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ABSTRACT: To improve the fire hazard of epoxy resin (EP),
phosphomolybdate (PMoA), as a classical Keggin cluster, was
successfully intercalated into Mg, Al, and Zn layered double
hydrotalcite (LDH) by the reconstruction method, and it was
denoted as MgAlZn-LDH-PMoA. The structure and morphology
of MgAlZn-LDH-PMoA were characterized by X-ray diffraction
and Fourier transform infrared spectroscopy. Subsequently,
hexa(4-aminophenoxy)cyclotriphosphazene (HACP) was pre-
pared and characterized as a high-performance organic flame
retardant, which is rich in flame elements phosphorus and
nitrogen. The synergistic effects of MgAlZn-LDH-PMoA and
HACP on the fire safety of EP composites loaded with different
amounts of flame retardant hybrids were studied in detail.
Thermogravimetric analysis showed that the char residue of these EP composites increased significantly. Compared with the EP
matrix filled with only MgAlZn-LDH-PMoA or HACP, the incorporation of MgAlZn-LDH-PMoA and HACP had a synergistic
effect on promoting char formation of EP composites. Particularly, the char yield of EP7 is as high as 29.0%. Furthermore, the
synergistic effects of incorporation of MgAlZn-LDH-PMoA with HACP were investigated using the cone calorimeter combustion
tests. The results showed that the total heat release and peak heat release rate of the EP composites remarkably declined by 35.2 and
50.9%, respectively, with a loading of 7 wt % hybrid flame retardant. Moreover, the hybrid flame retardants also showed an obvious
inhibitory effect on the total smoke production and the release of toxic CO gas. The detailed analysis of the residual char indicated
that the main mechanism for improving the flame retardancy and smoke suppression performance is due to both the catalytic
carbonization of MgAlZn-LDH-PMoA and phosphoric acid compounds and physical barrier function of the char layer. In addition,
the molybdenum oxides produced from [PMo12O40]

3− during combustion can not only increase the yield and compactness of the
char layer but also reduce the release of CO through a redox reaction, which has important application value to reduce the fire
hazard.

1. INTRODUCTION

Epoxy resin (EP) is one of the most important industrial
thermosetting polymers and is widely used in aerospace,
electric products, coatings, composite matrix, and other fields,
owing to the excellent chemical stability, good mechanical
stiffness, and dielectric properties.1,2 Unfortunately, the
structural composition of the carbon−hydrogen chain of EP
makes it extremely flammable in the air, accompanied by the
production of dense smoke and combustible gases. The
flammability of EP not only limits its further application but
also poses a serious threat to the lives and property of
people.3,4 In recent decades, halogenated flame retardants have
been used extensively because of their excellent flame retardant
effect on polymers. However, their adverse effects to the

environment and human health in the process of combustion
have directed modern research toward halogen-free and
environmental-friendly flame retardants.5,6 Therefore, it is
imperative to adopt a creative method of smoke suppression
and environmental protection to reduce the fire risk of EP.
As an important part of two-dimensional nanomaterials, Mg

and Al layered double hydroxide (LDH) has attracted great
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interest recently because of its high specific surface area, good
endothermic absorption performance, excellent carbonization
properties, and smoke suppression properties.7,8 However, the
high polarity of LDHs weakens their surface interaction with
the polymer matrix, thus affecting their dispersion in the
matrix. Moreover, it is usually necessary to achieve better flame
retardancy by high LDH loadings, which weakens the
mechanical properties of the polymer. To overcome this
problem, some researchers used functional anions to modify
LDHs, such as dodecyl benzene sulfonate, borate, and
phosphates,9−11 which could enhance the dispersibility and
flame retardation of LDHs in the polymer matrix. Further-
more, this route has become an important strategy to develop
advanced flame retardant materials.
At present, there are many reports about effective flame

retardants for the EP resin matrix, but there are few reports on
halogen-free nanostructured materials that show both the
function of flame retardancy and smoke suppression. The
release of toxic gases (such as CO) from flammable substances
during combustion in confined spaces causes great harm to our
human health. Accordingly, it is of great importance to develop
novel multiple functional flame retardants. Xu et al. reported a
hybrid RGO-LDH/CuMoO4 by introducing CuMoO4 onto
the surface of two-dimensional nanostructured RGO-LDH.
The study of its effect on flame retardancy and smoke
suppression showed that the smoke density and total heat
release (THR) of the composite with 2 wt % RGO-LDH/
CuMoO4 addition significantly decreased compared with those
of pure EP. This is mainly due to the formation of MoO3 and
Cu2O generated from RGO-LDH/CuMoO4 during the
combustion process, which promotes the formation of more
char and improves the compactness of the char layer.12 Wang
et al. prepared a hybrid material MWCNT-MoS2 by electro-
static interaction and mixed it with the EP matrix to improve
its combustion performance. Their study indicated that the
addition of 2 wt % MWCNT-MoS2 into EP improved the
flame retardancy significantly and reduced the maximum peak
heat release rate (PHRR) by 43.3%. The results showed that
MoS2 can form a large barrier network, inhibiting the effusion
of pyrolytic products and then decreasing the heat release of
surface combustion.13 The latest studies show that the design
and synthesis of novel compounds containing Mo are an
effective means to obtain multifunctional flame retardants. In
consideration of the fact, phosphorus is also an effective flame
retardant element.14−17 Our strategy for improving the flame
retardancy of LDH is to insert negatively charged PMo12O40

3−

into the positively charged laminates of LDHs by the
reconstruction method. With this creative strategy, there is
no doubt that the dispersion of LDHs in the EP matrix will be
improved by intercalation. On the other hand, the flame
retardant elements molybdenum and phosphorus present in
PMo12O40

3− through cooperation with the two-dimensional
layered nanomaterial LDHs will improve the multifunctional
performance of the hybrid materials, both for flame retardancy
and smoke suppression.18,19

In the process of the development of novel flame retardants,
the preparation of cyclotriphosphonitrile flame retardants from
hexachlorocyclotriphosphazene (HCCP) has been widely
valued by researchers because of its special phosphorus and
nitrogen skeleton structure.20,21 Recently, cyclotriphosphoni-
trile compounds containing phenoxy, ethylene oxide, and other
functional groups have been successfully synthesized and
applied as flame retardant polymers.22−25 The flame retardancy

mechanism can be roughly summed up as follows. First, the
phosphate, metaphosphate, and polyphosphate produced
during the high-temperature pyrolysis of cyclotriphosphazene
compounds can promote the carbonization of the polymer
effectively. Also, the nonvolatile protective film formed can
adhere to the polymer surface and reduce heat transfer and the
entry of oxygen. Second, the noncombustible gases, for
instance, CO2, N2, and NH3, released during combustion can
dilute oxygen and combustible pyrolysis gas so as to achieve a
good flame retardant effect.26,27 However, cyclotriphosphazene
compounds are poorly compatible with polymers and can
easily absorb moisture, so it is difficult to use them in
engineering. Thus, our creative strategy is to synthesize a
functional cyclotriphosphazene compound that has an active
amino group. At high temperatures, the active amino group in
the cyclotriphosphazene compound can react with the epoxy
group in EP, which not only improves the compatibility
between the EP matrix and the flame retardant but also plays
the role of curing and reduces the amount of curing agent.
In this study, the compound MgAlZn-LDH-CO3 was

prepared by the coprecipitation method first and then the
classical Keggin cluster of phosphomolybdate (PMo12O40

3−)
was intercalated into the interlayer space of LDHs by the
reconstruction method to obtain the multifunctional LDH
hybrid MgAlZn-LDH-PMoA. In addition, cyclotriphosphazene
(HACP), as a flame retardant, dispersant, and curing agent,
was also designed to further improve the flame retardation
performance of EP. The synergistic effect of the combination
of MgAlZn-LDH-PMoA and HACP as a flame retardant and a
smoke suppression agent in EP composites was investigated in
detail, and the possible mechanism of reducing the fire hazard
of EP composites was discussed through a variety of tests.

2. EXPERIMENTAL SECTION
2.1. Materials. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O,

≥99.0%), aluminum nitrate nonahydrate (Al(NO3)3·9H2O,
≥99.0%), sodium hydroxide (NaOH), magnesium nitrate
hexahydrate (Mg(NO3)2·6H2O, ≥99.0%), sodium carbonate
(Na2CO3), and potassium carbonate (K2CO3) were supplied
by Guangzhou Chemical Reagent Co., Ltd. (Guangzhou,
China) and used without further purification. Phosphomolyb-
dic acid, phosphonitrilic chloride trimer (HCCP), 4-nitro-
phenol, SnCl2, and 4,4′-diaminodiphenylmethane (DDM)
were provided by Aladdin Reagent (Shanghai) Co., Ltd.
Methanol, ether, acetone, dichloromethane, and concentrated
hydrochloric acid (HCl, 36.5%) were purchased from Tianjin
Damao Chemical Reagent Factory (Tianjin, China). EP (E-51)
was obtained from Hangzhou Wuhuigang Adhesive Co., Ltd.
(China). Deionized water was produced by our institute. All
chemicals used were commercially available and of analytical
grade as well.

2.2. Preparation of MgAlZn-LDH-PMoA. 2.2.1. Prepara-
tion of MgAlZn-LDH-CO3. MgAlZn-LDH-CO3 was synthe-
sized by the coprecipitation method.28 For a typical procedure,
50 mL of Na2CO3 (0.144 M) solution was added to a four-port
flask equipped with a condensing tube, a pH meter, and two
constant pressure drop funnels. Concurrently, 1.03 g of
Mg(NO3)2·6H2O, 3.00 g of Al(NO3)3·9H2O, and 3.57 g of
Zn(NO3)2·6H2O were mixed in 150 mL of deionized water to
form a homogenous solution at 50 °C and the mixed salt
solution was poured into one of the funnels. Simultaneously,
50 mL of NaOH (1.0 M) solution was charged into another
funnel. Coprecipitation occurred when the mixed salt solution
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and NaOH solution were dropped into the Na2CO3 solution
under vigorous stirring at 50 °C. Upon adjusting the dropping
rate of NaOH solution, the pH of the system was controlled at
10 ± 0.2. After the salt solution was completely dripped, the
reaction continued for another 24 h under vigorous stirring at
75 °C. Finally, the resulting product was filtered and washed
repeatedly with deionized water until pH < 7 was achieved.
The obtained product was dried in a freeze dryer for 24 h,
denoted as MgAlZn-LDH-CO3.
2.2.2. Preparation of MgAlZn-LDH-PMoA. The MgAlZn-

LDH-CO3 product was heated in a muffle furnace at 500 °C
for 5 h to obtain calcinated intermediate layered dioxides
(LDO). Then, 5.0 g of LDO was dispersed in 150 mL of
deionized water and mechanically stirred at 70 °C for 30 min.
Simultaneously, 5.0 g of phosphomolybdic acid was dissolved
into 40 mL of deionized water to form a homogenous aqueous
solution and added dropwise into the LDO dispersion solution
under vigorous stirring at 70 °C for 2.5 h. Finally, the resulting
product was filtered, thoroughly washed for 3 times, and dried
in a freeze dryer for 24 h, denoted as MgAlZn-LDH-PMoA.
2.3. Synthesis of Hexakis(4-aminophenoxy)-

cyclotriphosphazene (HACP). HACP was synthesized
based on a previously reported method29 as illustrated in
Scheme 1, which included two preparation steps as follows:
Step 1: HCCP (10.4 g, 30 mmol) and K2CO3 (20.0 g, 180.2

mmol) were dissolved in dry acetone (80 mL) with effective
agitation at 50 °C. Simultaneously, 4-nitrophenol (25.1 g, 0.18
mol) was first dissolved into 80 mL of acetone, the obtained

solution was added dropwise to the mixture within 25 min, and
the reaction mixture was stirred for 10 h under reflux. The
resulting light yellow solid was filtered out, washed thoroughly
with a large amount of acetone, deionized water, a little
amount of methanol, and ether in order, and dried in vacuum
at 55 °C for 24 h, denoted as hexa(4-nitrophenoxy)-
cyclotriphosphazene (HNCP).
Step 2: Compound HNCP (7.0 g, 7.3 mmol), SnCl2 (43.0 g,

190.1 mmol), and concentrated hydrochloric acid (50 mL)
were mixed in ethanol (150 mL) and heated under reflux for
12 h under a nitrogen atmosphere. Then, the reaction solution
was cooled to 0−2 °C overnight, and the resulting crude white
solid was filtered and washed with an excess amount of
acetone. Finally, the crude white solid was dissolved into
deionized water to form a homogenous aqueous solution and
its pH was adjusted to10 with NaOH solution; the resulting
white solid (HACP) was filtered off and dried at 60 °C in
vacuum for 24 h, denoted as hexa(4-aminophenoxy)-
cyclotriphosphazene (HACP).

2.4. Fabrication of EP Composites. All the different EP
composites were fabricated using the solution blending
method. The schematic process of preparing EP composites
is shown in Scheme 2. Taking the preparation of 7% MgAlZn-
LDH-PMoA/HACP (2:1)/EP composite as an example, in
which the total loading of the hybrid is 7 wt % and the mass
ratio of MgAlZn-LDH-PMoA to HACP is 2:1, first, DDM
(23.9 g) was dissolved in a small amount of dichloromethane
until a uniform solution was formed. Then, MgAlZn-LDH-

Scheme 1. Synthesis Route of the HACP Material

Scheme 2. Schematic Fabrication Process of EP Composites
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PMoA (6.0 g), HACP (3.0 g), and EP (100.0 g) were
dispersed in the uniform solution, and the mixture was
ultrasonically stirred for 2 h to obtain a homogeneous mixture.
Subsequently, the mixture was kept in a vacuum oven at 60 °C
for 2 h to remove excess dichloromethane and air.
The above mixture was poured into a polytetrafluoro-

ethylene mold and cured at 100 °C for 2 h, 130 °C for 2 h, and
150 °C for 2 h, respectively. Finally, the obtained samples were
cooled to room temperature and demoulded. The resulting
sample is denoted as EP7. Similarly, pure EP, 5% MgAlZn-
LDH-PMoA/HACP (1:2)/EP, 5% MgAlZn-LDH-PMoA/
HACP (2:1)/EP, and 7% MgAlZn-LDH-PMoA/HACP (1:2)
were prepared subsequently and were named EP, EP4, EP5,
and EP6, respectively. For comparison, 5% MgAlZn-LDH-
CO3/EP, 5% MgAlZn-LDH-PMoA/EP, and 5% HACP/EP
were also prepared using the same procedure and were named
EP1, EP2, and EP3, respectively. The components of EP
composites are listed in Table 1.
2.5. Characterization. X-ray diffraction (XRD) measure-

ments were carried out using a Malvern Panalytical Aeris
(Netherlands) at room temperature with a scan rate of 5°/min
from 5 to 80° and equipped with a CuKα tube and an Ni filter
(λ = 0.1542 nm).
Fourier transform infrared (FTIR) spectroscopy was

performed with a Nicolet 6700 FTIR spectrophotometer
(Thermo Fisher Scientific, USA), and the sample pellets
containing KBr powder were analyzed in the range of 4000−
400 cm−1.
The 1H nuclear magnetic resonance (NMR) and 31P NMR

spectra were recorded using an Avance III 400 MHz NMR
spectrometer (Bruker, Switzerland) using deuterated dimethyl
sulfoxide (DMSO-d6) as a solvent at room temperature.
Scanning electron microscopy (SEM) images of the char

residue structure were obtained using a Hitachi SU8220
instrument (Japan).

The thermogravimetric analysis (TGA) was performed using
a TGA/DSC3+ instrument (Mettler Toledo, Switzerland).
The thermal stabilities of the flame retardants, pure EP, and EP
composites were determined at a heating rating of 10 °C/min
under a nitrogen atmosphere.
The cone calorimeter combustion tests were performed

using a cone calorimeter (Fire Testing Technology, UK)
according to the procedures specified in the ISO5660 standard
with a heat radiation of 35 kW/m2, and the size of all the
samples was 100 × 100 × 3 mm3.
According to the standard ASTM D2863, the limiting

oxygen index (LOI) values were measured using an HC-2
oxygen index instrument (Jiangning Analytical Instruments,
China), and the sizes of all the specimens were 100 × 10 × 3
mm3.
According to the standard ASTM D3801, the UL94 vertical

burning test was carried out on a PX-03-001 instrument
(Suzhou Phoenix Instruments Co., Ltd., China) with a sample
size of 125 × 13 × 3 mm3, and the combustion process of all
samples was recorded by a digital camera.
Smoke density tests were recorded on a JSC-2 smoke

density test instrument (made in China) according to the
standard ISO 5659-2 with a heat radiation of 25 kW/m2. The
dimension of all the specimens was 75 × 75 × 3 mm3.
Laser Raman spectroscopy was carried out with a SPEX-

1403 laser Raman spectrometer (SPEX Co., USA) at room
temperature using the back scattered geometry of 514.5 nm
argon laser line.

3. RESULTS AND DISCUSSION

3.1. Characterization of MgAlZn-LDH-PMoA. The XRD
patterns of MgAlZn-LDH-CO3 and MgAlZn-LDH-PMoA are
shown in Figure 1a. In the XRD pattern of MgAlZn-LDH-
CO3, the characteristic diffraction peaks at 11.68, 23.52, and

Table 1. Components of EP Composite Samples

sample m1(E-51)/g w1(DDM)/% w2(MgAlZn-LDH-PMoA)/% w3(MgAlZn-LDH-CO3)/% w4(HACP)/%

EP 100 20.0
EP1 100 20.0 5.0
EP2 100 20.0 5.0
EP3 100 20.0 5.0
EP4 100 20.0 1.7 3.3
EP5 100 20.0 3.3 1.7
EP6 100 18.0 2.3 4.7
EP7 100 18.0 4.7 2.3

Figure 1. XRD patterns (a) and FTIR spectra (b) of MgAlZn-LDH-PMoA and MgAlZn-LDH-CO3.
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34.73° can be attributed to the (003), (006), and (009)
diffraction peaks, respectively.30

After calcination and reconstruction, all the diffraction peaks
can be detected in the XRD pattern of MgAlZn-LDH-PMoA,
indicating that the ordered layered crystal structure is
reconstructed. In addition, the characteristic peaks of (003)
and (006) for MgAlZn-LDH-PMoA are shifted to low angles
at 8.37 and 17.56°, respectively. Therefore, the corresponding
layer spacing of LDHs enlarged from 0.76 and 0.38 nm to 1.06
and 0.49 nm, respectively. The interlayer spacing in MgAlZn-
LDH-PMoA is almost the same as the diameter of the short
axis of PMoA, which is almost consistent with a previously
reported study.31 The results primarily revealed that the anion
[PMo12O40]

3−has been intercalated into the LDH interlayers
efficiently.
Figure 1b shows the FTIR spectra of PMoA, MgAlZn-LDH-

CO3, and MgAlZn-LDH-PMoA. In the FTIR spectrum of
PMoA, an obvious absorption peak at 961 cm−1 is due to the
stretching vibration of Mo−O, while the peak at 1064 cm−1

corresponds to the vibration of the P−O bond. In the
MgAlZn-LDH-CO3 spectrum, an intense broad band at 3450
cm−1 is assigned to the O−H group in the LDH layers. The
lattice vibration of Mg−O, Al−O, and Zn−O groups can be
observed in the low frequency region below 800 cm−1.31 Also,
the strong absorption bands near 1355 and 788 cm−1 could be
designated as the vibrational absorption bands of CO3

2−(v3)
and CO3

2− (v2).
32 Compared with MgAlZn-LDH-CO3, the

FTIR spectrum of MgAlZn-LDH-PMoA shows very little
absorption near 1355 cm−1, indicating that there is almost no
CO3

2− in the interlayer of MgAlZn-LDH-PMoA. Also, the
characteristic absorption bands for the Mo−O bond shifted to
a lower frequency at 920 cm−1 in MgAlZn-LDH-PMoA, which
is mainly due to the electrostatic interaction between the host
layers and the guest anions.33

3.2. Characterization of HACP. The FTIR spectrum of
HACP is shown in Figure 2a. The characterized absorption
peaks, which were observed at 3438 and 3346 cm−1 (−NH2),
3048 cm−1 (C−H), 1623 cm−1 (C−C), 1504 cm−1 (benzene
ring), 1182 cm−1 (PN), 1280 cm−1 (P−N), and 950 cm−1

(P−O−C), indicated the successful synthesis of HACP.34 To
ensure the purity of HNCP and HACP, 31P NMR measure-
ments were carried out, and the results are shown in Figure
2b,c. In the 31P NMR spectra of HNCP and HACP, there are
no characteristic peaks except those at 8.00 and 10.02 ppm,
respectively. In conclusion, all the results confirmed the
successful synthesis of HACP.

3.3. Thermogravimetric Properties of MgAlZn-LDH-
PMoA and HACP. Figure 3 shows the TGA curves of
MgAlZn-LDH-CO3, MgAlZn-LDH-PMoA, and HACP under

Figure 2. FTIR spectra (a) and 31P NMR (b, c) spectra of HNCP and HACP.

Figure 3. TGA curves of MgAlZn-LDH-CO3, MgAlZn-LDH-PMoA,
and HACP materials.
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nitrogen conditions. For LDHs, the evaporation of surface-
adsorbed water and the elimination of interlayer crystallization
water mainly occur when the temperature is below 200 °C.
When the temperature is raised from 200 to 400 °C, the weight
loss is caused by dehydroxylation and deionization of LDHs.
With the increase of temperature, hydrotalcite can completely
become a dense metal oxide.35,36 It can be observed that
MgAlZn-LDH-CO3 and MgAlZn-LDH-PMoA show an
obvious weight loss of adsorbed water and crystallization
water below 200 °C. The weight loss for MgAlZn-LDH-CO3
observed between 200 and 400 °C is mainly caused by
dehydroxylation and deionization of CO3

2−. As for MgAlZn-
LDH-PMoA, the TGA curve is different from that of MgAlZn-
LDH-CO3 because the thermal stability of metal polyoxome-
talate PMo12O40

3− is better than that of volatile anion CO3
2−,

which indirectly proves that PMo12O40
3− has successfully

replaced CO3
2−. In addition, it is observed from the TGA

curves that the residue of MgAlZn-LDH-PMoA at 800 °C is
79.8%, which is significantly higher than that of MgAlZn-LDH-
CO3 (68.5%). The excellent thermal stability of MgAlZn-
LDH-PMoA is of great significance to reduce the fire risk of
polymers.
As for the TGA curves of HACP, the weight loss at 350 °C

is only 3.9%, indicating that the compound has good thermal
stability. In addition, 74 wt % of the residue remained after
HACP was pyrolyzed at 800 °C, which shows that HACP
would be a good candidate for flame retardant components as
an excellent carbonization agent.
3.4. Thermal Stability of EP Composites. The thermal

stability of pure EP and EP composites was studied by TGA.
The TGA and derivative thermogravimetry (DTG) curves of
pure EP and EP composites in a nitrogen atmosphere are
shown in Figure 4, and the specific values from the TGA and
DTG curves are listed in Table 2. Specifically, the initial

decomposition temperature (T5%), the maximum degradation
rate of degradation temperature (Tmax), and the char yield are
all important parameters to evaluate the thermal stability of EP
composites.
From Figure 4a,b, it is obvious that the temperature of T5%

and Tmax of the pure EP matrix is 362.0 and 379.4 °C,
respectively. However, T5% and Tmax of all the EP composites
decreased in varying degrees compared with EP; this is mainly
caused by the metal oxides and phosphoric acid compounds
formed from LDHs and HACP to promote the pyrolysis and
carbonization of the EP matrix at a lower temperature. The
early initial decomposition is a necessary process for lowering
the temperature of the polymer matrix and forming a char
layer. Obviously, the thermal degradation of pure EP in the
range of 350−600 °C shows only one stage and corresponds to
the DTG pattern, which is corresponding to the decom-
position of three-dimensional macromolecular chains of the
polymer. All the EP composites exhibited a one-step
degradation behavior similar to pure EP.
It is observed that the char residue of the pure EP matrix is

only 16.5% at 800 °C. With a loading of 5 wt % of MgAlZn-
LDH-CO3, MgAlZn-LDH-PMoA, and HACP into the EP
matrix, the char residue of EP composites at 800 °C increased
to 20.3, 25.3, and 24.9%, respectively, which indicated that
these three compounds can promote the carbonization of EP
effectively. As expected, the incorporation of MgAlZn-LDH-
PMoA and HACP showed a synergistic effect on promoting
char formation of EP composites (such as EP5) compared with
the EP matrix filled with only MgAlZn-LDH-PMoA or HACP.
Particularly, the char yield of EP7 was as high as 29.0%,
indicating that hybrids had a synergistic effect on promoting
char formation. The formed compact residual char during
pyrolysis can adhere to the polymer surface and reduce heat
transfer and the entry of oxygen, thus reducing the release of
flue gases.

3.5. Combustion Behavior. 3.5.1. Cone Calorimeter.
The flammability behavior of pure EP and EP composites was
investigated by means of a cone calorimeter, which is
considered as an effective method to simulate real fire
disasters. The HRR and THR of EP and EP composites are
shown in Figure 5. Also, some important corresponding
parameters obtained from the cone calorimeter tests are
summarized in Table 3.
It is clear that the pure EP is highly flammable whose PHRR

and THR values reach 1133.2 kW·m−2 and 96.9 MJ·m−2,
respectively. However, the PHRR and THR values of EP2 are
reduced by 43.3 and 13.6%, respectively, compared with the

Figure 4. TGA (a) and DTG (b) profiles of neat EP and its composites under a nitrogen atmosphere.

Table 2. Thermal Properties of Neat EP and Its Composites
under a Nitrogen Atmosphere

sample T5% (°C) Tmax (°C) residue at 800 °C (wt %)

EP 362.0 379.4 16.5
EP1 355.1 378.9 20.3
EP2 297.4 335.3 25.3
EP3 346.4 374.6 24.9
EP4 326.9 357.9 25.1
EP5 316.1 352.9 27.0
EP6 320.2 356.2 28.3
EP7 321.2 351.4 29.0
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pure EP, which is more obvious than EP1. This is mainly due
to the physical barrier effect37,38 in the solid of metal oxides
formed by MgAlZn-LDH-PMoA at a high temperature. Also,
further inhibition of the volatilization of combustible gas and
the transmission of oxygen during the decomposition process
of the composite occurred.39,40 Moreover, compared with EP,
the PHRR and THR values of EP3 decreased by 21.5 and
15.9%, respectively, which indicated that when only HACP is
used as the flame retardant (FR), the flammability behavior is
not effective. In particular, it should be noted that the PHRR
and THR values of EP5 decreased by 46.9 and 28.0%,
respectively, which are more than the values of EP2 and EP3.
This indicates the synergistic effect of MgAlZn-LDH-PMoA
and HACP. When we increased the amount of the FRs as 7%
in EP6 and EP7, the PHRR and THR values decreased
effectively with the more loading of FRs. Upon addition of
both MgAlZn-LDH-PMoA and HACP, the flame retardant

elements in the condensed phase improve the compactness of
the residual char. Moreover, MgAlZn-LDH-PMoA can absorb
part of the heat of the flame zone and release water vapor in
the process of combustion, which plays the role of dilution and
cooling, and achieves a better effect of reducing fire hazard.

3.5.2. LOI and Vertical Burning Test (UL-94). The LOI and
UL-94 burning tests are two important parameters to further
estimate the combustion and flammability performance of
polymer materials. As shown in Figure 6a, the LOI value of
pure EP is 25.0%, which indicates that it is combustible in air.
However, the LOI values of EP composites all increased at
different levels after loading different fractions of flame
retardants into the EP matrix. The LOI value of EP composites
increased greatly while MgAlZn-LDH-PMoA and HACP were
added together into the EP matrix. Moreover, the LOI value of
the EP composite containing 7 wt % MgAlZn-LDH-PMoA and
HACP increased to 30.5 and 31.0%, respectively. In the
vertical burning test (UL-94) shown in Figure 6b, the fire of
pure EP spreads rapidly and is accompanied by the production
of molten drippings without significant self-extinguishing
phenomenon after ignition. In contrast, EP composites
containing different flame retardants do not produce molten
droplets during combustion and can be self-extinguished
(Figure S1). EP7 exhibited the most obvious flame retardant
property, which can extinguish itself only 35 s after ignition,
and the amount of smoke produced during combustion is the
least. Obviously, the incorporation of MgAlZn-LDH-PMoA
and HACP can improve the flame retardant properties of EP
composites.

Figure 5. Heat release rate (HRR) (a) and THR (b) versus time curves of neat EP and its composites with a combustion calorimeter.

Table 3. Cone Calorimeter Data of EP and Its Composites

sam-
ple

THR
(MJ m−2)

PHRR
(kW m−2)

TSP
(m2)

COP
(g/s)

CO2P
(g/s)

EP 96.9 1133.2 23.0 0.03556 0.5483
EP1 85.9 773.5 17.6 0.02093 0.3902
EP2 83.7 642.8 17.3 0.01823 0.2875
EP3 81.5 889.8 21.8 0.04104 0.4506
EP4 81.4 612.7 17.2 0.02723 0.4164
EP5 69.8 601.9 13.2 0.01862 0.2693
EP6 74.4 539.1 14.9 0.02530 0.4197
EP7 62.8 556.5 12.9 0.01806 0.2686

Figure 6. LOI values of the neat EP and EP composites (a) and the vertical burning test result of EP and EP7 (b).
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3.6. Smoke Toxicity of EP and Its Composites. Smoke
toxicity is another important parameter to evaluate the fire risk
of polymers because thermal radiation is released by toxic CO
and primary CO2 oxidation gases during polymer combus-
tion.41 Therefore, reducing the amount of smoke, CO, and
primary CO2 produced in the process of polymer combustion
is of great significance to reduce the fire risk. Figure 7 shows
the TSP, CO, CO2, and smoke density yield curves of EP and
EP composites tested by a cone calorimeter, and the specific
data are shown in Table 3.
It can be seen from Figure 7 that upon the incorporation of

MgAlZn-LDH-PMoA and HACP hybrids into the EP matrix,
the emission of smoke and combustible gas could be
significantly reduced. As shown in Table 3, the production of
TSP, maximum CO, and CO2 yields of pure EP is as high as
23.0 m2, 0.03556 g/s, and 0.5483 g/s, respectively. It should be
noted that the TSP and maximum CO values of the samples
containing MgAlZn-LDH-PMoA are relatively low, and the
release of CO has been reduced by 48.7% compared with pure
EP, which shows that MgAlZn-LDH-PMoA can reduce the
smoke toxicity of flammable gases. The main reason is that
MgAlZn-LDH-PMoA promotes the carbonization of EP
through catalysis, thus reducing the release of oxides in the
gas phase.42,43 Meanwhile, it was obviously seen that the
addition of MgAlZn-LDH-PMoA and HACP hybrids had a
great influence on reducing TSP, CO, and CO2 production
during the combustion process, and the reduction effect of EP5
and EP7 is the most obvious compared with other composites,
which is due to the outstanding synergistic effect between
MgAlZn-LDH-PMoA and HACP.
The synergistic effect of MgAlZn-LDH-PMoA and HACP

on smoke suppression of EP was further studied by the smoke
density test. The smoke density curves of pure EP and EP

composites are shown in Figure 7d. Notably, the maximum
smoke density (Ds, max) of pure EP is 1008.42. The smoke
density of EP composites decreased with the addition of
different flame retardants, reaching 37.79, 46.39, 36.05, 50.54,
and 53.68%, respectively. Among them, the smoke density of
EP7 with MgAlZn-LDH-PMoA and HACP is obviously lower
than that of EP composites with a single component. The main
reason is that MoO3 formed by PMoA degradation and the
phosphoric acid compounds formed by HACP at high
temperatures simultaneously promote the catalytic carbon-
ization of the EP matrix, thus reducing the emission of
smoke.40

3.7. Flame Retardancy Mechanism. 3.7.1. Gaseous
Phase. In general, the thermal degradation of the polymer
matrix is accompanied by the release of gaseous volatiles under
an anaerobic atmosphere.13 Therefore, TG−IR coupling
technology is widely used in the evaluation and determination
of volatile compounds in the thermal degradation of polymers.
The intensities of the samples and evolved gaseous products
versus time of pure EP and EP7 composite are shown in
Figures 8 and S2; the strongest signals of the characteristic
gaseous products of pure EP and EP7 composite are similar,
indicating that the addition of MgAlZn-LDH-PMoA and
HACP did not change the types of decomposition products.
Several characteristic peaks for the primary pyrolysis products
of pure EP and EP7 are listed as follows: 2190 cm−1 (CO),
2360 cm−1 (CO2), 2930 cm−1 (hydrocarbons), 1740 cm−1

(carbonyl compounds), and 1510 cm−1 (aromatic com-
pounds).44 The experiment was also carried out by using
EP/HACP (EP3) as a comparison and found that the total
toxic volatile intensity of EP3 composites is lower than that of
pure EP during the combustion process (Figure S3).
Particularly, with the addition of MgAlZn-LDH-PMoA and

Figure 7. Total Smoke Production (TSP) (a), CO (b), CO2 (c), and smoke density (d) yield versus time curves of neat EP and its composites with
a combustion calorimeter.
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HACP, the maximum absorbance intensities of all typical
pyrolysis gas products dramatically decreased compared to
pure EP, indicating that the synergistic effect between the two
flame retardants can inhibit the release of gas products. Among
them, the reduction of the concentration of flammable
pyrolysis products and toxic substances can enhance the safety
against fire.
3.7.2. Condensed Phase. To further clarify the responsible

mechanism of flame retardancy, the char residues of pure EP
and EP composites after the cone calorimeter test were directly
observed through digital photos as shown in Figure 9a,b. The
morphology and microstructure of char residues of EP and its
composites are presented in Figure 9c.
Compared with pure EP, when the hydrotalcite MgAlZn-

LDH-PMoA is introduced into the EP, the sample EP2 will
form a complete carbon layer structure after combustion, and
the thickness of the carbon layer increases significantly. The
white substances on the surface of the carbon layer are mainly
metal oxides formed after the combustion of hydrotalcite. It
can be seen from Figure 9 EP2(c) that the structure of these
carbon layers is very dense. These dense carbon layer
structures cover the surface of the polymer matrix, helping to

reduce heat release and the generation of toxic fumes. From
Figure 9 EP(a,b) and EP3(a,b), it can be seen that pure EP
only generates a little carbon residual after combustion and
exposes the white aluminum foil, while the EP3 composite
generates a large amount of black carbon residual after
combustion. The thickness of the carbon layer is improved
compared to pure EP. From their SEM images, Figure 9 EP(c)
and EP3(c), it can be seen that many cracks and holes appear
on the surface of pure EP after combustion, and no dense
carbon layer is formed. However, after the combustion of EP3
composites, the surface carbon layer shows an increase in
density without many cracks and holes. The reason may be
that the flame retardant HACP will decompose during the
combustion process to generate phosphorus-containing
compounds to promote the carbon residue generated in the
EP matrix, thereby improving the flame retardant properties of
the composites.
It is known that the compactness and degree of

graphitization of the carbon residue play an important role
in suppressing the exothermic and pyrolytic volatilization of
the internal matrix. The carbon residue morphology and
microstructure of pure EP and EP7 composites are shown in

Figure 8. Absorbance of pyrolysis products for neat EP and its composite EP7 versus time.
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Figure 9. Digital photographs (a, b) and SEM images (c) of burning residues (EP, EP2, EP3, and EP7) obtained after cone calorimetry.

Figure 10. Raman spectra of the neat EP (a) and EP7 (b) and XRD patterns of the char residue of EP7 (c).
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Figure 9 EP and EP7. Through SEM observation, after adding
both flame retardants HACP and MgAlZn-LDH-PMoA, the
surface carbon layer of EP7 composites is dense and relatively
complete, which can delay heat and mass transfer and
effectively prevent further combustion of the internal polymer
matrix.
In Figure 9, by comparing EP, EP2, and EP3, we can see that

after the addition of either MgAlZn-LDH-PMoA(EP2) or
HACP(EP3) into EP, there are some holes and cracks in the
surface, but the char residues of EP composites were relatively
integrated. Meanwhile, by comparing EP, EP2, EP3, and EP7,
we can see that the char residue of EP7 is more compact than
any other samples, which means that the coexistence of FRs is
better than the presence of a single component or pure EP
without FRs as observed after combustion by visual
observation.
As an important characterization method to study the

compactness and graphitization degree of residual chars, EP
and EP7 were investigated by Raman spectroscopy after being
tested by a cone calorimeter. As shown in Figure 10a,b, there
are two strong absorption peaks about 1345 and 1585 cm−1,
respectively, which are the representative peaks of graphite (D
and G peaks). In general, the graphitization state of residual
carbon is calculated by using the ratio of D band to G band
integral strength (ID/IG). The lower the ID/IG value, the higher
the graphitization degree of residual chars. Typically, the
higher the carbon content of graphite, the denser the carbon
layer, and the more obvious the effect of preventing heat
diffusion and material degradation.45 Obviously, the ID/IG
value of pure EP was 2.09, while the ID/IG value of the EP7
composite was only 1.95. The results show that MgAlZn-LDH-
PMoA and HACP can promote the formation of graphitized
carbon, so as to improve its flame retardant and smoke
suppression properties.
The coke residue of EP7 was further analyzed by XRD. The

characteristic peaks of MoO3, MoO2, Al2O3, MgO, and ZnO
are shown in Figure 10c. Among them, MoO3 would be
reduced to MoO2 by many reducing gases (CO and H2)
produced by epoxy polymers during the decomposition. At the
same time, MoO2 would also be oxidized to MoO3 at a high
temperature. This redox cycle process will greatly reduce the
toxic and harmful gases generated during the EP combustion
process. This result also confirms that MgAlZn-LDH-PMoA
can generate MoO3 during the combustion process. In
addition, MgAlZn-LDH-PMoA can also catalyze the carbon-

ization of degradation products, which will become an
important part of the barrier and further reduces the heat
transfer.
Based on the analysis of the gas−solid phase, we proposed a

possible flame retardancy and smoke suppression mechanism
of the synergistic effect of MgAlZn-LDH-PMoA and HACP on
EP, which is shown in Scheme 3. When the temperature is
lower than 200 °C, LDHs can absorb heat by dehydration to
achieve the flame retardant effect. At high temperatures, HACP
can not only pyrolyze into phosphorus-containing gaseous
products and free radicals, which could capture other free
radicals generated by EP decomposition during the combus-
tion process, but also the resulting phosphorus compounds can
improve the adhesion and strength of the char generated by
the EP substrate. Meanwhile, the char captured a large amount
of metal oxides (MoO3, MoO2, Al2O3, MgO, and ZnO)
produced by the pyrolysis of MgAlZn-LDH-PMoA, which
further enhances its strength. It is worth noting that the
formation of MoO3 can not only reduce the combustible gas
released by the gas-phase redox reaction but also increase the
density of the condensed phase to prevent heat transfer.
Accordingly, the gas phase and condensed phase of EP/
MgAlZn-LDH-PMoA act simultaneously in the combustion
process, which makes EP to have excellent flame retardant and
smoke suppression properties.

4. CONCLUSIONS

PMo12O40
3− was successfully intercalated into the interlayer

space of LDHs by the coprecipitation reconstruction method.
Finally, the inorganic flame retardant MgAlZn-LDH-PMoA
containing various flame retardant elements was obtained. In
addition, HACP, as a flame retardant, curing agent, and
dispersant, is used in the flame retardant of EP together with
MgAlZn-LDH-PMoA, which has a significant synergistic flame
retardant effect with MgAlZn-LDH-PMoA based on LOI and
UL-94 tests. Notably, the addition of 5 wt % of composite
flame retardant can make the LOI value reach the flame
retardant standard of polymer materials. Meanwhile, the cone
calorimeter test results show that the PHRR of EP7 decreased
by 50.9%. The main reason for the decline of the fire resistance
of the composite is the physical barrier of the flame retardant
and catalytic carbonization. Furthermore, a variety of metal
oxides formed in the combustion process of MgAlZn-LDH-
PMoA can promote the formation of a denser char layer, which

Scheme 3. Abridged General View of the Flame Retardancy Mechanism for the Effect of MgAlZn-LDH-PMoA and HACP on
EP
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can not only inhibit the transfer of volatile combustion gas and
heat but also achieve a good flame retardant and smoke
suppression effect. Meanwhile, MoO3 decomposed from
PMo12O40

3− not only promotes char layer formation during
combustion but also reduces the emission of toxic gases such
as CO through a redox reaction, thus further improving the fire
safety performance.
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