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Abstract: In this work, the effect of montmorillonite (MMT) nanoclay on the 
structure, morphology, thermal, mechanical, and barrier properties of the 
resulting low density polyethylene (LDPE) nanocomposites prepared via melt 
extrusion was investigated and then used for the removal of crystal violet (CV) 
dye from contaminated water. In the XRD results, the observation of small pick 
shoulders (d001) and almost no reflection in the X-ray diffractrograms indicated, 
respectively, the establishment of intercalated/exfoliated structures and major 
exfoliation of MMT clay into polymer. This observation was supported by TEM 
microscopy. TGA results revealed improved thermal properties in comparison 
with the pure polymer. DSC analysis indicated that increasing clay content above 
3 wt.% effectively reduces the crystallinity of LDPE/MMT nanocomposites . 
The tensile strength of LDPE increased gradually with an increased content of 
MMT nanoclay.  As the content of MMT nanoclay was increased to 10 wt.%, the 
permeability of the nanocomposite films to oxygen and water vapor notably 
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decreased. The isothermal data obtained using batch adsorption technique were 
fitted using Langmuir and Freundlich equations and it was found that the 
experimental data is well described by the Langmuir isotherm model with a very 
high adsorption capacity of 746.27 mg∙g−1. The kinetics of the adsorption process 
showed rapid dynamics and conformed to pseudo-second-order model with a 
correlation coefficient of R2 > 0.99. The influence of interaction time and initial 
dye concentration on the adsorption efficiency were also investigated. 
Additionally, thermodynamic studies revealed that the adsorption process was 
spontaneous and endothermic. Further, the results indicated that the synthesised 
nanocomposites adsorb crystal violet dye efficiently (≈ 96%) with a small 
decrease in removal efficiency even after five cycles of adsorption and could be 
employed in wastewater treatment for the removal of cationic dyes 

Keywords: clay/polymers nanocomposites; thermal and mechanical properties; barrier 
property; wastewater treatment; thermodynamic study; adsorption kinetics; crystal violet 
dye. 

 Introduction  

Clay-polymer nanocomposites have received  great attention in 

recent years due to their exceptional properties, such as increased thermal 

stability, high fire resistance, and enhanced mechanical characteristics, 

compared with traditional polymer composites.1,2 The improvement of 

many properties of clay-polymer nanocomposites could be achieved using a 

relatively low clay loading (usually < 10 wt %) in a polymer matrix.3 The 

performance of nanocomposites depends on their features such as their size, 

aspect ratio, surface area, volume fraction and also their compatibility with 

the other types of matrix. Nanocomposites have been extensively 

investigated to enhance their mechanical properties, improve thermal 

stability and sensitivity, gas barrier performance and reduce flammability to 

be used in various applications at low filler loading. The types of clay filler 

play an important role in developing better properties.4,5  

      Among the layered silicates, montmorillonite (MMT) is one of the 

most widely utilized silicates to fabricate clay-polymer nanocomposite, 
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mainly because MMT is easily available with a high aspect ratio and high 

expansion capacity.6 The unit crystal structure of MMT consists of two 

silicon tetrahedral sheets and a central sheet of alumina octahedrons.7 The 

negative charge is generated on the surfaces of the MMT layers due to the 

isomorphic substitutions of lower valence ions (Mg2+, Fe2+) for the central 

atoms (Al3+, Si4+) in the interior crystal layers of the MMT.8 To neutralize 

the negative charges, hydrated cations (Na+, Ca2+) are electrostatically 

adsorbed inside the interlayer space and on the surface of MMT.9 

          Among the commodity plastics used in the packaging industries, low 

density polyethylene (LDPE) is the simplest and the most widely used for 

food packaging applications with various formats, i.e., films, sheets, bottles, 

cups, tubes, and trays10,11 due to the good heat-sealability, chemical 

inertness, and safety of LDPE as a food contact material. Conventional 

LDPE is a good moisture barrier, but has a low tensile strength and has poor 

gas barrier properties against oxygen and carbon dioxide.12, 13 Various 

efforts have been made to improve the fundamental properties of LDPE for 

use in active food packaging as an advanced functional material. A large 

number of hybrid systems have been investigated by blending organic or 

inorganic particles (i.e. silica, calcium carbonate, graphene, silver 

nanoparticles, etc.) into a LDPE matrix to enhance the modulus strength and 

gas barrier properties.14, 15 

       The first objective of this work was to study the influence of 

exfoliated MMT nanoclay incorporated into LDPE and, in particular, the 

effect of different amounts of MMT (0.5–10%) on the morphological, 

thermal, mechanical and barrier characteristics of the formed LDPE/MMT 

nanocomposites. The crystallinity and the MMT nanoclay distribution in the 

LDPE matrix were also to be examined.   
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          In the other hand, it is known that the industry is a major cause of 

water pollution because of the important volumes of extensively 

contaminated wastewater that it discharges into the environment.16 The dyes 

are among of hazardous chemical compounds presented in the textile 

effluent which are toxic to aquatic and non-aquatic organisms and can cause 

cancer for humans.17 As a result, the direct discharge of effluent into water 

causes ecosystem and health problems.18 These hazardous organic 

compounds also affect the aquatic life by altering the photosynthetic activity 

of the biota due to reduced light penetration through water.19 Crystal violet 

(CV) is one such and common type of dye extensively used by the paper 

and textile industry. It is also used as a biological stain and dermatological 

agent in human and veterinary medicine.20 In spite of its wide use, CV dye 

has been found to have harmful effects on humans and has been suspected 

to be a potential carcinogen. Consumption of the dye even in small amount 

(<1ppm) may result in respiratory disorders, kidney failure and permanent 

blindness. Its exposure to large amounts irritates the skin and the digestive 

tract.21 Belonging to the class of triarylmethane dyes, it has a complex 

chemical structure and long half-life which results in their persistence in the 

environment for a very long time, aggravating the problem further.22 The 

dye has also been found to be teratogenic and mutagenic and is thus, 

categorized under biohazards.23 Therefore, an increased interest has been 

focused on removing such dyes from the industrial wastewater prior to its 

reuse or discharge into the aquatic environment. 

Given the environmental effect caused by dye pollution, effective 

methods should be used to treat wastewater polluted by coloring agents, 

such as CV dye, before their release into the environment. Among several 

physical and chemical techniques used to removal of CV dye effluents such 



      Preparation and caracterisation of low density polyethylene/montmorillonite …      299 

 

as coagulation–flocculation,24 electrocoagulation,25 photocatalysis,26 

membrane filtration,27 and several other techniques, adsorption  techniques 

are widely used due to their simplicity,28 low cost and ease of process. To 

remove dyes from aqueous environments, many different types of 

adsorbents have been used, including activated carbon,29 agricultural and 

industrial wastes, biosorbents,30 clays28 and clay-polymer nanocomposites.31 

Our study lies in utilizing LDPE /Algerian montmorillonite as an eco-

friendly and cost-efficient adsorbent for the removal of the CV dye from 

aqueous solutions. Moreover, we investigate the reusability of the 

nanocomposite adsorbent to further minimize the cost of treating polluted 

water. This comprehensive exploration aims to contribute to both the 

advancement of polymer nanocomposites and the effective treatment of 

wastewater contaminated with CV, addressing critical environmental and 

health concerns. 

Experimental 

Materials 

The polymer matrix used in this study was a linear low-density 

polyethylene grafted with maleic anhydride, trade name LF-Y819-A, from 

NOVA Chemicals Novapol (China). The density and the melt flow index 

(MFI) are, 0.92 g/cm3 and 0.75 g/10 min, respectively (190 °C/2.16 kg) 

while the maleic anhydride (MA) content is 1 wt%. Natural montmorillonite 

(MMT) was supplied by the County of Maghnia, Western Algeria, and used 

after purification. The Crystal violet (CV) dye was purchased from Sigma 

Aldrich, with a molecular weight of 407.99 g.mol−1 and solubility in water 

of 4g.L−1, and its chemical structure is depicted in Figure 1. 
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Figure 1. Chemical structure of the Crystal violet (CV) dye  

(Chemical formula: C25H30ClN3). 
 

  Montmorillonite pre-treatment 

     50 g of montmorillonite (MMT) clay was placed in a 750-mL vessel 

containing distilled water and stirred for 2 h. The suspension was decanted and 

separated by centrifugation. This procedure was repeated four times. Finally, 

the precipitate (MMT) was oven dried at 120 °C for 24 h and crushed. The 

chemical composition of of the dried samples is given in Table 1. 

Table 1. Chemical composition (wt %) of initial MMT according to XRF  
               analysis. 

Compound   SiO2    Al2O3    Fe2O3   TiO2   P2O5   SO3    K2O    MnO   ZrO2   CaO 

Weight %    71.60   12.75    10.77    1.66    0.70   0.09    0.09    0.02     0.04    0.31 

  Preparation of LDPE/MMT nanocomposite 

  Nanocomposites LDPE/%MMT were prepared by melt extrusion to 

yield composite film samples with MMT nanoclay contents of 0.5, 1, 3, 5, 

and 10 wt%. Nanocomposites were prepared using a corotating twin-screw 

extruder (Haake Polylab Rheomex OS PTW16, D = 16 mm, L/D = 40) 

coupled with a Haake Metering Feeder to control the feed rate. The LDPE 

and MMT nanoclay masterbatch pellets were dried in a convection oven at 

80 ºC for 24 h and mixed in a sealed plastic bag by manual tumbling prior to 

being fed into the extruder. The temperature profile used in this study was 

170–180 °C from hopper to die, the feed rate was fixed at 1 kg/hr, and the 
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screw speed was set at 180 rpm. All materials were manually premixed 

before introduction into the twin-screw extruder. The pellets that were 

obtained after extrusion were press-molded using an electrically heated 

hydraulic press to form films of thickness 50 mm in order to facilitate 

evaluation of the physical properties. The molding temperature and pressure 

were 175 °C and 4 MPa, respectively. Neat LDPE films were prepared 

under the same conditions to get a reference material. The measured surface 

physical characteristics of the prepared LDPE/5%MMT nanocomposite are 

illustrated in Table 2. A high specific surface area and negatively charged 

surface in the Table 2 suggests the suitability of the nanocomposite to 

adsorb cationic dyes. 
Table 2. Surface physical characteristics of the LDPE/5%MMT nanocomposite. 

Parameter Value 
BET surface area (m2 g−1) 242.1 

Total pore volume (cm3 g−1) 5.652 

Average pore size (nm) 0.342 

Zeta potential (mV) Ph = 6.2 −25.90 

 Adsorption of Crystal Violet dye experiments 

In the present series of experiments, the influence of dye 

concentration (50–200 mg L−1) and contact time on the adsorption of CV 

were studied. The pH of the dye solution was maintained at 6.2 in all the 

measurements. In each adsorption experiment, 25 mg of LDPE/5%MMT 

nanocomposite adsorbent was added to 100 mL samples of the dye 

solution with known concentration and the mixture was stirred in a 

thermostatic water bath oscillator at 313 K for pre-determined time 

interval at 130 rpm agitation speed. To observe the effect of temperature, 

the experiments were carried out at three different temperatures, i.e. 303 
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K, 313 K and 323 K. During each run, aliquots of 1 mL were withdrawn 

from the solutions at regular intervals of time, diluted, and centrifuged 

for 10 min at 8000 rpm to measure absorbance of the supernatant 

solution. The concentration of the CV dye in the solution was measured 

spectrophotometrically using Lambda 950, Perkin-Elmer UV–Visible 

spectrophotometer (UV–Vis.) at 590 nm (λmax for CV). The equilibrium 

amount of adsorption (qe), the amount of adsorption (qt) at any given 

time t, were computed from the following equations: 

௘ݍ  =
(C଴ − Cୣ)

m × V                                                            (1) 

௧ݍ  =
(C଴ − C୲)

m × V                                                              (2) 

And, the dye removal efficiency was calculated using the following 
equation: 

Removal efficiency(%)  = ൬
C଴ − C୲

Cୣ
൰ × 100%            (3) 

where Co (mg∙L−1), Ce (mg∙L−1), and Ct (mg∙L−1) correspond to the dye 

concentrations at the initial, equilibrium and time t (min), V (L) is the 

volume of the solution, and m (g) is the weight of the adsorbent. 

Characterization 

  X-ray diffraction (XRD) measurements were carried out using a 

Philips diffractometer (PW-1710). Using a CuKα (λ = 1.54 Å) radiation at 

40 KV and 30 mA, all scans were performed in 2θ range at 4 – 75° with a 

scan speed of 2 deg/min.  

 The morphology of the samples surfaces were investigated using 
scanning electron microscopy (SEM) (JSM-5900 LV). 
 Chemical analysis was performed by X-ray fluorescence (XRF) 
spectroscopy on ElvaX Pro (Elvatech) spectrometer.  
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 Fourier transform infrared (FTIR) spectra of MMT were recorded with 
the Fourier Spectrophotometer Spectrum type Shimadzu FTIR-8300 in the 
range of 400-4000 cm-1, using KBr disc method. The morphology of MMT 
was analyzed by a scanning electron microscope (SEM) (JSM-5900 LV).  
 The specific surface area (SSA) and cation exchange capacity of the 
MMT sample were determined by methylene blue titration and spot 
methods, respectively.32 

Thermal gravimetric analysis (TGA) was conducted on a Shimadzu 
TGA- 51H analyser with temperature program = heat from 30 °C to 900 °C; 
heating rate of 10°C / min in Nitrogen atmosphere with a purge rate of 20 
mL/min.  
 The differential scanning calorimetry (DSC) analysis was conducted 
on a Shimadzu DSC-60 calorimeter with N2 as a purge gas, with a heating 
rate of 10°C/ min.  

Bright field transmission electron microscopy (TEM) images of the 
nanocomposites were obtained at 80 kV, with a Zeiss EM 900. The samples 
were cooled at -80°C and then microtomed with a diamond knife cooled at -
60 °C to give sections with a nominal thickness of 50 mm and 1 mm2 of 
superficial area. The sections were collected on the surface of a solution of 
dimethylsulphoxide/water, 60/40 parts, respectively, and then transferred on 
Cu grids of 200 mesh.  
 The oxygen transmission rates (OTR) of the LDPE/MMT 
nanocomposite films were measured using an OTR 8001 oxygen 
permeation analyzer (Systech Instruments Co. Ltd., Johnsburg, Illinois, 
USA) at 23 ºC and 0% RH according to the ASTM D3985 method.  

The water vapor transmission rate (WVTR) was determined using a 
WVTR 7001 water vapor permeation analyzer (Systech Instruments Co. 
Ltd., Johnsburg, Illinois, USA) at 38 ºC and 95% RH according to the 
ASTM F1249 method. 
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 Results and discussion 

          1. Characterization of MMT nanoclay 
 1.1. Scanning electron microscope (SEM) analysis 
 SEM analysis is another important tool used in the determination of 
the surface morphology of MMT. SEM micrograph of the MMT sample 
suggests that it is a very cohesive material (Figure 2). The micrograph 
confirms that the material forms micron-size agglomerates. A higher 
magnification micrograph of the same structure shows that the micro-size 
particles are composed of individual platelets, which conglomerate into 
larger size particles. 

 
Figure 2. SEM micrograph of MMT. 

 1.2. IR spectroscopy 

 FT-IR spectra provide useful information about the surface 

functional groups which to a great extent affects the adsorption process of 

contaminants to an adsorbent surface. For this reason, the FT-IR spectrum 

of the MMT clay was recorded as shown in Figure 3. As noted, all the 

spectra show bands at 3636 and 3395 cm−1 attributed to O–H stretching for 

the silicate and water, respectively, 1631 cm−1 (related to O–H bending), 

1039 cm−1 (owing to stretching vibration of Si–O–Si from silicate), 912 
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cm−1 (from Al–OH deformation of aluminates), 525 and 470 cm-1 (Al-O 

stretching and Si-O bending vibrations of MMT, respectively), and 789 

cm−1 (related to Si-O stretching vibration).33 

 
Figure 3. FTIR spectrum of MMT. 

 

1.3. XRD analysis 

XRD analysis is widely used to investigate the mineralogical 

composition of clay minerals which deeply affects their physiochemical 

properties. For this purpose, the MMT powder sample was subjected to 

XRD analysis and the result is shown in Figure 4. The X-ray diffraction 

pattern of MMT shows the major phase of montmorillonite whose main 

peak is at 2θ = 19°, 22°, 28°, 37° and 53°. The presence of Quartz at 2θ = 

23° and 29° was noted. A peak of 2θ = 34° appears on the sample with a 

different intensity, which can be attributed, presumably, to calcite. The 

reflection at 2θ = 32° on the MMT clay proves the presence of sodium 

feldspar.34,8 

         Bragg’s equation, 2dsin θ = nλ, was used to calculate the basal spacing 

(d001) of the MMT. The characteristic d001 diffraction peak for MMT in the 

2θ region is located at 6.52°, d001 = 13.54 Å35. 
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Figure 4. XRD pattern of MMT. 

 

 1.4. Specific surface area (SSA) and cation exchange capacity 
                    (CEC) 
   Surface area and cation exchange capacity measurements of clay 

minerals are important for characterizing their bonding and swelling power, 

adsorptivity for polar compounds, and plasticity. Methylene blue (MB) spot 

and titration methods are widely used for SSA and CEC determination 

where they estimate them more accurately than other conventional methods. 

Equations (1) and (2) are used to calculate SSA and CEC32, respectively: 

SSA =
m୑୆

319.87
× A୚ × A୑୆ ×

1
mୱ

                    (4) 

 CEC = ଵ଴଴
୫౩

× Vୡୡ  × N୫ୠ                                      (5) 

where mMB is the mass of the adsorbed MB at the point of complete 

replacement, mS is the mass of the clay specimen, 319.87 is the molecular 

weight of MB dye, AV is Avogadro’s number (6.023  1023/mol), AMB is the 

area covered by one MB molecule, VCC is the volume of the MB titrant, and 

Nmb is the normality of the MB (meq/mL). By substitution in Equations (1) 

and (2), it was found that the SSA and CEC of the MMT are 177m2/g and 
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94 meq/100g, respectively. For comparison purposes, SSA was also 

measured by N2 adsorption method (Brunauer–Emmett–Teller: BET 

specific surface area) using a Quantachrome Monosorb®device 

(Quantachrome Instruments, Boynton Beach, Florida, USA) and it was 

found to be 75.5 m2/g. This value is very small compared to that estimated 

by MB test because the N2 adsorption method (BET) estimates the external 

surface area rather than total surface area for swelling silicates. 

          1.5. Thermogravimetric analysis (TGA) 

          The TGA and DTGA curves for MMT are shown in Figure 5.  

 
Figure 5. TGA and DTGA curves of MMT. 

MMT displays two thermal degradation transitions. The first one occurs in 

the temperature range 100–350 °C and is due to the vaporization of both the 

free water (i.e., the water sorbed on the external surfaces of crystals) and the 

water residing inside the interlayer space, forming hydration spheres around 

the exchangeable cation.8 The second transition takes place at higher 

temperatures (between 500 and 800 °C) owing to the structural water 

resulting from the dehydroxylation of clay OH units. 

 2. Nanocomposites LDPE/MMT characterization 

2.1. IR spectroscopy 

         The FTIR spectrum of LDPE and LDPE/MMT nanocomposites is 

presented in Figure 6.  
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Figure 6. FTIR spectra of LDPE /MMT nanocomposites with different MMT contents:  

(a) 0, (b) 0.5, (c) 1, (d) 3, (e) 5 and (f) 10 wt%. 

       FTIR is widely used for the identification of specific chemical 

groups in materials. Clear additional absorption peaks were identified at 

about 464, 521, and 1047 cm-1 in the FTIR spectra of LDPE/MMT 

nanocomposites films. These values correspond to IR absorption peaks 

typical for silica and alumina and most likely originated from the stretching 

and bending.36 The peaks characteristic of the MMT nanoclay became more 

intense as the content of MMT nanoclay in the composite system was 

increased. 

 2.2. XRD analysis 

         XRD is a most useful technique for the measurement of d-spacing of 

ordered intercalated and exfoliated nanocomposites. XRD patterns exhibit 

the formation of intercalated or semi exfoliated composites with the help of 

movement of the diffraction peak while the disappearances of this 

diffraction peak indicate possible exfoliation of clay platelets in the polymer 

matrix.37 Figure 7 illustrates the XRD patterns of LDPE/MMT 

nanocomposites at different concentrations of clay content. For LDPE, the 
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presence of two crystalline peaks at 21° and 23.3°, related to the (110) and 

(200) planes, respectively, characteristic of the orthorhombic structure of 

the crystal polyethylene was observed.38,39,4 For LDPE/MMT significant 

increase in the intensities of the 6 and 18º 2θ diffraction peaks was observed 

for samples with 0.5 wt % nanoclay. These peaks were assigned to the (001) 

and (020) planes of the clay-stacked layer structure and agreed with values 

reported by Zbik et al.40  and Merinska et al.41 At low volume fractions of 

the MMT nanoclay, these diffraction peaks appeared as very weak 

shoulders. As the content of MMT nanoclay was increased, however, the 

same peaks became significantly more pronounced. As shown in the Figure 

7, the presence of an intercalated/exfoliated morphology, combined with the 

high interfacial area and adhesion between the polymer and the clay, hinders 

PE chain mobility, with two effects: a reduction in the crystallinity degree 

(related to the peak intensity) and dimension of the crystallites (related  to 

the peak broadening and shift).42 

 
Figure 7.  XRD patterns of LDPE /MMT nanocomposites with different MMT contents: 

(a) 0, (b) 0.5, (c) 1, (d) 3 and (e) 5 wt%. 

    2.3. TEM 

  The MMT nanoclay particles dispersed in the LDPE matrix can be 

readily identified using TEM as dark lines in the LDPE/MMT 
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nanocomposite film that was prepared using 5 wt% MMT (Figure 8a). The 

TEM analysis revealed that a large proportion of the clay layers was in the 

exfoliated state. Kim et al.43  reported that the shear force exerted during the 

extrusion process promoted nanoparticle dispersion by partially disrupting 

the stacking order of clay layers, while the molten polymer can at the same 

time enter and penetrate the MMT nanoclay interlayers. Close examination 

of some platelets (highlighted with white arrows in Figure 8.b, white 

grayscale), however, revealed the presence of stacked structures, which 

suggests that some intercalated features in the LDPE matrix remain. 

Abbasian et al.44 explained that the shear force exerted by the extrusion 

process is not always sufficiently high to achieve complete break-up of 

large agglomerates, which thereby allows clusters of nanoparticles to 

persist. Put together, these results indicate that the clay layers in 

LDPE/MMT nanocomposite films were present in a mixed form and mostly 

consisted of well dispersed exfoliated layers with a small amount of 

intercalated MMT nanoclays.  

 Close examination of some platelets (highlighted with white arrows 

in Figure 8b, white grayscale), however, revealed the presence of stacked 

structures, which suggests that some intercalated features in the LDPE 

matrix remain. Abbasian et al.44 explained that the shear force exerted by 

the extrusion process is not always sufficiently high to achieve complete 

break-up of large agglomerates, which thereby allows clusters of 

nanoparticles to persist. Put together, these results indicate that the clay 

layers in LDPE/MMT nanocomposite films were present in a mixed form 

and mostly consisted of well dispersed exfoliated layers with a small 

amount of intercalated MMT nanoclays. 



      Preparation and caracterisation of low density polyethylene/montmorillonite …      311 

 

 
Figure 8. TEM Micrograph of LDPE/5% MMT nanocomposite with different scales: (a) 

0.5 μm and (b) 200 nm. Indicate the presence of intercalated MMT nanoclays in the LDPE. 

  2.4. Thermal properties 

The thermal degradation behavior of a polymer in terms of weight 

loss as a function of temperature is typically determined using TGA. The 

important parameters in such analyses are the degradation onset temperature 

(T10%, determined as the point at which 10% of the sample weight has been 

lost) and the degradation mid-point (T50%).45,4 In the present study, the 

thermal stability of nanocomposites was generally higher in comparison to 

the pristine LDPE (Table 3). The temperature marking the onset of thermal 

degradation (T10%) was significantly higher in the nanocomposites than that 

determined for LDPE (436 ºC). The T50% value of the nanocomposites was 

also found to increase with increasing MMT nanoclay content and the 

maximum T50% value of 497 ºC was determined at 10 wt% MMT nanoclay 

loading. These results are in agreement with those reported in other 

studies.46 These improvements in thermal stability can be explained by the 

formation of an insulating and incombustible multilayered carbonaceous-

silicate char on the composite surface during combustion. This char can 

obstruct the escape and diffusion of low molecular weight volatile products 

within the nanocomposites, while simultaneously insulating the polymer 

underneath the char layer from surrounding heat.47 The physical-chemical 
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adsorption of volatile decomposition products on silicates/clays, 

additionally, can delay the volatilization of products that are generated from 

carbon-carbon bond scission within the LDPE matrix.48  

 The thermal properties of LDPE/MMT nanoclay composites, such as 

melting temperature, fusion enthalpy, and degree of crystallinity for non-

isothermal crystallization, were also studied using DSC. The degree of 

crystallinity (XC) was calculated according to the following equation: 

ܺ஼ =
௠ܪ∆
௠଴ܪ∆

× 100                                                (6) 

where ∆ܪ௠ is the experimental heat of fusion (J/g) and ∆ܪ௠଴  is the 

theoretical heat of fusion of 100% crystalline LDPE (293J/g). The melting 

temperature (Tm) and the heat of fusion were determined during the second 

round of heating and are shown for each sample in Table 3. 
Table 3. Melting temperature, melting enthalpy, and crystallinity values for  
              10% and 50% weight loss for LDPE/MMT nanocomposite films  
              with various MMT contents (wt%). 

Sample 
T10% 

(ºC) 

T50% 

(ºC) 

Tm 

(ºC) 

Melting Enthalpy 

(J/g) 

Crystallinity 

(%) 

LDPE 436 475 107.08 161.1 54.08 

LDPE/0.5 %MMT 450 484 105.87 170.0 58.02 

LDPE/1 %MMT 450 486 105.98 179.0 61.09 

LDPE/3 %MMT 461 491 106.42 180.5 61.60 

LDPE/5 %MMT 464 493 106.11 162.0 55.29 

LDPE/10 %MMT 465 497 106.21 161.9 55.26 
T10% : Temperature at 10% weight loss (ºC) ; T50% : Temperature at 50% weight loss (ºC). 
 

          The DSC analysis showed that the melting temperature (Tm) 
decreased slightly as the MMT nanoclay content was increased. This change 
can be attributed to the differences in crystal properties (e.g., crystal type, 
packing density, crystallite size, and distribution) between the 
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nanocomposites and pristine LDPE.49 A study by Jayrajsinh et al.50  
revealed that layers of MMT nanoclay can act as nucleating agents that 
facilitate crystal growth by providing a higher level of nucleation density. 
This process may involve crystal formation and accounts for the changes in 
Tm. In addition, an increase in the clay mineral content to 3 wt.% increased 
significantly both the melting enthalpy and crystallinity. Specifically, a 12% 
increase in crystallinity for the nanocomposites was observed, which 
suggests that the filler in the LDPE matrix played a role in nucleation 
processes.51 Jayrajsinh et al.49 reported that the crystallinity of LDPE/PE-g-
MA/clay composite (where PE-g-MA represents polyethylene grafted 
maleic anhydride) increased with an increased content of 
organomontmorillonite and that the maximum of crystallinity was found at 
3 wt.% clay mineral content. The authors additionally found that the level of 
crystallinity decreased with a further increase in clay mineral content. This 
observation is in agreement with the present results, which showed that the 
degree of crystallinity decreased when the MMT nanoclay concentration 
was increased above 3 wt %. Particularly, this behavior arose because the 
perfection of the crystals was affected by the restricted mobility of LDPE 
chain segments, which consequently slowed down the growth of well-
developed lamellar crystals. This restriction increased with an increased 
content of MMT nanoclay and, thereby, yielded less perfect crystals. The 
combined influences of excess nucleation sites and retarded crystal growth 
led to the production of fine crystals, which, in turn, resulted in a lower 
degree of crystallinity.52 

       2.5. Mechanical properties 
 The tensile strength and elongation were examined as a function of 
clay mineral content (Figure 9). The results revealed that the tensile strength 
in the machine direction increased significantly from 11.99 N/mm2 to  
16.89 N/mm2 as the MMT content was increased from 0 to 10 wt %. This 
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result revealed two possible explanations for the increase in tensile strength 
in the prepared LDPE/MMT nanocomposites.53 The first explanation may 
stem from an increase in crystallinity as was observed in the DSC analyses. 
The greater the crystallinity, the greater the energy absorbed and the greater 
the modulus.54 Although the mechanical properties of a nanocomposite are 
related to the crystallinity of the polymer matrix, Shebani et al.55 observed 
that the behavior of the composite was not simply a function of crystallinity 
and crystal structure (morphology), but was instead a complex function that 
involved additional factors, such as lamellar thickness and interfacia 
interactions. A comprehensive study by Hussein et al.56 showed that a filler 
with an aspect ratio greater than 20 – 30 can be considered as an effective 
reinforcement filler and yields a nanocomposite with apparently increased 
stiffness. The proposal from the present study was, therefore, that the 
improved tensile strength can be attributed to the high specific surface area 
(750 – 800 m2/g) and large aspect ratio (50-1000) of the well dispersed 
MMT clay within the LDPE matrix.53 Similarly, previous work has shown 
that the dispersion of nano-scale silicate layers in a polyolefin matrix led to 
an improvement in mechanical strength.54 The stiffness of MMT nanoclay 
plates hindered the mobility of polymer phases and prevented the slippage 
of polymer chains past one another. The stiffness also retarded the plastic 
deformation and, thereby, resulted in stretching resistance and lower 
elongation.55 This description was supported by the decreased elongation of 
LDPE/MMT nanocomposites as a function of increased clay mineral 
content (Figure 9). The elongation dropped significantly from 592.28% for 
pristine LDPE to about 323.50 % for the LDPE-MMT with 10 wt.% clay 
mineral content. Fu and Naguib57 proposed that this reduction stemmed 
from the weak interactions between the polymer matrix and fillers as well as 
from the formation of agglomerated nanoclay, which created stress 
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concentrations in the polymer matrix. LDPE, therefore, lost its plastic 
properties as a result of the increased stiffness value. 

 
Figure 9. Tensile strength and elongation of LDPE/%MMT nanocomposites films using 

different MMT contents (wt %). 

2.6. Barrier properties 

 The LDPE/MMT nanocomposites showed similar trends in behavior 

for both the oxygen and water vapor permeability (Figure 10). The 

permeability was found to decrease gradually as the concentration of clay 

mineral increased from 0.5 wt.% to 10 wt.%. Specifically, oxygen 

permeability decreased from 306 to 175 mL mm/m2 day atm (42.8% 

reduction) while the water vapor permeability decreased from 0.600 to 

0.443 g mm/m2 day atm (26.2% reduction). These changes most likely arose 

as a result of the high aspect ratio of exfoliated and intercalated clay 

platelets in the LDPE matrix. In particular, as shown in Figure 8, when the 

layers are aligned in the direction parallel to the film surface, the resulting 

tortuous path delays diffusion of both gas and water vapour.58 
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Figure 10. Oxygen and water-vapor permeability values of LDPE/ MMT nanocomposites 
films using different MMT contents (wt %). 

         2.7. pH at point zero charge 

         The zero charges point (pHpzc) is a critical parameter which indicates 

a pH-value where the surface charge on the adsorbent has a zero charge. 

Thereby, the surface charge of solid is negative if pH > pHpzc and positive 

if pH < pHpzc. 

         The pH of suspension of the selected sample for adsorption (0.15 g of 

LDPE /5%MMT,) and NaCl aqueous solution (50 mL, 0.01 mol L−1) was 

adjusted to initial values ranging from 2 to 12. The suspensions were 

agitated 48 h at room temperature, and the variation of pH (ΔpH = pHfinal − 

pHinitial) was measured and plotted versus the initial pH. The pHPZC is 

identified as the point at which the variation of pH is equal to 0, as shown in 

Figure 11. The pHpzc of nanocomposite was found to be at a pH = 6.8. 
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Figure 11. Isoelectric point (pHpcn) determination for LDPE /5%MMT nanocomposite. 

 

3. Adsorption studies 

3.1. Effect of pH 

 The surface charge of the adsorbent can be affected by the pH of the 

solution, which creates the essential force between the adsorbent and the 

adsorbate.59 Figure 12 shows the pH effect on the adsorption of the CV dye 

onto LDPE/5%MMT nanocomposite sample. As can be seen from figure, 

the adsorption capacity remains stable throughout the pH range (2 – 12) 

indicating that the adsorption is independent of pH. 

 The similar results were reported by Kırans et al.60  for studying the 

adsorption of an anionic dye onto clay. Hence, we conclude that the pH has 

no effect on the adsorption capacity of LDPE/5%MMT nanocomposite. 

This behaviour was explained by electrostatic interactions between the 

negative charges of the Cl− group of the dye and the positive charges of 

MMT of the nanocomposite adsorbent.58 
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Figure 12. Effect of pH on adsorption of CV by LDPE/5%MMT nanocomposite. 

 

3.2. Effect of initial dye concentration 

 The plot displaying effect of initial dye concentration of CV on 

LDPE/5%MMT nanocomposite adsorbent surface at pH 6.2 and 30°C 

exhibits continuous increase in equilibrium adsorption capacity from 184.67 

to 583.08 mg·g−1 with increasing dye concentration ranging from 50 to  

200 mg·L−1 (Figure 13).  

 
Figure13. Effect of initial dye concentration on the adsorption capacity of CV dye onto 

LDPE/5%MMT  nanocomposite at pH 6.2 and 30 °C. 

This enhanced adsorption capacity is attributed to the high concentration 

gradient between the dye molecules and the number of pores available for 

their diffusion through π-π interactions and weak hydrogen bonding at the 
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beginning of the adsorption process. Also, the functional groups present on 

the surface as well as inside the pored network may also have resulted to be 

a high driving force for the adsorption of CV dye molecules from solution 

to the surface of MMT. Hence, a higher initial concentration of the dye will 

assist in overcoming mass transfer resistance between the aqueous and solid 

phases, thereby, favouring the adsorption process. 

3.3. Effect of contact time 

 To study the effect of reaction time on the adsorption of dye onto 
LDPE/5%MMT nanocomposite, the exposure time was varied between 0 
and 30 min (Figure 14).  

 
Figure 14. Effect of contact time on the adsorption capacity of CV dye onto 

LDPE/5%MMT nanocomposite at pH 6.2 and 30 °C. 

The curve exhibits sharp increase in dye colour removal efficiency, 
approximately 85% in the first 5 min of reaction, after which the colour 
removal process markedly slowed down and completely saturated in 30 min 
with no further increase in the adsorption amount. The initial fast adsorption 
of dye molecules on LDPE/5%MMT nanocomposite surface is attributed to 
the higher availability of pores in the initial phase of the adsorption process 
with negligible interference from solute-solute interactions. 
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3.4. Adsorption kinetics 

 In order to investigate the kinetic mechanism of CV dye adsorption 

process on the LDPE/5%MMT nanocomposite, the pseudo-first-order and 

pseudo-second-order kinetic models are used to analyse the experimental 

results describing the adsorption data with reaction time by the following 

equations: 

௘ݍ)݃݋݈ − (௧ݍ = ௘ݍ ݃݋݈ − ݇ଵ(7)           2.303/ݐ  
ݐ
௧ݍ

=
1

݇ଶݍ௘ଶ
 +

1
௘ݍ
 (8)                                             ݐ

where qt is the amount of dye adsorbed at time t (mg·g−1), qe is the 

adsorption capacity at equilibrium (mg·g−1), and k1 and k2 are the equilibrium 

rate constants of pseudo-first-order (min−1) and pseudosecond-order (g−1 

mg·min) models, respectively. The values of qe and k1 for the pseudo-first-

order kinetic model are determined from the intercepts and slopes of plot of log 

(qe-qt) versus t, whereas the values of qe and k2 for pseudo-second-order 

kinetics model are determined using the linear fit between the t/qt and contact 

time (t).61, 62  

 The obtained linear plots of pseudo-first-order and pseudo-second-
order kinetic model using above mentioned equations are shown in Figure 

15, while the values of kinetic parameters k1, k2, qe and R2 obtained by 

fitting the experimental data of CV adsorption are listed in Table 4. The 
correlation coefficient (R2) fits better to the pseudo-second-order kinetic 
model than the pseudo-first-order kinetic model. Additionally, the results 
show good agreement between the experimental and the calculated qe 
values. All these results suggest that the experimental kinetic data for CV 
dye adsorption on LDPE/5%MMT nanocomposite follows pseudo-second-
order model better than the pseudo-first-order model, indicating that the rate 
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limiting step may be chemisorption, involving valence force via sharing or 
exchanging electron between adsorbent and adsorbate.63,64  

 
Figure 15. Kinetic plots for the adsorption of CV onto LDPE/5%MMT  

nanocomposite at 30 °C. 

This may be attributed to the various functional groups located in 
LDPE/5%MMT nanocomposite due to MMT, which favours adsorption 
process in addition to the tetrahedral and octahedral sheets already present 
in the MMT In the literature, similar results have been reported where the 
pseudo-second-order model fitted various adsorption systems, including the 
adsorption of methyl green65  and methyl blue dye66  molecules on the 
montmorillonite and the adsorption of methylene blue using a novel 
magnetic composite bioadsorbent.67  
 
Table 4. Kinetic parameters of pseudo-first-order model and pseudo-second-order 
model for CV dye adsorption onto LDPE/5%MMT nanocomposite. 

Kinetic model 

           Parameters  

k1 k2 qe R2 qexp 

(min−1) (g·mg−1 min−1) (mg·g−1)  (mg·g−1) 

Pseudo-first-order 0.1749 – 1.991 0.8647 
16.13 

Pseudo-second-order – 0.1811 16.289 0.9994 
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3.5. Adsorption isotherms 

 The adsorption isotherm represents systems where the adsorption 
process reaches an equilibrium state to reveal the interaction between the 
adsorbent and the adsorbate. Langmuir and Freundlich adsorption isotherm 
models are two generally used models to determine the mechanistic 
parameters associated with adsorption processes. The analysis of 
experimental results is done by correlating the equilibrium data with the 
theoretically derived equations obtained using these isotherm models. The 
Freundlich model uses the exponential distribution of adsorption sites and 
energies in an adsorption process with an assumption that the adsorbent 
surface sites are heterogeneously distributed and is represented by the 
following equation:68 

݃݋݈ ௘ݍ = ݃݋݈ ிܭ +
1
݊ி
݃݋݈ ௘ܥ                             (9) 

where qe is the solid-phase equilibrium concentration (mg/g), Ce is the liquid 
equilibrium concentration of dye in solution (mg/L), KF (mg/g) and nF are 
Freundlich constants for adsorption capacity and adsorption intensity 
respectively. A linear plot of ln qe versus ln Ce confirms the validity of the 
Freundlich model and the magnitude of ‘n’ indicates the favourability of the 
adsorption system; specifically, when the value of ‘nF’ lies in 1 < nF < 10 
range. Compared to the Freundlich model, the Langmuir model assumes a 
homogeneous adsorbent surface with identical sites which are equally 
distributed, energetically equivalent and each site carries equal number of 
molecules with no interaction between adsorbate molecules. The Langmuir 
adsorption isotherm model is not capable to explain the mechanism of 
adsorption process, but it provides information on adsorption capability and 
the equilibrium process behaviour as represented in the following 
expression:69 



      Preparation and caracterisation of low density polyethylene/montmorillonite …      323 

 

௘ܥ
௘ݍ

=
1

௠௔௫ݍ) × (௅ܭ
+

௘ܥ
௠௔௫ݍ

                              (10) 

where qe and Ce are defined as above, qmax and KL represent the maximum 

adsorption capacity of the adsorbent and the energy constant related to the 

heat of adsorption respectively. In this study, the experimental data of the 

adsorption process of all the three samples was fit using the Langmuir and 

Freundlich isotherm models, the results of which are shown in Figure 16.  

 
Figure 16. Adsorption isotherms for the adsorption of CVdye onto LDPE/5%MMT 

 at 30 °C. 

The adsorption parameters along with the correlation coefficients (R2) are 

given in Table 5. The value of Freundlich constant ‘n’ lies between 1 and 

10, indicating a favourable adsorption process of CV dye onto 

LDPE/5%MMT nanocomposite. 
Table 5. Langmuir and Freundlich constants for the adsorption of CV dye  
               (pH 6.2) onto LDPE/5%MMT nanocomposite at 30 °C (Dye conc. 
                50 – 200 mg L−1). 

         Freundlich                                                   Langmuir 
R2 Nf Kf (mg/g) R2 KL (L/mg) qm (mg/g) RL 

0.935 2.1 94.019 0.9987 15.802 745.95 0.068-0.23 
 

The higher correlation coefficient R2 (>0.99) of the Langmuir 

equation suggest that the Langmuir equation can be used to fit the 
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experimental adsorption data and evaluate the maximum dye adsorption 

capacities of these adsorbents. Since, the Langmuir model assumes 

monolayer adsorption, the existence of homogenous active sites of the 

adsorbents could also be indicated. The highest maximum adsorption 

capacity of LDPE/5%MMT (746.27 mg·g−1) allows adsorption of more 

crystal violet dye molecules on its surface. 
The reason behind very high adsorption capacity value of 

LDPE/MMT is the presence of variety of functional groups such as, –OH,  

–Si–O, –Al–O, –Fe–O and –CH2–CH2– on the surface and edges of 

LDPE/MMT and their interactions (hydrogen bonding) with the dye which 

results in more and fast adsorption of cationic dyes.70 Also, when compared 

to raw MMT, LDPE/5%MMT possesses a more extensive pore structure 

with higher BET specific surface area (242.14 m2·g−1) which further 

enhances the adsorption capacity of dye molecules.  

         Another important characteristic of Langmuir isotherm related to its 

shape is expressed in terms of a dimensionless constant, known as the 

equilibrium parameter (RL), using the following expression: 

ܴ௅ =
1

1 + ଴ܥ௅ܭ
                                            (11) 

where, KL and C0 are the Langmuir adsorption constant and the initial dye 

concentration, respectively. The value of RL indicates four types of 

isotherms: (i) unfavourable (RL > 1), (ii) linear (RL = 1), (iii) favourable (0 < 

RL <1) and (iv) irreversible (RL = 0).71 In the present work, the calculated RL 

values of the crystal violet dye adsorption are between 0 and 1, which 

further informs that the system follows favourable adsorption process 

(Table 5). 
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 3.6. Adsorption thermodynamics 

          To investigate the effect of temperature on the adsorption of CV by 

the LDPE/5%MMT nanocomposite adsorbent, the adsorption process was 

studied at three different temperatures; 303 K, 313 K and 323 K. 

         According to results, the adsorption process is endothermic in 

nature, which indicates that the amount of adsorbed dye increases at higher 

temperatures. This enhancement of adsorption capacity of the 

nanocomposite at elevated temperatures may be attributed to the faster 

mobility followed by the increased penetration of the dye molecules inside 

the pores of LDPE/5%MMT at higher temperatures or the generation of new 

adsorption sites. It is known that a large proportion of the active sites of the 

MMT present in LDPE/5%MMT nanocomposite would be occupied by 

water molecules via hydrogen bonds. Therefore, increasing the temperature 

would result in the removal of water molecules, giving the space for the 

adsorption of dye molecules. Besides pore structure characteristics, the 

surface chemical characteristics are also important factors affecting the 

adsorption behaviour and provide useful information regarding the 

spontaneity of a system. To understand this, the values of thermodynamic 

parameters, such as change in free energy (ΔG°), enthalpy (ΔH°) and 

entropy (ΔS°) were obtained by the following equations: 

∆G° = − RT ln K                                                 (12) 

K =
qୣ
Cୣ

                                                                  (13) 

ln K = −
∆G°
RT

 = −
∆H°
RT

+
∆S°
R

                        (14) 

∆G° = ∆H° − T ∆S°                                           (15) 

where, K is the thermodynamic equilibrium constant, R (8.3145 J·mol−1 

·K−1) is the ideal gas constant, T (K) is the temperature during adsorption, 
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qe is the adsorption capacity and Ce is the equilibrium concentration of CV. 

The values of change in enthalpy (ΔH°), and entropy change (ΔS°) can be 

obtained from the slope and intercept of ln K versus 1/T plot (Figure 17) 

using the Van't Hoff equation (Eq.11) while the (ΔG°) value were 

determined at various temperatures using Eq.9. 

 
Figure 17. Van't Hoff plot for the adsorption of CV onto LDPE/5%MMT nanocomposite. 

          The overall negativity and the increase of ΔG° values with rising 

temperatures indicates a spontaneous and favourable adsorption process 

(Table 6), while the positive value of (ΔH°) depicts the endothermic nature 

of the adsorption process. Further, the positive value of the entropy change 

(ΔS°) suggests affinity of LDPE/5%MMT nanocomposite for CV dye and 

an increased randomness at the solid solution interface. 
Table 6. Thermodynamic parameters for the adsorption of CV dye onto  
               LDPE/5% MMT nanocomposite at different temperatures. 

                                  Parameters 
Temperature (K) ΔG° ΔH° ΔS° 

 (kJ mol−1) (kJ mol−1) (J mol−1 K−1) 
303 −8.11 - - 
313 −8.67 7.06 50.09 
323 −9.11 - - 
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3.7. Reusability test 

To evaluate the reusability of the LDPE/5%MMT nanocomposite, 
the dye adsorbed nanocomposite particles were desorbed using ethanol 
solution, regenerated and then used for next adsorptive runs. It was observed 
that even after five cycles, there was a small decrease (~ 4.5%) in the CV 
dye removal efficiency of the LDPE/5%MMT nanocomposite as compared 
to the initial value. This change can be explained on the basis that the 
structure of some LDPE/5%MMT particles may have been slightly 
destroyed during the process of desorption, thereby inhibiting the adsorption 
of the CV molecules again. Furthermore, all of the dye molecules could not 
have been freed completely by desorption and some of them also may have 
remained in the interlayer spaces resulting in repulsive forces for the new 
dye molecules. The sample showed a fairly ideal adsorption capacity, 
illustrating good recycling potential and longevity of the nanocomposite 
(Figure 18). All the results demonstrate that these nanocomposite adsorbents 
can be applied in practical water treatment owing to their high adsorption 
capacity and good reusability. 

 
Figure 18. Reusability of the LDPE/5%MMT nanocomposite adsorbent. 

         Conclusion 

Herein, LDPE/MMT nancomposites with different MMT nanoclay 

loadings were prepared successfully using melt extrusion. TEM confirmed 
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that MMT nanoclay was well dispersed in the LDPE matrix and exhibited 

exfoliation and partial intercalation. Owing to the formation of an insulating 

char layer during combustion, LDPE/MMT nanocomposites were found to 

be more thermally stable than pristine LDPE. The overall thermal stability 

was also found to increase with an increased content of MMT nanoclay. The 

results showed that the mid-point decomposition temperature (T50%) of the 

nanocomposite prepared with 10 wt % MMT is 497 ºC, which is a value 

that is 22 ºC higher than that of pristine LDPE (475 ºC). The tensile strength 

of this nanocomposite improved clearly by 40.87% in comparison to that of 

the pristine LDPE. A significant decrease in oxygen permeability (42.8%) 

and water vapor permeability (26.2%) with an increased MMT nanoclay 

content of up to 10 wt% was observed due to the tortuous structure across 

the LDPE matrix. The prepared nanocomposite (LDPE/5%MMT) was used 

for crystal violet dye adsorption and a very high adsorption capacity (746.27 

mg·g−1) was achieved. The study also reveals a superior adsorption of CV 

dye on LDPE/5%MMT nanocomposite, indicating a significant positive role 

of MMT in the adsorption mechanism. The experimental data for the 

kinetics of the adsorption process supports pseudo-second-order kinetic 

model, suggesting that the adsorption rate depends upon the availability of 

the adsorption sites. The adsorption process was further investigated by 

Langmuir and Freundlich adsorption models wherein the equilibrium data 

fitted better to the Langmuir isotherm model with a negligible error, 

suggesting a homogeneous adsorption process to describe the dye- 

LDPE/5%MMT nanocomposite interaction. The adsorption is primarily an 

outcome of physical and electrostatic interactions owing to the existence of 

polar oxygen-containing functional groups like –OH, –Al–O, –Si–O,  

–Al–OH and –Fe–O. Moreover, the presence of aromatic non-functionalized 



      Preparation and caracterisation of low density polyethylene/montmorillonite …      329 

 

groups further facilitate the adherence of dye molecules through π-π 

interactions and hydrogen bonding on the surface of LDPE/5%MMT 

nanocomposite. In general, it can be concluded that the LDPE/5%MMT 

nanocomposite is a synergistically effective adsorbent and possesses a great 

potential in the removal of dyes from contaminated water.   
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