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ABSTRACT: In this study, low-density polyethylene (LDPE) nanocomposite films with two types of nanoparticles, TiO2 (3 wt %) and

Closite 20A (3 and 5 wt %), were prepared using a melt blow extrusion as an industrial method and their properties such as mechan-

ical properties, water vapor, oxygen and carbon dioxide gas barrier, and antimicrobial activity were tested. Transmission electron

microscopy (TEM) and X-ray diffraction (XRD) were also performed to determine the degree of dispersion and exfoliation of nano-

particles. Mechanical test indicated that the reinforcement in the presence of the nanocomposites was more than that with their con-

ventional counterparts, and the highest stiffness was achieved in a sample containing 5 wt % clay and 3 wt % TiO2. Exfoliation of

silicate layers and a good dispersion of TiO2 nanoparticles in LDPE were achieved as confirmed by XRD and TEM. The gas barrier

properties were improved after formation of the nanocomposites especially by insertion of 5 wt % of clay nanoparticles as a filler in

the LDPE matrix. The photocatalytic effect of the nanocomposite film was carried out by antimicrobial evaluation against Pseudomo-

nas spp. and Rhodotorula mucilaginosa and by ethylene removal test using 8 W ultraviolet (UV) lamps with a constant relative inten-

sity of 1 mW cm22. The greatest effects were recorded by combining UVA illumination and active film. It was also proven that the

photocatalyst thin film with improved barrier properties prepared by extrusion could be used in horticultural product packaging

applications. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41764.
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INTRODUCTION

Petroleum–plastic materials such as polyethylene (PE), polypro-

pylene (PP), and polystyrene (PS) dominate current plastics mar-

ket because of their high strength, light weight, low cost, and

good barrier properties.1 Annually, more than 40% of the plastics

are used for packaging with almost half them are used for food

packaging in the form of films, sheets, bottles, cups, tubes, and

trays.2 The simplest and the most inexpensive plastics made by

addition polymerization of ethylene is PE. Low-density polyethyl-

ene (LDPE) is the most commonly used packaging film owing to

its excellent process ability, chemical inertness, safety in using for

contact with food materials, good heat sealing property, and low

production cost.3 Some limitation in physicochemical properties

of such plastic packaging materials restricts their application in

the packaging industry. Most of the polyolefin-based packaging

materials have a good water vapor barrier properties, while their

barrier properties against oxygen and carbon dioxide are poor

with low stiffness and tensile strength.4 These limitations in plas-

tic material properties should be improved to extend their usage

in food packaging application.

The inorganic mineral fillers help in improving polymer per-

formance properties, such as increasing the stiffness, heat distor-

tion temperature, barrier properties, hardness, and toughening

of the products.5–7 The properties of polymer composition can

be affected by the particle size, shape loading, interfacial bond-

ing, and dispersion of the additives.8 Inorganic nanomaterials

such as titanium dioxide (TiO2),9–12 silicon dioxide (SiO2),13–16

and different types of organoclays1,17–20 have been used to ful-

filling polymer properties. Recently, nanocomposites have been

proven to be a promising option in order to improve barrier

and mechanical properties of base polymer. A polymer matrix

reinforced with nanoparticles having at least one dimension in

the nanometer range [e.g., silicate-layered clay-like montmoril-

lonite (MMT)] exhibits much improved properties owing to
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high aspect ratio and high surface area of nanoparticles.1 The

reinforced nanocomposites exhibited mechanical, thermal, and

barrier properties.

Application of photocatalytic semiconductor oxides emerges as

a successful technology to struggle against biological risks.

Among these functional materials, organic and inorganic nano-

particles have had noticeable increasing attraction owing to

their unique properties.21,22 One of the most effective of photo-

catalyst is TiO2 owing to its strong properties, safety, and long-

term physicochemical stability.23 It has been widely used as a

self-cleaning and self-disinfecting material for surface coating in

many application.24,25 The photocatalytic effect of TiO2 has

been used to inactive a wide spectrum of microorgan-

isms.23,26–28 When TiO2 particles were irradiated with ultraviolet

(UV) light with wavelength of <385 nm, the photogenerated

holes and electrons react with water and oxygen, respectively, to

form hydroxyl radicals (•OH) and reactive oxygen species (O2
2 ),

these strong oxidizing agents can decompose organic and inor-

ganic contamination on the surface of TiO2.23,27

Recently, the removal of ethylene gas by TiO2 photocatalysis has

received wide interest from a number of researchers.13,23,27,29–31

Ethylene is a plant hormone that possibly causes deterioration

of fresh market crop products and is a primary contaminant in

package and storage atmospheres.32 The removed ethylene and/

or inhibition effects of ethylene in the stored environment is

fundamental to maintaining postharvest quality of horticultural

crops.

In the late 1980s, the report from the Toyota research group of

a nylon-6 (N6)/montmorillonite (MMT) nanocomposite, for

which very small amounts of layered silicate loadings resulted in

pronounced improvements of thermal and mechanical proper-

ties.33 Thereafter, numerous studies were done on the polymer/

clay nanocomposites in various industrial applications including

in packaging industry.1,34 Improved barrier properties in pack-

aging prolong the food shelf life via restricting humidity or sub-

stances such as oxygen, ethylene, aroma, or unusual flavors

interacting with the food.35 Clays in nanoscale offer several

advantages over conventional microsized clays in polymer

matrix, and improve thermal stability, mechanical and gas bar-

rier properties without any significant reduction in other rele-

vant properties.36

To the best of our knowledge, no work has been reported on

the antimicrobial activity and barrier properties of polyolefin-

based plastic/TiO2–clay nanocomposite films for application in

food packaging. So this work is devoted to preparation of melt-

blown LDPE/clay–TiO2 nanocomposite film and characteriza-

tion of properties including physical, mechanical, morphologi-

cal, and barrier properties with possible permeability restriction

and antimicrobial activity of the nanocomposite films.

MATERIALS AND METHODS

Titanium oxide (TiO2) nanoparticles in the Anatase and Rutile

phase having range of 20–80 nm were purchased from Nano-

shel. Closite 20A nanoparticles were provided by Sothern Clay

Product, TX. Montmorillonite is suitable for incorporation in a

nonpolar polymeric matrix such as PP and PE. LDPE LF200

(MFT 2 g min21) was purchased from Arak Petrochemical,

Iran, and PE-MA Karaband LEH (1.7 mol MA groups) was pur-

chased from Garankin, Iran. Glycerol (extra pure grade) was

purchased from Mojallali, Iran. Psudomonas spp. and Rhodo-

troula mucilaginosa were used to test the antimicrobial activity

of resultant films. These microorganisms were cultured in plate

count broth and sabouraud dextrose broth (Oxide, Milan,

Italy), respectively, using the appropriate times and temperature

of incubation.

Preparation of Clay–TiO2 Nanocomposite

Clay, TiO2, and clay–TiO2 nanocomposite films were prepared

by the melt blending method. Modified TiO2 (M-TiO2) powder

was obtained by mixing modified Anatase and Rutile phases in

a weight ratio of 7 : 3. TiO2 (total of 3 wt %), Closite 20A (3

and 5 wt %), PE-MA (3 wt %), glycerol (0.5 wt %), and LDPE

granules were blended for 1 h using a mixer. M-TiO2 was used

to prevent agglomeration of the nanoparticles and to provide a

uniform distribution of TiO2 into the LDPE matrix. The mix-

ture was extruded by a Brabender twin-screw compounder

(model DSE 20, Germany) for incorporating nanoparticles into

the LDPE matrix. For LDPE and its nanocompounds, a con-

stant temperature of 130�C was used in all the zones of the

extruder and the speed of the central screw was set to 120 rpm.

The extrudate was cooled down in air at 23�C 6 3�C and pellet-

ized. LDPE and nanocomposite films with a thickness of 30 6 3

mm were finally obtained by a film-blowing machine. The

resulting film containing TiO2 nanoparticles had a milky whit-

ish appearance.

Analysis and Characterization Techniques

Tensile tests, Young’s modulus, stress and strain at break of the

nanocomposites were obtained from on dumbbell samples in an

Insron 6025 testing machine according to ISO standard 2–527

at a crosshead speed of 50 mm min21. An extensometer was

used to determine the elongation within a gauge length of

50 mm.

X-ray Diffraction Pattern

Structure of pristine clay, TiO2, and clay–TiO2 nanocomposite

films was evaluated with XRD patterns by using a Zimens

D5000 diffractometer operated at 30 kV and 30 mA, equipped

with Cu Ka radiation. The scanning range was from 2� to 40�.

Crystallization Behavior of Nanocomposites

Crystallization properties were studied by using a Netzesh

(model 200F 3 Maia) differential scanning calorimeter (DSC).

Samples were heated from 20 to 200�C at a rate of 10�C min21

under a nitrogen atmosphere and held for 10 min to remove

the thermal history before cooling at desired rate of 10�C
min21 and reheated to 200�C. Melting temperature (Tm, �C),

melting enthalpy (DHm in J g21), and crystallization tempera-

ture (Tc,
�C) were obtained from the first heating and cooling

run. Degree of crystallinity (Xc, %) was calculated using melting

enthalpy of samples (for the composite samples after normaliza-

tion for the polymer amount) according to the following

equation:
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Xc ;%5
DHm

DH 8
m

3100;

where DH 8
m is the melting enthalpy of 100% crystalline form of

PE.37

Transmission Electron Microscopy

Transmission electron microscopy (TEM) micrographs were

obtained at 100 kV with a PHILIPS EM-2085 TEM controlled

by a microprocessor.

Film Permeability Rates

The water vapor permeability rate (WVPR) was measured

with a WVP tester, model L80–500 equipped with a very sen-

sitive and reliable humidity sensor, which is located directly in

the measuring chamber to control temperature and relative

humidity. Oxygen (OPR) and carbon dioxide permeability

rates (CDPR) through PE films (with and without nanopar-

ticles) were obtained using an OX-TRAN 2/21 and

PERMATRAN-C 4/41 (MOCON, Minneapolis, MN) at 25�C
and 1 atm, respectively. The detection limit of the instrument

was 0.05 cc-mil m22 day21.

Antimicrobial Activity Evaluation

The antimicrobial activity against Pseudomonas spp. and R.

mucilaginosa, representing the main microorganisms on fruit

and vegetable crops.38,39 The antimicrobial activity of PE6 film

was assessed as described by Chawengkijwanich and Hayata40

with some modifications. Each test film (6-cm diameter) was

placed in sterilized Petri dishes under aseptic conditions. One

milliliter of each microorganism stock solution (containing

approximately 108 and 107 CFU mL21 for Pseudomonas spp.

and R. mucilaginosa, respectively) was pipetted onto each test

piece in its Petri dish and a piece of transparent PE thin film

was placed on the surface of the inoculated test film. In this

way, the drop was completely spread over the test film surface.

The Petri dish was covered tightly with polyvinyl chloride

(PVC) film (5 mm thickness). Test samples were placed at a dis-

tance of 25 cm from six 8-WUVA black light bulbs (Actinic BL,

Philips, Poland). The ultraviolet A light (UVA, wavelength 315–

400 nm) intensity on the surface of the film test piece, as meas-

ured by a UVA-400 radiometer (S-365 UV-sensor, Iuchi, Osaka,

Japan), was 1 mW cm22. As controls, film samples were stored

under the same conditions without UVA light illumination

(TiO2–clay–nanocomposite film with no UVA), whereas other

samples were stored under the same conditions without films,

but receiving UVA light illumination (control). Samples were

taken in three replicates at 60-min intervals for 3 h. Then, the

sample test piece was removed from the light, 9 mL of sterile

saline solution was added to the Petri dishes containing the test

and PE films, and shaken for 180 s on a universal small shaker

(IKA MS 3 digital, Germany). One milliliter of solution was

withdrawn at each sampling event and diluted to 1/10, 1/100, 1/

1000, and 1/10,000 with sterile saline solution. A volume of

0.1 mL of the undiluted and diluted solutions was plated over

appropriate media. Three replicate plates were used for each

solution. The media were from Oxoid (Milan, Italy). Pseudomo-

nas agar base was incubated at 25�C for 48 h for Pseudomonas

spp. and Sabouraud dextrose agar was incubated at 25�C for

48 h for R. mucilaginosa and the colony-forming units (CFUs)

were counted.

Ethylene Removal Test

To evaluate the catalytic activity of nanocomposite film toward

ethylene degradation, photocatalysis experiments were carried

out by placing PE1 and PE6 film samples (sample area of

�200 cm2) in a sealed 2.5-L gas-tight sampling bag consisting

of a gas sampling port (GL Science, Tokyo). Ethylene was

injected into the sampling bag to give a concentration of 10

ppm. The sampling bags were held at 25�C with ambient rela-

tive humidity (about 70–80%) under light illumination of six 8-

WUVA black light bulbs (Actinic BL, Philips, Poland). The

bulbs were located 20 cm above the film samples. The UVA

light intensity reached the surface of sample films was approxi-

mately 1 mW cm22. Ethylene concentration in the sampling

bags was measured periodically over 3 h using gas chromatogra-

phy. Triplicate samples of each product were tested.

RESULTS AND DISCUSSION

Nanocomposites Mechanical Properties

Developed nanocomposite films including clay, TiO2, and clay/

TiO2–LDPE nanocomposite films are noted in Table I. The

results of determination of mechanical properties of the set of

samples are collected in Table II. The results shown that the

Young’s modulus of the LDPE nanocomposites (PE2–PE6) was

1.1 to 1.6 times higher than for the PE1 (PE control) (Table II).

It is observed that with application of Closite 20A as a clay

nanoparticle, stiffer materials were therefore obtained (higher

value in Young’s modulus test), confirming the reinforcing effect

of the nanoparticle in the polymer matrix, which is consistent

with previously reported results.19,35 It can also be concluded

that the Young’s modulus showed good enhancement with the

Table I. Composition of Samples and Their Codes

Sample
code

LDPE
(wt %)

Compatibilizer
(wt %)

Glycerol
(wt %)

Closite
20A
(wt %)

TiO2

(wt %)

PE1 96.5 3 0.5 – –

PE2 93.5 3 0.5 3 –

PE3 91.5 3 0.5 5 –

PE4 93.5 3 0.5 – 3

PE5 90.5 3 0.5 3 3

PE6 88.5 3 0.5 5 3

Table II. Mechanical Properties of the Different LDPE Composites

Sample
Young’s
modulus (MPa)

Stress at break
(MPa)

Strain at
break (%)

PE1 97.11 6 4.6 11.62 6 0.32 126.4 6 19.3

PE2 126.6 6 14.2 12.47 6 0.26 117.8 6 18.2

PE3 143.6 6 15.4 12.63 6 0.44 113.5 6 17.5

PE4 107.7 6 11.1 12.12 6 0.47 131.6 6 23.6

PE5 148.7 6 17.2 12.24 6 0.37 123.1 6 22.4

PE6 153.4 6 22.3 11.97 6 0.34 118.1 6 18.1
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addition of TiO2 nanoparticles as a filler so that, the highest

Young’s modulus value was observed in PE6 nanocomposite

film and this enhancement is further seen with respect to inter-

action between both of nanoparticles, which is believed to be

due to good interface between polymer and TiO2, as also

reported previously.8 Tensile strength for LDPE/nanoclay, LDPE

nano-TiO2 composite, and combination of them increased at

the blend composition of clay 3% and 5% with TiO2 3% com-

pared to control. This is because of good dispersion of nanofil-

lers in the LDPE matrix that lead to the higher tensile strength.

According to Liang et al.,41 the dispersed nanoclay with high

aspect ratio possesses a higher stress bearing capability and effi-

ciency. Stronger interaction between nanoclay layers and poly-

mer molecular associated with larger contact surface results in

more effective constrain of the motion of polymer. Relative

increase of strength stress in clay–TiO2 nanocomposite may be

due to difficult achievement of homogenous structure of nano-

clay and nano-TiO2 with LDPE. According to Golebiewski

et al.,17 at high filler loading, the nanoparticles is found in the

form of microscale layer due to preferred stacking of the indi-

vidual silicate layer in ordered structure (tactoids).

The strain at break versus blend composition of LDPE/nanoclay

composite showed a decreasing pattern for all blend composi-

tion (Table I). Reduced strain at break may be due to low rate

of compatibilizer, so that according to Golebiewski et al.,17 the

highest strain at break was achieved with application of 15%

PE-MA as a compatibilizer in nanoclay–LDPE composites.

XRD Patterns

X-ray diffraction (XRD) measurement results of nanoparticles

and its LDPE nanocomposite films are shown in Figures 1 and 2.

Two diffraction peaks are observed for the org-clay (Closite 20 A)

corresponding to basal spacing d001 5 24.17 Å (2h 5 3.88) and

d002 5 11.90 Å (2h 5 7.32) (Figure 1). In the clay–TiO2 nanocom-

posites, d001 and d002 peaks disappeared clearly. The general con-

clusion at this point is that compounding protocol for insertion

of two nanoparticles in LDPE matrix may achieved significant

improvement in the highest exfoliation of MMT with a smooth

XRD curves. The appearance of the amorphous structure can be

caused by complete exfoliation due to polymer–nanoclay compat-

ibility. The results are comparable to Golebiewski et al.17

The XRD patterns of two nano-TiO2 particles (Anatase and Rutile)

and its nanocomposites are shown in Figure 2. A typical peak of

Anatase at 2h 5 25� was observed, corresponding to the diffraction

of (101) and two typical peaks of Rutile at 2h 5 27� and 2h 5 36�

corresponding to the diffractions of (110) and (004), showing that

Anatase and Rutile were pure. These findings of the current test are

consistent with those of Thamaphat et al.42 The XRD curve of TiO2–

LDPE nanocomposites possesses the basal peaks of Anatase and

Rutile indicating that all resultant films exhibit a pure Anatase and

Rutile phase structures. Therefore, the polymerization process does

not change the original crystal structure but nanoclay loading in the

polymer matrix decreased the intensities of peak corresponding to

TiO2 nanopowder. A similar decrease in peak intensities of polymer

and increase in peak intensity of TiO2 was observed and reported by

Mina et al.43 while studying the XRD profile of PP/titanium dioxide

composite. All these data suggested that nanoclay layers were exfoli-

ated and TiO2 particles were dispersed in the polymer matrix.

Thermal Analysis (DSC)

The melting temperature and the degree of crystallinity for the

blown films were determined based on DSC measurements. The

data are in Table III. As it is seen from the table, addition of

different nanoparticles does not influence markedly the film

melting temperature and the PE crystallinity in nanocomposite

films. The results suggested that the addition of nanoparticles to

neat LDPE did not change the degree of crystallinity. This

implies that the nanoadditives does not act as a nucleating

agent for LDPE matrix. Similar results were obtained in

Figure 1. XRD spectrum of the result film with different clay content.

Figure 2. XRD spectrum of the result film with different TiO2 content.

Table III. Thermal Properties of the Samples

Sample
code

DHm

(J g21) Tc (�C)
2DHm

(J g21) Tm (�C) Xc (%)

PE1 97.71 96.7 102.5 110.8 34.9

PE2 98.07 97.7 98.39 111.3 33.5

PE3 94.47 96.3 95.16 112.2 32.4

PE4 95.95 96.5 96.44 112.7 32.9

PE5 96.14 97.2 94.63 111.6 32.3

PE6 91.79 97.1 96.93 111.7 33.1
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previous studies.44,45 However, some studies also showed that

nanoclay particles act as effective nucleating agent.17,19 Conse-

quently, further investigations are needed to clarify the effect of

the size, chemical composition, compatibilizer content, and

other agents in the nucleation activity and crystallization

kinetics of polymers.

TEM

Dispersal of nanoparticles is somewhat critical. The presence of

agglomerations of additives in the polymeric matrix is thought

to cause breakage of the film and reduction in its qualities or

plasticity.46 TEM micrographs of PE control, exfoliated clay/

LDPE nanocomposite, TiO2/LDPE nanocomposite, and clay–

TiO2/LDPE nanocomposites are shown in Figure 3. The clear or

white zones represent the polymeric matrix [Figure 3(a)],

whereas the dark areas represent the nanoparticles. The distri-

bution of the nanoclay in the film and good exfoliation of

nanoparticles in the PE3 film are evident in Figure 3(b) and

can confirm the result related to XRD analysis. Relative good

dispersion of Anatase and Rutile in the PE4 is shown in Figure

3(c) and exfoliated clay nanoparticle with two nanoparticles of

TiO2 in the PE6 is shown in Figure 3(d). As reported by Kawa-

suni,33 owing to nonpolar groups in the polyolefin backbone,

the silicate layers of clay, even modified by nonpolar long alkyl

groups, are polar and incompatible with polyolefin. This makes

the study of the different parameters and variable involved in

the development of a nanocomposite of polyolefin very impor-

tant. In this case, as indicated in Figure 1, it was possible to

optimize the process for developing a film of exfoliated LDPE

nanocompound.

Film Gas Permeability Rates

The average of OPR, CDPR, and WVPR of films is shown in

Table IV. Nanoparticles enhanced the barrier effect of films

against oxygen, carbon dioxide, and water vapor. As shown in

Table III, the OPR, CDPR, and WVPR of the pure PE film were

Figure 3. Scanning electron micrographs of nanocomposites: (a) PE1, (b) PE3, (c) PE4, and (d) PE6 films.

Table IV. Gas Permeability Rate of the Different LDPE Composites

Sample
O2 transmission
(cc-mil m22 day21)

CO2 transmission
(cc-mil m22 day21)

Water vapor permeability
(g mm kPa21 h21 m22)

PE1 19136.28 6 260.6a 46084.44 6 1805a 2.98 6 0.03a

PE2 11216.79 6 1365.6bc 32042.8 6 1167c 2.82 6 0.07a

PE3 9416.9 6 749.5c 31204.2 6 1275c 2.5 6 0.07b

PE4 17168.2 6 1545.6bc 43022.9 6 601.1a 2.89 6 0.03a

PE5 12152.76 6 1001.3abc 33635.3 6 538.1bc 2.93 6 0.04

PE6 9827.98 6 1823.8bc 31427.7 6 673.1c 2.53 6 0.06b

a Each value is the mean of three replicates with the standard deviation. Any two means in the same column followed by the same letter are not signifi-
cantly (P>0.05) different according to the Duncan’s multiple range test.
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16202 cc-mil m22 day21, 39018 cc-mil m22 day21, and 2.98 g

mm kPa21 h21 m22, as for PE3 film values decreased by 50, 40,

and 12%, respectively. The PE6 film showed a slightly higher

OPR than the PE3 film. The decrease in gas permeability occurs

because the nanoparticles act as a physical obstacle retarding

movement gas through the film, slowing down its speed of flow

cover to cross the film. Similar results for the reduction of per-

meability to gases in clay–nanocomposites were reported previ-

ously.23,35 Dispersion of TiO2 nanoparticles in LDPE matrix

slightly modified the barrier properties of PE4 film against oxy-

gen penetration. This behavior can be attributed to a higher ori-

entation of anomaly’s tactoids in the clay nanocomposite film

and the main transport controlling mechanism could be related

to the diffusion through the polymer.47 The modified barrier

properties of nanocomposite films can be increased by the shelf

life of food packaging in the film should make the product

attractive to deliver markets as the nutritive and organoleptic

properties of the food are protected for longer.

Antimicrobial Activity Evaluation

Antimicrobial evaluation of nanocomposite containing TiO2

was done on the PE6 film as one of the best samples that pos-

sess improved properties in this study. The curves in Figure 4

show that the surviving number of Pseudomonas spp. under

films without UVA irradiation did not decrease significantly, in

accordance with previous results reported for E. coli.23,48–50 This

finding demonstrated that nanocomposite film itself did not

inactivate microorganisms without UVA light. After exposure to

black light illumination, the PE6 film exhibited photocatalytic

inactivation. The analyses showed significant differences

between the various irradiation times. PE6 film presented lower

cell loads (3.49 log CFU mL21) than PE1 film and control

(without sample film under UV) presented higher cell loads

(6.3 and 6.7 log CFU mL21, respectively) after 3 h. The number

of surviving Pseudomonas spp. decreased by 4.45 and 1.64 log

CFU mL21 after 3 h of black light illumination on PE6 film

and PE1 film, respectively. The results are very comparable to

reductions of 3 and 1 log CFU mL21 found for TiO2-coated

oriented PP (OPP) and uncoated films.48 This result showed

the inactivation of Pseudomonas spp. by photoactivation of

UVA irradiation. Upon UV light absorption with wavelengths

above 250 nm, hydroxyl radicals (•OH) and reactive oxygen spe-

cies (ROS) generated on the illuminated PE6 nanocomposite

film surface play a role in inactivating microorganisms.51

The survival rate of R. mucilaginosa under all film samples without

UVA irradiation did not decrease significantly (Figure 5). At the

beginning of the test, the surviving number of yeast was 6.06 log

CFU mL21. The colony count for R. mucilaginosa was 3.5, 5.38, and

5.01 log CFU mL21 on the PE6, PE1 films, and control after 3 h of

UVA illumination, respectively, corresponding to log CFU reduction

of approximately 2.56, 0.68, and 1.05 log CFU mL21, respectively.

Most studies on antimicrobial activity of TiO2 as a photocatalyst

have been done on bacteria, but the first report on the killing mecha-

nism of TiO2 on yeast (Saccharomyces cerevisiae) was reported previ-

ously.52 They presented evidence for the oxidation of coenzyme A

(CoA) in S. cerevisiae when exposed to light and platinized TiO2 and

found that more than 97% of the intracellular CoA content was lost

in the presence of TiO2 under a metal halide lamp for 120 min, as

compared to a 42% loss when TiO2 was omitted. In this study, the

inactivation rate of the two types of microorganisms with LDPE film

without nanoparticles and with only UV irradiation decreased com-

pared to that for the PE6 film with no UV exposure, but differences

were not statistically significant. These results suggest that the TiO2

nanoparticles were responsible for the antimicrobial effect when

exposed to UVA light illumination. The higher antimicrobial activity

of the composite films under UV light is due to the photocatalytic

reaction of the TiO2 nanoparticles in the matrix.

Ethylene Removal Test

Photocatalytic experiments were undertaken to evaluate the

effect of TiO2 nanoparticles in PE6 film for decomposition of

ethylene (Figure 6). The columns in Figure 6 show that the

Figure 4. Inactivation of Pseudomonas spp. in an in vitro test with PE6

and PE1 film under UVA light illumination. Each value corresponds to

the mean of three replicates, three plates per replicate. Vertical bar indi-

cates the standard error (SE) [‡: PE6 with no UVA light, D: PE1 under

UVA light, �: control (saline solution under UVA light), 3: PE6 film

under UVA light].

Figure 5. Inactivation of Rhodotorula mucilaginosa in an in vitro test with

PE6 and PE1 film under UVA light illumination. Each value corresponds

to the mean of three replicates, three plates per replicate. Vertical bar indi-

cates the standard error (SE) [‡: PE6 film with no UVA light, D: PE1

under UVA light, �: control (saline solution under UVA light), 3: PE6

film under UVA light].
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ethylene concentration of film sample bags without UVA irradi-

ation did not decrease significantly, in accordance with pervious

results reported for TiO2-coated OPP film.47 Experimental data

show that the TiO2/clay–nanocomposite loading 3% TiO2 nano-

particles had photodecomposition efficiency compared to the

neat LDPE film (PE1) under UVA irradiation. The concentra-

tion of ethylene was reduced to 90% of its initial concentration

after 9 h of the UVA irradiation using nanocomposite film,

while the concentration of ethylene for the neat LDPE was

almost constant. It is clear from Figure 6 that photocatalytic

activity of TiO2 nanocomposite film is strongly influenced by

UVA irradiation on sample films. The formation of highly reac-

tive radical species such as hydroxyl radical (•OH) and superox-

ide anion (O2
2) under UVA illumination has strong oxidizing

power and can oxidize organic and inorganic compounds (pho-

tocatalytic degradation).40 This finding demonstrated that nano-

composite film itself did not decompose ethylene without UV

light. After exposure to black light illumination, the PE6 film

exhibited photocatalytic degradation. The analyses showed sig-

nificant differences between the various irradiation times. PE6

nanocomposite film presented higher photodegradation of eth-

ylene (90%) than PE1 film and presented lower photocatalytic

degradation (30%) after 9 h.

The higher photodegradation of ethylene by using 10% TiO2 nano-

particles for coated film was reported in previous studies.40 In this

study, the decomposition of the ethylene was observed using TiO2

nanoparticles in the TiO2/clay–LDPE nanocomposite film. This

result agreed with40,53 that the nanoparticles of TiO2 play a role in

the gas-phase photodecomposition efficiency of organic pollutant.

It can be considered that the TiO2 nanoparticles in the plastic film

play a significant role in the photocatalytic oxidation of ethylene.54

CONCLUSIONS

The nanocomposite thin film of LDPE containing clay and

TiO2 nanoparticles was prepared by the extrusion method. The

relative stiffness of nanocomposites increased with the addition

of nanoparticles especially clay, with a limited enhancement of

the relative yield stress. The XRD spectrum revealed that the

distance between the interplanar space (d001), the inactivation,

and the nanocompounds increased, confirming the interleaving

of the nanoparticles in polymeric matrix; exfoliation of C20A

was even achieved in the LDPE studied, as revealed by the elim-

ination of the typical peaks of C20A. The improvement of TiO2

nanoparticles dispersion in the PE matrix was also checked by

XRD. Nanoparticles especially C20A have the capacity to opti-

mize barrier properties. The inactivation of Pseudomonas spp.

and R. mucilaginosa under UVA illumination of the composite

films with TiO2 loading was evaluated. The composite films dis-

play excellent antimicrobial activity and ethylene photodegrada-

tion. Such nanocomposite film with two kinds of nanoparticles

could have promising application as antimicrobial materials

with modified barrier properties in fresh horticultural product

packaging.
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