
20% PA-AEP after 500 °C was lower than that of EP/20% AEP. The
above results illustrate that PA-AEP was able to provide both
condensed phase shielding effect and the diluting effect in gaseous
phase.

4. Conclusions

In this paper, a bio-based macromolecule ammonium phytic
acid named PA-AEP was synthesized successfully based on
neutralization reaction between phytic acid (PA) and N-amino-
ethylpiperazine (AEP) and was used as a monocomponent flame-
retardant curing agent for improving the flame retardancy and
smoke suppression of EP. DSC test result showed PA-AEP effectively
cured with epoxy groups. Combustion test results presented the
flame retardancy and smoke suppression performance was
remarkable enhanced with the addition of PA-AEP. With 20 wt% PA-
AEP added, the PA-AEP cured EP sample passed UL-94 V-0 rating
and achieved a LOI value of 28%; the THR and TSP values of sample
were declined by 55% and 80.8%, respectively. The flame-retardant
mechanism was investigated by SEM, IR and TG-IR. The results
showed PA-AEP mainly functioned in condensed phase via the
formation of a phosphorus-rich intumescent char layer, acted as a
barrier to insulate the transfer of heat and oxygen, and hence
interrupt combustion.
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