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ABSTRACT: Synthetic biopolymer blends are gaining interest in the packaging industry because the incorporation of natural materials

imparts biodegradable properties to films. In this study, polyethylene/chitosan (chitosan) films with thicknesses of about 0.3 6

0.01 mm were fabricated via compression molding. The effects of the variation in the length of compounding as a function of the

length/diameter (l/d) ratio (15:1, 30:1, 45:1, 60:1, and 75:1) were investigated. The experimental results show that a higher degree of

miscibility of the blends was achieved with increasing compounding length; this led to improved mechanical properties in the films,

and this was verified by the statistical analysis of data with the analysis of variance procedure. The tensile strength (TS) increased

by about 25%, whereas the elongation at break (Ebreak) increased by twofold. Films fabricated from blends compounded with an l/d

ratio of 60:1 had the highest TS and Ebreak values, and the TS was comparable to that of low-density polyethylene films. VC 2016 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43796.
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INTRODUCTION

Polyethylene (PE) is a commonly used polyolefin; it is widely

used in our daily lives because of its good processability, low

production cost, and versatility in applications. With its supe-

rior properties over other materials for packaging, PE is used

extensively in flexible packaging.1 However, the disposal of PE

packaging for short-term applications after use has led to an

increase in waste and causes long-term environmental pollution

as synthetic polymers are very resistant to degradation and

remain in the environment for a very long time.2 Therefore, a

rising awareness and concern for the environment have led to

studies on the development of alternative materials with

improved biodegradability that are more environmentally

friendly.

A method for obtaining new combinations of materials with

useful properties is the blending of synthetic materials with nat-

ural materials that are biodegradable.3–6 Blending allows the

functional properties of the materials to be enhanced for a

broader range of potential applications. Furthermore, as syn-

thetic polymers are commonly available and have a low cost of

production, polymer blends are gaining importance because of

their favorable balance among their properties, cost, and envi-

ronmental requirements.7

Chitosan, a linear polysaccharide consisting of 1,4-linked 2-

amino-deoxy-b-D-glucan, is the N-deacetylated derivative of

chitin. Chitosan is a renewable raw material commonly found

in nature, and it is the second most abundant natural polysac-

charide after cellulose. As a natural polysaccharide, chitosan has

immense potential for use as a packaging material because of its

unique antimicrobial and antifungal properties against many

bacteria, filamentous fungi, and yeasts; it is also nontoxic, bio-

compatible, and biodegradable.8–10 Hence, the blending of PE

with chitosan can incorporate the biodegradability and antimi-

crobial properties of chitosan into PE for the development of

films with better cost–performance ratios.

Because synthetic polymers are hydrophobic and natural poly-

mers are hydrophilic in nature, limited miscibility is a signifi-

cant factor that affects the mechanical properties in the

resulting blend. To obtain good mechanical properties in poly-

mer films, it is crucial to improve the interfacial compatibility

and miscibility between chitosan and the PE matrix. Studies

have been conducted with the inclusion of polymers grafted

with maleic anhydride as compatibilizers into the blend during

processing for better interfacial adhesion.11–13 Quiroz-Castillo

et al.3 reported that the use of polyethylene-graft-maleic anhy-

dride (PEgMA) as a compatibilizer improved the processability,
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compatibility, and mechanical properties of a PE/chitosan mix-

ture. Films with 20 wt % chitosan were obtained compared to

films formed without the use of PEgMA.14 In another investiga-

tion by Del Castillo-Castro et al.,12 when 5 wt % PEgMa was

added to a PE/polyaniline blend, an increase in the elongation

at break (Ebreak) from 93.7 to 243% was observed with an indi-

cation of a strengthening at the filler–matrix interfacial region

from morphological analysis.

In addition to the incorporation of compatibilizers to improve

the properties of polymer blends, good mixing during the com-

pounding process is necessary for the better blending of chito-

san and PE to achieve favorable properties. The even

distribution of chitosan and compatibilizers in the blend will

stabilize the interactions at the polymer interfaces and lead to a

reduction in the pore ratio.15 The successful dispersion of chito-

san is also needed to improve the stress-transfer efficiency at the

polymer interfaces to obtain enhanced mechanical properties in

blend films. Despite studies conducted with the incorporation

of compatibilizers for better interfacial adhesion, mixing studies

involving PE/chitosan have not been done. Vasile et al.16 melt-

processed low-density polyethylene (LDPE) and blends with chi-

tosan with the use of a Brabender mixer at 115 8C and 60 rpm

for 10 min. Mart�ınez-Camacho et al.14 formulated LDPE/chito-

san blends with a monospindle extrusion machine with one set

of conditions (145 and 150 8C, 45 rpm, 2 min). Quiroz-Castillo

et al.3 extruded blends of LDPE and chitosan at 130 and 140 8C

at a speed of 40 rpm. None of these researchers reported how

their conditions were selected.

Because the processing parameters during compounding, extru-

sion, and molding have effects on the tensile properties and

morphologies of the polymer blends,5 the objective of this study

was to enhance the miscibility of PE/chitosan blends through

variations in the compounding length as a function of the

length/diameter (l/d) ratio (15:1, 30:1, 45:1, 60:1, and 75:1) to

achieve improvements in the mechanical properties of the fabri-

cated films. In this study, LDPE was blended with chitosan, a

natural biodegradable polymer, with PEgMA as the compatibil-

izer. The effects of the variation in the compounding length on

the morphology, chemical bonding, percentage crystallinity (Xc),

and thermal, optical, and mechanical properties of the films

were investigated. An increase in the length of compounding

during the mixing of the PE/chitosan blends in the fabrication

of the films led to increased miscibility and Xc in the films and

improved mechanical properties. The chemical, thermal, and

optical properties of the PE/chitosan blend films were also

maintained.

EXPERIMENTAL

Materials

Powder chitosan with a medium molecular weight (190–310

kDa) and a deacetylation degree of 75–85%, PEgMA (0.85

wt % maleic anhydride), and food-grade glycerol were pur-

chased from Sigma-Aldrich. Commercial-grade LDPE was

obtained from Lotte Chemical Titan (M) Sdn. Bhd.

Polymer Processing and the Fabrication of the Films

The PE/chitosan blends were prepared by the mixing of LDPE

with chitosan powder. Glycerol was used as a plasticizer for chi-

tosan, as it has good plasticizing power, is nontoxic, and has

fairly stable thermal properties.6 PEgMA was also added as a

compatibilizer for interfacial adhesion between LDPE and chito-

san. Before mixing, the chitosan powder was dried in an oven

for 24 h at 80 8C.

We prepared PE/chitosan blends with a weight ratio of 80/20 by

first mixing the chitosan powder with glycerol using a constant

weight ratio of 2:1; this was followed by the mixing of the plas-

ticized chitosan with LDPE and 10 wt % PEgMA (amount

based on that of chitosan). The blends were extruded by a

Haake Force Feeder MiniLab compounder equipped with coro-

tating twin screws (l 5 110 mm, d 5 5/10 mm conical). The

compounding was carried out at a rotor speed of 50 rpm at

130 8C. To study the effect of the variation in compounding

length on the miscibility and mechanical properties of the fabri-

cated films, the PE/chitosan blends were extruded with l/d ratios

of 15:1, 30:1, 45:1, 60:1, and 75:1 through the compounder. The

blends were classified as PEChi15:1, PEChi30:1, PEChi45:1,

PEChi60:1, and PEChi75:1, respectively, with the numbers cor-

responding to the l/d ratio used for compounding.

The polymer pellets obtained from the compounding process

were compression-molded in a Lauffer transfer press for 10 min

at 115 8C under a pressure of 150 N/m2. After pressing, the fab-

ricated films were cooled to room temperature for

characterization.

Fourier Transform Infrared (FTIR) Spectra

The IR spectra of all of the PE/chitosan blend films were

obtained with an FTIR spectrometer (model Bruker Vertex 80v)

in the attenuated total reflectance mode. The film samples were

positioned on the sampling stage in direct contact with the

optical element for analysis. The background scan and FTIR

sample spectra were recorded within the wave-number range

600–4000 cm21 in the transmittance mode. A total of 32 scans

were accumulated with a resolution of 4 cm21.

Thermogravimetric Analysis (TGA)

The thermal stability of the blend films was evaluated via TGA

with a TGA Q500 (TA Instruments). Samples of about 6 mg

were placed into a standard aluminum pan and heated from 24

to 900 8C at 10 8C/min with a nitrogen air flow at 60 mL/min.

Differential Scanning Calorimetry (DSC) Analysis

The thermal properties of the blend films were evaluated with a

differential scanning calorimeter (TA Instruments). Samples of

about 5 mg were cut into small pieces from a sample specimen

and packed into aluminum pans, crimped closed, and sealed

with a DSC sample press. Each sample was heated from 24 to

250 8C at a heating rate of 5 8C/min. Nitrogen was used as the

purge gas. The melting temperature (Tm), heat of fusion (DHf),

and Xc values of LDPE and each fabricated film were deter-

mined from the DSC curves.

Film Transparency

The transparency of the films was determined by the measure-

ment of the percentage transmittance with a UV–visible
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spectrophotometer (UV-3101PC, Shimadzu, Japan) according to

ASTM D 1746.17 We prepared the samples by cutting film into

a rectangular piece before positioning it with a holder on the

internal side of the spectrophotometer cell. A transmittance

spectrum ranging from 220 to 800 nm was recorded for each

sample. Three replicates of each film composition were meas-

ured, and the average values were recorded.

The transparency of the films was calculated with the following

equation18:

Transparency 5 ðlogT600Þ=b (1)

where T600 is percentage transmittance of light at 600 nm and b

is the thickness of the film (mm).

Field Emission Scanning Electron Microscopy (FESEM)

The morphology of the freeze-fractured cross sections and ten-

sile fracture surfaces of the fabricated films was observed with

FESEM (Hitachi S-4300 scanning electron microscope) at an

accelerating voltage of 15 kV. Before examination, the fractured

ends of the specimens were coated with gold sputtering to pre-

vent electrostatic charging during the FESEM analysis.

Mechanical Properties

The mechanical properties of the blend films were measured

according to ASTM D 882.19 Film samples with dimensions of

15 3 2 cm2 were cut from the compression-molded films and

preconditioned at 50 6 10% relative humidity and 23 6 2 8C for

at least 48 h before testing. The tensile tests were conducted in

an Instron universal testing machine (Instron 3345 Tester, Ins-

tron, Norwood, MA) with a load cell of 500 N, a crosshead

speed of 5 mm/min, and a gauge length of 11 mm. The tensile

strength (TS), Ebreak, and Young’s modulus (E) were deter-

mined. Five samples from each film were prepared, and the

average values were reported.

b

b was measured with a handheld digital micrometer (Mitutoyo,

Mitutoyo Corp., Japan). Measurements of b were taken ran-

domly at 10 different locations of the film, and the mean b was

calculated.

Statistical Analysis

Statistical analysis of the data was determined with an analysis

of variance procedure. The length of compounding as a func-

tion of the l/d ratio was the treatment factor, and TS, Ebreak,

and E were the response variables. Statistical differences among

the experimental data were evaluated with a one-way analysis of

variance followed by post hoc tests. All of the results were

reported as mean values with standard deviation (Mean 6

Standard deviation). In all analyses, differences were accepted as

significant at p� 0.05.

RESULTS AND DISCUSSION

Chemical Bonds

The FTIR spectra of the individual polymers and PE/chitosan

80/20 blend films (PEChi15:1, PEChi30:1, PEChi45:1,

PEChi60:1, and PEChi75:1) are shown in Figure 1. Chitosan

powder displayed characteristic bands at 1650 and 1558 cm21;

these corresponded to amide I, assigned to the stretching of the

carbonyl (C@O) bond, and amide II, assigned to the bending

vibrations of the NAH group, respectively. As the chitosan used

for the fabrication of the films had a deacetylation degree of

75–85%, the peak at 1650 cm21 represented the presence of ace-

tylated amino groups of chitin. Both amide I and amide II

bands decreased after blending with LDPE; this could have been

due to the interactions between the amide groups of chitosan

and the LDPE molecules, which formed a partially miscible

structure. The broadest band observed between 3100 and

3500 cm21 was attributed to the stretching vibrations of the

hydroxyl (OH2) and NAH groups in chitosan. The widening of

the band was a result of the strong interaction between the

OH2 groups from chitosan and the presence of moisture.14 The

absorption spectra at 1410 cm21 also corresponded to the vibra-

tions of OH2 groups. Moreover, the absorption band at

1030 cm21 involved the stretching of CAO bonds and was dis-

tinctive of the saccharide structure of chitosan.

The characteristic bands of PE were detected at 2847 and

2951 cm21 and were assigned to the stretching of symmetrical

and asymmetrical hydrocarbon bonds, respectively. The absorp-

tion peak at 722 cm21 was correlated with the rocking of

Figure 1. FTIR spectra of the chitosan powder, LDPE, and 80/20 PE/chitosan blend films with increasing length of compounding.
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methylene (CH2) in A(CH2)4A units. The FTIR spectra of the

PE/chitosan blend films also showed peaks at 1110 and

1461 cm21 due to the stretching of CAO and bending of CAH

bonds, respectively. A shift in the characteristic peak of CAO

groups present in chitosan was detected in the spectra of the

PE/chitosan films within the range 990–1110 cm21. In accord-

ance with Wanchoo and Sharma,20 within miscible blends, the

presence of interactions between the chemical groups on dissim-

ilar polymers would result in a shift in peak position of the

bond spectra. Therefore, a shift in the peaks of the blend films

demonstrated the interaction between chitosan and the LDPE

matrix. We postulated that the interactions between LDPE and

chitosan could be attributed to the similar chemical and geo-

metrical linear structure of both polymers in the films.21 On the

other hand, the narrowing of the band between 3100 and

3500 cm21 to the peak at 3396 cm21 corresponding to the

stretching vibrations of hydroxyl (OH2) groups in the PE/chito-

san films could be explained by the hydrophobic nature of

LDPE as the matrix polymer in the blends.

However, as the analysis of the FTIR spectra revealed that no

new bands were identified with respect to the spectra of the

individual polymers, we deduced that no new chemical bonds

were formed in the fabricated films.

Thermal Stability

TGA is important for the evaluation of films fabricated for

packaging applications because the films might be subjected to

intense heat treatment during preparation, processing, or pres-

ervation procedures. Figure 2 shows the thermogravimetry (TG)

curves of the LDPE, chitosan powder, and PE/chitosan films.

LDPE exhibited a single-stage degradation step that occurred

within the temperature range 400–450 8C. Above 400 8C, the

rapid mass loss of LDPE was due to the degradation of the

LDPE residue into volatile products. As for chitosan powder,

the initial weight loss around 100 8C resulted from the evapora-

tion process of adsorbed water due to the hydrophilic nature of

chitosan. The weight loss corresponding to residual water was

determined to be 10% for the chitosan powder, and the onset

of thermal degradation was at 230 8C. It is known that the

presence of bound water always exists within chitosan even after

it has been extensively dried.22

On the other hand, the TG curves of all of the PE/chitosan

blend films showed four stages of degradation; these were

observed to be the combined degradation steps of LDPE and

plasticized chitosan. The initial weight loss corresponding to

residual water ranged from 2 to 4% for the blend films. The

second weight loss corresponding to the degradation of glycerol

as the plasticizer in the blend films occurred in a one-step deg-

radation at 250 8C. The third degradation stage, which ranged

from 200 to 300 8C, was attributed to the complex thermal deg-

radation pathway of chitosan and included the dehydration of

the polysaccharide rings, pyrolytic depolymerization, and

decomposition of the acetylated and deacetylated units of the

chitosan molecules.23 The fourth degradation step within the

temperature range 400–450 8C and the final mass loss up to

700 8C were due to the decomposition of LDPE and residual

chitosan decomposition reactions.24 We noted that the degrada-

tion of LDPE was slightly faster with increasing length of com-

pounding; this was possibly due to the effects of the

thermomechanical treatment.

Despite the earlier initiation of LDPE degradation, all of the TG

curves exhibited the same degradation stages, and the total

weight losses recorded for all of the fabricated films were com-

parable to one another regardless of the length of compound-

ing. Hence, TGA demonstrated that although the increasing

length of compounding improved the miscibility of the blend

films, the thermal stability of the films was not affected.

Film Xc

Table I presents the values of Tm, DHf, and Xc of the LDPE and

PE/chitosan films (PEChi15:1, PEChi30:1, PEChi45:1,

PEChi60:1, and PEChi75:1). The Xc values of the films were cal-

culated with the following relationship:

Xc5 ðDHf =DHf � Þ 3 100% (2)

where DHf 8 is the heat of fusion of perfectly 100% crystalline

LDPE, which was taken to be 277.1 J/g.25

LDPE exhibited a single Tm around 108 8C. The incorporation

of chitosan with LDPE did not result in the formation of addi-

tional peaks, and the curves of all of the blend films displayed

an endothermic single peak characteristic of LDPE around 108–

109 8C. The observed insignificant differences in Tm with the

incorporation of chitosan indicated that there were minimal

hydrogen-bond interactions between the amine (NH2) and

Figure 2. TG curves of the LDPE, chitosan powder, and 80/20 PE/chitosan

blend films with increasing length of compounding.

Table I. DSC Analysis of the LDPE and 80/20 PE/Chitosan Blend Films

Sample Tm (8C) DHf (J/g) Xc (%)

LDPE 108.5 74.5 26.9

PEChi15:1 107.9 56.1 20.2

PEChi30:1 108.9 63.3 22.8

PEChi45:1 108.3 63.7 23.0

PEChi60:1 108.2 71.7 25.9

PEChi75:1 108.3 71.9 25.9
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hydroxyl (OH2) groups of chitosan and the CAH groups of

LDPE.5,14 The results from the DSC curves were in accordance

with the FTIR spectra.

It is shown in Table I that Xc of LDPE was markedly affected by

the blending of chitosan with LDPE. Xc of LDPE was initially

26.9% but decreased to 20.3% with the incorporation of 20 wt

% chitosan in the blend film (PEChi15:1). The lower Xc of the

blend was due to the addition of chitosan, which inhibited the

close packing of the LDPE chains as was also identified by other

groups.16,26

However, as shown in Table I, it was evident from the larger

values of Xc of PEChi60:1 and PEChi75:1 as compared to those

of PEChi15:1, PEChi30:1, and PEChi45:1 that the Xc values of

the blends increased with increasing length of compounding.

The increases in the crystallization of the polymer blends with

increasing length of compounding were attributed to the better

dispersion of chitosan, which could act as the nucleating agent

for polymer crystallization. With the same amount of chitosan

(20 wt %) within all of the films, blends with a longer length of

compounding exhibited higher DHf and Xc values. The

improvement in the Xc values of the blend films was due to the

better interfacial interaction between chitosan and the LDPE

matrix with increasing length of compounding; it enhanced the

miscibility of the polymer blends. The improvement in the

interfacial interaction of the polymer blends for PEChi60:1 and

PEChi75:1 was also noticeable from the cross-sectional FESEM

images, which revealed improvements in the adhesion, surface

smoothness, and uniformity. A similar observation was reported

for recycled PE/chitosan composites.27

Film Transparency

The transparency of the LDPE and all of the PE/chitosan films

were analyzed through the measurement of the transmittance of

the films in the range 220–800 nm. The film transparency was

calculated on the basis of eq. (1). Table II presents the light

transmission values and transparency at selected wavelengths

from 300 to 800 nm for the films. In the UV-light region (220–

400 nm), the LDPE film was clear and transparent, as indicated

by the high transmittance value of 106.3% measured in the UV

(300-nm) range. As noted from Table II, the transmittance of

all of the PE/chitosan films decreased remarkably when chitosan

was blended with LDPE. The measured transmittance indicated

that although the LDPE films were highly transparent within

the UV region without any barrier properties to UV light, the

incorporation of chitosan in the film endowed it with barrier

properties to UV light and could effectively prevent the penetra-

tion of UV into the packaged product. These results were in

good agreement with those of Leceta et al.,28 who reported that

films based on chitosan were shown to have superior barrier

properties to UV light in the UV region.

Despite the significant decrease in the transmittance values of

the PE/chitosan films compared to LDPE in the UV-light

region, it was interesting to note that the transmittance values

of the LDPE and all PE/chitosan films were comparable in the

visible-light region (400–800 nm). As observed from the light

transmission at 600 nm, which is a wavelength typically used for

the comparison of film transparency,18,29,30 the obtained results

indicate that the transparency of the films was not affected by

the increase in the compounding length of the PE/chitosan

blend. From the calculated film transparency values in Table II,

we noted that regardless of the length of compounding, the

transparency values of all of the PE/chitosan films were similar

or identical and also corresponded to the transparency values of

the LDPE films.

Film Morphology

FESEM micrographs of the cross-sectional surface of the PE/chi-

tosan 80/20 films are shown in Figure 3. The micrographs

revealed notable differences in the morphology as the length of

compounding increased. The cross-sectional surface of the

compression-molded PEChi15:1, PEChi30:1, and PEChi45:1

films exhibited a heterogeneous morphology [Figure 3(a,b)].

The coalescence of elliptical chitosan particles with voids at the

interfaces between the LDPE matrix and chitosan were observed

on the cross-sectional surface of the films; this indicated poor

miscibility between LDPE and chitosan because of inadequate

dispersion of chitosan and compatibilizer within the blend. The

poor interfacial adhesion between the LDPE matrix and chito-

san of the PEChi15:1 films thus resulted in weaker mechanical

properties of the films, as reflected in the mechanical test

results. The dispersion of chitosan with LDPE matrix improved

with longer length of compounding. At the same time, the inci-

dences of large voids embedded within the cross section of the

blend films decreased when the length of compounding was

longer [Figure 3(b)]; this corresponded to an improvement in

the TS and Ebreak values of the films.

Increases in the length of compounding allowed for a better dis-

persion of chitosan in LDPE, as evidenced by the improved

Table II. Light Transmission Values of the LDPE and 80/20 PE/Chitosan Blend Films with Increasing Length of Compounding

Light transmission (%)

Film 300 nm 400 nm 500 nm 600 nm 700 nm 800 nm
Transparency:
(log T600)/b

LDPE 106.3 86.6 86.5 86.7 87.0 87.2 6.5

PEChi15:1 11.3 41.5 74.3 83.8 86.2 86.8 6.2

PEChi30:1 12.8 43.4 75.0 83.9 86.2 86.9 6.5

PEChi45:1 10.2 38.8 73.0 83.1 85.7 86.6 6.5

PEChi60:1 8.7 34.7 70.2 82.3 85.6 86.6 6.5

PEChi75:1 8.6 36.8 71.8 82.5 85.3 86.2 6.5
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surface smoothness and uniformity of the cross-sectional mor-

phologies for the PEChi60:1 and PEChi75:1 films [Figure

3(d,e)]. An enhancement in the interfacial adhesion between the

LDPE matrix and chitosan particles was also apparent with

minimal voids. The results obtained from the film morphologi-

cal analysis support the increase in TS and Ebreak values

recorded from the mechanical test results.

FESEM micrographs of the tensile fracture surface for the

PEChi15:1, PEChi30:1, PEChi45:1, PEChi60:1, and PEChi75:1

films are shown in Figure 4. Similar to the cross-sectional surfa-

ces of the films, the micrographs showed visible differences in

the morphologies of the fracture surfaces. Micrographs of the

PEChi15:1, PEChi30:1, and PEChi45:1 films [Figure 4(a–c)]

revealed extensive tearing of the LDPE matrix, with clearly dis-

tinguishable chitosan particles embedded within the matrix. In

addition to the observable chitosan particles on the fracture sur-

face of PEChi15:1, PEChi30:1, and PEChi45:1, voids represent-

ing the detachment of the chitosan particles were also

noticeable. The fracture surface morphology of PEChi15:1 [Fig-

ure 4(a)] appeared to be the roughest and contained the largest

voids and chitosan particles; this supported the lowest TS and

Ebreak values recorded for the mechanical testing. Because of the

poor adhesion between the chitosan and LDPE matrix, which

caused the separation of the polymers during mechanical test-

ing, the TS and Ebreak of PEChi15:1, PEChi30:1, and PEChi45:1

films were weaker.

However, with an increase in the length of compounding times

for the PEChi60:1 and PEChi75:1 films [Figure 4(d,e)], the

morphology of the fracture surface became apparently

smoother, with little tearing of the LDPE polymer. The

Figure 3. FESEM images of the cross-sectional surfaces of the 80/20 PE/chitosan blend films with increasing length of compounding: (a) PEChi15:1, (b)

PEChi30:1, (c) PEChi45:1, (d) PEChi60:1, and (e) PEChi75:1. The arrows in the FESEM images indicate the locations of voids between the LDPE matrix

and chitosan.
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separation of chitosan particles from the LDPE matrix was no

longer visible, and better adhesion between chitosan and the

matrix was evident. The increasing length of compounding

improved the blending and miscibility of the PE/chitosan blend

films and, consequently, resulted in higher mechanical proper-

ties in the PEChi60:1 and PEChi75:1 films.

Mechanical Properties of the PE/Chitosan Blend Films

Table III presents the values of TS, Ebreak, and E of the blend

films as a function of the l/d ratio used for the compounding of

the polymer blends. Generally, we observed that with increasing

length of compounding, both the TS and Ebreak values of the

films displayed an increasing trend, whereas there was a

decrease in the E values of the films.

As shown in Table III, TS displayed a significant increase of

approximately 25% (p< 0.05) when the l/d ratio of the com-

pounder was greater than 30:1 compared to the PEChi15:1

films. A twofold increase in the Ebreak value of the fabricated

films was also noted when the length of compounding was lon-

ger than l/d 5 45:1. When the compounding length was short,

the TS and Ebreak values were low because of the ineffective

blending and poor dispersion of chitosan in the LDPE matrix,

as observed from the coalescence of chitosan particles on the

cross-sectional surfaces of the PEChi15:1, PEChi30:1, and

PEChi45:1 blend films [Figure 3(a–c)]. Large chitosan particles

resided in the matrix as flaws; this reduced the strength of the

blend films. Studies have indicated that mechanical performance

is directly affected by the quality of dispersion and interfacial

adhesion between components.31,32

Thus, with increasing length of compounding, the more exten-

sive dispersion of chitosan within the matrix and more uniform

distribution of compatibilizer at the interfaces between the

matrix polymer and chitosan enhanced the overall mechanical

performance of the blend films. A more uniform distribution of

Figure 4. FESEM images of the tensile fracture surfaces of the 80/20 PE/chitosan blend films with increasing length of compounding: (a) PEChi15:1, (b)

PEChi30:1, (c) PEChi45:1, (d) PEChi60:1, and (e) PEChi75:1. The arrows in the FESEM images indicate the locations of voids due to the detachment of

chitosan particles.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4379643796 (7 of 9)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


stress transfer from the LDPE matrix to chitosan at the interfa-

ces resulted in an increase in TS. The effects of pulverization

and the higher degree of distribution of chitosan in the matrix

contributed to the steady increase in the values of Ebreak. For all

of the fabricated films, it was evident that the improvement in

the mechanical properties also tended to coincide with the

results from the FESEM images, as with the increasing length of

compounding, the morphology of the cross section of the films

revealed better miscibility and interfacial adhesion between the

LDPE and chitosan, with a reduction in the incidences of voids.

Similar results were also reported in studies involving polysty-

rene and polypropylene composites.31,33,34 Low values of TS and

Ebreak were recorded as a result of ineffective mixing and poor

dispersion of fillers within the polymer matrices, and the

mechanical properties improved with the enhancement in the

dispersion of fillers and homogeneity in the matrixes. On the

other hand, E displayed a decreasing trend with increasing com-

pounding length; this was attributed to the increased dispersion

of chitosan in the blend films.35

However, as the length of compounding increased, TS and Ebreak

increased and reached a maximum value at an l/d ratio of 60:1;

this subsequently levelled off at a longer compounding length.

The highest TS and Ebreak values were both recorded for the

PEChi60:1 films. The TS value of 10.1 6 0.3 MPa achieved for

the PEChi60:1 films containing 20 wt % chitosan was promis-

ing, as it reflected an improvement from the TS value of

compression-molded PE films with 20 wt % chitosan reported

by Sunilkumar et al.21 at 7.8 6 0.4 MPa. Furthermore, the TS

value of 10.1 6 0.3 MPa recorded for the PEChi60:1 films was

also comparable to the TS of the LDPE films at 8.2 6 0.7 MPa

measured experimentally.

It has been reported that tensile loading on ternary blends has

the effect of causing the failure of the films at the interface

between PE and chitosan.3 Hence, the increasing length of com-

pounding of the PE/chitosan blend improved the interaction

between the interfaces of PE and chitosan and enhanced the

miscibility of both polymers; this resulted in an increase in the

mechanical properties of the blend films.

CONCLUSIONS

Chitosan, a biodegradable and antimicrobial natural polysaccha-

ride was successfully blended with LDPE via compounding and

fabricated into films by compression molding. The length of

compounding had a direct influence on the miscibility of the

blends, and this affected the interfacial adherence and mechani-

cal properties of the resulting fabricated films.

FTIR analysis validated the interactions between LDPE and chito-

san in the formation of a miscible structure. It was evident that the

improvement in interfacial interactions between LDPE and chito-

san also tended to coincide with the results from DSC by the way

the Xc values of the blend films increased with increasing com-

pounding length. Although the degradation of LDPE was noted to

be initiated earlier with increasing length of compounding, the

results of thermal analysis demonstrate that the increase in the

length of compounding did not affect the thermal stability of the

compression-molded PE/chitosan blend films, and all of the films

exhibited good thermal stability. The transparency of the PE/chito-

san films was also comparable to that of the LDPE films.

FESEM micrographs of the PE/chitosan blend films revealed

better interfacial adhesion between the polymers and enhanced

uniformity in the morphology with increasing length of com-

pounding. Furthermore, results from the mechanical tests gener-

ally show that both the TS and Ebreak values of the PE/chitosan

films increased with increasing length of compounding. With 20

wt % chitosan, the optimum length of compounding was at an

l/d ratio of 60:1, where both TS and Ebreak recorded their high-

est values, and the TS of the films was comparable to that of

commonly used synthetic LDPE films. The improvement in the

mechanical properties of the films was attributed to the better

dispersion of chitosan and compatibilizer, which was facilitated

by the longer compounding length. These led to a higher degree

of miscibility within the PE/chitosan films and, consequently,

allowed for a more uniform distribution of stress transfer from

the PE matrix to chitosan at the interface.

Therefore, biodegradable PE/chitosan blend films, with good

miscibility and satisfactory structural and mechanical properties,

Table III. Mechanical Properties of the 80/20 PE/Chitosan Blend Films

Sample b (mm) TS (MPa) Ebreak (%) E (MPa)

PEChi15:1 0.312 6 0.008a,b,c,d 7.5 6 0.6a,b,c,d 7.4 6 0.9a,b,c,d 245.4 6 11.6a,b,c,d

PEChi30:1 0.297 6 0.007 9.4 6 0.4e 12.6 6 2.0e,g 215.0 6 13.8

PEChi45:1 0.295 6 0.005 9.6 6 0.3f 15.6 6 3.4f,h 208.9 6 14.1

PEChi60:1 0.295 6 0.007 10.1 6 0.3 20.3 6 1.6 201.8 6 11.7

PEChi75:1 0.297 6 0.007 9.9 6 0.6 17.0 6 1.6 201.4 6 15.1

The values are presented as means and standard deviations (n for b 5 10, n for TS 5 5, n for Ebreak 5 5, n for E 5 5).
ap<0.05 when comparing PEChi15:1 to PEChi30:1.
bp<0.05 when comparing PEChi15:1 to PEChi45:1.
cp<0.05 when comparing PEChi15:1 to PEChi60:1.
dp<0.05 when comparing PEChi15:1 to PEChi75:1.
ep<0.05 when comparing PEChi30:1 to PEChi60:1.
fp<0.05 when comparing PEChi45:1 to PEChi60:1.
gp<0.05 when comparing PEChi30:1 to PEChi75:1.
hp<0.05 when comparing PEChi45:1 to PEChi75:1.
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have the potential to be used as environmentally friendly pack-

aging materials in food technology applications.
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