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Abstract

The morphology and thermal stabilization mechanism of polymeric nanocomposites prepared by solution intercalation of linear low density

polyethylene (LLDPE) with montmorillonite (MMT), MgAl layered double hydroxide (LDH), and ZnAl LDH have been studied by X-ray

diffraction (XRD), transmission electron microscopy (TEM), dynamic Fourier transform infrared (FTIR) spectroscopy, and thermogravimetric

analysis (TGA). Both LLDPE/MMT and LLDPE/MgAl LDH nanocomposites exhibit mixed intercalated–exfoliated structures, whereas the

LLDPE/ZnAl LDH nanocomposites exhibit completely exfoliated structures because the ZnAl LDH layers can be easily broken during

the refluxing process. All nanocomposites show significantly enhanced thermal stability compared with virgin LLDPE due to the increases of the

effective activation energy (Ea) during degradation process. However, LDHs nanocomposites show much higher thermal degradation

temperatures than MMT nanocomposites with the same filler content because they have much higher Ea than MMT nanocomposites at the early

degradation stage. The data of real time FTIR spectroscopy and morphological evolution reveal a catalytic dehydrogenation effect presents in

MMT nanocomposites, which may decrease the Ea of degradation and thermal stability of MMT nanocomposites.

q 2005 Elsevier Ltd. All rights reserved.

Keywords: Layered double hydroxide; Nanocomposite; Thermal stabilization mechanism
1. Introduction

Polymer/layered inorganic nanocomposites formed by

implanting layered inorganics into polymer matrix have been

recognized as one of the most promising materials because of

their excellent physicochemical properties, such as enhanced

mechanical properties [1–3], thermal stability [4,5], gas

impermeability [6,7], and flame retardance [8–10]. For

instance, even when the clay content is as low as 0.1% in a

polystyrene/layered silicate nanocomposite, the initial

decomposition temperature can be increased by 40 8C and

the peak heat release rate decreased by 40% compared with

virgin PS [10].

The layered materials involved in this field mainly include

silicates, manganese oxides, molybdenum sulfide, titanates,

layered phosphates, and layered double hydroxides (LDHs).

Up to now, the most common layered material is the smectite

group mineral such as montmorillonite (MMT), which belongs
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to the general family of 2:1 layered silicates. The crystal

structure of MMT consists of 1-nm thin layers with a central

octahedral sheet of alumina fused between two external silica

tetrahedral sheets (the oxygens from the octahedral sheet also

belong to the silica tetrahedral). Isomorphic substitution of

Mg2C or Fe2C for Al3C within layers generates negative

charges that are counterbalanced by NaC ions in the

interlayers. Many preparation methods for polymer/MMT

nanocomposites have been developed [11–13], such as in situ

polymerization of pre-intercalated monomers, solution inter-

calation, melt intercalation, and template synthesis. Two

classes of nanomorphologies are observed in nanocomposites:

one is intercalated-type structures, in which the polymer chains

are intercalated in the gallery space between the layers; the

other is exfoliated-type structures, in which the delaminated

layers are individually dispersed in a continuous polymer

matrix.

In contrast to MMT, LDHs are host–guest materials

consisting of positively charged brucite-like layers due to

partial substitution of the framework divalent cations with

trivalent cations. Additional charge is counterbalanced by the

anions presented in the gallery spaces between the inorganic

sheets. The general composition of LDHs can be presented as
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x=n$mH2O, where M2C and M3C are

divalent and trivalent metal cations, such as Mg2C, Al3C,

respectively, A is an anion, such as ClK;CO2K
3 ;SO2K

4 and NOK.

Because of their highly tunable properties, LDHs are

considered as a new emerging class of the most favorable

layered crystals for the preparation of multifunctional

polymer/layered crystal nanocomposites [14]. A series of

polymeric anions and water soluble polymers [15–22] have

been used to prepare intercalated polymer/LDHs nanocompo-

sites by ion-exchange reactions, in situ polymerization of pre-

intercalated monomers, or co-precipitation method from the

solution containing the desired polymer as a co-solute

template. However, few studies were reported on the

preparation of exfoliated polymer/LDH nanocomposites

because of the strong interlayer electrostatic interaction,

small gallery space, and hydrophilic property of LDH.

O’Leary and co-workers [23] have reported that the delamina-

tion of dodecyl sulfate modified MgAl LDH in polar acrylate

monomers with the help of high shearing and subsequent

polymerization of the monomers containing the LDH

dispersion gave exfoliated polyacrylates/LDH nanocompo-

sites. Hsueh and Chen [24–26] have obtained the polyimide/

LDH, epoxy/LDH, and PMMA/LDHs nanocomposites from

the amino benzoate-intercalated, amino laurate-intercalated

and 10-undecenoate-intecalated MgAl LDH, respectively. Cost

and co-workers [27] also tried to prepare low-density

polyethylene/LDH nanocomposites by melt-intercalation tech-

nique, but the XRD and TEM results showed that the LDH

particles were not exfoliated in polymer matrix. Recently, our

laboratory has developed a solution intercalation method which

can obtain the polyethylene-g-maleic anhydride/MgAl LDH

[28], low-density polyethylene/ZnAl LDH (LLDPE/ZnAl

LDH) [29,30], and polystyrene/ZnAl LDH [31] exfoliated

nanocomposites. Most of the mentioned-above polymer/LDH

nanocomposites show significantly enhanced thermal stability.

Although the improved thermal stability of polymer/layered

inorganics nanocomposites has been reported extensively, the

mechanism of such a remarkable effect is not yet well

understood. The most common explanation suggests that the

enhanced thermal stability and fire resistant properties are

derived from the mass and heat transfer barrier caused by a

carbonaceous-silicate char on the surface of the polymer melt

[4,5,8–10]. However, recent studies also suggest that the effect

may be associated with a chemical interaction between the

polymer matrix and the clay layer surface during thermal

degradation and combustion processes. In the work of Zanetti

et al. [32] a catalytic effect of the nanodispersed clay layers was

found to be effective in promoting char-forming reaction in PP/

MMT and EVA/MMT [5,9] nanocomposites. Zhu et al. [33]

reported that the structural iron in clays could act as radical

traps to prevent degradation. Even the organic modifiers played

an important role during degradation [34,35]. Considering the

results obtained from magnesium hydroxides, the nanocompo-

sites based on polymer interleaved LDHs are reasonably

considered to provide a higher thermal stability and flame

resistance than silicates. However, to our knowledge, the

systematical comparison of nanocomposites based on LDHs
and silicates has never been investigated. In the present paper,

we have studied systematically the characteristics of morpho-

logical structures and thermal behaviors of LLDPE/MMT,

LLDPE/MgAl LDH, and LLDPE/ZnAl LDH nanocomposites

prepared by solution intercalation. In order to better understand

the enhanced thermal stabilization mechanism, dynamic FTIR

and isoconversional kinetic analysis have been used to observe

the structural changes and the activation energy during thermo-

oxidative degradation.

2. Experimental

2.1. Materials

LLDPE (DFDC-7050) with a melting flow index of 2.0 g

per 10 min and a number average molecular weight of

32,000 g molK1 was supplied by Zhongyuan Petrochemical

Company, China. AlCl3$6H2O, ZnCl2, and ethanol (analytical

pure grade) were supplied by Shanghai Zhenxing Chemicals

No. 1 Plant. MgCl2$6H2O, sodium dodecyl sulfate (SDS),

NaOH, and xylene (analytical pure grade) were obtained from

China Medicine (Group) Shanghai Chemical Reagent Corpor-

ation. The organophilic montmorillonite (OMT) was provided

by Ke Yan Company (HeFei, China). OMT was prepared from

MMT by ion exchange reaction using hexadecyl trimethyl

ammonium bromide (C16) in water. All these commercial

chemicals were used as received without further purification.

2.2. Preparation of samples

The dodecyl sulfate modified LDH [LDH(DS)] was

prepared by anion exchange method. First, the LDH precursors

intercalated ClK [LDH(Cl)] were prepared by co-precipitation

of 0.75 M M2CCl2 and 0.25 M M3CCl3 (where M2C–M3C is

Mg–Al or Zn–Al) under flowing N2 gas with vigorous stirring.

The solution was adjusted to a constant pH value, in which the

pH value is 10.0 for MgAl LDH and 8.0 for ZnAl LDH, by

dropwise addition of 1.0 M NaOH solution. After aged in

mother liquid at 60 8C for 24 h, the precipitation was washed

and dried. Secondly, 1.0 g LDH(Cl) was dispersed in 100 mL

0.1 M SDS at 60 8C for 3 days, and yielded LDH(DS).

The LLDPE/clay nanocomposites (named as clay NCx,

where x refers to the weight percent of clay in the

nanocomposites) were prepared by solution intercalation

method. A desired amount of organo-clay [OMT, Mg3Al(DS),

and Zn3Al(DS)] was firstly refluxed in 100 mL xylene for 12 h

under flowing N2 gas at 140 8C. Then 2.0 g LLDPE was added

into the suspension. After stirred for 6 h, the mixture was

poured into 300 mL ethanol for rapid precipitation. The

precipitate was filtered and dried at 100 8C under vacuum for

2 days.

2.3. Characterization

The X-ray diffraction (XRD) patterns were collected on a

Rigaku D/Max-rA rotating anode X-ray diffractometer

equipped with a Cu Ka tube and Ni filter (lZ0.1542 nm).



Fig. 1. Changes of XRD patterns with different contents of MMT (a), MgAl

LDH (b), and ZnAl LDH (c) in the LLDPE nanocomposites.
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The transmission electron microscopy (TEM) images were

obtained on a Hitachi H-800 transmission electron micro-

analyzer with an accelerate voltage of 200 kV and camera

length of 0.8 m. The samples were ultramicrotomed with a

diamond knife on an LKB Pyramitome to give 100-nm thick

slices. The slices were transferred from water to a 200-mesh Cu

grid. The dynamic Fourier transfer infrared (FTIR) spectra

were recorded using a Nicolet MAGNA-IR 750 Spectrometer

equipped with a heating device having a temperature

controller. The film samples of virgin LLDPE or nanocompo-

sites were placed in a ventilated oven kept at 400 8C with

temperature fluctuation of G1 8C for dynamically measuring

the FTIR spectra in situ during the thermo-oxidative

degradation. The FTIR software was used to measure the

FTIR peak intensity in order to compare the degradation rate of

different materials. The relative concentration of alkyl group

can be calculated by the intensity ratio of related peak height to

the maximum height of 2923 cmK1 peak at the thermo-

oxidative degradation time. Repeated experiments showed that

there was no real difference for a small change of sample

thickness in measuring the relative peak intensity. To

investigate the morphologic evolution during thermo-oxidative

degradation, a series of samples with dimension of 10!10!
0.5 mm3 were thermo-degraded in a ventilated oven kept at

400 8C with temperature fluctuation of G1 8C for different

times and recorded by a digital camera. The thermogravimetric

analysis (TGA) was performed on a Shimadzu TGA-50H

thermoanalyzer. In each case, about 5 mg sample was

performed under an air flow rate of 6!10K5 m3 minK1 at a

scan rate of 10 8C minK1 from room temperature to 700 8C. For

kinetic analysis of the thermo-oxidative degradation, TGA

experiments of some samples were performed at four different

heating rates, such as 10, 20, 30, and 40 8C minK1.

2.4. Kinetic analysis

The thermal degradation kinetic parameters of LLDPE and

its nanocomposites were derived based on the non-isothermal

technique. In thermogravimetric analysis (TGA) curves, the

conversion factor a is defined as

a Z
W0KWt

W0KWf

(1)

where W0, Wt, and Wf are the sample weights at the initial, t,

and final time, respectively. The differential degradation

kinetic equation can be simply expressed as

da

dt
Z A eKE=RT f ðaÞ (2)

where A is a pre-exponential factor of Arrhenius type rate

constant, E is the activation energy, R is the gas constant

(J molK1 K), T is the temperature, and f(a) is a function

depending on the actual reaction mechanism. Flynn and Wall

have reported that the activation energy of a thermal

decomposition process can be determined directly from a

series of TGA curves obtained at different heating rates [36].

The Flynn–Wall method can give the Ea at a constant a by the
following equation

KEa

R
Z

1

z

dðln bÞ

dð1=TÞ
(3)

where b is the heating rate (K minK1), Ea is the apparent

activation energy (J molK1), z is a constant of 1.05 [36–38].
3. Results and discussion

3.1. Morphology of nanocomposites

Fig. 1 shows changes of XRD patterns with the different

contents of MMT, MgAl LDH, and ZnAl LDH in the LLDPE



Fig. 3. TEM images of MgAl NC10 sample at (a) low and (b) high

magnifications.
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nanocomposites. It can be seen from Fig. 1a and b that the basal

spaces of MMT NC10 and MgAl NC10 nanocomposites

increases to 3.54 nm from 2.53 nm of the original OMT and to

3.25 nm from 2.49 nm of the original Mg3Al(DS), respectively.

These results suggest that the PE molecular chains have

intercalated into the MMT and MgAl LDH galleries. The basal

spaces turn to lower angle and become broader and weaker

with the decrease of the OMT and Mg3Al(DS) content

indicating the equilibrium between exfoliation and intercala-

tion structures in the LLDPE/MMT and LLDPE/MgAl LDH

nanocomposites has been driven toward exfoliation.

For Zn3Al(DS), the diffraction peak associated with the 001

reflection of Zn3Al(DS) component disappears completely in

all the LLDPE/ZnAl LDH nanocomposites as the loading of

Zn3Al(DS) changes from 2.5 to 10 wt% (Fig. 2c). This gives a

positive evidence that the ZnAl layers have been completely

exfoliated in the LLDPE matrix.

The TEM images of MMT NC10, MgAl NC10, and ZnAl

NC10 samples with two kinds of scale magnification are shown

in Figs. 2–4, respectively. It can be seen from Fig. 2 that the

MMT NC10 is mainly comprised of 10–50 nearly parallel

silicate layers with about 5–10 nm interlayer spacing. The

interlayer spacing is much larger than the original 1.53 nm of

OMT, which gives direct evidence that the LLDPE molecules

have intercalated into the OMT galleries. In addition to the

intercalated structures, some exfoliated layers can also been

found on the edges of the primary dispersed particles. The

thickness and the lateral size of the single MMT layers can be

measured as being about 1 and 150–300 nm, respectively.

The TEM images for MgAl NC10 sample (Fig. 3) also show

mixed intercalated–exfoliated structures. The lateral size of the

single MgAl layers can be estimated as 30–150 nm, much

smaller than that of MMT.

However, the TEM images of ZnAl NC10 sample (Fig. 4)

are quite different from those of MMT NC10 and MgAl NC10

samples. Compared with the face-to-fact orientated structures

of OMT and Mg3Al(DS) layers, the exfoliated Zn3Al(DS)

layers are dispersed disorderly in the LLDPE matrix. It is worth

noting that a large number of small parts with a dimension of
Fig. 2. TEM images of MMT NC10 sample at (a) low and (b) high

magnifications.
10–20 nm appear in the ZnAl NC10 sample, which are caused

by the break of ZnAl layers when they were refluxed in xylene,

as reported in our early work [30,31]. The layer-broken process

may destroy the ordered crystal structure and facilitate the

penetration of polymer into the center of Zn3Al(DS) particles,

and thus lead to the exfoliated structures.

The above morphologies observed by TEM are in good

agreement with the XRD results. So it can be confirmed that the

LLDPE/MMT and LLDPE/MgAl nanocomposites with the

filler content lower than 10 wt% are the mixed intercalated–

exfoliated structures whereas the LLDPE/ZnAl nanocompo-

sites are the exfoliated structures.
3.2. Thermal stability of nanocomposites

Fig. 5 shows the TGA profiles of virgin LLDPE and its

nanocomposites with different contents of MMT, MgAl LDH,

and ZnAl LDH. It shows that the thermal stability of the

nanocomposites is enhanced compared with that of the virgin

LLDPE, which can be ascribed to the hindered effect of LDH

layers on the diffusion of oxygen and volatile products

throughout the composite materials. However, these
Fig. 4. TEM images of ZnAl NC10 sample at (a) low and (b) high

magnifications.



Fig. 5. Change of TGA profiles with different contents of MMT (a), MgAl LDH

(b), and ZnAl LDH (c) in the LLDPE nanocomposites.

Fig. 6. The variation of the temperature of 20 wt% mass loss (T0.2) with the

content of MMT (a), MgAl LDH (b), and ZnAl LDH (c) in the LLDPE

nanocomposites.
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enhancements are quite different in the above three kind of

nanocomposites. The changes of the temperature points at

20 wt% mass loss (T0.2) with the contents of clay in the MMT,

MgAl LDH, and ZnAl LDH nanocomposites are shown in

Fig. 6. It can be seen that the T0.2 values for the LLDPE/MMT

and LLDPE/MgAl LDH samples increase gradually to 398.6

and 428.6 8C, respectively, with increasing the OMT and
Mg3Al(DS) contents from 0 to 10 wt%. However, LLDPE/

ZnAl LDH sample with only 2.5 wt% of Zn3Al(DS) can

significantly increase the T0.2 value to 427.6 8C. After that, it

reaches the maximum of 433.6 8C when the content of

Zn3Al(DS) increases to 5 wt% and surprisingly decreases to

420.0 8C when the Zn3Al(DS) content further increases to

10 wt%. This curious reverse trend in thermal stability has also

been reported in other polymer/clay nanocomposites [39,40].

The possible reasons reported in the literature have been

considered as heat source domain [39] or relative extent of

exfoliation [40].

Furthermore, it can also be seen that the LLDPE/MgAl LDH

and LLDPE/ZnAl LDH samples demonstrate much higher

degradation temperatures than the LLDPE/MMT samples with

the same clay content. When 10 wt% clay content was chosen

as comparison point, the T0.2 values of MMT NC10, MgAl

NC10, and ZnAl NC10 samples are 398.6, 423.6, and 420.0 8C,

respectively. Although both MMT NC10 and MgAl NC10 have

mixed exfoliated–intercalated structures, T0.2 value of the

MMT NC10 sample is 25 8C lower than that of MgAl NC10.
3.3. Isoconversional kinetic analysis of thermo-oxidative

degradation

The isoconversional kinetic analysis is a common method to

study the kinetics of polymer degradations, which may provide

information on the change of activation energy during the

thermo-oxidative degradation as well as offer mechanistic

clues. Fig. 7 shows the relationship of the activation energy

(Ea) values calculated by the Ozawa–Flynn–Wall method with

the conversion extent (a). It can be seen that the activation

energies of virgin LLDPE and its nanocomposites are about

70 kJ molK1 at the beginning of degradation reaction (aZ
0.03), which indicates that the degradation of these samples is

initiated by similar reactions. After that, the degradation

activation energy of virgin LLDPE shows a slight increase

from 62 to 111 kJ molK1, which is consistent with the



Fig. 7. Dependence of the effective activation energy on the extent of

conversion for the thermo-oxidative degradation of virgin LLDPE and its

nanocomposites.
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activation energies (80–110 kJ molK1) of the most oxygen-

initiated depolymerization. All three nanocomposites samples

show higher activation energy after the initial degradation

reactions. The activation energy of the MMT NC10 sample

gradually increases from 60 to 150 kJ molK1 during the first

degradation stage (a!0.6), which indicates that the process

kinetic is limited by peroxide radical decomposition. At the

following stage (aO0.6), the activation energy rapidly

increases to around 220 kJ molK1, which is similar to the

activation energy obtained by degradation of PE under inert

gas, as reported in the literature [41–43]. These observations

indicate that the rate-limiting step in the thermo-oxidative

degradation of MMT NC10 have changed from peroxide

radical decomposition to random scission decomposition. In

the case of the MgAl NC10 and ZnAl NC10 samples, the Ea

values sharply increase to 227 and 310 kJ molK1 at the early

degradation stage (aZ0.1–0.2), respectively, indicating the

change of rate-limiting step has happened in this stage. After

that, the Ea value of the MgAl NC10 sample levels off at 227–

252 kJ molK1 in the range of aZ0.2–0.6 followed by a rapid

decreases to 199 kJ molK1 at aZ0.8, while the Ea value of the

ZnAl NC10 sample rapidly decreases to 146 kJ molK1 at aZ
0.4.

Putting the above results together we may conclude that the

nano-dispersed inorganic layers cause an anaerobic condition

in the samples, as indicated by the change of rate-limiting step

in the thermo-oxidative degradation from peroxide radical

decomposition to random scission decomposition. These

results are well consistent with the barrier model mechanism,

which suggests that the inorganic layers play a barrier effect on

the diffusion of oxygen from gas phase into the

nanocomposites.

It should be noticed that the changes of rate-limiting step

happened at very different stages in those samples. Considering

the TGA results which show much higher degradation

temperatures in the LLDPE/MgAl LDH and LLDPE/ZnAl
LDH samples than in the LLDPE/MMT samples with the same

clay content, we wonder if there are other factors that influence

the thermal stability except for the barrier effects.
3.4. Thermo-oxidative degradation behaviors of

nanocomposites

In order to obtain a better insight into the thermal

stabilization mechanism of the LLDPE nanocomposites,

dynamic FTIR was used to observe the structural changes

and identify the products formed during thermo-oxidative

degradation [44–46]. Furthermore, the degradation rates of

polymers can be obtained by measuring the relative intensity

of the absorption peaks of polymers. Fig. 8 shows the changes

of dynamic FTIR spectra with different thermo-oxidative

degradation time of virgin LLDPE, MMT NC10, MgAl NC10,

and ZnAl NC10 samples in the condensed phase at 400 8C. In

the case of virgin LLDPE, the intensities of two peaks at 2925

and 2854 cmK1 assigned to the –CH2– or –CH3 asymmetric

and symmetric stretching vibration and the two peaks at 1455

and 1346 cmK1 from asymmetric deformation vibration of

–CH2– and –CH3 groups decrease rapidly with increasing

thermo-oxidative degradation time. The absorption peak at

720 cmK1 due to the deformation vibration in –(CH2)n– (nR4)

groups disappears after 30 s pyrolysis. These results indicate

that the C–H and C–C main chains of PE are broken gradually.

The thermo-oxidative degradation of LLDPE leads to the

formation of a broad band at 1850–1650 cmK1, which suggests

that the LLDPE has been oxidized to carbonyl groups. The

strong absorption around 1600 cmK1 is assigned to the CaC

stretching vibration. Table 1 lists the detailed assignments of

these FTIR absorption peaks together with the corresponding

literature [44–49].

The dynamic FTIR spectra of nanocomposites are very

similar to that of virgin LLDPE apart from some absorption

peaks of filler. It is worthy to note that two different features

appear in the range of 1500–1900 and 2800–3000 cmK1. Fig. 9

compares the variations of absorbance in the range from 1500

to 1900 cmK1 as a function of thermo-oxidative degradation

time for virgin LLDPE, MMT NC10, MgAl NC10, and ZnAl

NC10, respectively. It can be seen that the thermal degradation

of MgAl NC10 and ZnAl NC10 mainly leads to alkenes

compared with the major carbonyl products in the virgin

LLDPE and MMT NC10, indicating that the MgAl NC10 and

ZnAl NC10 samples have better barrier effect on oxygen.

Fig. 10 shows the changes of the relative peak intensity at

2925 cmK1 with the degradation time. Apparently, the

decreasing rates of 2925 cmK1 peak intensity of the MgAl

NC10 and ZnAl NC10 samples are similar and both are much

slower than the virgin LLDPE, whereas the MMT NC10

sample shows a higher decreasing rate than the virgin LLDPE.

It seems contrary to the TGA results which show enhanced

thermal stability in all three nanocomposites. In order to

explain the conflict, a digital camera was used to monitor the

morphologic evolution during the thermo-oxidative degra-

dation process.



Fig. 8. Dynamic FTIR spectra with different thermo-oxidative time at 400 8C: (a) virgin LLDPE, (b) MMT NC10, (c) MgAl NC10, and (d) ZnAl NC10.

Table 1

Assignment of the dynamic FTIR spectra obtained from the thermo-oxidative

of LLDPE and its nanocomposites in the condensed phase

Wavenumber (cmK1) Assignment Reference

3060 n(C–H) in alkene [45]

2925 n(CH2)a [44]

2854 n(CH2)s [44]

1840 n(CaO) in cyclic

anhydride

[47]

1785 n(CaO) in peracids [43]

1763 n(CaO) in peresters [43]

1741 n(CaO) in ester [45,46]

1730 n(CaO) in aldehyde [48]

1718 n(CaO) in ketone [45,46]

1713 n(CaO) in carboxylic

acid

[45–47]

1698 n(CaO) in a–b unsa-

turated ketone

[45]

1590 n(CaC) [45]

1461 d(CH2)a [44]

1356 d(CH2)s [44]

1160 n(C–O) in ester [44,45]

1100 n(Si–O) [45]

1010 n(Si–O) [45]

720 g(CH2) [45]
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3.5. Morphologic evolutions during thermo-oxidative

degradation of nanocomposites

Fig. 11 shows the morphologic evolutions of virgin LLDPE,

MMT NC10, MgAl NC10, and ZnAl NC10 samples with

different degradation time at 400 8C. It can be seen that the

color of the virgin LLDPE samples becomes darker and darker

with increasing degradation time because of the thermo-

oxidation degradation of PE chains. At the same time, some

volatile thermo-oxidative products were released from the

sample indicated by the yellow tail around it. After 10 min

degradation time, most of the virgin LLDPE samples have been

degraded.

The surface of the MMT NC10 sample is much darker than

the corresponding virgin LLDPE sample with the same

degradation time, which indicates that a char layeres formed

on the surface of the MMT NC10 samples. This result is

consistent with the catalytic dehydrogenation effect observed

in dynamic FTIR. The char formation plays a very important

role in the improvement of thermal stability because the MMT

NC10 sample with 10 min degradation time still keeps the

original shape and leaves over a large amount of charred

residue.

The relative light color surface indicating the dehydrogena-

tion was hindered in the LDH nanocomposites. No volatile



Fig. 9. Changes of dynamic FTIR spectra of (a) virgin LLDPE, (b) MMT NC10, (c) MgAl NC10, and (d) ZnAl NC10 in the range of 1500–1900 cmK1.

Fig. 10. Relative peak intensities of absorbance at 2925 cmK1 assigned to the –

CH2– or –CH3 asymmetric vibration in the LLDPE and its nanocomposites.
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products can be observed from MgAl NC10 and ZnAl NC10

samples when the degradation time increased to 10 min

suggesting they have higher thermal stability than virgin

LLDPE and MMT NC10. Another feature in these samples is

that a large amount of bubbles (as marked with arrow in

Fig. 11) formed during degradation, which may be caused by

the accumulation of volatile degradation products. At the later

stage of degradation, these bubbles burst out and destroy the

compact surface of the samples. This may be the main reason

for the rapid decrease of activation energy in MgAl NC10 and

ZnAl NC10, as shown in Fig. 7.

As a result of above discussion, we can see that the

enhanced thermal stability mechanisms of LLDPE/MMT and

LLDPE/LDH nanocomposites are very different. The former

have lower effective activation energy at the early stages of

thermal degradation because the presence of MMT layers can

catalyze the dehydrogenation of LLDPE molecule. After that,

ceramic-carbonaceous layers formed on the surface of the

material might act as an excellent mass transport barrier and

created an anaerobic inner. However, the LLDPE/LDH

nanocomposites have very high effective activation energy at

the early stages of thermal degradation. During this process, the
LDH layers may function by providing barrier layers on the

surface of samples and by releasing aqueous vapour that may

absorb heat, exclude oxygen, and dilute flammable gases.

When the degradation temperature further increases, a large



Fig. 11. Morphologic evolutions of virgin LLDPE, MMT NC10, MgAl NC10,

and ZnAl NC10 samples with different thermo-oxidative time at 400 8C

observed by the digital camera.

L. Qiu et al. / Polymer 47 (2006) 922–930930
amount of volatile products generated at the first degradation

stage burst out from inner of samples and destroy the barrier

layers.

4. Conclusion

LLDPE/MMT, LLDPE/MgAl LDH, and LLDPE/ZnAl

LDH nanocomposites can be prepared by a solution

intercalation method. The XRD and TEM data show that the

LLDPE/MMT and LLDPE/MgAl nanocomposites are mixed

intercalated–exfoliated structures, while the LLDPE/ZnAl

nanocomposites are exfoliated structures with clay content

less than 10 wt% because the ZnAl LDH layers can be easily

broken in the refluxing process. All the nanocomposites show

significantly enhanced thermal stability compared with the

virgin LLDPE. It has been found from the TGA data that

the exfoliated structures show more effective enhancement of

the thermal stability than intercalated structures. However, the

thermal property of nanocomposites is determined not only by

the morphological structures but also by the chemical

components of clays. The LDHs nanocomposites show much

higher thermal stability than the MMT nanocomposites when

they have the same filler content and similar structures. The

data of dynamic FTIR spectroscopy, morphological evolution,

and isoconversional kinetic analysis reveal the two different

mechanisms of enhanced thermal stability in the LLDPE/MMT

and LLDPE/LDHs nanocomposites. The former is mainly

based on the protective charred layers formed by the MMT

catalysis dehydrogenation of PE molecules, whereas the latter

is based on the barrier effect of LDH layers with very high

activation energy, which prevents the diffusion of oxygen from

gas phase into the polymer nanocomposites and thus not only

protects the C–C main chain from the thermal degradation but

also hinders the dehydrogenation process of PE molecules.
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