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ABSTRACT: High-density polyethylene (HDPE) polymer
nanocomposites containing Zn2Al−X (X= CO3

2−, NO3
−, Cl−,

SO4
2−) layered double hydroxide (LDH) nanoparticles with

different loadings from 10 to 40 wt % were synthesized using a
modified solvent mixing method. Synthesized LDH nanofillers
and the corresponding nanocomposites were carefully
characterized using X-ray diffraction, scanning electron
microscopy, and transmission electron microscopy, etc. The
thermal stability and flame retardancy behavior were
investigated using a thermo gravimetric analyzer and micro-
scale combustion calorimeter. Comparing to neat HDPE, the
thermal stability of nanocomposites was significantly en-
hanced. With the addition of 15 wt % Zn2Al−Cl LDH, the
50% weight loss temperature was increased by 67 °C. After adding LDHs, the flame retardant performance was significantly
improved as well. With 40 wt % of LDH loading, the peak heat release rate was reduced by 24%, 41%, 48%, and 54% for HDPE/
Zn2Al−Cl, HDPE/Zn2Al−CO3, HDPE/Zn2Al−NO3, and HDPE/Zn2Al−SO4, respectively. We also noticed that different
interlayer anions could result in different rheological properties and the influence on storage and loss moduli follows the order of
SO4

2− > NO3
− > CO3

2− > Cl−. Another important finding of this work is that the influence of anions on flame retardancy follows
the exact same order on rheological properties.
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1. INTRODUCTION

High density polyethylene (HDPE) has good electrical proper-
ties, high stiffness, and tensile strength, especially high dielectric
strength of the insulation, making it very suitable for wires and
cables. However, one problem for HDPE is that it is combustible
and flame retardation is needed in many applications.1−5 For
instance, when HDPE was used as insulating materials for wires
and cables, both the superior high-heat resistance and the flame-
retardant properties are required for some special applications.
Another large market for flame retardant HDPE is for the
replacement of wooden pallets and crates.6 In order to improve
the flame-retardant properties of polymers, many organic and
inorganic flame retardants have been developed, for instance,
halogenated organic compounds, magnesium hydroxide, alumi-
num hydroxide, and metal borates, etc.7−9 However, new
environmental regulations have restricted the use of some
halogenated flame-retardant additives, which could produce a
large amount of smoke and toxic gases during burning.10 One of

the fast growing classes of halogen-free flame retardants is
aluminum hydroxide (Al(OH)3, ATH) and magnesium
hydroxide (Mg(OH)2, MDH). These two metal hydroxides are
now widely used as flame retardants in wire coatings on cables
and in building and construction applications. Although, these
materials offer a cost-effective solution for flame retardancy, they
have some drawbacks. Themost important one is that a very high
loading is needed to achieve the flame-retardant rating of the
products. Alumina trihydrate (ATH) and magnesium hydroxide
(MDH) are typically added in the amount of 50−70 wt % to the
polymer. As a consequence, the mechanical properties of the
polymer compound are deteriorated and the processing becomes
difficult.11 Thus, some alternative flame retardant materials
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which are environmentally friendly and more efficient are highly
desired.
Layered double hydroxides (LDHs), also commonly called

anionic clays, are a class of anionic lamellar compounds made up
of positively charged brucite-like layers with an interlayer region
containing charge compensating anions and solvation molecules.
LDH s h a v e a g e n e r a l mo l e c u l a r f o rmu l a o f
[M1−X

2+MX
3+(OH)2]

X+Ax/m
n−·nH2O, where M2+ is divalent

metal cations such as Mg2+, Zn2+, Cu2+, and Ca2+, and M3+ is
trivalent metal cations such as Al3+, Fe3+, and Mn3+; An− is an
intercalated inorganic or organic anions such as CO3

2−, NO3
−,

SO4
2−, borate, and stearate, etc; and x is normally between 0.2

and 0.4.12−14 Because of their layered structure and high anion
exchange capacity, LDHs are now used in various applications,
such as precursors for preparing CO2 adsorbents,15−21

catalysts,22,23 fire retardant additives,24,25 UV absorbents,26,27

drug delivery hosts,28 as cement additives,29 and so on. Recently,
LDHs have attracted increasing attention as a new generation of
flame-retardant material. LDHs have been shown to offer good
flame retardancy and smoke suppression properties due to their
unique chemical composition and layered structure.30,31 During
combustion, LDHs lose the interlayer water, intercalated anions,
and dehydroxylate to mixed metal oxides. These processes
absorb huge amounts of heat, dilute the concentration of O2,
promote the formation of an expanded carbonaceous coating or
char on the polymer, protecting the bulk polymer from being
exposed to air, and suppress smoke production due to
suffocation.11,32−35 Therefore, LDHs have been regarded as a
promising new type of environmental friendly and highly
efficient flame retardant for polymer applications.
Because of the fact that LDHs have strong interlayer

electrostatic interactions, small gallery spaces, and hydrophilic
properties, it is generally believed that pristine LDHs should be
modified with different organic modifiers to alter their surface
properties, expand their basal spacing, and facilitate their
interactions with polymers.36 For this reason, until now most
of the LDHs used as flame retardant additives for polymers are
organic anions intercalated LDHs, such as LDH-alkyl carbox-
ylates,24 LDH-dodecylbenzenesulfonate,34 LDH-dodecyl sul-
fate,37 LDH-oleate,38,39 LDH-undecenoate,13,40 etc. Although
there are a few papers using inorganic anions intercalated LDHs
as flame retardant additives, all of them were prepared using the
melt mixing method.41−43 One drawback of melt mixing is the
drying of LDHs dispersion before melt mixing inevitably results
in LDHs particle aggregation, resulting in inferior LDHs
dispersion compared to the solvent-based synthesis. Until
recently, it was widely believed that the inorganic-LDHs
containing inorganic anions such as CO3

2−, NO3
−, SO4

2−, and
Cl− cannot be dispersed in nonpolar solvents due to their high
hydrophilicity.44 For this reason, there is still no report on the
comparison of the influence of inorganic anions on the flame
retardancy of polymer nanocomposites, particularly for those
synthesized using the solvent mixing method.
Recently, we have developed an aqueous miscible organic

solvent treatment (AMOST) method for the synthesis of stable,
transparent dispersions of the hydrophilic LDHs in nonpolar
solvents.44,45 This technique can tune the surface of LDHs to be
hydrophobic, enable them to be highly dispersible in nonpolar
solvents such as xylene, and make it possible to prepare
polyolefin/inorgano-LDHs nanocomposites using solvent mix-
ingmethod for the first time ever. By taking the advantages of this
great breakthrough, we are now able to introduce highly
dispersed inorganic anions intercalated LDHs into HDPE and

compare their influence on the flame retardant performance of
HDPE nanocomposites.
In this paper, the HDPE nanocomposites filled with different

inorganic anions (CO3
2−, SO4

2−, NO3
−, and Cl−) intercalated

LDHs were prepared using the solvent mixing method for the
first time. The loadings of LDHs were controlled within 10−40
wt %, and both LDHs and HDPE nanocomposites were carefully
characterized. Then the influence of interlayer anions on the
thermal stability, flame retardancy, and rheological properties of
HDPE nanocomposites were evaluated in detail.

2. EXPERIMENTAL SECTION
2.1. Synthesis of LDHs and HDPE/LDH Nanocomposites.

Zn2Al−X LDHwas synthesized by a traditional coprecipitation method.

In brief, Zn2Al−CO3 LDH was prepared by adding 50 mL of solution
containing 7.44 g of Zn(NO3)2·6H2O (0.025 mol) and 4.7 g of
Al(NO3)3·9H2O (0.0125 mol) solution dropwise into a 50 mL solution
containing 2.65 g of Na2CO3 (0.025 mol) solution. The pH of the
precipitation solution was controlled at ∼10 using a NaOH (4 M)
solution. Zn2Al−NO3 LDH was synthesized in the same way, with an
only exception that the Zn2Al solution was added dropwise into a 50 mL
solution containing 2.125 g of NaNO3 (0.025 mol). Similarly, Zn2Al−Cl
and Zn2Al−SO4 were prepared by adding a ZnCl2 and AlCl3·6H2O (or
ZnSO4·7H2O and Al2(SO4)3·18H2O) solution into a NaCl (or Na2SO4)
solution, with the pH controlled at 10 using a 4 M NaOH solution. The
obtained LDHs were washed with H2O until pH = 7. The sample was
further washed with acetone intensively. Finally all the samples were
dried in an oven at 65 °C for overnight to obtain the LDH powders. For
the preparation of HDPE/LDH nanocomposites, the acetone washed
slurries were directly used without drying.

HDPE was purchased from Dow Chemical Company (density, 0.942
g cm−1; melt index, 2; and melting temperature, 127 °C). The HDPE/
Zn2Al−X LDH nanocomposites were prepared using a solvent mixing
method. In brief, 5 g of HDPE, the acetone washed LDH slurry prepared
above, and 100 mL of xylene were charged into a 250-mL round-bottom
flask. The amount of LDH added (corresponding to pure HDPE) is 10,
15, 20, 25, 30, and 40 wt %, respectively. The mixture was refluxed at
approximately 140 °C for 2 h. After the reflux process was complete, the
hot xylene solution containing dissolved HDPE and highly dispersed
LDH nanoparticles was poured into a crystallizing dish. The obtained
HDPE/LDH nanocomposites were then dried in vacuum.

2.2. Characterization of LDHs. X-ray Diffraction (XRD). XRD
patterns were recorded on a Shimadzu XRD-6000 instrument in
reflection mode with Cu Kα radiation. The accelerating voltage was set
at 40 kV with 30 mA current (λ = 1.542 Å) at 0.1° s−1 from 5 to 65°.

Scanning Electron Microscope (FE-SEM). Field emission (FE)-SEM
analyses were performed on a SU-8020 scanning microscope with an
accelerating voltage of 5.0 kV. Powder samples were spread on carbon

Figure 1. XRD patterns of Zn2Al−X (X = CO3
2−, Cl−, NO3

−, and
SO4

2−) LDHs washed with acetone.
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tape adhered to the SEM stage. Before observation, the samples were
sputter coated with a thin platinum layer to prevent charging and to
improve the image quality.
2.3. Thermal Stability and Rheological Property of HDPE/

LDHs. Thermal Gravimetric Analysis (TGA).The thermal stability of all
the samples was evaluated using TGA (TGA 50, TA Instrument), which
was carried out with a heating rate of 10 °Cmin−1 and an air flow rate of
50 mL min−1 from 25 to 600 °C.

Microscale Combustion Calorimeter (MCC-2).MCC-2 was used to
investigate the combustion behavior of the synthesized HDPE
nanocomposites. In this system, about 5 mg samples were heated to
700 °C at a heating rate of 1 °C s−1 in a stream of nitrogen flowing at 80
cm3 min−1. The volatile, anaerobic thermal degradation products in the
nitrogen gas stream were mixed with a 20 cm3 min−1 stream of 20%
oxygen and 80% nitrogen prior to entering a 900 °C combustion
furnace. The parameters measured from this test are heat release rate
(HRR) inW g−1 (calculated from the oxygen depletion measurements),

Figure 2. FE-SEM images of Zn2Al−Cl, Zn2Al−CO3, Zn2Al−NO3, and Zn2Al−SO4 LDHs.

Figure 3. XRD patterns of (a) HDPE/Zn2Al−Cl LDH nanocomposites (b) HDPE/Zn2Al−CO3 LDH nanocomposites (c) HDPE/Zn2Al−NO3 LDH
nanocomposites (d) HDPE/Zn2Al−SO4 LDH nanocomposites.
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heat release capacity (HRC) in J g−1 K−1 (obtained by dividing the sum
of the peak HRR by the heating rate in K s−1), the total heat release
(THR) in kJ g−1 (given by integrating the HRR curve).
Rheological Behavior. The melt rheological behavior of neat HDPE

and its nanocomposites were studied using a TA Instruments AR 2000ex
Rheometer. An environmental test chamber (ETC) steel parallel-plate
geometry (25mm in diameter) was used to perform themeasurement at
200 °C when HDPE was in the melt state. The frequency sweep was
from 100 to 0.1 Hz in the linear viscoelastic (LVE) range (strain 1%)
under a nitrogen atmosphere to prevent the oxidation of HDPE.

3. RESULTS AND DISCUSSION
3.1. Characterization of LDHs. The synthesized Zn2Al−X

LDHs were first characterized using XRD analysis, Figure 1. The

XRD patterns for all LDH samples exhibit the typical patterns of
hydrotalcite-like materials. The characteristic reflections of
(003), (006), (009), (015), (018), and (110/113) planes are
observed for all Zn2Al−X LDHs, suggesting that all of the LDHs
had a well-developed layer structure. A slight difference in the
interlayer distance is observed when various anions were used,
probably due to the difference in their dimension and carried
charges.19 For Zn2Al−CO3, the characteristic reflections of (003)

is observed at 11.68°, corresponding to an interlayer distance of
0.76 nm. Zn2Al−Cl has a similar interlayer distance with a
calculated value of 0.77 nm. However, when the interlayer anions
are NO3

− and SO4
2−, the interlayer distances are enlarged to be

0.85 and 0.87 nm, respectively. The XRD patterns also indicate
that Zn2Al-CO3 and Zn2Al−Cl LDHs have sharper basal
reflections, suggesting a higher crystalline degree for those two
nanoparticles. The basal reflections of Zn2Al−SO4 and Zn2Al−
NO3 LDHs are much weaker, suggesting the formation of less
crystallized nanoparticles.
The morphologies of Zn2Al−X LDHs were then characterized

using FE-SEM analysis, Figure 2. The images of Zn2Al−Cl and
Zn2Al−CO3 show that both of them have formed platelike
nanoparticles with regular shape, as commonly observed for the
typical inorganic anionic intercalated LDH compounds.46 The
layer nanoparticles have a diameter over a few hundred
nanometers and a thickness over several tens of nanometers.
However, no regular nanoplates are observed for Zn2Al−NO3
and Zn2Al−SO4, suggesting that the crystalline degree of these
two LDHs is lower than that of Zn2Al−Cl and Zn2Al−CO3. This
result is consistent with the XRD analysis.

3.2. Characterization of HDPE/LDH Nanocomposites.
After introducing LDHs into HDPE, the obtained HDPE/
Zn2Al−X LDH nanocomposites with various loadings of 0−40
wt % were first characterized using XRD analysis, Figure 3. For
pure HDPE, two characteristic reflections at 22.26 and 24.66°
corresponding to the (110) and (200) planes are observed,
which is consistent with the reports from the literature.47,48 After
adding LDHs, several new XRD peaks which can be attributed to
the characteristic reflections of (003), (009), (015), (018), and
(110/113) planes of LDHs are clearly observed for all the
HDPE/Zn2Al−X LDH nanocomposites. With increasing the
LDH loading, the intensity of the (00l) reflection is gradually
increased. These results clearly indicate that the LDHs
nanoparticles have been successfully introduced into the
HDPE matrix using the solvent method.
The morphology of the synthesized nanocomposites was

further examined by SEM analysis. Figure 4 shows the SEM
images of pure HDPE and its Zn2Al−SO4 nanocomposites with a
LDH loading of 15 and 30 wt %. Spherical particles with an
average size of about ∼10 μm were formed for pure HDPE and
all the HDPE/Zn2Al−SO4 LDH nanocomposites. Pure HDPE
shows a smooth surface while a few LDH nanoparticles can be
observed on the surface of HDPE/LDH nanocomposites. And
the number of surface LDHs nanoparticles increases with
increasing the LDH loading from 15 to 30 wt %. This is
reasonable since the LDH loading is relatively high in these
HDPE nanocomposites.

3.3. Performance Test of HDPE/LDH Nanocomposites.
Since LDH nanofillers may affect the thermal stability of HDPE,
the influence of different anions intercalated LDHs on the
thermal stability of HDPE was further investigated using TGA,
Figure 5. The corresponding detailed data are also summarized in
Table 1. The pristine HDPE is observed to begin to decompose
at around 330−340 °C under air atmosphere, which can be
apparently referred to the chemical composition of its main
chains. HDPE chain can easily undertake oxygen insertion
reaction when it is exposed to air at elevated temperatures. Then
it could form peroxy radical species and other oxidized species at
elevated temperatures. All these reactions have weakened the
thermal stability of the main chains of HDPE, which starts to
generate gaseous products under the air atmosphere at
approximately 330−340 °C, thus leading to the weight loss.49

Figure 4. SEM images of (a) neat HDPE and HDPE/Zn2Al−SO4
nanocomposites with a LDH loading of (b) 15 and (c) 30 wt %.
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From 330 to 340 °C to around 550 °C, HDPE experiences a fast
oxidative degradation till only very little residue is left.34,50,51

However, the thermal oxidative degradation of the HDPE/
Zn2Al−X LDH nanocomposites experienced differently com-
pared with that of neat HDPE. The 10% weight loss
temperatures (T0.1), the 50% weight loss temperature, and the
corresponding temperature increase (or decrease) in T0.1 and
T0.5 of the HDPE/Zn2Al−X LDH nanocomposites are
summarized in Table 1. It is obvious that the addition of the
Zn2Al−X LDHs to HDPE significantly improves the thermal
stability of HDPE, particularly when the LDH loading is low. In
general, both T0.1 and T0.5 are first increased with increasing the
LDH loading and then slightly decreased with a further increase
in the LDH loading. For instance, the maximum temperature
increase (67 °C) in T0.5 for the HDPE/Zn2Al−Cl LDH
nanocomposites is observed with 15 wt % loading, with T0.5

increased from 421 °C for neat HDPE to 488 °C for
nanocomposites. With a further increase in LDH loading up to
40 wt %, the temperature increase in T0.5 is still very high, ∼65
°C. For the other three nanocomposites of HDPE/Zn2Al−CO3,
HDPE/Zn2Al−NO3, and HDPE/Zn2Al−SO4, the maximum
temperature increase in T0.5 is observed with 20−25 wt % LDH
loading, which is ∼51, 60, and 45 °C, respectively. For HDPE/
Zn2Al−Cl and HDPE/Zn2Al−CO3 LDH nanocomposite, even
the LDH loading is as high as 40 wt %, theT0.5 increase is still very
high (∼65 and 50 °C). On the contrary, for HDPE/Zn2Al−NO3

and HDPE/Zn2Al−SO4 LDH nanocomposites, when the LDH
loading is increased up to 40 wt %, the T0.5 is decreased by 29 and
28 °C, respectively. These results obviously suggest that the
LDH nanofillers can significantly increase the thermal stability of
HDPE but different LDHs would lead to different performance,
which should be considered for practical applications. Regarding

Figure 5. TGA curves of (a) HDPE/Zn2Al−Cl LDH nanocomposites, (b) HDPE/Zn2Al−CO3 LDH nanocomposites, (c) HDPE/Zn2Al−NO3 LDH
nanocomposites, and (d) HDPE/Zn2Al−SO4 LDH nanocomposites.

Table 1. TGA Summary Results of Pure HDPE and Its
Nanocompositesa

sample T0.1 ΔT0.1 T0.5 ΔT0.5

HDPE 387 NA 421 NA
HDPE-10 wt % Zn2Al−Cl 421 34 455 34
HDPE-15 wt % Zn2Al−Cl 432 45 488 67
HDPE-20 wt % Zn2Al−Cl 438 51 487 66
HDPE-25 wt % Zn2Al−Cl 428 41 482 61
HDPE-30 wt % Zn2Al−Cl 444 57 486 65
HDPE-40 wt % Zn2Al−Cl 435 48 486 65
HDPE-10 wt % Zn2Al−CO3 422 35 462 41
HDPE-15 wt % Zn2Al−CO3 421 34 469 48
HDPE-20 wt % Zn2Al−CO3 423 36 466 45
HDPE-25 wt % Zn2Al−CO3 421 34 472 51
HDPE-30 wt % Zn2Al−CO3 377 −10 468 47
HDPE-40 wt % Zn2Al−CO3 344 −43 471 50
HDPE-10 wt % Zn2Al−NO3 403 16 454 33
HDPE-15 wt % Zn2Al−NO3 409 22 475 54
HDPE-20 wt % Zn2Al−NO3 421 34 481 60
HDPE-25 wt % Zn2Al−NO3 421 34 480 59
HDPE-30 wt % Zn2Al−NO3 329 −58 470 49
HDPE-40 wt % Zn2Al−NO3 258 −129 392 −29
HDPE-10 wt % Zn2Al−SO4 419 32 458 37
HDPE-15 wt % Zn2Al−SO4 375 −12 466 45
HDPE-20 wt % Zn2Al−SO4 348 −39 464 43
HDPE-25 wt % Zn2Al−SO4 286 −101 446 25
HDPE-30 wt % Zn2Al−SO4 273 −114 421 0
HDPE-40 wt % Zn2Al−SO4 250 −137 393 −28

aT0.1 = temperature of 10% mass loss; T0.5 = temperature of 50% mass
loss; and ΔT = difference between virgin polymer and its
nanocomposite.
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the thermal stability enhancement, the efficiency of LDHs
follows the order of Zn2Al−Cl > Zn2Al−CO3 > Zn2Al−NO3 >
Zn2Al−SO4.
MCC measures the flammability of materials on milligram

quantities and is based on the principle of oxygen consumption.

It is a small-scale flammability testing technique to screen
polymer flammability prior to scale-up and is a convenient, fast,
and relatively new technique for laboratory evaluation of the
flame properties. It was regarded as one of the most effective
methods for investigating the combustion properties of polymer

Figure 6.MCC analysis of (a) HDPE/Zn2Al−Cl LDHnanocomposites, (b) HDPE/Zn2Al−NO3 LDHnanocomposites, (c) HDPE/Zn2Al−CO3 LDH
nanocomposites, and (d) HDPE/Zn2Al−SO4 LDH nanocomposites.

Table 2. Data Recorded in MCC-2 Measurement for HDPE and Its Nanocompositesa

sample PHRR/W g−1 reduction/% THR/K J g−1 Tmax/°C HRC/J g−1 K−1

HDPE 1521 NA 41.5 416 1540
HDPE-10 wt % Zn2Al−Cl 1418 7 39.0 420 1330
HDPE-15 wt % Zn2Al−Cl 1230 19 36.8 418 1164
HDPE-20 wt % Zn2Al−Cl 1170 23 35.7 412 1186
HDPE-25 wt % Zn2Al−Cl 1230 19 35.5 414 1162
HDPE-30 wt % Zn2Al−Cl 1207 21 37.7 416 1132
HDPE-40 wt % Zn2Al−Cl 1150 24 35.4 413 1079
HDPE-10 wt % Zn2Al−CO3 1371 10 37.7 415 1290
HDPE-15 wt % Zn2Al−CO3 1226 19 36.3 410 1130
HDPE-20 wt % Zn2Al−CO3 1184 22 36.2 408 1122
HDPE-25 wt % Zn2Al−CO3 1085 29 35.6 404 1045
HDPE-30 wt % Zn2Al−CO3 959 37 33.3 402 903
HDPE-40 wt % Zn2Al−CO3 898 41 32.9 403 850
HDPE-10 wt %Zn2Al−NO3 1348 11 36.7 414 1280
HDPE-15 wt % Zn2Al−NO3 1226 19 34.7 412 1157
HDPE-20 wt % Zn2Al−NO3 1179 23 35.3 407 1110
HDPE-25 wt % Zn2Al−NO3 1150 24 34.0 405 1090
HDPE-30 wt % Zn2Al−NO3 922 39 32.8 404 875
HDPE-40 wt % Zn2Al−NO3 791 48 29.3 406 749
HDPE-10 wt % Zn2Al−SO4 1296 15 37.1 415 1224
HDPE-15 wt % Zn2Al−SO4 1137 25 35.7 414 1070
HDPE-20 wt % Zn2Al−SO4 1034 32 33.8 410 975
HDPE-25 wt % Zn2Al−SO4 936 39 31.7 412 886
HDPE-30 wt % Zn2Al−SO4 894 41 30.6 405 847
HDPE-40 wt % Zn2Al−SO4 706 54 25.8 407 669

aHRC = heat release rate; THR = total heat release; PHRR = peak heat release rate; Tmax = temperature at maximum pyrolysis rate.
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materials.52−54 In the case of MCC measurement, the heat is
produced via full combustion of the fuel gases generated during
the pyrolysis of samples, showing several parameters, such as
specific heat release rate (HRR), heat release capacity (HRC),
total heat release (THR), etc. These parameters are very
important to reflect the combustion properties of materials and
allow a reasonable estimation of the fire hazard using small
quantities of samples.55

Figure 6 presents the HRR curves of pure HDPE and HDPE/
Zn2Al−X LDH nanocomposite, and the related combustion
parameters are summarized in Table 2. It is obvious that the peak
heat release rate (PHRR) values of all the HDPE/Zn2Al−X LDH
nanocomposites are much lower than that of neat HDPE. For all
the HDPE/Zn2Al−X LDH nanocomposites, the reduction in

PHRR increases with increasing the LDH loading. For neat
HDPE, the PHRR value is ∼1521 W g−1. After adding 40 wt %
LDHs, the PHRR value is reduced by 24%, 41%, 48%, and 54%
for Zn2Al−Cl, Zn2Al−CO3, Zn2Al−NO3, and Zn2Al−SO4,
respectively. Compared to Zn2Al−Cl, the other three LDHs
Zn2Al−CO3, Zn2Al−NO3, and Zn2Al−SO4 have a much higher
efficiency on improving the flame retardancy of HDPE. These
results clearly indicate that the Zn2Al−X LDHs can significantly
improve the flame retardant performance of HDPE. Also,
different interlayered anions in LDHs have different flame
retardant efficiency, which follows the order of SO4

2− > NO3
− >

CO3
2− > Cl−. The mechanism of Zn2Al−X LDH in reducing the

flammability of HDPE can probably be attributed to the creation
of a barrier effect on the surface of polymers, which slows down

Figure 7.Graphs of G′ (storage modulus) vs frequency for neat HDPE and (a)HDPE/Zn2Al−Cl LDHnanocomposites, (b) HDPE/Zn2Al−NO3 LDH
nanocomposites, (c) HDPE/Zn2Al−CO3 LDH nanocomposites, and (d) HDPE/Zn2Al−SO4 LDH nanocomposites.

Figure 8. Graphs of G″ (loss modulus) vs frequency for neat HDPE and (a) HDPE/Zn2Al−Cl LDH nanocomposites, (b) HDPE/Zn2Al−NO3 LDH
nanocomposites, (c) HDPE/Zn2Al−CO3 LDH nanocomposites, and (d) HDPE/Zn2Al−SO4 LDH nanocomposites.
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the heat and mass transfer between gas and condensed phases
and prevents the underlying material from further combustion.56

The release of abundant gases which dilute the oxygen and the
endothermic decomposition might also contribute a lot to the
flame retardancy. However, to disclose the detailed mechanism
on why different interlayer anions can result in different flame
retardant performance needs further investigations.
The HRC is another important parameter usually used to

predict and evaluate the fire hazard. The HRC values obtained as
a sum of all PHRR values are summarized in Table 2 as well. Neat
HDPE exhibit the highest HRC of 1540 J g−1 K−1. After adding
LDHs, this value is decreased rapidly with increasing the LDH
loadings For instance, with 10, 15, 20, 25, 30, and 40 wt % Zn2Al-
SO4 LDH, the HRC of the nanocomposites is decreased to 1224,
1070, 975, 886, 847, and 669 J g−1 K−1, respectively. Similar to
PHHR, the influence of interlayer anions on the efficiency of
flame retardancy also follows the order of SO4

2‑ > NO3
− > CO3

2‑

> Cl−. With 40 wt % Zn2Al−Cl, Zn2Al-CO3, Zn2Al−NO3, and
Zn2Al−SO4 LDHs, the value of HRC was 1079, 850, 749, and
669 J g−1 K−1, respectively. These results also suggest that
Zn2Al−X LDHs are highly efficient flame retardant nanofillers
and the interlayer anion is demonstrated to be one of the key
influencing parameters.
THR, which determines how big a fire could be, is another

important parameter for fire hazard evaluation. Once the ignition
takes place, THR steadily increases with burning time and attains
a steady state before the flameout occurs. Thus, for an efficient
flame retardant filler, it should be able to reduce THR effectively
when it is incorporated into a polymer.34 As it can be seen in
Table 2, THR is significantly reduced with increasing the LDH
loading. For example, compared to the THR value of 41.5 kJ g−1

in neat HDPE, HDPE/Zn2Al−SO4 LDH nanocomposites with a
LDH loading of 10, 15, 20, 25, 30, and 40 wt % show a THR value
of 37.1, 35.7, 33.8, 31.7, 30.6, and 25.8 kJ g−1, respectively.
Considered the fact that LDH cannot be burned to release heat,
the calculated THR for the above HDPE/Zn2Al−SO4 LDH
nanocomposites is 37.7, 36.1, 34.6, 33.2, 31.9, and 29.6 kJ g−1,

respectively. These results clearly indicate that the LDH as flame
retardant nanofillers for HDPE can effectively decrease the THR
value of the nanocomposites.57 The HRC value obtained as a
sum of all peak HRR values is also important for fire hazard
evaluation. Similar to THR, the HRC is also significantly reduced
after adding LDHs. With 40 wt % Zn2Al−SO4 LDH, the HRC is
decreased from 1540 J g−1 K−1 for neat HDPE to 669 J g−1 K−1.
This value is also much lower than the calculated amount of 1100
J g−1 K−1 considering that LDH does not contribute to HRC.
This result also confirms that LDH is very efficient as a flame
retardant for HDPE.
The rheological behavior of the polymer nanocomposites

melts are very important for industrial processing.58 Also, the
properties can be detected by characterizing the storage modulus
(G′) and loss modulus (G″) as a function of frequency.59−61

Figures 7 and 8 shows the G′ and G″ as a function of frequency
for pure HDPE and its nanocomposites melts. In general, both
G′ and G″ increase with increasing the LDH loading, particularly
at low frequencies. However, at high frequencies, the effect of the
particle loading on the rheological behavior is relatively weak.
This phenomenon indicates that the LDHs are not effective to
affect the short-range dynamics of the HDPE chains.62 Different
from the viscous liquid behavior of neat HDPE and other
nanocomposite melts, a plateau was observed in the low
frequency range for the 40 wt % HDPE/Zn2Al−SO4 nano-
composite melts, indicating an elastic solid-like behavior. By
comparing the G′ and G″ at low frequency region, the influence
of interlayer anions on G′ and G″ follows the order of SO4

2− >
CO3

2− > Cl− > NO3
−, suggesting that different interlayer anions

could result in different rheological properties as well. One
interesting phenomenon is that the influence of interlayer anions
on flame retardancy is exactly the same as onG′ and G″, although
the intrinsic reason for such correlation is still unclear so far.
Figure 9 shows the mechanical loss factor (tan δ) as a function

of frequency. tan δ is the ratio of loss modulus to storage
modulus, which is highly related to the applied frequency. With
Zn2Al−Cl and Zn2Al−CO3 as nanofillers, tan δ is decreased with

Figure 9. Graphs of tan δ (loss factor) vs frequency for neat HDPE and (a) HDPE/Zn2Al−Cl LDH nanocomposites, (b) HDPE/Zn2Al−NO3 LDH
nanocomposites, (c) HDPE/Zn2Al−CO3 LDH nanocomposites, and (d) HDPE/Zn2Al−SO4 LDH nanocomposites.
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increasing the LDH loading (see Figure 9a,c). While with
Zn2Al−NO3 and Zn2Al−SO4 as nanofillers, tan δ first decreases
with increasing the LDH from 10 to 30 wt % and then starts to
increase with 40 wt % LDH. The tan δ of all the nanocomposites
shows three different stages: rubbery, viscoelastic, and glassy
states.63 It was reported that the incorporation of LDH
nanoparticles restrains the relative motion of the polymer
chain and makes the nanocomposites “stiffer”.58,63−65

4. CONCLUSIONS
In this contribution, a series of environmental friendly and highly
efficient flame retardant HDPE nanocomposites has been
prepared with inorgano-LDH as nanofillers using the solvent
mixing method and investigated for the thermal stability, flame
retardancy behavior, and rheological behaviors. XRD and SEM
analysis indicated that LDHs were successfully introduced into
HDPE matrix using the solvent mixing method. TGA analysis
showed that the thermal stability of HDPE can be significantly
increased by adding LDHs and the highest temperature increase
in T0.5 was 67 °C achieved by adding 15 wt % Zn2Al−Cl LDH.
The MCC-2 analysis confirmed that the addition of Zn2Al−X
LDHs can enhance the flame retardant performance of HDPE,
and the efficiency was highly dependent on the type of interlayer
anions. With 40 wt % LDH, the PHRR reduction for the HDPE/
Zn2Al−Cl, HDPE/Zn2Al−CO3, HDPE/Zn2Al−NO3, and
HDPE/Zn2Al−SO4 LDH nanocomposites was 24, 41, 48, and
54%, respectively. Both THR and HRC were also significantly
reduced after introducing LDHs. The melt rheological behaviors
of all the HDPE/Zn2Al−X nanocomposites including G′, G″,
and tan δ were also evaluated. The thermal stability, flame
retardancy, and rheological behaviors of the HDPE/Zn2Al−X
nanocomposites are observed to highly depend on the type of
interlayer anions. Thus, for practical applications of this type of
nanocomposites, a proper selection of the interlayer anions and
an optimization of the chemical composition are highly desired.
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