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a  b  s  t  r  a  c  t

Polyethylene  (PE)  and  polyethylene-octadecene  (LLDPE)  composites  containing  titanium  dioxide  nano-
tubes were  synthesized  and  applied  to  the  inhibition  of  selected  bacteria.  It  was  found  that  polymerization
rate  of the  polymerizations  increased  with  the  incorporation  of  the  octadecene  compared  with
bare  ethylene,  while  with  modified  nanotubes  (O–TiO2–Ntbs)  the  catalytic  activity  showed  a  slight
decrease  compared  with  the  pure  polymer.  Regarding  physical  properties,  the  melting  temperature  and
cristallinity  of  PE  was  higher  than  LLDPE.  LLDPE  presented  lower  rigidity  than  PE  and  thus  lower  Young’s
modulus.  On the other  hand,  with  the  incorporation  of  nanotubes,  Young’s  modulus  did  not  change  sig-
olyethylene
iO2 nanotubes
hotocatalytic inhibition

nificantly  with  respect  to PE.  After  2 h of contact,  the  PE/O–TiO2–Ntbs composite  showed  a  reduction
of  Escherichia  coli of  36.7%  under  no  UVA  irradiations.  In contrast,  LLDPE/O–TiO2–Ntbs  showed  63.5%.
The  photocatalytic  reduction  (under  UVA  light)  was much  higher  and  after  60  min  the  LLDPE/O-TiO2-
Ntbs  composites  showed  a bacterial  reduction  of  99.9%,  whereas  the  PE/O-TiO2-Ntbs  showed  42.6%  of
catalytic  reduction.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanocomposites have gained attention due to their interest-
ng properties and because the incorporation of low amounts of
anoparticles can enhance the mechanical, optical, catalytic, and
hermal properties, among others. The catalytic biocidal properties
f nanocomposite materials constitute an attractive alternative to
e used in the medical and food packaging fields. In order to obtain
atalytic biocidal properties, different nanoparticles such as silver
1], copper [2], and recently TiO2 nanoparticles [3] have been incor-
orated into polyolefins. TiO2 nanoparticles possess odor inhibition
nd self-cleaning mechanisms. Furthermore, they are inert, non-
oxic and inexpensive materials, with a high refractive index and a

igh ability to absorb UV light. TiO2 excited by light with a radia-
ion input greater than the particular band gap energy of the TiO2
rystal (3.2 eV for anatase; 3.03 eV for rutile) generate pairs of holes

∗ Corresponding author. Tel.: +56 2 27181149.
E-mail address: paula.zapata@usach.cl (P.A. Zapata).

ttp://dx.doi.org/10.1016/j.apcata.2014.10.051
926-860X/© 2014 Elsevier B.V. All rights reserved.
(h+) and electrons (e−) by molecular excitation, which can migrate
to the surface of the catalyst to react with water and oxygen gener-
ating hydroxyl radicals (OH•) and reactive oxygen species able to
degrade cell components of microorganism and act as anti-bacterial
agents.

Due to their better physical properties as barriers and their good
mechanical properties, high density and low density polyethyl-
ene and polypropylene are the most commonly used polymeric
materials for packaging applications. It is known that the direct
application of antibacterials on the surface of foods is limited
because the active agent may  diffuse into the food itself [4]. The
advantage of a polymer matrix is that the nanoparticles that give
the catalytic biocidal properties are always retained by the polymer,
which protects the food at all times. Usually, TiO2 nanoparticles
with spherical morphology had been used as fillers on polypropyl-
ene and polyethylene by the casting and melting processes in order

to confer biocidal properties.

In other studies [5,6], TiO2 nanoparticles ca. 7 nm in diameter
were embedded into a polypropylene (PP) matrix using a casting
method, leading to the formation of an oriented polypropylene

dx.doi.org/10.1016/j.apcata.2014.10.051
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2014.10.051&domain=pdf
mailto:paula.zapata@usach.cl
dx.doi.org/10.1016/j.apcata.2014.10.051


2 sis A:

p
E
s
i
e
i
n
o
t
n
r
u
d
e
E
t
a
m
n

c
t
n
G
b
i
r
t

p
a
c
d
a
n
c
p
a
T
h
a

2
a
c
f
w
9
i
e
b
v
(
q
c
a
o
p

s
p
n
e
n
p
T
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lastic (OPP). This OPP showed catalytic biocidal effects against
scherichia coli and fungicidal properties against Penicillium expan-
um in lettuce packaging under UV illumination. The extent of
nactivation of bacteria and fungi in a TiO2 film presented high
fficacy when the films were irradiated with UVA light with an
ntensity of 1 mW/cm2. Below this intensity the efficacy decreased
oticeably and it was correlated with higher OH• radical formation
n the TiO2 surface. However, the amount of TiO2 incorporated into
he oriented OPP was not reported. In another study [7], PP/TiO2
anocomposites were obtained using the hydrolysis-condensation
eaction (sol–gel method) of titanium alkoxide premixed with PP
sing the melting process. The sol–gel method caused good TiO2
ispersion (9.6 wt%) throughout the polymer matrix. These samples
xhibited higher biocidal activity against Staphylococcus aureus and
. coli in the absence of light after 24 h than those obtained through
he dispersion of the anatase phase in the molten PP. The authors
ttributed the results to the smaller particle size obtained by sol–gel
ethod (ca. 10 nm diameter) and to the improved dispersion of the

anoparticles compared with traditional molten PP with TiO2.
Kubacka et al. [8] reported the incorporation of TiO2 nanoparti-

les (ca. 10 nm in size) into isotactic polypropylene (i-PP/TiO2) by
he melting process. Biocidal catalytic properties of the i-PP/TiO2
anocomposite films were obtained against Gram-negative and
ram-positive bacteria. TiO2 showed maximum activity against
acteria with a load of 2 wt%  of anatase-TiO2. On the other hand, the

-PP/TiO2 nanocomposites were completely inactive against bacte-
ia under dark conditions. The authors explained this behavior by
he absence of the oxide on the surface of the material.

Altan et al. [9] prepared PP/TiO2 nanocomposites by melt com-
ounding. In order to avoid the agglomeration of particles, the
uthors used two methods to modify the nanoparticles: one was by
oating the TiO2 with an elastomeric phase based on maleic anhy-
ride grafted to styrene-ethylene-butylene-styrene (SEBS-g-MA)
nd silane compounds, and the other method was by coating the
anoparticles only with silane groups. The SEBS-g-MA  and silane-
oated TiO2 nanoparticles provided higher mechanical and biocidal
roperties than TiO2 nanoparticles modified with silane. The cat-
lytic biocidal efficiency was related to the particles’ dispersion.
hey found that the composites with low TiO2 content showed
igher antibacterial properties based on the better photocatalytic
ctivity of the particles during UV irradiation.

Xing et al. [4] prepared polyethylene nanocomposites with
 wt% TiO2 nanoparticle content (ca. 10–20 nm particle size) using

 blender mixer. The PE/TiO2 nanocomposite films presented bio-
idal properties with an inhibition ratio of 50.4% for E. coli and 58.0%
or S. aureus without UV. The inhibition ratio improved significantly
ith UV irradiation of PE/TiO2 films, reaching 89.3% for E. coli and

5.2% for S. aureus.  The mechanical properties improved with the
ncorporation of the TiO2 nanoparticles. In a similar approach, Li
t al. [10] obtained a novel nano-packaging for Chinese jujube by
lending polyethylene (56%) with a nano-powder mix  (30%) (sil-
er, clay and anatase TiO2, rutile TiO2), and crosslinking reagents
14%). The results showed that the film with nanoparticles had a
uite beneficial effect on the physicochemical and sensory quality
ompared with normal packing materials. After 12 days of stor-
ge, fruit softening, weight loss, browing and climatic evolution
f nano-packaging were significantly inhibited. However, biocidal
roperties were not studied in that work.

The catalytic biocidal properties are related with the disper-
ion of nanoparticles into the polymer matrix. Therefore, our group
roposed a procedure in order to improve the dispersion of the
anoparticles by an in situ polymerization in which the ethyl-

ne polymerization was carried out in the presence of the TiO2
anospheres (PE/TiO2) and this organic modified with silane com-
ound (PE/Mod-TiO2) PE/TiO2 nanocomposites containing 8 wt%
iO2 nanospheres exposed to UVA irradiations presented a high
 General 489 (2015) 255–261

antimicrobial activity against E. coli. In fact, the PE/Mod-TiO2
nanocomposite with 8 wt%  filler eliminated 99.99% of E. coli regard-
less of light and time of irradiation [3].

No reports using TiO2 nanotubes for obtaining PE nanocom-
posites having catalytic biocidal character have been reported so
far in the literature. Therefore, in this paper we  propose study-
ing the catalytic biocidal properties against E. coli when 5 wt%  of
TiO2 nanotubes are incorporated in polymer matrices with differ-
ent crystallinity (polyethylene: PE and polyethylene-octadecene:
LLDPE). In order to improve the interaction with the non-polar
matrix, the TiO2 nanotubes were organically-modified with oleic
acid and the nanocomposites were obtained by in situ poly-
merization. The catalytic activity of the system and the thermal,
mechanical, and antimicrobial properties against E. coli of the PE/O-
TiO2-Ntbs and LLDPE/O-TiO2-Ntbs nanocomposites are presented.

2. Experimental

2.1. Materials

TiO2 nanotubes were synthesized by a hydrothermal method
previously reported [3]. Briefly, the reagents used were nitric acid
(HNO3), sodium hydroxide (NaOH) pellets (Mallinckrodt, Chemi-
cals), and distilled water. Oleic acid (Aldrich, reagent grade, 98%)
was used for the modification of the TiO2 nanotubes.

The polymerization reactions, described in detail in a pre-
vious work, used ethenyl(bisindenyl)zirconium dichloride (rac-
EtInd2ZrCl2) as catalyst and methylaluminoxane (MAO) (Chemtura
Europe GmbH, 10% solution in toluene) as cocatalyst [1]. 1-
Octadecene (Aldrich, reagent grade, 90%) was used for the
ethylene-co-1-octadecene copolymerizations.

2.2. Preparation of titanium oxide nanotubes (TiO2Ntbs)

The precursor from nanotubes were TiO2 nanospheres synthe-
sized by a sol–gel method [3]. The nanotubes were obtained by the
hydrothermal method reported in a previous paper [11,12]. TiO2
nanospheres (2.5 g) were mixed with 125 mL  NaOH (10 M),  and the
mixture was then placed in a Teflon closed-vessel at 110 ◦C for 24 h,
stirring every hour. Afterwards, the obtained slurry was washed
several times with distilled water (4 L) and then filtered to sepa-
rate the powder. Next, 150 mL  of 0.1 M HNO3 were added to the
powder and mixed for 24 h. The slurry was washed with 1 L of dis-
tillated water. Finally, the filtered nanoparticles were calcined at
ca. 200 ◦C for 4 h.

2.3. Organic modification of titanium oxide nanotubes
(O-TiO2Ntbs)

The nanoparticles were modified with oleic acid using the
method reported by Li and Zhu [13]. 1-Hexane (100 mL) and oleic
acid (200 �L) were mixed with stirring. Then 1 g of TiO2-Ntbs
was added to the solution under at 60 ◦C with vigorous stirring
during 5 h. The nanoparticles were filtered, washed with ethanol,
and vacuum-dried at 100 ◦C during 24 h. Before being used in the
polymerization reactions, the obtained O-TiO2-Ntbs particles were
sonicated in toluene under an inert atmosphere during 10 min  in
a 130 Watt Ultrasonic Processor with a Thumb Actuated pulser
equipped with a 6 mm diameter tip.

2.4. Polymerization of ethylene, ethylene-1-octadecene, and
nanocomposites
Ethylene homopolymer and LLDPE (0.16 mol/L octadecene)
copolymers were synthesized using the metallocene catalyst rac-
ethenyl(bisindenyl) zirconium dichloride (rac-EtInd2ZrCl2). The
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Fig. 1. TEM imag

olymerization reactions were carried out in a Parr glass reactor
400 mL)  with temperature control (60 ◦C) and mechanical stir-
ing (500 rpm). Toluene (90 mL)  and MAO  (4.32 × 10−3 mol) were
sed, and in the case of the copolymerizations 5 mL  of 1-octadecene
0.16 mol/L) were added to the reactor. Then, the metallocene cat-
lyst solution in toluene (3 × 10−6 mol) was also added. Finally the
ystem was saturated with ethylene at 1 bar of pressure during
0 min. For the nanocomposite preparations, the preparation was
erformed under the same reaction conditions used for ethylene.

n that case, 5 wt% of modified nanotubes were added to the reac-
or and mixed with MAO  for 2 min. Then 1-octadecene (in the case
f copolymerizations) and the catalyst were added, and finally the
ixture was saturated with ethylene. Acidified methanol (10% HCl,

0 mL)  was added to stop the reaction. The solid polymer prod-
ct was recovered by filtration, washed with methanol, and then
ried overnight at room temperature. The rate of polymerization is
xpressed as the mass of PE (kg) produced per unit time (h) per mol
f Zr and per unit pressure (kg/mol/bar/h). All the polymerization
eactions were repeated to verify reproducibility. The nanocom-
osites are designated as PE/O-TiO2-Ntbs, while those obtained by
opolymerization are identified as LLDPE/O-TiO2-Ntbs.

.5. Composite characterization

The XRD patterns of the TiO2 nanotubes were obtained on a
iemens D5000 diffractometer, using Ni-filtered Cu K� radiation
� = 0.154 nm).

UV absorption spectra of the O-TiO2-NTbs nanotube powders
ere measured on a Perkim Elmer Lambda 650 UV/Vis spectrom-

ter. The UV spectra measurements were conducted within the
00–700 nm range. The band gap (Eg) energies were calculated
ccording to the equation Eg = 1239.6/�g [14].

Diffuse reflectance infrared Fourier-transform (DRIFT) analysis
f the titanium oxide and modified titanium nanoparticles was
erformed on a Bruker Vector 22 FTIR spectrometer with Harrick
iffuse reflectance. The DRIFT spectra were collected in the 4000 to
00 cm−1 range, with a resolution of 4 cm−1 at room temperature.

The melting temperature and enthalpy of fusion of the neat poly-
er  and nanocomposites samples were measured by differential

canning calorimetry (DSC) (TA Instruments DSC 2920). The sam-
les were heated from 25 ◦C to 180 ◦C at a rate of 10 ◦C/min and then

ooled to 25 ◦C at the same rate; the values were taken from the first
eating curve [15]. Percent crystallinity was calculated using the
nthalpy of fusion of an ideal polyethylene with 100% crystallinity
289 J/g) accordingly to Wei  et al. [16].
TiO2 nanotubes.

Polymer viscosity was measured in o-dichlorobenzene at 135 ◦C
in a Viscosimatic-Sofica viscometer.

The polymer’s thermal stability was  evaluated by thermogravi-
metric analysis (TGA) using a Netzsch TG Libra 209 instrument in an
inert atmosphere (nitrogen). The samples were heated from 25 ◦C
to 600 ◦C at a rate of 20 ◦C/min.

The morphology of the TiO2-Ntbs and their dispersion in the
composites were analyzed by TEM (JEOL ARM 200 F) operating
at 20 kV. Samples for TEM measurements were prepared by pla-
cing a drop of TiO2-NTbs on a carbon-coated standard copper grid
(400 mesh) and evaporating the solvent. Ultra-thin polyethylene
nanocomposite specimens with a thickness of ca. 100 nm were cut
with glass blades in an ultra-microtome at −40 ◦C.

The tensile properties of the polymer and composites were
determined on an HP model D-500 dynamometer. The materials
were molded for 3 min  in a hydraulic press, HP Industrial Instru-
ments, at a pressure of 50 bar and 170 ◦C, and further cooled under
pressure with water circulation. Films around 0.05 mm thickness
were obtained. Dumbbell-shaped samples with an effective length
of 30 mm and a width of 5 mm were cut from the compression-
molded sheets. The samples were tested at a rate of 50 mm/min at
20 ◦C. Each set of measurements was  repeated at least four times.

2.6. Biocidal properties

The catalytic antimicrobial effect of the different samples was
determined using a plate count method described by the ISO 20143.
E. coli ATCC 25922 was  used for analysis. In brief, the initial number
of bacteria present after incubation was calculated by counting the
number of colonies in a ten-fold dilution. From a fresh culture, a
microbial suspension of 1 × 107 CFU/mL by densimat BioMérieux®

was prepared in a BHI broth plus Triton 100× in a humid cham-
ber. The suspension, 0.5 mL, was  placed in contact with every
2.5 cm2 sample (pure PE and LLPDE as control, and PE/TiO2-NTbs
and LLPDE/TiO2-NTbs) for 60, 120, and 240 min. Then, each sample
was exposed to white light and UVA light using two 8 W black light
bulbs, Hitachi (FL-8BL-B). The UVA (315–400 nm)  light intensity
was 0.2 mW/cm2 as measured by a digital light meter (SLM-110,
A.W. Sperry). Each sample (control and antibacterial-treated) was
recovered by suspending in 10 mL  of sterile saline solution and then
diluted serially down to 1/10, 1/100, and 1/1000. Then, 0.2 mL of

each dilution was plated in duplicate on trypticase soy agar plates
and incubated at 37 ◦C for 24 h. After incubation, the number of
colonies in the Petri dishes was counted and in this way  the percent-
age of inhibition of microorganism in each sample was determined
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Table 1
Wavelength and energy “Band gap” (eV) of nanospheres (raw materials) and
nanotubes.

Sample Wavelength (nm) Energy* (eV)

TiO2-nanosphere 402 3.08
TiO2-Ntbs 387 3.20
Fig. 2. XRD diffraction spectra of (a) TiO2 nanospheres and (b) O-TiO2-Ntbs.

ompared to its corresponding control. The percent reduction of the
olonies was calculated using the following equations, which relate
he number of colonies from the neat polymer with the number of
olonies from the nanocomposites.

R = CFU neat polymer − CFU nanocomposite
CFU neat polymer

× 100

. Results and discussions

.1. Characterization of titanium oxide nanotubes (TiO2-NTbs
nd O-TiO2-NTbs)

The nanoparticle morphology was studied by transmission elec-
ron microscopy (TEM) and it is shown in Fig. 1. The nanoparticles
ave nanotube morphology with average diameters of ca. 20 nm
nd a length of ca. 500 nm.  The images showed a few nanospheres
round the nanotubes. The crystalline phase of the raw materi-
ls and nanotubes were studied by XRD (Fig. 2). Nanospheres and
anotubes presented two characteristic Bragg reflections from the
natase phase corresponding to tetragonal crystal planes (1 0 1) and
2 0 0), located at 25◦ and 48◦, respectively [17,18]. In the case of
anotubes a new peak appears at 11◦ corresponding to phases of
itanate nanotubes [19,20].

The method used for the organic modification of nanoparticles
eported by Li and Zhu [13] was verified by the DRIFT spectra, where
he peaks corresponding to the alkyl chain of oleic acid appeared at

920 cm−1 and 2855 cm−1 (Fig. 3). The disappearance of the peak at
710 cm−1 indicates that the oleic acid group,–COOH, has reacted
ith surface hydroxyl groups from TiO2. The peaks at 1590 cm−1

ig. 3. DRIFT spectra of (a) nanotubes and (b) modified nanotubes with oleic acid
O-TiO2-Ntbs).
O-TiO2-Ntbs 392 3.16

* Values of energy obtained by Eg = 1239.6/�g [22].

correspond to carboxylate groups, and the peaks at 1550 cm−1 and
1430 cm−1 indicate the presence of COO− [21].

Table 1 shows the wavelength values and energy band gap
obtained by UV absorption on TiO2 nanospheres (raw materials)
and nanotubes before and after modification with oleic acid. These
values are related to the band transition of valence electrons char-
acteristic of TiO2 [22,23]. The nanospheres presented an energy
band gap (Eg) of 3.08 eV characteristic of the anatase phase. On the
other hand and as expected, the change of the morphology into
TiO2 nanotubes led to an increased of the energy band gap up to
3.20 eV. In the case of O-TiO2-Ntbs, the organic modification with
oleic acid gave place to an energy band gap of 3.16 eV.

3.2. Rate of homopolymerization and copolymerization in the
presence of titanium nanotubes

The influence of the incorporation of O-TiO2-Ntbs on the rate
of homopolymerization and copolymerization is shown in Table 2.
The first effect observed is already known and it is related to the
increased rate with larger amounts of octadecene in the feed. The
incorporation of the comonomer increases the solubility of the
monomer in the liquid phase, and consequently increases the inser-
tion rate. Moreover, the higher solubility of the copolymer reduces
the monomer’s diffusion limitations toward active centers [24]. On
the other hand, when 5 wt%  of oleic-acid-modified nanotubes were
incorporated, the rate decreased slightly with this effect being more
pronounced for copolymerization. Although it is not clear at the
moment, we  speculate that this decrease in the rates of polymer-
ization may  be due to the possible deactivation of the metallocene
by oleic acid, or to the fact that the nanotubes prevent the insertion
of the comonomer on the active sites due to steric hindrance by
the nanotube morphology. We  have previously studied the incor-
porations of TiO2 nanospheres modified with silane (Mod-TiO2) in
ethylene polymerization, where an increase in the rates was found
in the presence of Mod-TiO2. This behavior was explained by the
role of silane acting as a spacer, thus hindering the bimolecular
deactivation between neighboring zirconocenes in the solution,
and thereby having a positive effect on the rates of polymeriza-
tion. In the same work, the results for the copolymerization of
LLDPE indicated that the presence of mod-TiO2 did not affect the
polymerization rate [3,17].

3.3. Polymer characterization

Viscosity is related to the molecular weight of the poly-
mer, and it decreased with the incorporation of comonomer and
nanoparticles. This effect can be due to the increase of transfer
reactions with comonomer incorporation or nanotube addition
to the reactor [25]. As expected with the comonomer incorpora-
tion, both the melting temperature and cristallinity of polyethylene
decreased (see Table 3). These changes could be explained by the
role of octadecene branches, which hinder crystallization because

octadecene is excluded from the crystal lattice of polyethylene
[24,26]. The melting temperature and crystallinity of the nanocom-
posites did not change compared with the pure polymers.
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Table  2
Catalytic activity of the ethylene and co-(ethylene-1octadecene) polymerizations in the presence of the O-TiO2-Ntbs.

Samples TiO2-Ntbs content (wt.%) Octadecene feed (mol/L) Catalytic activity (kg/mol/Zr/h/bar) [�] (dL/g)

PE 0 0.00 2170 2.16
PE/O-TiO2-Ntbs 5 0.00 1933 2.02
LLDPE 0 0.16 5040 1.07
LLDPE/O-TiO2-Ntbs 5 0.16 4267 0.66

Tp: polymerization temperature. �: viscosity. Polymerization conditions: mol  Zr: 3 × 10−6; Al/Zr: 1400: 60 ◦C. Pressure: 1 bar; reaction time: 30 min.

Table 3
Thermal properties and Young’s modulus (E) of PE/TiO2-Ntbs and LLDPE/TiO2-Ntbs nanocomposites.

Samples TiO2-Ntbs (wt.%) Tm1 Xc (%) T10 (◦C) Tmax (◦C) E (Mpa)

PE 0 138 53 451 488 608 ± 45
PE/O-TiO2-Ntbs 5 136 52 449 478 529 ± 77
LLDPE  0 115 3 432 469 11 ± 3
LLDPE-1/O-TiO2-Ntbs 5 105 2 417 464 9 ± 0.8

T  temperature at 10% weight loss, Tmax: temperature for the maximum rate of weight loss
(
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Table 4
Reduction percentage of the E. coli of PE/O-TiO2 and LLDPE/O-TiO2 nanocomposites.

Samples Irradiation time (min) % Bacteria reduction

White light UV light

PE/O-TiO2-Ntbs 60 28.2 42.6
120 36.7 43.1

LLDPE/O-TiO - 60 43.1 99.7
m1: melting temperature, first heating; Xc: percent crystallinity. T10: decomposition
Tpeak). E = Young’s modulus.

The thermal stability of the polymers was studied by TGA
nder a nitrogen atmosphere, as shown in Table 3. T10 and Tmax

ecreased with the incorporation of nanotubes. According to the
iterature, the incorporation of titanium nanoparticles leads to an
nhancement of the thermal stability and maximum decompo-
ition temperature of the nanocomposites compared with virgin
olymers [17]. But in our case the decrease in the thermal stability
ca. 10 ◦C) is due to the use of oleic acid as modifier. In fact, oleic
cid starts degrading at around 150 ◦C, and this can contribute to
estabilizing the polymer matrix [27]. The elastic modulus for neat
olymer and the nanocomposites is also reported in Table 3. The
rystallinity and crystal structure affect the mechanical properties,
nd as the polymer’s crystallinity decreases its flexibility increases.
ith the incorporation of comonomer to promote branching, the

olymer’s ability to absorb and dissipate energy also increases.
ristillanity decreases with the addition of comonomer, which is
elated with the elastic modulus that also decreases, and therefore
he rigidity of the polymer also decreases [28]. On the other hand,
he elastic modulus of the polymers did not undergo any change
ith the incorporation of nanoparticles.
TEM images of the PE/O-TiO2-Ntbs containing 5 wt%  of filler are
hown in Fig. 4. In general, TiO2 nanoparticles in the PE matrix were
ell distributed, which is due to the organic modifications of the

urface of nanoparticles. This modification improved the adhesion

Fig. 4. TEM images of the PE/O-T
2

Ntbs 120 63.5 99.9
240 98.2 99.9

between the nanoparticles and the polymer matrix. Nevertheless,
TEM images also showed some minor zones with particle agglom-
eration.

3.4. Catalytic biocidal properties and discussion

The catalytic biocidal properties of the polymers against E. coli
are shown in Table 4 and Fig. 5. The polymers were irradiated with
UV light and compared with white light irradiation over different

times. The catalytic activity expressed as reduction percentages
were calculated based on the polymer without nanoparticles as ref-
erence. Two different factors determined the biocidal properties of
the materials: the irradiation source and the type of polymer matrix

iO2-Ntbs nanocomposites.
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Fig. 5. Biocide properties of the P

sed. As expected, the catalytic biocidal properties depended on
he irradiation source. When using UV irradiation, the nanocom-
osites had a greater reduction of E. coli than when a white light
ource was used. This biocidal effect was more pronounced for the
LDPE/TiO2 nanocomposite, achieving a reduction of ca. 99.99%.
he mechanism of photoreduction of E. coli on TiO2 is ascribed to
he irradiation with UV light (� < 387 nm), which generates elec-
ron and hole pairs. The created electrons and reactive oxygen will
ombine into O2

−, and the positive electric holes and water gen-
rate hydroxyl radicals (OH•) and hydroperoxy radicals (HOO•)
29]. During the initial reactions the reactive species cause a partial
ecomposition of the outer cell membrane, changing its permeabil-

ty. After that, the reactive species can easily reach the cytoplasmic
embrane, leading to its peroxidation followed by the death of

he cells [30]. Sunada et al. [31], studied the decomposition of the
all of bacteria by measuring the concentration of lipopolysaccha-

ides (LPS) with irradiation time. They found a slight increase of
PS concentration during the initial slow step of intact cell death.
his increase suggests that the outer membrane is decomposed
y photocatalysis. By subsequent irradiation, LPS concentration
ecreased, indicating that free and fixed LPS were decomposed
y a photocatalytic reaction. Another relevant aspect is the inten-
ity of UVA light. Chawengkijwanich et al. [5] reported that when
ight intensity decreased from 1 to <0.05 mW/cm2, the antimicro-
ial efficacy decreased. Such effect can be related to OH• radical
oncentration. In our case, the UVA light intensity was  0.2 mW/cm2.
he catalytic reduction of E. coli on PE/O-TiO2-Ntbs under this UVA
adiation was 43.2%. This low activity compared to other reports
ay  be due to the low light intensity used here. On the other

and, a certain degree of biocidal character was still found in our
anocomposites when UV irradiation was not used. In fact, the
LDPE/O-TiO2-Ntbs samples reach a reduction against E. coli of ca.
3.5% after 120 min, which increased to 98.2% after 240 min  of
ontact time without UV irradiations. Li et al. [4] postulated that
icroorganisms carry a negative charge, while metal oxides carry a

ositive charge. This difference in charge creates “electromagnetic”
ttractions between the microbe and the surface. When contacting
he surface the microbes release ions, which react with the thiol
roups of the proteins present on the surface of the bacteria. On
he other hand, different authors have reported the inhibition of
. coli on TiO2 in the absence of light. In the absence of photoacti-
ation, TiO2 may  induce an increase in oxidative stress correlated
ith the hydrogen peroxide concentration and with small particles

f the TiO2 [32,33].

The second effect is related to the crystallinity of

he matrix used. For PE/O-TiO2-Ntbs nanocomposites,
he reduction percentage increased slightly with white light
rradiations up to ca. 36.7% after 120 min. On the other hand, the
O2-Ntbs and LLDPE/O-TiO2-Ntbs.

LLDPE/O-TiO2-Ntbs nanocomposites showed increased biocidal
properties, which in turn were dependent on exposure time. After
240 min  of irradiation the LLDPE/O-TiO2-Ntb nanocomposites
showed an increase of their biocidal properties up to a reduction of
98.2%. The latter is an important result that shows that these type
of composites has the potential to be used in practical applications
no requiring UV irradiation such as for example food packaging.

When nanocomposites were irradiated with UV,  the reduction
was independent of time. For PE/O-TiO2-Ntb and LLDPE/O-TiO2-
Ntb nanocomposites, the reduction against E. coli after 2 h of
exposure was  43.1% and 99.9%, respectively. This behavior can be
ascribed to the higher crystallinity of PE when compared with
LLDPE. In fact, the irradiated light can penetrate more easily in the
amorphous zones of LLDPE. On the other hand, the nanoparticles
can also travel more easily in the amorphous part of LLDPE than PE,
which favors the nanoparticle diffusion to the surface of the film.
Afterwards, in contact with oxygen and humidity, the active species
are generated and therefore high biocidal properties against E. coli
are observed.

In summary, there is an influence of the matrix used on the
final biocidal properties. In our case, the catalytic biocidal activ-
ity was  related to the crystallinity or morphology of the polymer
used. Another important point is the morphology of the nanoparti-
cles. In our study, nanotubes were used because their nanoparticles
have a higher aspect ratio (length:diameter) than nanospheres, and
therefore a higher biocidal efficiency was  expected. This is because
the morphology of the nanotubes delayed the recombination of
electrons with the valence band compared to nanospheres. When
unmodified nanospheres were incorporated in the polyethylene
matrix by in situ polymerization with and without UV irradiation,
the biocidal properties had a similar behavior as that of nanotubes
[3]. The advantage of nanotubes is due to the high aspect ratio and
to the possible decrease in the permeability to oxygen and water
vapor. The latter is caused by the fact that nanotubes contribute
to a more tortuous path for gases diffusing through the polymer
matrix. It is also known that ethylene generated by some fruits is
decomposed by TiO2 nanoparticles [5,6]. These properties and all
the results presented in this work suggest that these types of mate-
rials have a tremendous potential in food packaging applications.

4. Conclusions

Nanotubes were synthesized by a hydrothermal method from
TiO2 with spherical morphology, which in turn was  used to obtain

TiO2 nanotubes modified organically with oleic acid (O-TiO2-Ntbs).

PE/O-TiO2-Ntbs and LLDPE/O-TiO2-Ntbs nanocomposites were
prepared by in situ polymerization. It was found that the type
of matrix has an important influence on the biocidal properties
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gainst E. coli.  The LLDPE/O-Ntbs-TiO2 nanocomposites had bet-
er biocidal activity compared to PE/O-Ntbs-TiO2 nanocomposites.
his behavior might be related to the degree of crystallinity of the
olymer matrix. The increase in the amorphous character permits
he migration of the nanoparticles to the surface and the generation
f active OH• species causing the decomposition of the bacteria.

LLDPE/O-Ntbs-TiO2 nanocomposites were highly effective
gainst E. coli under UVA irradiation, and this effect was indepen-
ent of time of exposure. The antimicrobial activity against E. coli
eached 99.99%. On the other hand, for the same system without UV
rradiation, the nanocomposites still showed a high efficacy against
. coli,  with a reduction of ca. 98.2% after 240 min. Therefore, these
ystems are attractive when used as effective food packaging.
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