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ABSTRACT: The photocatalytic activity of TiO2 and
ZrO2-coated polyacrylonitrile (PAN) fibers was compared
through the self-cleaning of methylene blue and eosin
yellowish. TiO2 and ZrO2 nanocrystals were successfully
synthesized and deposited onto PAN fibers with photo-
catalytic self-cleaning activity using the sol-gel process at
low temperature. The pristine and treated samples have
been characterized by several techniques, such as scanning
electron microscopy, transmission electron microscopy,
Fourier transform infrared spectroscopy, diffuse reflec-
tance spectroscopy, X-ray diffraction, and thermogravimet-
ric analysis. The TiO2 nanoparticles with 10–20 nm in size,
and ZrO2 with 20–40 nm have been synthesized to form

dispersed particles on the fiber surface, which shows
photocatalytic properties when exposed to UV–Vis light.
The photocatalytic activity, tested by measuring the
degradation of adsorbed methylene blue and Eosin Y.
Photocatalytic activity of TiO2-coated fibers toward dyes
degradation was higher than that of ZrO2-coated fibers.
This preparation technique can be also applied to new fab-
rics to create self-cleaning and UV irradiation protection
properties in them. VC 2010 Wiley Periodicals, Inc. J Appl Polym
Sci 118: 2062–2070, 2010
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INTRODUCTION

Among various oxide semiconductor photocatalysts,
nanocrystalline TiO2 is widely used in water1–3 and
air purification,3–5 in self-cleaning process,6–8 and as
bactericide under light irradiation.8–14 TiO2 coated
onto surfaces such as fabrics, glass, cement, and
plastics had been recently reported.3–12 Recently, fab-
rics modified with TiO2 have been the subject of
several studies focusing on pretreatment fabric pro-
cess,15–19 coating methods20,21 and TiO2 particles
synthesis and deposition.16–18,22–26

Owing to its impressive physical and chemical
properties, such as efficient photocatalytic activities,
facilitated by its particle size to diffuse the excited
electrons and holes towards the surface before recom-
bination, high-oxidizing ability, high-stability, non-
toxicity, and low-cost, TiO2 has been regarded as an
ideal photocatalyst.27,28 Among all preparation tech-
niques for producing TiO2, the sol-gel method is the
most widely used due to its ability to nucleate ana-
tase at relatively low temperatures,29,30 which makes

it suitable for application in materials with low ther-
mal resistance, such as plastics and biomaterials.
Self-cleaning treatment technology of fibers by

incorporation of titanium dioxide nanoparticles is a
new concept that has been introduced in recent
years.28,31

TiO2 self-cleaning coatings are finding increasing
applications in buildings, public furniture, and auto
industry. The self-cleaning mechanism is mainly
based on TiO2 photocatalysis, where photoinduced
electronholes catalyze reaction on the surface.32–34 It
is anticipated that self-cleaning fibrous materials
would have significant potential in the global com-
mercial market. Therefore, this novel concept contin-
ues to open up exciting opportunities for further
research and development.
In this study, self-cleaning polyacrylonitrile (PAN)

fibers have been modified following a nanotechnol-
ogy approach in which anatase nanocrystals of tita-
nium dioxide and zirconium dioxide are formulated
and carefully applied to the fibers via room temper-
ature sol-gel process. PAN is one of the most impor-
tant fiber-forming polymers and has been widely
used because of its high-strength, abrasion resist-
ance, and good insect resistance. The comparison
study of the photocatalytic properties of the synthe-
sized titania and zirconia on PAN fibers is investi-
gated too.
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EXPERIMENTAL

Materials

PAN fiber (PANF) was provided by Daqing Poly-
acrylonitrile Corp., PRC. The PAN used was a co-
polymer of 90% acrylonitrile, 10% methylacrylate,
and had a diameter of about 20 lm.

Methylene blue (MB) and eosin yellowish (Eosin
Y) of AR grade obtained from, Merck (Germany)
were used for the experiments. Their physical and
chemical properties are shown in Table I. Other
chemicals were obtained from Merck (Germany) and
used as such without further purification. Water
used in our experiments was triply distilled.

Synthesis procedure

The typical procedure for synthesis of nano TiO2

and ZrO2 onto PAN fibers is as follows:
Titanium (IV) isopropoxide (TIP) was used as a pre-

cursor of TiO2. TIP (0.01 mol) was added to absolute
ethanol (50 mL) under vigorous stirring conditions
and then triethylamine (0.005 mol) was added as a
stabilizer of the solution and stirred (200 rpm) for
15 min under an inert environment. Another solution
was then prepared separately as follows: hydrochloric
acid (1 mL) and water (0.5 ml) were added to ethanol
(50 mL) and mixed well by a magnetic stirrer for 10
min. This solution was then added dropwise into
above mixture consisting of TIP, ethanol, and triethyl-
amine and stirred vigorously at room temperature to
carry out hydrolysis. Subsequently, after continuous
stirring for 2 h, the yellowish transparent sol was
obtained. The formed TiO2 sol was transparent and
quite stable.

Zirconium chloride (ZrCl4) was used as the pre-
cursor for the synthesis of nano ZrO2. The sol was
prepared as follows: ZrCl4 (5 g) was added to abso-
lute ethanol (100 mL) under vigorous stirring condi-

tions and then water (5 mL) was added and stirred
(200 rpm) vigorously for 2 h. After continuous stir-
ring for 2 h, stable and transparent sol was obtained.
For the impregnation, the fiber samples were

treated with acetone for 60 min to remove impurities
and dried at room temperature for 24 h. The fibers af-
ter dried in a preheated oven are then immersed for 5
min in the TiO2 and ZrO2 liquid sol. The extracted
samples were then placed in 70�C preheated oven to
remove the solvent from the fiber and then heated at
200�C for 15 min, to complete the formation of tita-
nium dioxide and zirconia from the precursor.
Finally, the impregnated fibers were treated in dis-
tilled water. During this step, the unattached particles
were removed from the fiber surface.

Photocatalytic test

The photoactivity of the titanium dioxide and zirco-
nia-coated PAN fibers has been investigated by
exposing the samples containing adsorbed MB and
Eosin Y to UV–Vis light.
For this purpose, 100 mL aqueous solutions (1.0 �

10�5 M) of MB and Eosin Y were prepared. Both
bare and coated fibers are treated in MB and Eosin
Y solutions. The same amount of each sample was
immersed under mild stirring in the same amount
of the solution and remained overnight to complete
the adsorption. The solution was then removed and
the samples dried at room temperature. The so-
obtained samples (coated-fibers) were cut into 2 � 2
cm2, which they have fixed in the front of the inte-
grating sphere hole of the diffuse reflectance attach-
ment. These selected samples were exposed to UV–
Vis to test their photoactivity. The similar settings
were performed in several intervals during the test.
For photocatalytic reactions, the irradiation was car-
ried out on dry samples, by means of a high-pres-
sure mercury lamp (HPMV 400W, Germany). The

TABLE I
Properties of Dyes Used for this Study

Dye Chemical structure kmax (nm) M.W

Methylene blue [3,7-bis(dimethylamino)
phenazathionium chloride trihydrate]

650 373.5 g mol�1

Eosin Y [2,4,5,7-tetra-bromofluorescein
di-sodium salt]

515 692 g mol�1
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lamp yields a spectrum ranging from ultraviolet to
visible (200–800 nm). The distance between the lamp
and reactor was 50 cm, and the intensity of the UV
radiation reaching the reactor was measured to be
about 20 mW/cm2 by a radiometer.

The photocatalytic decomposition rate was deter-
mined from the following equation.

Photocatalytic decomposition rate ¼ C0 � C

C0

where C0 is the initial concentration of the dyes and
C is the final concentration after illumination by UV
light. This enabled us to determine the decoloriza-
tion efficiency (%) according to the equation:

Efficiency ð%Þ ¼ C0 � C

C0
� 100

Characterization techniques

To investigate the morphology of the pure and
coated fibers, scanning electron microscopy (SEM)
images were obtained on a Philips, XL30 equipped
with energy dispersive (EDS) microanalysis system
for compositional analysis of the TiO2 and ZrO2-
coated fibers. The TiO2 and ZrO2 particle sizes were
obtained by transmission electron microscope (TEM)
images on a Philips CM10 instrument with an accel-
erating voltage of 100 kV. For photodecomposition
reaction, the UV–Vis reflectance spectra were
recorded at room temperature by a UV-2100 Shi-
madzu Spectrophotometer in the reflectance mode by
investigating the evolution of the absorbance. To ana-
lyze the PAN polymer chain quality before and after
the treatment, FTIR analysis was performed on the
samples mixed with KBr. The spectra were recorded
with a Vertex70, Bruker spectrometer. X-ray

Figure 1 SEM images of: (a) pure fiber (b) enlarged pure fiber, (c) TiO2-coated fiber, (d–e) enlarged TiO2-coated fiber.

Figure 2 SEM images of: (a) ZrO2-coated fiber, (b) enlarged ZrO2-coated fiber.
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diffraction (XRD) measurements were recorded by a
D8 Bruker Advance diffractometer with Cu-Ka radia-
tion, scan rate 0.02 2h/s and within a range of 2h of
10–70 at room temperature. To investigate the ther-
mal behavior of samples, thermogravimetric analysis
was performed in air flow (ramp of 10�C/min) by
thermogravimetric analyzer (TGA V5.1A DuPont
2000).

RESULTS AND DISCUSSION

SEM, TEM images, and EDS analysis

To investigate the morphology of the obtained sam-
ples, comparison between the SEM images of the
treated and untreated PAN fibers is illustrated in
Figures 1 and 2.

Figures 1 and 2 clearly show that treated fibers
are covered by a continuous and dispersed TiO2 and
ZrO2 nanoparticles. SEM study of TiO2-coated and

ZrO2-coated indicate that the particle size of the de-
posited titania and zirconia on the fibers surface are
less than 50 nm [Figs. 1(e) and 2(b)].
In Figures 3 and 4 the EDS analysis of TiO2 and

ZrO2-covered fibers after washing are reported. On
the basis of this result, it is noteworthy to observe
that the deposited material consists of titanium, zir-
conium, and oxygen and after washing, remarkable
amount of titania and zirconia is still present on the
fibers surface. This means that TiO2 and ZrO2 par-
ticles are firmly anchored to the surface of fibers.
The local EDS analysis from the smooth and par-
ticles positions showed an average of 1.9 and 7.9 wt
% of TiO2-coated PAN, respectively. This clearly
shows unhomogenity in titania distribution onto the
fiber. The unhomogenity in the distribution of ZrO2

on PAN is less, because the average values found
for ZrO2-coated PAN are 3.3 and 4.9 wt %,
respectively.
To investigate the size of TiO2 and ZrO2 particles

forming on the fibers surface, a portion of the mate-
rial was collected by scratching the surface and was
analyzed by TEM. TEM images, reported in Figures
5 and 6, shows that the deposited titania and zirco-
nia consists of uniform spherical particles of average
diameter 10–20 and 20–40, nm respectively. It is no-
ticeable that the spherical TiO2 and ZrO2 particles
are distributed homogenously on the PAN surface.

X-ray diffraction analysis

The XRD patterns of pure and titania-coated PAN
are reported in Figure 7. Figure 7(a) shows two
peaks: the intense one at 17� and the broad one at
29�, which constitute the typical XRD pattern of

Figure 3 EDS spectra of: TiO2-coated polyacrylonitrile
fiber after washing.

Figure 4 EDS spectra of: ZrO2-coated polyacrylonitrile
fiber after washing.

Figure 5 TEM image of TiO2 particles forming on the
fiber.
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PAN fibers.35 Figure 7(b) shows XRD pattern of
TiO2-covered fibers. As the amount of TiO2 onto sur-
face fibers was low, therefore TiO2 on the fibers sur-
face did not show good crystalline phase intensity in
XRD pattern. However, small peaks were observed
at 2h ¼ 25

�
, 37

�
. These are associated with diffraction

peaks corresponding to anatase crystallites. Figure
7(c,d) shows XRD patterns of sol-gel derived TiO2

powders from nanosol calcinated at 500 and 700�C,
respectively. TiO2 powder calcinated at 500�C in the
spectrum of TiO2 can be easily identified as the crys-
tal of anatase form, whereas at 700�C can be easily
taken as the crystal of rutile form.
Figure 8(b) shows XRD pattern of ZrO2-covered

fibers. Zirconia did not show a crystalline phase.
This indicates that the coating of ZrO2 is predomi-
nantly amorphous at low temperature. Figures 8(c–
e) shows XRD patterns of sol-gel derived ZrO2 pow-
ders calcined at 200, 300, and 700�C, respectively. It
can be observed that with increasing of temperature
zirconia crystalline phase has been manifested [Figs.
8(c,d)). Figure 8(e) shows the diffraction patterns of
the samples treated at 700�C. The presence of the tet-
ragonal phase was observed to be dominant for zir-
conium oxide. It was characterized by peaks located
at 30.51 and 61.8 (2h). ZrO2 mainly contains three
polymorphs: monoclinic, tetragonal, and cubic. The
monoclinic phase is thermodynamically stable from
room temperature to 1200�C and transforms to the
tetragonal form at 1200–2370�C.

Figure 7 XRD patterns of samples: (a) pure fibers, (b)
TiO2-covered fibers at 200�C, (c) sol-gel-derived TiO2 pow-
der at 500�C, (d) sol-gel-derived TiO2 powder at 700�C.

Figure 8 XRD patterns of samples: (a) pure fibers, (b)
ZrO2-covered fibers at 200�C, (c) sol-gel-derived ZrO2

powder at 200�C, (d) sol-gel-derived ZrO2 powder at
300�C, (e) sol-gel-derived ZrO2 powder at 700�C.

Figure 6 TEM image of ZrO2 particles forming on the
fiber.
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The cubic phase appears only at temperatures
over 2370�C.36 The synthesis method used enabled
us to obtain this phase at a low temperature com-
pared to the much higher temperature (1200�C)
reported for this phase in the literature.37

FTIR spectroscopy analysis

In Figure 9, the IR spectra of the PAN fibers before
and after treatment are compared (spectrum a–c). It
is apparent that peaks of the PAN [Fig. 9(a)] can be
assigned as follows: 3630 cm�1 (c OH), 2941 and
2870 cm�1 (c C–H asymmetric and symmetric in
CH, CH2, and CH3 groups), 2244 cm�1 (c CBN),
1741 cm�1 (c C¼¼O), 1455 cm�1 (d CH3 and dS CH2),
1374 cm�1 (d CH3 symmetric in CCH3), 1240 cm�1 (c
CAN), 1070 cm�1 (d CAN), and 535 cm�1 (ds
C¼¼O),where c represents a stretching vibration, d a
bending vibration, dS a scissor vibration, and ds a
twisting vibration.38

The spectrum of the fibers after grafting (Fig. 9,
spectrum b–c) are substantially unaltered. This
means that due to the low external surface area of
the supporting fibers, the IR spectroscopy is not in-
formative on the grafting mechanism at all. It is
quite remarkable that IR spectrum of the treated
sample is totally dominated by the spectrum of the
fiber, the contribution of the TiO2 and ZrO2 phase
(which should appear at c < 700 cm�1) is also
negligible.

Thermogravimetric analysis

The TGA analysis of the pure and coated-fiber car-
ried out under an air atmosphere at a heating rate of
10�C/min.
The TGA analysis of the PAN fiber in air atmos-

phere [Fig. 10(A)] can be roughly divided into three
steps according to the extent of weight loss.39–41 The
first step is up to about 250�C, where weight loss is
very small. It is inferred that there is only cyclization
occurring in this step, as this reaction theoretically
does not cause any weight loss.42 The second step is
up to about 300�C. During this step, the rate of
weight loss becomes quite rapid, which is mainly
because of the dehydrogenation. It is apparent that
the weight loss of PAN/TiO2 and PAN/ZrO2 is
larger than that of PAN [Figs. 10(B,C)]. It implies
that TiO2 and ZrO2 have promoted the dehydrogen-
ation to some extent. In the last step, the rate of
weight loss is quite steady; but contrarily the weight
loss of PAN becomes larger than that of PAN/TiO2

and PAN/ZrO2. In this step, fragmentation of poly-
mer chains occurs producing volatile species leading
to weight loss.
After combustion of all organic part, the residual

amount corresponds to TiO2 and ZrO2. From this
result, it is evident that the TGA technique in air
allows evaluating the existence of TiO2 and ZrO2

covering the PAN fibers, as obtained by the synthe-
sis procedure described before.

Photocatalytic degradation

The photoactivity of the synthesized titanium di-
oxide and zirconium dioxide nanoparticles on PAN
fibers has been investigated by exposing the samples

Figure 9 FTIR spectra of: (a) pure polyacrylonitrile fibers,
(b) TiO2-covered fibers, (c) ZrO2-covered fibers.

Figure 10 TGA curves in air: (A) polyacrylonitrile fiber,
(B) TiO2-coated fiber and (C) ZrO2-coated fiber. The resid-
ual weight of the sample, recorded at 800�C, is related to
the TiO2 and ZrO2 content, after that the polyacrylonitrile
fiber burning has taken place.
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containing adsorbed MB and Eosin Y to UV–Vis
light. Changes of dyes absorption bond in the dur-
ing photocatalysis process with titania and zirconia-
coated and pristine fibers are investigated. The pho-
todecomposition was conducted for 8 h at a temper-
ature of 303 K.

The UV–Vis reflectance spectra obtained on the
dried samples before (spectrum a) and after illumi-
nation (spectrum b–e) are presented in Figure 11.
From Figures 11(A,B), it can be observed that the
absorption bands in the 500–700 nm and 450–600 nm
intervals because of adsorbtion of MB and Eosin Y
change rapidly because supported TiO2 promotes
the catalytic photodegradation [spectrum b–e in
Figures 11(A,B)]. This is not unexpected as the pho-
tocatalytic activity of TiO2 is well known.43,44 The
photocatalytic degradation rate of the absorption
bands of dyes adsorbed on the TiO2-covered fibers
is much higher than that observed in case of
untreated fibers (Fig. 12). Of course the photodegra-
dation effect is lower than that observed on P25

Figure 11 UV–Vis reflectance spectra of dyes on coated fibers. (A) UV–Vis reflectance spectra ofmethylene blue (MB) on TiO2-
coated fibers at room temperature, under UV-Vis light irradiation: no exposure (a), irradiation for 2 h (b), 4 h (c), 6 h (d), and 8 h
(e). (B) Eosin Y on TiO2-coated fibers, (C)Methylene blue (MB) on ZrO2-coated fibers, (D) Eosin Y on ZrO2-coated fibers.

Figure 12 Photocatalytic decomposition rate of methylene
blue and Eosin Y vs. irradiation time. (a) MB on untreated
fibers, (b) Eosin Y on untreated fibers, (c) EosinY on ZrO2-
coated fibers, (d) MB on ZrO2-coated fibers, (e) Eosin Y on
TiO2-coated fibers, (f) MB on TiO2-coated fibers, (g) Eosin
Y on P25 (Degussa), (h) MB on P25 (Degussa).
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(Degussa), which is the best TiO2 catalyst. However,
the photocatalytic activity of titania is dependent on
both particle size and degree of crystallization.45

Similar results have been obtained for the photo-
catalytic activity ZrO2-covered fibers to photodegra-
dation of adsorbed MB and Eosin Y [Figs. 11(C,D)].
The photocatalytic degradation rate of dyes
adsorbed on the ZrO2-covered fibers is higher than
that observed in case of untreated fibers (Fig. 12).
However, photocatalytic activity of TiO2-coated
fibers toward dyes degradation was much better
than that of ZrO2-coated fibers [Figs. 12(e,f)]. It can
be observed that the highest effectiveness of dye
degradation on TiO2-coated fibers was obtained. Af-
ter 8 h of the process performance, change of the
dye concentration in the surface of fiber, in case of
ZrO2-coated fibers is lower than that observed on
TiO2-coated fibers. On the other hand, the lowest
degradation efficiency was found in case ZrO2-
coated fiber.

The main reason for this greater activity of TiO2 is
that band-gap energy (Eg) for titania (3.2 ev) is lower
than that in case of zirconia (4.5 ev).46 The charge
separation within semiconductor particles and sub-
sequent electron transfer to O2 for producing active
oxygen radicals (e.g., O2��, �OOH, �OH)47–49 are
important to the efficiency of the dye photodegrada-
tion under both UV and visible light irradiation.
Therefore, the charge separation and subsequent
electron transfer in TiO2 is easily excited with UV–
Vis irradiation.

It is evident that TiO2-covered fibers promote the
photodegradation process and the high surface area
associated with the small particle size ensures a
favorable condition for a relatively fast degradation.

CONCLUSIONS

In this contribution, a comparison of effectiveness of
dyes decomposition on PAN, using TiO2 and ZrO2

as a semiconductor photocatalyst is presented.
Nanosized titania and zirconia were successfully
prepared by sol-gel technique at low temperature on
PAN fiber to study performance of photocatalytic
self-cleaning activity. This innovation is important
because it should allow its practical use for indus-
trial applications.

Photodecomposition of MB and eosin yellowish as
target materials preadsorbed on PAN fibers contan-
ing ZrO2 and TiO2 was monitored. Comparison of
photocatalytic activity of the two semiconducting
materials has clearly indicated that TiO2 is the most
active photocatalyst in the degradation of MB and
eosin Y using UV–Vis light as a energy source. Pho-
todegradation rate of dyes using TiO2 onto surface
fibers was much better than that using ZrO2.

Supported TiO2 particles on PAN textiles promote
the photodegradation process and the high-surface
area associated with the small particle size ensures a
favorable condition for self-cleaning purposes.
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