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Effect of hydrothermally synthesized titanium
nanotubes on the behaviour of polypropylene
for antimicrobial applications
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and Paula A Zapataa*

Abstract

TiO2 nanotubes (TiO2-Ntbs) synthesized by a hydrothermal method were used as filler to prepare polypropylene (PP) compos-
ites by melt blending. Their structural properties as well as their biocidal potential were studied. Nanotubes were used either
as-synthesized or organically modified with hexadecyltrimethoxysilane (Mod-TiO2). These nanoparticles form secondary struc-
tures with sizes around 100 nm that are well dispersed in the polymer matrix, but not homogeneously because agglomerates
larger than 1 𝛍m are also seen by transmission electron microscopy. Regarding the properties of the composites, the incorpora-
tion of the nanoparticles increased the polymer’s crystallinity and thermal stability. The maximum decomposition temperature
of the matrix increased by ca 13 ∘C compared to virgin PP. The nanotubes further increase the spherulite nucleation density,
and therefore a reduction in the diameter of spherulites and an increase in their number were observed. Despite the above, the
addition of TiO2 nanoparticles did not modify the mechanical properties of PP. The PP/TiO2-Ntb nanocomposites exposed to
UVA radiation showed a biocidal behaviour, reducing a colony of Escherichia coli by 81%.
© 2015 Society of Chemical Industry
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INTRODUCTION
Polyolefins, such as polyethylene (PE) and polypropylene (PP), are
of particular interest as they allow the production of inexpensive
and commodity materials for use in a wide range of applications.1

The addition of small amounts (1− 10 wt%) of nanoparticles can
modify the behaviour of polyolefins, allowing further develop-
ment of novel materials. Compared with polymer/microparticle
composites, nanocomposite materials have improved proper-
ties at much lower filler concentrations, including crystallization,
mechanical strength, melt processing, electrical and thermal con-
ductivity, thermal degradation stability and viscoelasticity, among
others.2,3 Different types of nanoparticles such as modified clay,4

SiO2,5 carbon nanotubes, graphite6 and TiO2
7,8 have been intro-

duced into polymers to study their influence on the final properties
of the nanocomposite produced. Among them, TiO2 is one of the
most important materials due to a variety of possible applications
and attractive multi-functional behaviours that can be obtained.9

TiO2 has a great potential in different areas such as photoelectric
conversion in solar cells,10 environmental purification, decompo-
sition of carbonic acid gas and generation of hydrogen gas.11 In
particular, TiO2 has photocatalytic properties, generating reactive
species under UV irradiation, such as hydroxide superoxide radi-
cals capable of degrading cell components of microorganisms, and
therefore acting as anti-bacterial agents.

In order to improve the thermal and mechanical properties,
and to add biocidal characteristics, TiO2 nanoparticles with
quasi-spherical or spherical morphology have been incorporated

into different polyolefin matrices such as high density PE,12 low
density PE, polystyrene13 and PP.14

These polyolefin-based antimicrobial materials are of great
industrial interest where infections are relevant due to their
extensive use in textiles, food packaging and others. This is why
currently important research is being done on the possibility of
adding bactericidal properties to these materials.

Joseph and colleagues15 obtained PP/TiO2 composites by
the melt mixing method using particles around 20 nm in
size. The mechanical properties of PP fibres were enhanced
by adding TiO2 nanoparticles (3 wt%), and calorimetric stud-
ies showed an increased degree of crystallization, indicating
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that TiO2 nanoparticles are acting as nucleating agents for PP
crystallization.

Cerrada and colleagues16 also incorporated anatase-TiO2

nanoparticles into isotactic PP by the melt mixing process with
concentrations between 0.5 wt% and 5 wt%. The characteriza-
tion of the PP/TiO2 nanocomposites provides evidence of good
dispersion of the filler in the polymer matrix despite the absence
of significant changes in the structural properties of the polymer.
The nanocomposites with loads less than 2 wt% of TiO2 showed
antimicrobial activity.

The ability to inactivate Escherichia coli in lettuce packaging
using oriented PP film (OPP) coated with TiO2 nanoparticles has
also been studied.17 The TiO2-coated OPP film without light illumi-
nation did not show any activity against E. coli. The extent of E. coli
inactivation by TiO2-coated OPP film is related to UVA intensity and
the type of artificial light source. The photocatalytic disinfecting
activity of TiO2-coated OPP film under black light bulb illumination
(UVA) was higher than under fluorescent light. The same authors
investigated and found antifungal activity of TiO2 using a pho-
tocatalytic reaction and TiO2 powder and TiO2 coated on PP film
against Penicillium expansum, which is one of the most important
post-harvest fungal problems in fruits and vegetables.18

One disadvantage of the synthesis of the nanocomposites with
polyolefins is the tendency of the particles to agglomerate, which
in turn results in polymers with poor properties. This can be
improved by a surface modification of the TiO2 particles. Altan
and Yildirim19 used two methods to obtain these modifications:
one was by coating the TiO2 with an elastomer phase based
on maleic anhydride grafted styrene-ethylene-butylene-styrene
(SEBS-g-MA) and silane compounds; the other method was
by coating the nanoparticles only with silane groups. After
modification, the nanoparticles were incorporated by melt com-
pounding into the PP matrix. The SEBS-g-MA and silane-coated
TiO2 nanoparticles provided higher mechanical and biocidal
properties than TiO2 nanoparticles modified with silane only,
showing the surface adhesion enhancement between matrix and
particles. Zohrevand et al.20 prepared nanocomposites based on
isotactic PP (iPP) and TiO2 nanoparticles (4.6–45.5 wt%) prepared
by the melt blending process. In order to improve interaction
between the polymer and the particles, anhydride-modified PP
was used as a compatibilizer. It was shown that the thermal stabil-
ity and crystalline structure of the nanocomposite are significantly
affected by the particles’ state of dispersion. TiO2 nanoparticles
were shown to be strong 𝛽-nucleating agents for iPP, especially
at low concentrations. Recently, titanate nanotubes (TiNTs) were
mixed with modified PP by a batch melt mixing procedure. PP
modified by irradiation with high-energy electrons was used
to increase the compatibility between polymer and nanoparti-
cles. The microstructure of the PP/TiNT nanocomposites shows
well-dispersed TiNTs and some aggregates (clouds) in the poly-
mer. The enhancement of the mechanical properties shows that
TiNTs can be used as an efficient filler in non-polar polymers using
polymers modified by irradiation. The biocidal properties were not
studied.21

As already mentioned, studies of the mechanical, thermal and
biocidal properties of polymer/TiO2 nanocomposites have been
carried out using spherical fillers. However, the use of TiO2 nan-
otubes (TiO2-Ntbs) has been little reported so far in the related
literature, even though the strong effect of the filler aspect ratio
on the behaviour of the matrix, such as the crystallization pro-
cesses or the morphology as reported for SiO2 nanoparticles in
a PP matrix, is well known. Therefore, the high aspect ratio of

nanotubes compared to nanospheres may have a positive effect
on the final properties of the PP.22

Considering the above, in the present work we study the organic
modification of TiO2-Ntbs to improve their interaction with the
non-polar matrix. The effect of different amounts of TiO2-Ntbs and
modified TiO2-Ntbs (Mod-TiO2-Ntbs) on the thermal, mechanical
and crystallization properties of PP was studied. The antimicrobial
behaviour of these PP/TiO2-Ntb nanocomposites against E. coli
was also investigated.

EXPERIMENTAL
Materials
PP was purchased from Petroquim (Chile). The reagents used
in the synthesis of the TiO2-Ntbs were TiO2 powder (anatase)
provided by Aldrich, USA, nitric acid (HNO3), sodium hydroxide
(NaOH) pellets (Mallinckrodt Chemicals) (German) and distilled
water. Hexadecyltrimethoxysilane (Aldrich, USA) was used for the
modification of TiO2-Ntbs (Mod-TiO2-Ntbs).

Synthesis of titanium nanotubes (TiO2-Ntbs) and their
organic modification (Mod-TiO2-Ntbs)
The hydrothermal treatment for the synthesis of TiO2-Ntbs was
based on reported methods.23,24 Raw TiO2 anatase powder (2.5 g)
was mixed with 125 mL of 10 mol L−1 NaOH. This solution was
placed in a sealed Teflon reactor and heated at 110 ∘C for 24
h, stirring every hour. The slurry was washed several times with
distilled water (1 L) and then filtered. Then 150 mL of 0.1 mol L−1

HNO3 solution was added to the powder and mixed during 24 h.
This slurry was washed with 1 L of distilled water and the resultant
powder was filtered, dried and calcined at ca 200 ∘C for 4 h.

The nanotubes were organic-modified with hexade-
cyltrimethoxysilane (Mod-TiO2-Ntbs) as described previously.12

TiO2-Ntbs (2.0 g) were dissolved in ethanol and distilled water
(ratio 2:1 vol/vol) and the solution was stirred for 2 h. A given
amount of modifier was then added dropwise to the initial solu-
tions and again stirred for 2 h at 25 ∘C. The mixture was washed
with ethanol and finally heated to 120 ∘C in vacuum for 6 h to
promote the chemical coupling.25

PP/TiO2-Ntb and PP/Mod-TiO2-Ntb nanocomposite
preparation
The composites were prepared using a Brabender Plasti-Corder
internal mixer at 190 ∘C and a speed of 110 rpm during 10 min.
Predetermined amounts of the titanium nanoparticles and neat
polymer (as received) were mixed in a nitrogen atmosphere in
order to obtain nanocomposites with 5% wt/wt and 8% wt/wt of
TiO2-Ntbs nanofiller. The samples were press-moulded at 190 ∘C
at a pressure of 50 bar for 3 min and cooled under pressure by
flushing the press with cold water.

TiO2-Ntbs and composite characterization
Characterization of the titanium nanotubes (TiO2-Ntbs) and their
organic modification (Mod-TiO2-Ntbs)
Fourier transform infrared (FTIR) analyses of the TiO2-Ntbs and
Mod-TiO2-Ntbs were performed in a Bruker Vector 22 FTIR spec-
trometer. The IR spectra were collected in the 4000 to 500 cm−1

range, with a resolution of 4 cm−1 at room temperature.
The X-ray diffraction patterns of the Mod-TiO2-Ntbs were anal-

ysed on a Siemens D5000 diffractometer using Ni-filtered Cu K𝛼
radiation (𝜆= 0.154 nm).
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UV absorption spectra of the TiO2-Ntbs and Mod-TiO2-Ntbs in
the 200− 700 nm range were obtained on a UV Perkin Elmer
Lambda 650 UV− visible spectrometer.

PP/TiO2-Ntbs and PP/Mod-TiO2-Ntbs characterizations
The melting temperature and enthalpy of fusion of the neat and
nanocomposite PP samples were measured by DSC (TA Instru-
ments DSC 2920). The samples were heated from 25 ∘C to 180 ∘C at
a rate of 10 ∘C min−1 and then cooled to 25 ∘C at the same rate. The
values were taken from the second heating curve to eliminate any
thermal history. The percentage crystallinity was calculated using
the enthalpy of fusion of an ideal PP with 100% crystallinity (207 J
g−1).26 For the nanocomposites it was calculated as described pre-
viously, but taking into account the weight of the nanotubes.27

The polymer’s thermal stability was evaluated by 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−1.

Polymer viscosity was measured by dissolving the polymer in
decalin at 135 ∘C in a Viscosimatic-Sofica viscometer.

The isothermal spherulite growth rate of neat PP and its
nanocomposite was studied under a Leica DML optical micro-
scope with polarized light coupled with a Linkam Scientific
Instruments TMS94 heating stage controlled by a Linkam LTS
350 system. Thin sample pieces placed under a cover glass on a
microscope slide were heated to 190 ∘C and kept for 2 min. The
samples were then cooled from 190 ∘C to a given crystallization
temperature.

The morphology of the TiO2-Ntbs and their dispersion in the
composites were analysed by TEM (JEOL ARM 200 F) at 20 kV.

The tensile properties of the polymer and composites were
determined on a model D-500 Hewlett Packard dynamometer. The
materials were moulded for 4 min in a hydraulic press (Hewlett
Packard Industrial Instruments) at a pressure of 50 bar and a tem-
perature of 190 ∘C, and then cooled under pressure by flush-
ing with water. Films around 0.05 mm thickness were obtained.
Dumbbell-shaped samples with an effective length of 30 mm and
5 mm width were cut from the compression-moulded sheets. The
samples were tested at a rate of 50 mm min−1 at 20 ∘C. Each set of
measurements was repeated at least four times.

The antimicrobial effect of the different samples was determined
using the ISO 20143 plate count method. E. coli ATCC 25922
was used for the analysis. In brief, the initial number of bacteria
present after incubation was calculated by counting the number
of colonies in a 10× dilution. From a fresh culture, a microbial
suspension of 1× 105 colony forming units (CFU) mL−1 counted by
a bioMérieux® Densimat was prepared in brain− heart infusion
(BHI) broth plus Triton 100, in a humid chamber. The suspension
(0.5 mL) was placed in contact with each 2.5-cm2 sample (pure
PP as control and PP/TiO2-NTbs) for 4 h and further exposed to
white light and UVA light (a couple of 8 W black light bulbs, Hitachi
model FL-8BL-B). The UVA (315− 400 nm) light intensity was 0.2
mW cm−2 as measured by a digital light meter (SLM-110, A.W.
Sperry). Each sample (control samples and antibacterial-treated
samples) was recovered by suspending in 10 mL of sterile saline
and serially diluted 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. All biocidal properties were measured
in triplicate, and after incubation the number of colonies in the
Petri dishes was counted twice. The percentage of inhibition of
microorganisms in the samples was determined according to their
respective controls.

Figure 1. TEM images of titanium nanotubes (TiO2-Ntbs).

RESULTS AND DISCUSSION
Characterization of titanium oxide nanoparticles (TiO2-Ntbs
and Mod-TiO2-Ntbs)
Electron micrographs (Fig. 1) of TiO2-Ntbs reveal a nanotube mor-
phology with an average diameter of ca 5 nm. TiO2 nanospheres
of the raw material were not seen. These images confirm the
high efficiency of this synthesis based on the method reported
by Kasuga et al.23 The crystalline phase of the TiO2-Ntbs was anal-
ysed by XRD (Fig. 2(a)), showing Bragg reflections at about 25∘ and
48∘, corresponding to the (101) and (200) planes, respectively, due
to tetragonal crystals of TiO2 anatase phase.28,29 In addition, the
XRD pattern of the TiO2-Ntbs shows another peak at 11∘, which
corresponds to the characteristic diffraction of the (200) plane of
TiO2 titanate nanotubes.30 The diffraction pattern of the TiO2-Ntbs
shows other peaks of lower intensity than those of anatase poly-
morphism, which have previously been attributed to the nanotube
structures.31

TiO2-Ntbs and Mod-TiO2-Ntbs show UV absorption around
𝜆g = 366 nm and 𝜆g = 375 nm, respectively, attributed to valence
electron band transitions characteristic of TiO2, as shown in
Fig. 2(b). According to the Eg = 1239.6/𝜆g equation,32,33 the calcu-
lated band gap (Eg) energies were ca 3.38 eV for TiO2-Ntbs and
3.31 eV for Mod-TiO2-Ntbs. The Eg values of our TiO2 nanotubes
were slightly higher than the value reported for the anatase phase
(Eg = 3.1 eV) with spherical morphology.12 It is probable that
the change in the morphology from nanospheres to nanotubes
resulted in an increase of the band gap in the anatase crystalline
structure.

Two types of TiO2-Ntbs were synthesized to be used as filler:
as-synthesized and surface modified with hexadecyltrimethoxysi-
lane, with the latter having a greater hydrophobic character.
The surface modification described in the Experimental section
was achieved as reported previously.7,12 The surface groups of
TiO2-Ntbs before and after modification were characterized by IR
as shown in Fig. 3. The surface-modified TiO2-Ntbs display new IR
absorption peaks. These new signals are those typical of symmetric
stretching at 2845 cm−1 and asymmetric stretching at 2950 cm−1,
both corresponding to CH2 groups from the organic precursor. A
shoulder appears at 930 cm−1, which is related to the Si−O− Si
anti-symmetric stretching of the silane compound.34 Moreover,
the Mod-TiO2-Ntbs show a lower intensity in the 3000− 3600
cm−1 range, which is characteristic of surface hydroxyls. The
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(a) (b)

Figure 2. (a) XRD of TiO2-Ntbs and the starting nanoparticles from Aldrich. (b) UV− visible spectra of TiO2-Ntbs and Mod-TiO2-Ntbs.

Figure 3. IR spectrum of TiO2-Ntbs and Mod-TiO2-Ntbs.

reaction between TiO2 nanoparticles with silane molecules pro-
ceeds through different steps as reported previously.12,35 Initially,
the silane is hydrolysed in the presence of water, and then physical
adsorption through hydrogen bonds occurs between OH groups
of silanols and the TiO2 surface. Finally, the grafting is carried out
under heating conditions, with the hydrogen bonds between the
silanols and the hydroxyl groups from TiO2 being converted into
covalent Si−O−C bonds, releasing water. These results confirm
the occurrence of a chemical reaction between Ti–OH from the
nanotubes and C–OH from the organic modifier.36

Characterization of the nanocomposites
Viscosity and thermal stability of the nanocomposites
The effect of incorporating 5 wt% and 8 wt% of nanotubes into
PP on the viscosity and thermal properties of the nanocompos-
ites is displayed in Table 1. The viscosity did not present any

Table 1. Viscosity and thermal properties of PP/TiO2-Ntb and
PP/Mod-TiO2-Ntb nanocomposites

TiO2 Tm Xc T10 Tmax

Composite (wt%) 𝜂 (dL g−1) (∘C) (%) (∘C) (∘C)

Pure PP 0 1.42 165 56 429 467
PP/TiO2-Ntbs 5 1.47 164 61 455 476

8 1.55 164 66 462 477
PP/Mod-TiO2-Ntbs 5 1.54 164 64 463 480

8 1.42 164 68 466 479

𝜂 is the intrinsic viscosity; Tm is the melting temperature; Xc is the
percentage crystallinity; T10 is the decomposition temperature at 10%
weight loss; Tmax is the temperature for the maximum rate of weight
loss (Tpeak); Mod-TiO2 are modified nanoparticles.

significant change, showing that the molecular weight was
unchanged during composite formation or with the presence of
nanoparticles. The melting point of the polymer did not change
with the addition of nanoparticles. The percent crystallinity
increased with the presence of nanotubes, showing that this
nanofiller acts as a nucleating agent. Table 1 shows that the
incorporation of the nanotubes enhanced the thermal stabil-
ity of the polymers, as the decomposition temperature at 10%
weight loss (T 10) and the maximum decomposition temperature
of the nanocomposites (T max) increased by ca 37 ∘C and 13 ∘C,
respectively, compared to virgin polymers. The incorporation of
nanofiller into a polyolefin matrix can act as a superior insulator
and mass transport barrier for the volatile products generated
during decomposition.39 Similar results were found when silica
nanospheres were incorporated into PP, with T max increasing ca
10 ∘C compared with pure PP. Moreover, a greater increase in
thermal stability was found when a compatibilizer was included
in the process. The authors concluded that these better results
are associated with the presence of the compatibilizer improv-
ing the dispersion of the nanoparticles.3 Changes of the TGA
behaviour are strongly influenced by the aspect ratio of the par-
ticles and the atmosphere in which the tests are carried out. High
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(a)

(d) (e) (f)

(b) (c)

Figure 4. Optical micrographs showing the nucleating effect of TiO2 nanotubes on PP crystallization at 135 ∘C: (a) pure PP, (b) PP/TiO2-Ntbs 5 wt%, (c)
PP/Mod-TiO2-Ntbs 5 wt% at 1.5 min; (d) pure PP, (e) PP/TiO2-Ntbs 8 wt%, (f ) PP/Mod-TiO2-Ntbs 8 wt% at 4.0 min.

aspect ratio nanoparticles such as clays can increase the ther-
mal stability in an oxygen atmosphere dramatically. Zhang and
colleagues37 studied the thermal stability of PP/montmorillonite
composites under a nitrogen atmosphere, showing increases
as high as 50 ∘C in decomposition temperature compared with
pure polymer. The authors ascribed the difference to the good
dispersion of the layered silicate. On the other hand, Esthappan
and Kuttappan38 showed the variation in the maximum decom-
position temperature for PP/TiO2 nancomposites, where the
nanoparticles (nanospheres) were well dispersed in the polymer
matrix. The temperature at which maximum degradation took
place is increased by 5.36 ∘C at 3.0 wt% of TiO2 nanoparticles in
comparison with neat PP. They explained the improvement in
the thermal stability by the hindered thermal motion of polymer
molecular chains. In our case the PP/Mod-TiO2-Ntb nanocompos-
ites presented slightly higher thermal stability and crystallinity
than PP/TiO2-Ntb nanocomposites. Palza et al.39 further showed
that there are several models explaining the improved thermal
stability of polymer nanocomposites, which can be due to either
chemical or physical processes. From the chemical standpoint, the
surface of some nanoparticles can interact with radicals coming
from the degradation of the polymer. On the other hand, the
physical models are based on the lower diffusivity due to the
presence of nanoparticles reducing the out-diffusion of volatile
compounds from the decomposition. In our case, both models
apply since the TiO2 surface can interact with radicals coming

from the degradation of PP but also, due to their high aspect ratio,
nanotubes can reduce the diffusion of volatile compounds.

Spherulite growth rate
The optical images of the spherulites are displayed in Fig. 4 for
virgin PP and PP/TiO2-Ntb nanocomposites with 5 wt% and 8
wt% TiO2. It is clear that the presence of the particles reduced
the diameter of spherulites and in turn increased the number of
spherulites, which means a higher nucleation density. This effect
is more pronounced with a greater percentage of incorporated
nanotubes. At 8 wt% of TiO2-Ntbs it was impossible to determine
the diameter and density of PP spherulites due to their large
number and small size.

Figure 5 shows the effect of the incorporation of TiO2-Ntbs (5
wt%) on the final density of the spherulites. It is clear that the
addition of nanotubes increased the number of spherulites per
unit area, and that this behaviour was more pronounced when
Mod-TiO2-Ntbs were incorporated.

The presence of the particles in the polymer melt can reduce
both the work required to create a new surface and the nucleus
size for crystal growth. This behaviour occurs because the interface
between the polymer crystal and the filler may be less hindered,
so the creation of the corresponding free polymer crystal surface
increases the nucleation density of the spherulites.40 Therefore, a
heterogeneous nucleation path reduces the free energy oppos-
ing the primary nucleation provided by the pre-existing surface
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Figure 5. Effect of the incorporation of nanotubes (5 wt%) on the final
spherulite density of PP and PP/TiO2-Ntb nanocomposites.

Figure 6. Effect of the incorporation of nanotubes (5 wt%) on the final
radius of PP and PP/TiO2-Ntb nanocomposites.

of the filler. The increased spherulite density can be related to
the spatial confinement of the precursor unit between adjacent
nanoparticles, hindering the diffusive mobility of precursor unit
clusters.41

In similar systems, but with silica nanoparticles, the PP spherulite
density also increases with the nanofiller, depending largely on
particle morphology.22 In particular, silica nanotubes give rise to
the largest changes in morphology compared with other nanopar-
ticles. Our results indicate that the nanotube filler increases the
PP spherulite density, which is more pronounced with modified
nanotubes.

Figure 6 shows that the spherulite radius of the PP/TiO2-Ntb
nanocomposites is smaller than that of virgin PP. Due to the high
density of the spherulites, the time needed to finish this primary
crystallization decreases approximately three times with incorpo-
ration of the nanotubes. The spherulite radius increased linearly for
iPP with time, and it is noteworthy that this linearity is also found
for the composites. This linearity shows that titanium nanotubes
were accommodated inside the spherulites rather than segregated

Table 2. Mechanical properties of PP/TiO2-Ntb and PP/Mod-TiO2-
Ntb nanocomposites

Process

TiO2

content
(wt%) E (Mpa) 𝜎y (Mpa) Ebreak (%)

PP N/A 1181± 258 37.2± 0.6 9.2± 2.1
PP/TiO2-Ntbs 5% 1257± 140 11.6± 0.7 6.3± 0.6

8% 1181± 93 12.6± 1.8 5.4± 1.3
PP/Mod-TiO2-Ntbs 5% 984± 123 11.0± 1.7 7.9± 0.7

8% 1111± 77 13.1± 1.8 6.8± 0.9

E is Young’s modulus; 𝜎y is the yield stress; Ebreak is the deformation at
break.

between the boundaries.41 The growth rate of the spherulites was
determined by the slope of the spherulite radius as a function of
time (Fig. 6), with values of 10.3, 6.70 and 6.45 μm min−1 for PP,
PP/TiO2-Ntbs and PP/Mod-TiO2-Ntbs, respectively, showing that
the incorporation of titanium inhibits the rate of crystallization
compared with virgin PP. The reduction in growth rate has been
explained as a decrease in mobility of crystallization units caused
by the presence of nanotubes. The growth rate reduction results
from spatial confinement of the precursor unit into small volumes
between adjacent particles, leading to retardation of the diffusive
mobility of the precursors of cluster units.41

Mechanical properties
The mechanical properties of PP, PP/TiO2-Ntbs and PP/Mod-
TiO2-Ntbs composites under tensile tests are displayed in Table 2.
Despite both the high aspect ratio and the nano-size of the orig-
inal filler added, Young’s modulus of the composites does not
change compared to the pure matrix. However, the yield stress is
drastically decreased with the incorporation of nanotubes. There
are few previous reports on the mechanical behaviour of similar
PP composites, and they show contradictory results about the
effect of TiO2 nanoparticles. Supaphol et al. showed that, at low
TiO2 concentrations, PP composites did not change their Young’s
modulus and only at high concentrations were increases seen.42

These contradictory results can be explained by the complexity of
this kind of two-component system based on a non-polar matrix.
The mechanical behaviour of polymer/nanofiller composites is
directly related to their hierarchical microstructure that depends
on several parameters such as properties of the matrix, properties
and distribution of the filler as well as interfacial bonding, and the
synthetic or processing methods.43 For an effective reinforcement,
at least four requirements should be addressed: large aspect ratio,
good dispersion, alignment and interfacial stress transfer, where
dispersion is probably the most fundamental issue.44 Although
it is well known that nanoparticles increase the elastic moduli of
a polymer matrix, this is not always observed and the opposite
effect can be seen in some systems such as poly(methyl methacry-
late)/alumina nanoparticles.45 In PP/carbon nanotube composites,
for instance, there is a filler concentration threshold above which
the rise of Young’s modulus decreases markedly.46 The real filler
morphology of the agglomerates seems to be the main variable
affecting the mechanical behaviour of these composites, and
at high concentrations the formation of aggregates decreases
the interfacial filler/polymer adhesion, thereby decreasing the
effect. In this case, the aggregates of nanotube ropes effectively
reduce the aspect ratio of the reinforcement. The slipping of the
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(a) (b)
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Figure 7. TEM images of (a), (b) PP/TiO2-Ntbs; (c), (d) PP/Mod-TiO2-Ntb nanocomposites with a 5 wt% load.

nanotubes when they are assembled in ropes further affects the
elastic properties of the composite.47 PP filled with nanometric
rod-like cellulose whiskers can either decrease or increase Young’s
modulus depending on the degree of dispersion of the particles.48

At high aggregation, zones with accentuated fragility are created
leading to brittleness in this material. These tensile results and the
lack of compatibility between the whiskers and the matrix led to
the conclusion that there was very little or no stress transfer of
properties. Some PP/clay nanocomposites can also show unex-
pected mechanical behaviours such as lower tensile yield stress
than the pure matrix due to poor interfacial interactions.49 This low
interaction between the polymer and the filler has also justified a
slight decrease in the elastic modulus of some PE composites filled
with metal nanoparticles.50 Therefore, both the polymer−particle
interaction and the agglomeration state of the filler drive the final
effect of the nanoparticle on the mechanical behaviour of the
composite.

As above mentioned, Altan et al.19 observed a decrease in the
yield stress of ca 70% for PP/TiO2 nanocomposites. These results
were due to the poor interfacial adhesion between the TiO2

nanoparticles and the matrix. Nguyen et al.10 otherwise reported
that the mechanical properties of PE increased with a TiO2

nanoparticle load in the range 0.5− 2 wt%. However, when the
load of TiO2 nanoparticles was higher than 3 wt%, the mechanical
properties decreased with respect to neat PP. This behaviour was
attributed to the agglomeration of TiO2 nanoparticles at relatively
high filler contents. Our group recently reported that when 5
wt% of TiO2 nanospheres was incorporated into high density PE

Young’s modulus did not change, but when incorporated into a
‘quasi-elastomeric’ PE this property increased.7

To understand our mechanical results, the morphology of
the composites was analysed by electron microscopy. In par-
ticular, TEM images of the PP/TiO2-Ntb and PP/Mod-TiO2-Ntb
nanocomposites containing 5 wt% filler load were analysed. The
results are shown in Fig. 7. In general, individual high aspect
ratio nanoparticles are not seen in the PP matrix and mainly
well distributed secondary structures with sizes around 100 nm
are displayed. Moreover, there are some regions showing large
agglomerates with sizes around 1 μm. Comparing the TEM images
in Fig. 1 with those in Fig. 7 it is concluded that there is rupture of
the original bundles of TiO2-Ntbs. Therefore, these results show
that the real aspect ratio of the nanoparticle as a consequence
of the melt mixing process is drastically reduced and globular
particles or aggregates are mainly seen in the composites rather
than tube-like individual fillers. The surface modification of the
particles does not have a relevant effect on the filler distribution in
the polymer matrix, being consistent with the similar mechanical
values reported in Table 2.

Based on the above results, we can state that our composites
do not show any improvement in Young’s modulus due to both
poor interfacial interaction between the filler and the non-polar
matrix and a low aspect ratio of the final particles or agglomerates.
The high degree of agglomeration of the filler should also be
considered at this point. This lack of polymer− filler interaction
can also explain the drastic decrease in the yield stresses of our
composites.

wileyonlinelibrary.com/journal/pi © 2015 Society of Chemical Industry Polym Int 2015; 64: 1442–1450
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Table 3. Biocidal properties against E. coli of nanocomposites irradi-
ated with white light and UVA light

Sample

TiO2

content
(wt%) Irradiation

Reduction
(%)

PP − White light _
− UVA _

PP/TiO2-Ntbs 5% White light 17
5% UVA 75

PP/Mod-TiO2-Ntbs 5% White light 25
5% UVA 81

Morphological characterization of nanocomposites
TEM images of the PP/TiO2-Ntb and PP/Mod-TiO2-Ntb nanocom-
posites containing 8 wt% filler load are shown in Fig. 7. In
general, well distributed TiO2 nanoparticles form secondary struc-
tures with sizes around 100 nm in the PP matrix. However, there
were some regions showing large agglomerates with sizes around
1 μm. These images further show the negligible effect of the
nanoparticle organic modification on filler dispersion.

Biocidal properties
The results of the antimicrobial tests against E. coli in CFU and
their percentage reduction with respect to virgin PP, irradiated
with white light and UVA radiation for 4 h, are shown in Table 3.
PP/TiO2-Ntbs and PP/Mod-TiO2-Ntbs composites with 5 wt% of
filler showed a slight CFU reduction of 17% and 25%, respectively,
against E. coli compared to neat PP when they were irradiated with
white light. This behaviour improved when the composites were
irradiated with UVA radiation, resulting in 75% and 81% reduction
of CFU for PP/TiO2-Ntb and PP/Mod-TiO2-Ntb composites, respec-
tively. The greater E. coli CFU reduction after UVA irradiation of the
composites is due to the reactive species generated by the photo-
catalysis processes occurring in the TiO2 particles in the presence
of water, such as OH, O2

− and H2O2. Such species are capable of
interacting with and degrading the outer membrane of the bac-
teria and then easily reaching the cytoplasmic membrane, which
leads to peroxidation of membrane lipids followed by death of
the cells.51,52

Although TiO2-Ntbs have a slightly higher energy band gap than
nanospheres, and therefore a more stable photocatalytic activity,
the biocidal properties of PP/TiO2-Ntbs reached 75%. On the other
hand, in previous work we found that when TiO2 nanospheres
were incorporated into the PE matrix bacterial reduction rose to
99.99%.14 This result can be due to the nanoparticle morphology
and matrix effects that have an influence on the biocidal prop-
erties. For example, nanospheres can travel more easily through
the amorphous part of the polymer to reach the surface and form
active species, but nanotubes are prevented from going through
these processes due to their high aspect ratio. It was reported
that either the crystallinity or the morphology of the polymer
has an influence on the biocidal activity. Our group studied the
biocidal properties of two different PEs, high density polyethylene
(HDPE) and linear low density PE (LLDPE), filled with TiO2 nan-
otubes (O-TiO2-Ntb). For PE/O-TiO2-Ntb and LLDPE/O-TiO2-Ntb
nanocomposites, the reduction against E. coli after 2 h of expo-
sure was 43.1% and 99.9%, respectively. This behaviour can be
ascribed to the higher crystallinity of PE compared with LLDPE, as
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 in PE,
favouring nanoparticle diffusion to the surface of the film. After-
wards, in contact with oxygen and humidity, the active species are
generated and therefore high biocidal properties against E. coli
are observed.53

CONCLUSIONS
A hydrothermal method was used to produce TiO2-Ntbs, which
were then modified organically with hexadecyltrimethoxysilane
(Mod-TiO2-Ntbs). The nanoparticle modification did not improve
the mechanical properties, although the use of the modified nan-
otubes as filler in PP improved the thermal stability and the crys-
tallization process of the polymer. The incorporation of nanotubes
gives biocidal properties to the PP, regardless of which filler is
embedded in the matrix. Furthermore, the biocidal properties
depend on the type of irradiation. The PP/TiO2 nanocomposites
irradiated with UVA had a biocidal activity of 75% against E. coli,
which increased to 81% with organic modification of the TiO2-Ntbs
filler. Therefore, although the modification of the nanoparticles did
not improve the mechanical properties, it resulted in a PP with a
better biocidal character.
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