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ABSTRACT: Textiles, with appropriate light absorbers
and suitable finishing methods, can be used as ultraviolet
(UV) protection materials. In this study, we investigated
the effects of nano-TiO, particles on the UV-protective and
structural properties of polypropylene (PP) textile fila-
ments. Master batches of PP/TiO, nanoparticles were pre-
pared by melt compounding before spinning, and
filaments incorporating 0.3, 1, and 3% TiO, nanoparticles
were spun in a pilot melt-spinning machine. The structural
properties of the nanocomposite fibers were analyzed with
scanning electron microscopy, X-ray diffractometry, differ-
ential scanning calorimetry, and tensile tests. The UV-pro-

tection factor was determined to evaluate the UV-
protective properties of the filaments. In conclusion,
although the structure and mechanical properties of the
nanocomposite filaments were slightly affected by the
addition of nano-TiO,, the UV-protective properties of
the PP filaments improved after treatment with nano-TiO,,
and the nanocomposite filaments exhibited excellent UV
protection. © 2009 Wiley Periodicals, Inc. J Appl Polym Sci 115:
152-157, 2010
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INTRODUCTION

Polypropylene (PP) is one of the most widely used
thermoplastic polymers in textile and plastic applica-
tions. A large variety of PP textile products, such as
apparels, coverings, upholstery fabrics, and technical
textiles, are available today. Textile products of PP
are preferred because of their low cost, easy process-
ing, low density, high tensile strength, and excellent
chemical stability. However, there are some disad-
vantages of PP, such as low polaritzl, ultraviolet
(UV) stability, and thermal stability.'"* As a fiber,
unstabilized PP is very susceptible to sunlight-initi-
ated deterioration. Therefore, antioxidants and UV
stabilizers are required to protect the polymer dur-
ing use and storage. Although exposure to UV light
in the presence of atmospheric oxygen degrades PP
fibers, textile products of PP with different UV
stabilities and UV blocking properties are available
today.

Textiles, with appropriate light absorbers and suit-
able finishing methods, can be used as UV-protec-
tive materials. The use of organic and inorganic par-
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ticles as fillers in textiles is one method of modifying
these materials for UV protection. Inorganic UV
blockers, such as TiO,, ZnO, Al,Os;, and SiO,, are
preferable to organic UV blockers, as they are non-
toxic and chemically stable to UV light at high tem-
peratures.’* Among these inorganic UV blockers,
TiO, and ZnO are commonly used.”®

TiO, provides good UV protection by scattering
most of the UV rays through its high refractive
index and/or by absorbing UV rays because of its
semiconductive properties.* The wide-band semicon-
ductor TiO, exists in three different crystalline poly-
morphs: rutile, anatase, and brookite. Among them,
rutile and anatase are the more common and widely
used phases in applications. Although the band gap
value is 3.0 eV for the rutile type and 3.2 for the ana-
tase type, they both absorb only UV rays.” Further-
more, the development of nanotechnology provides
more efficient shielding materials against UV radia-
tion, such as nanoparticles. As the size of particles
decreases, their effects increase because of their
larger total surface area per unit volume compared
to conventional materials.>’ Therefore, the number
of studies about the modification of the properties of
polymeric textile fibers and fabrics by nanoparticles
has increased recently.'”'® In general, two main
methods are used to modify textile materials with
nanoparticles; the first is the incorporation of the
nanoparticles in the textile fibers, and the second is
the application of nanoparticles on the textiles dur-
ing finishing processes. Nanosized TiO, has already
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TABLE I
UPF Classification System of Sun-Protective Textiles

UPF UV radiation Effective UV radiation

range protection category transmission (%) UPF rating

15-24 Good protection 6.7-4.2 15, 20

25-39 Very good protection 4.1-2.6 25, 30, 35
40-50+ Excellent protection <25 40, 45, 50, 50+

The data were taken from ref. 20.

been applied to fabrics with common coating techni-
ques.>'% Tt has been determined that nanosized TiO,
is more efficient at absorbing and scattering UV
radiation then the conventional size TiO, and is thus
better able to block UV. Although TiO, particles
have already been used as a compound of coating
material in finishing processes, only a few stud-
ies'*!> have been published on the characterization
of fibers modified with TiO, nanoparticles. From
another point of view, it has already been demon-
strated that well-established fiber processing technol-
ogy can be successfully used to process nanocompo-
site fibers.'®!”

In this study, PP textile filaments incorporating
0.3, 1, and 3% TiO, nanoparticles were prepared.
The structural and the UV-protective properties of
these filaments were investigated and are reported.

EXPERIMENTAL
Materials

Commercially available TiO, spherical nanopowder
(Aldrich, Steinheim, Germany) was used in this study.
The powder was a mixture of the anatase and rutile
phases, and the average particle diameter of the pow-
der was less than 100 nm. An isotactic PP (Ecolen
HZ21X, Hellenic Petroleum, Aspropygros, Greece)
with a melt flow index of 35 g/10 min and a density
of 0.90 gr/cm® was used to manufacture the filaments.

Nanocomposite filament spinning

The PP and TiO, nanoparticles were mixed by melt
compounding with a twin-screw extruder (AB-Tech
Scientific, USA) before spinning. Powdered PP and
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TiO, nanoparticles were dried in a vacuum oven.
Before it was fed to the twin-screw extruder, mixtures
of PP powder and TiO, nanoparticles were prepared,
in which the contents of TiO, nanoparticles were 0.3,
1, and 3%. The extrusion speed was 60 rpm, and there
were six extrusion zones with the temperatures 170,
190, 190, 190, 190, and 195°C. After a defined period
of extrusion, the extruded material was cooled in a
water bath, pelletized, and cut, and chips (master
batch) of the aforementioned concentrations were
obtained. A control sample of PP without TiO, nano-
particles was also subjected to the same process to
obtain a similar thermal history. PP-TiO, nanocompo-
site master batches were converted into filaments with
trilobal cross sections with a pilot melt-spinning
machine. Melt spinning was carried out on a single-
screw extruder (Emerson & Renwick, Ltd., Lancashire,
England) with a spinneret containing 40 orifices. The
extrusion speed was 15 rpm, and the temperatures in
the extrusion zone were 206, 225, 235, 239, and 240°C
from the feeder to the spinneret, respectively. The as-
spun filaments were subsequently drawn with a draw
ratio of 2.5 at 115°C.

Characterization

The morphological properties of the neat and the com-
posite PP filaments were analyzed with a JEOL
(Tokyo, Japan) 6060 scanning electron microscope. The
surfaces of the samples were coated with a thin gold
layer by a sputtering machine before scanning electron
microscopy (SEM) analysis. Longitudinal and cross-
sectional SEM images of the samples were obtained.
The structures of the nanocomposite fibers and
the control sample were analyzed with X-ray diffrac-
tometry (XRD) and differential scanning calorimetry

Figure 1 Sample holder for the PP filaments. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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Figure 2 Longitudinal SEM image of the neat PP.

(DSC). XRD studies were carried out with an XRD
Rigaku (Tokyo, Japan) D/Max 2200 PC with Cu Ko
radiation at 40 kV and 36 mA. The diffraction angles
(20) of each sample were measured from 3 to 90° at
a scan speed of 4°/min. DSC measurements were
performed on a PerkinElmer/Pyrisl (Beaconsfield,
England) in N, at a heating and cooling rate of
20°C/min in the temperature range 0-200°C. The
melting temperature (T,,) and crystallization temper-
ature (T,) of the samples were obtained by this pro-
cedure. The percentage of the crystallinity of the
samples was calculated as follows:

Crystallinity (%) — 1t 1

rysamly(o)—A—H}) (1)
where AH is the enthalpy of fusion of the tested PP
fiber samples calculated by division of the endother-
mic peak area by the weight of PP within the nano-
composite fiber sample and AHJQ is the extrapolated

X1, 888

18»m BB43

Figure 3 Longitudinal SEM image of 99.7% PP/0.3%
nano-TiOs.
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value of enthalpy corresponding to the melting of
100% crystalline PP, which was obtained from litera-
ture as AHJQ =165]/g.'®

The mechanical properties of the fibers were meas-
ured with an Instron 4411 (Bucks, England) tensile
testing machine equipped with a 10-N cell according
to ASTM D 3822-07." The gauge length was 20 mm,
and the crosshead speed was 20 mm/min. An aver-
age of 25 readings for each fiber sample are reported.

Analysis of UV-ray transmittance

The sun emits UV radiation in a wavelength range of
100-400 nm, which is conventionally subdivided into
three bands: UVA (315-400 nm), UVB (280-315 nm),
and UVC (100-280 nm). However, only UV rays with
wavelengths of 290-400 nm reach the surface of the
earth because UVC and some UVB are absorbed by
the stratospheric ozone in the earth’s atmos-
phere.>?**! Exposure to large doses of these solar
UV radiations can result in detrimental effects on
human skin, including sunburn, premature skin
aging, and allergies, if the skin is unprotected.>” As
textiles and sun-blocking creams are common choices
for shielding against UV radiation, there are detailed
procedures involving the UV-protective properties of
textiles in various standard methods.”*** The term
ultraviolet protection factor (UPF), which is defined in
Australian/New Zealand Standard 4399,** has been
widely used by the textile and clothing industry to
evaluate the UV-protective capacity of textile prod-

ucts.”’ It is defined as follows:**'?>

400
[ ExS A%
UPF = 20— )
[ ExS.ToAM
290

18pm B181

1SkU X1, 8688 13 45 SEI

Figure 4 Longitudinal SEM image of 99% PP/1% nano-
TiO,.
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Figure 5 Longitudinal SEM images of 97% PP /3% nano-TiO,.

where E; is the relative erythemal spectral effective-
ness, S, is the solar UV spectral irradiance, T; is the
spectral transmittance of the specimen (incoming
light that passes through the specimen), A\ is the
wavelength increment (nm), and A represents the
wavelength (nm). When AL is constant, two more
indices can be calculated by

1 400 1 315
TUVA=—> T, TUVB=-) T, 3)
M43 550

where T_UVA and T_UVB (%) are the means of
transmittance under UVA and UVB, respectively,
and m and n are the numbers of measurement
points for UVA and UVB, respectively.****!

The Australian/New Zealand standard also indi-
cates a classification system of the textiles according
to their sun-protective properties. For the purposes
of labeling, sun-protective textiles should be catego-
rized according to their rated UPF, as shown in Ta-
ble I. The rated UPF will always be a value that is a
multiple of 5. For UPF ratings of 51 or greater, the
term 50+ is used.”**!

In this study, an SDL Atlas Camspec M350 ultra-
violet—visible spectrophotometer (Stockport, England)
was used to characterize UV-protective properties.
The samples were placed in a spectrophotometer and
scanned between 290 and 400 nm with a 5-nm inter-
val at room temperature. A special sample holder was
chosen to carry out the tests. The sample holder was
a cardboard piece that had a rectangular hole in its
center (Fig. 1). The filaments were wrapped in an
orderly manner around the hole, which resembled a
fabric, with a simple winding machine before the test.
Consequently, the aforementioned method enabled us
to evaluate the UV-protective properties of the fila-
ments before fabrication.

RESULTS AND DISCUSSION
Morphological properties

The longitudinal SEM micrographs of the neat PP
and PP/TiO, nanocomposite filaments with differ-

ent TiO, contents are shown in Figures 2-5. The
surfaces of the filaments were investigated in terms
of their shape and uniformity. Clearly, the neat PP
showed the smoothest surface in comparison to the
nanocomposite filaments. Fibers filled with nano-
TiO, particles had some surface irregularities as the
amount of nanoparticle increased. These surface
protrusions of the fibers were most probably due to
nanoparticle agglomeration. It is also evident from
the figures that the agglomerates were discontinu-
ous throughout the fiber. The nanocomposite of
3% TiO, contained more agglomerates or larger
particles than the other nanocomposite filaments.
The cross section of the nanocomposite filament
including 3% TiO, is given in Figure 6. The cross
section of the fiber was uniform and smooth. Con-
sequently, the surface SEM micrographs of the PP/
TiO, nanocomposite fibers showed a number
of irregularities throughout the fiber due to nano-
particle agglomeration. Therefore, as the content
of particles increased, their distribution became
nonhomogeneous. However, no inhomogeneity
was observed in the cross-sectional images of the
fibers.

Figure 6 Cross-sectional SEM image of the nanocompo-
site fibers (97% PP /3% nano-TiO,).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 XRD patterns of the fibers: (a) neat PP, (b)
99.7% PP/0.3% nano-TiO,, (¢) 99% PP/1% nano-TiO,, and
(d) 97% PP /3% nano-TiO,.

Structural and thermal properties

Figure 7 illustrates the integrated XRD patterns of
the nanocomposite fibers with different TiO, con-
tents. The diffraction peaks of the PP crystals, which
ranged from 10 to 30°, indicated a typical o form of
PP crystals. Because of the high speed of the extru-
sion line in filament spinning, the formation of the
B -form crystalline structure was overruled."® A
shown in Figure 7, the diffraction pattern of PP crys-
tals did not indicate any significant change. How-
ever, the degree of crystallinity (the intensity and
height of peaks) changed slightly with respect to
nanoparticle content.

The crystallization and melting characteristics of
the filaments are presented in Table II. Only minor
differences were observed in T. and percentage crys-
tallinity. The degree of crystallinity of PP enhanced
by the addition of nano-TiO, was close to that of
neat PP. The crystallinity increased slightly up to
56.4% in the presence of 0.3% TiO, however, the
crystallinity decreased to 54.5% as the filler content
increased up to 3%. These findings were most prob-
ably due to the nucleation role of nano-TiO, in the
crystallization of PP, which resulted in a higher
degree of crystallinity and a higher T.. However, we
also concluded that larger aggregates prevented

ERDEM ET AL.

TABLE III
Mechanical Properties of the Fibers
Content of Tensile strength Elongation
nano-TiO, (%) (g/ denier) (%)
0 2.43 319.00
0.3 2.23 309.20
1 2.45 302.60
3 231 302.11

crystal growth and, hence, reduced the crystallinity
as the nano-TiO, content increased up to 1 and 3%.
Because the addition of nanoparticles was not
expected to affect the molecular weight or to cause
any chain branching in PP, only the nucleating activ-
ity of the nanoparticles was considered. Table II also
shows that T,, remained somewhat unchangeable.

Mechanical properties

The mechanical properties of the fibers were meas-
ured to evaluate the effect of the nanoparticles on
the fiber properties. As shown in Table III, there
were only small differences found in terms of the
tensile strength and elongation. The nanoparticles
could act as nucleating centers of crystallization and
influence the mechanical properties. In addition, the
particles could prevent cohesive interactions and
reduce the mechanical properties.

UV-protective properties

The mean UVA and UVB (effective UV transmis-
sion) and UPF values of the PP/TiO, nanocomposite
filaments are given in Table IV. As the result of
treatment with nano-TiO,, UPF values of the PP fila-
ments increased significantly from 5 to 50+. The
UPF values for all filaments containing nano-TiO,
exceeded 50. Therefore, the nanocomposite filaments
could be labeled as excellent protective according to
the UPF classification system shown in Table I. In
the case of the neat PP filament, a low UPF rating of
5, which was classified as nonrateable, was meas-
ured. It was also apparent that the mean UVA and
the mean UVB of the PP/TiO, nanocomposite fila-
ments were all smaller than those of the neat PP fila-
ment. The effective UV transmissions of neat PP
were 18 and 13.5% in the UVA and UVB regions,

TABLE II TABLE IV
Crystallization and Melting Characteristics of the Fibers UV-Protective Properties of the Samples
Content of T, T Crystallinity Content of T_UVA T_UVB

nano-TiO, (%) Q) Q) (%) nano-TiO, (%) UPF (%) (%)
0 112.97 164.29 53.4 0 5 18 13.9
0.3 112.10 164.50 56.4 0.3 50+ 1 0.8
1 113.50 164.50 54.7 1 50+ 0.5 0
3 113.10 164.50 54.5 3 50+ 0 0

Journal of Applied Polymer Science DOI 10.1002/app
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respectively. When a low nano-TiO, amount (0.3%)
was added to PP, the transmittance of filaments in
the UVA region sharply decreased from 18 to 1%. A
similar trend was also observed in the UVB region.

CONCLUSIONS

In this study, nanocomposite filaments were pre-
pared with PP and nano-TiO, particles with a pilot
melt-spinning machine to obtain UV-protective
yarns for textiles. Although some protrusions,
agglomerations, and nonhomogeneous dispersions
of nanoparticles were observed on the surface of the
nanocomposite  filaments, no inhomogeneities
occurred in the cross-sectional shapes of the fibers.
As shown by the XRD peaks, the typical o form of
the PP crystals were observed for all filaments.
However, the degree of crystallinity changed ambig-
uously with respect to the content of nano-TiO, par-
ticles because of particle agglomerations. The crystal-
line peak temperatures of the fibers rose slightly
with increasing content of nano-TiO, particles
because of their nucleating effect. With regard to the
mechanical properties, there were only small differ-
ences found. The UV-protective properties of the
nanocomposite filaments improved by means of all
three indices. The UPF values for the all of filaments
containing TiO, exceeded 50. The UVA and UVB
transmittances of the PP/TiO, nanocomposite fila-
ments were all smaller than those of the neat PP fila-
ment. The nanocomposite filaments exhibited excel-
lent UV protection.

Consequently, the structural and mechanical prop-
erties of the nanocomposite filaments including 0.3,
1, and 3% TiO, nanoparticles did not change signifi-
cantly. On the other hand, the effective UV transmis-
sions of the filaments improved greatly in the pres-
ence of the TiO, nanoparticles. These findings
indicated that TiO, nanoparticles improved the UV-
blocking properties of the PP filaments remarkably,
although some TiO, nanoparticles aggregated in the
polymer. However, further work is needed to
decrease agglomeration with the retention of the me-
chanical and UV performances.
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