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Abstract This work focused on the study of thermal properties and kinetic behavior of LDPE-nanoclay composite

films. The effect of nanoclay content (0.5, 1, 3, and 5 wt%) on thermal stability and crystallization characteristics of the

nanocomposites were investigated by Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC).

The results from endothermic curve showed that the nanoclay played an important role in the crystallization of nano-

composites by acting as nucleating agent. From exothermic curve, there was a crystallization temperature shift which was

attributed to crystallization process induced by nanoclay. The TGA results showed that the addition of nanoclay sig-

nificantly increased the thermal stability of LDPE matrix, which was likely due to the characteristic of layered silicates/

clays dispersed in LDPE matrix as well as the formation of multilayered carbonaceous-silicate char. A well-known Coats-

Redfern method was used to evaluate the decomposition activation energy of nanocomposite. It was demonstrated that

introducing of nanoclay to LDPE matrix escalated the activation energy of nanocomposite decomposition resulting in

thermal stability improvement.
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Introduction

Low density polyethylene (LDPE) is a semicrystalline ther-

moplastic polymer which is widely used in food packaging,

medical care, insulator and other industrial sectors1,2). Con-

ventional microfillers are incorporated to LDPE for further

improvement of its thermal and mechanical performances, but

additions of large volume content (20-30 wt%) are required to

achieve the desired properties3). The large content of micro-

fillers generally interfere the system and leads to poor pro-

cessability. On the contrary, only very small amounts of

nanofiller (generally lower than 5 wt%)4) are needed to bring

up some large improvements to the polymer matrix. Recently,

polyethylene-clay nanocomposites have attracted considerable

attention5).

Organic montmorillonite (OMMT) or layered silicates is

widely used in a range of applications due to their availability

and low cost4). It makes ordinary polymer become an advan-

ced material with increasing strength and heat resistance,

decreasing gas permeability and flammability, and improving

biodegradability of biodegradable polymer6,7). To acquire the

desired properties, nanoclay should be evenly dispersed and

distributed in the polymer matrix. Generally, the clay is not

easy to be dispersed into low polarity polymer such as poly-

olefin because they preferred arranging themselves as face-to-

face stacking in agglomerated tactoid pattern8).

The inorganic particles with nanoscale dimension can lead

to ultra-large interfacial area between the constituents. The very

large polymer/layered-inorganic interface alters the molecular

mobility, the relaxation behavior, and the consequent thermal

and mechanical properties of the resulting nanocomposite

material4). The aim of this study is to investigate the effects of

organoclay on the thermal properties of the low density poly-

ethylene nanocomposites (LDPE-nanoclay). The kinetic para-

meters of thermal decomposition of the nanocomposites were

extensively studied via a well-known Coats-Redfern method.

Material and Methods

Materials
LDPE (Lutene LB7500, LG Chemical Co., Yeosu, Korea)

was used in the study. It has had a melt flow index (MFI) of

7.5 g/10 min (ASTM D1238) and a density of 0.918 g/cm3.

The nanoMax®-LDPE is used as masterbatch and it contains

50 wt% of Nanomer® nanoclay (I.44P, Nanocor Inc. Hoffman

Estates, USA).

Preparation of LDPE-nanoclay composite films
The LDPE-nanoclay composite films were prepared by

melt-extruding to yield composite films with nanoclay loading
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contents of 0, 0.5, 1, 3, and 5 wt%. The composite films were

processed with a laboratory-scale, twin-screw extruder (BA-

19, BauTek Co., Uijeongbu, Korea) with a length/diameter (L/

D) ratio of 40:19. LDPE and nanoclay masterbatch pellets

were dried in a convection oven at 80°C for 24 h prior to

extrusion and mixed in a sealed plastic bag by manual tum-

bling before being fed into the extruder. The respective tem-

peratures for the eight different processing zones from the

feeder to horizontal header of the extruder were set as 110/

110/180/190/185/180/175/170°C and the screw speed rate was

maintained at 300 rpm. The composite films were maintained

at a thickness of approximately 60 μm to facilitate the eval-

uation of physical properties.

Fourier-transform infrared (FTIR)
Fourier-transform infrared (FTIR) spectra were recorded

with a Perkin Elmer Spectrum 65 spectrophotometer in atten-

uated total reflection (ATR) mode with C/ZnSe crystal; six-

teen scans with resolution 2 cm-1 in the wave number range of

400-4000 cm-1 were performed. For each sample 5 spectra

were performed on the exposure surface and spectra were col-

lected in transmittance mode.

Field-emission scanning electron microscope (FE-
SEM)
The surface morphology and cross section of the composite

sheet were observed with a field-emission scanning electron

microscope (FE-SEM Quanta FEG 250, FEI, USA) after sput-

tering platinum/palladium onto the specimen using a Cress-

ington Sputter Coater 108 auto (Cressington Scientific Ins-

truments, Watford, UK). Further elemental analysis was car-

ried out with an energy-dispersive X-ray spectrometer (EDS,

Ametek, USA) attached to the FE-SEM.

Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was performed on TGA

4000 thermogravimetric analyzer (PerkinElmer Co. Ltd., Ma-

ssachusetts, USA). The sample was heated from 30°C to 800°C

at a rate of 10°C·min-1 under a nitrogen flow rate of 20 mL·

min-1.

Differential scanning calorimetry (DSC)
Non-isothermal crystallization study was taken on a DSC

Q20 instrument (TA Instruments, Castle, USA). About 5-6 mg

of samples was accurately weighted and encapsulated in a typ-

ical aluminium pan. An empty sealed pan was used as a ref-

erence. All the DSC tests were conducted under nitrogen

atmosphere. The samples were heated with a constant rate of

10°C·min-1 from 30°C to 250°C (1st heating scan) and held

for 5 min to erase their thermal or morphological history and

to permit complete melting of the previous crystals. Subse-

quently, samples were cooled down to 60°C at a constant rate

of 10°C·min-1 (cooling scan) to study the crystallization beha-

vior. Finally, the samples were heated again for the second

time (2nd heating scan) at 10°C·min-1 to 250°C to melt the

crystals that have been formed during the cooling scan and to

find the melting temperature of each sample. All DSC curves

were normalized to the unit weight of the sample.

Results and Discussion

Chemical interaction between LDPE and nanoclay
FTIR is a technique widely used to characterize the pres-

ence of specific chemical groups in the materials. Fig. 1 illus-

trates the infrared spectra of LDPE and LDPE-nanoclay com-

posites with different clay contents. The assignment of FTIR

spectra of nanoclay is listed in Table 1. An obvious absorption

peak at about 464, 521, and 1,047 cm-1 can be found for the

nanoclay composite sample; this is a typical IR absorption

peak of silica (Si) and aluminium (Al), originating from

stretching and bending mode9). The characteristic of nanoclay

spectra became stronger with the higher nanoclay content in

composite system.

Morphology
The cross-section morphology of the LDPE-nanoclay com-

posite film was observed using FE-SEM and EDS analyses

were carried out after being imaged. In Fig. 2, the cross-sec-

Fig. 1. FTIR spectra of LDPE and LDPE-nanoclay composites.

Table 1. Assignment of FTIR spectra of nanoclay

Wavenumber (cm-1) Major Functional Group

464 Si-O bending

521 Al-O stretching

1,047 Si-O stretching
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tion surface of the neat LDPE presents a continuous phase

without any voids, whereas the surface with higher nanoclay

displays a micro-void structure. This segregated surface could

be from the dispersion of nanoclay in LDPE system. As seen

in Fig. 2, there is no layered clay morphology found on com-

posite with below 3 wt% clay content. On the other hand, tac-

toid and intercalated structure appear oriented practically

parallel to the film surfaces at the higher clay content (i.e., 3

and 5 wt% clay content). At 5 wt% clay content nanocom-

posite, the SEM micrograph illustrates the predominant mul-

tilayers structure inside LDPE matrix (pointed out with yellow

arrows) which could be from the dispersion of clay platelets.

Table 2 shows the presence of Al and Si from coordinated

EDS result. The concentration of these elements increases

toward the concentration of nanoclay loading.

Thermal stability
The thermal degradation of a polymer is usually determined

by a thermogravimetric analysis (TGA) in terms of weight

percent in the sample as a function of temperature. The impor-

tant parameters are the onset temperature of the degradation

(T10%), which is measured as the point in which 10% of the

sample is lost, and the mid-point of the degradation (T50%)
6).

Table 3 and Fig. 3 present the TGA weight loss (%) profiles

against temperature. Thermal stability of the nanocomposite is

enhanced comparing to that of neat LDPE. At T10%, the results

showed that initial thermal degradation of the nanocomposites

are all much higher than that of neat LDPE (437°C). The T10%

value of the nanocomposites increases with increasing nan-

oclay loading and the maximum value was 464°C at 5 wt%

nanoclay content. The similar result was reported in other

literatures6,10). The improvement in the thermal stability can

be explained through the formation of insulating and incom-

bustible multilayered carbonaceous–silicate char forming on

composite surface during combustion. This char will obstruct

the escape or diffusion of low molecular weight volatile prod-

ucts within the nanocomposites, and also insulate the under-

lying polymer from surrounded heat6,11,12). Additionally, the

physical-chemical adsorption of the volatile decomposition

products on the silicates/clays could delay the volatilization of

the products that are generated from carbon-carbon bond scis-

sion in the LDPE matrix8). As expected, the residue at 600°C

of all the nanocomposites samples corresponds rather well to

the inorganic clay loading in the system. This is because nan-

oclay is inorganic materials which are incombustible in the

temperature ranges that LDPE are decomposed into volatile

compounds13).

The Coast-Redfern equation is quite useful approach to

evaluate the kinetic parameters for thermal degradation of the

nanocomposites8,14). Considering the first order reaction and

Fig. 2. SEM micrographs of cross section of neat LDPE and LDPE-nanoclay composites at 6,000X magnification.

Table 2. EDS analysis of nanoclay components in composite

films

EDS-Cross Section Al %wt Si %wt

LDPE 0.00 0.00

LDPE-Nanoclay 0.5 wt% 0.62 0.22

LDPE-Nanoclay 1 wt% 0.73 0.22

LDPE-Nanoclay 3 wt% 0.75 0.28

LDPE-Nanoclay 5 wt% 0.92 1.07
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random nucleation mechanism, the Coast-Redfern equation

can be written as follows:

(1)

where Ed is the activation energy (in this case, it is the

decomposition activation energy), A is the pre-exponential

factor, R is the universal gas constant (8.314 J mol-1 K-1), β is

the heating rate (10°C·min-1), and T is the degradation tem-

perature (K). The α represents the degree of conversion which

is determined with weight loss at given temperature (T). In

TGA analysis, α represents the kinetic conversion of a poly-

mer into volatile decomposition products and it is defined as

follows:

(2)

where mi is the initial sample weight, mT is the weight of

sample at temperature T, and mf is the final sample weight.

Plotting ln(−ln(1−α) / T2) against 1/T (K) based on Eq. (1) will

give a linear trend-line whose slope (−εd / R) is directly pro-

portional to the decomposition activation energy of the nano-

composites.

In this study, the kinetic parameters of thermal decom-

position were investigated at the major decomposition tem-

perature. The temperature range is 470-510°C with weight

loss ranging 40-80%. Fig. 4 illustrates the Coats-Redfern plots

for the nanocomposite decomposition step. The regression

coefficient (R2) and estimated Ed values corresponding to the

thermal decomposition of the neat LDPE and LDPE-nanoclay

composite films for the selected temperature range are listed

in Table 3. R2 values of all samples were close to unity (>

0.990) indicating the linear regression model is appropriate.

The decomposition activation energy (Ed) of the nanocom-

posites is higher than that of neat LDPE, and increases with

increasing nanoclay content. The higher value of Ed for the

nanocomposite films infers that higher energy than that of neat

LDPE is required to remove the volatile decomposition prod-

uct. This kinetic analysis result suggests that an improved

thermal stability of the nanocomposites is associated with the

increase in the decomposition activation energy.

Thermal analysis
Thermal properties, such as melting temperature, crystal-

lization temperature, fusion enthalpy, and crystallinity of non-

isothermal crystalline of LDPE-nanoclay composites were

studied with DSC analysis. The degree of crystallinity was

calculated as expressed by the following equation:

(3)

where ΔHm represents the experimental heat of fusion (Jg
-1),

 represents the theoretical heat of fusion of 100% crys-

talline LDPE (293Jg-1)15). The melting temperatures (Tm) as

well as heat of fusion during the second heating are shown in

Table 4. Crystallization temperature (Tc) was defined as the

maximum temperature of the transition exothermic curve,

whereas the crystallization onset temperature (Toc) was taken

as the temperature where the cooling curve initially departs

from the curve baseline.

Fig. 5 is DSC curves of LDPE-nanocaly composite films.

As seen in Fig. 5(a) and Table 4, the melting temperature (Tm)

was slightly moved toward lower temperature as nanoclay

content increases. This could be from the effect of difference

in crystal properties (crystal type, packing density, crystallite

size, and distribution etc.) between nanocomposite and neat

1 α–( )ln–

T
2

--------------------------
⎝ ⎠
⎛ ⎞ln

Ed

RT
-------–

AR

βEd

---------ln+=

α
mi mT–

mi mf–
-------------------=

Xc

HΔ m

HΔ m

0
----------- 100×=

HΔ m

0

Table 3. TGA data of LDPE-nanoclay composites in nitrogen

Sample
Temperature at 10%

weight loss (°C)

Temperature at 50%

weight loss (°C)

Residue

(%)

E
d

(kJ·mol-1)
R2

LDPE 437 476 2.80 214.12 0.999

LDPE-Nanoclay 0.5 wt% 450 484 0.71 307.14 0.995

LDPE-Nanoclay 1 wt% 450 486 1.97 327.70 0.993

LDPE-Nanoclay 3 wt% 461 491 2.57 419.99 0.994

LDPE-Nanoclay 5 wt% 464 493 4.08 424.70 0.993

Fig. 3. TGA profiles of LDPE-nanoclay composite films.
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LDPE4-6). Study from Monica A, et al.16) revealed that nan-

oclay layers acted as nucleating agents and facilitated the crys-

tal growth by providing a higher level of nucleation density6).

This may involve a crystal formation and attribute to the

change of Tm. Moreover, increasing clay contents to 3 wt%

significantly escalated the melting enthalpies and crystallinity

of LDPE. Result shows that an increase of 12% crystallinity

for the nanocomposite was obtained which could be suggested

that there is nucleation effect of the filler in LDPE matrix6).

Monica A, et al.16) reported that the crystallinity of LDPE/PE-

g-MA/OMMT increased with increase of OMMT and the

maximum of crystallinity was found at 3% OMMT. However,

they found that the crystalline level was dropped with further

increase of OMMT content. From our result, the degree of

crystallinity was found to decrease with further increases of

nanoclay concentration at 5 wt%. A possible reason for this

behavior was due to the “suppression effect” of clay at high

content suggested by Homminga, et al.17) and Mudaliar, et

al.18). The explanation of such behavior is that the levels of

perfection of the crystals are affected by the restricted mobility

Fig. 4. Coats-Redfern plot of neat LDPE and LDPE-nanoclay composites.

Table 4. Melting temperatures, melting enthalpy, crystallinity, and crystalline temperature determined by DSC analysis

Sample Tm (°C)
Melting Enthalpy

(J·g-1)

Crystallinity

(%)
Tc (°C) Toc (°C)

LDPE 107.01 161.0 54.95 91.57 94.15

LDPE-Nanoclay 0.5 wt% 105.87 170.0 58.02 91.63 94.64

LDPE-Nanoclay 1 wt% 105.98 179.0 61.09 92.00 95.57

LDPE-Nanoclay 3 wt% 106.42 180.5 61.60 93.01 96.41

LDPE-Nanoclay 5 wt% 106.11 162.0 55.29 93.23 96.92
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of the LDPE chain segments, which retards the growth of

well-developed lamellar crystals. This restriction increases

with increasing nanoclay content resulting in less perfect crys-

tals. An excessive amount of nucleation sites and retarded

crystal growth lead to production of fine crystal and conse-

quently result in a lower degree of crystallinity18-22).

Fig. 5(b) shows the DSC non-isothermal cooling curves of

the nanocomposites. As seen in the figure, the crystallization

curves of the LDPE-nanoclay composites have been shifted in

the y-direction to make them distinguishable. There is also a

noticeable difference in the onset crystallization temperature

(Toc). The Toc of the nanocomposites is about 2.77°C higher

than that of neat LDPE, implying that nanoclay affects the nu-

cleation forming temperature of polymer crystal23). It is likely

because the nucleating effect of the nanoclay leads to the cre-

ation of nuclei on the crystallization process of the nanocom-

posites8,16) where it starts at higher temperatures than the neat

LDPE.

Conclusion

In this study, a series of clay nanoparticles loaded LDPE

nanocomposites films were prepared by laboratory-scale twin-

screw extruder. The FESEM micrographs showed the layered

structure, which is attributed to the dispersed nanoclay in the

LDPE matrix. Crystallinity of nanocomposite films was

increased due to the nucleation effect of nanoclay. Beyond 3

wt% clay content, however, the crystallinity was dropped due

to the suppression effect and less perfect crystals. The crys-

tallite formation in LDPE was slightly accelerated and Tc was

moved to slightly higher temperatures. Incombustible inor-

ganic substances from nanoclay provided a multilayered car-

bonaceous-silicate acting as an effective surface shield to retard

the thermal decomposition of volatile components and to pre-

vent the transport of decomposed volatile products in the poly-

mer composites. Coast-Redfern method demonstrates that the

improving in thermal stability of the nanocomposites is influ-

enced by the increase in the decomposition activation energy.
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