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ABSTRACT

In this work, the effect of addition of ZrO2 to TiO2 and catalyst geometry on photocatalytic
properties of the nanocomposite TiO2/ZrO2 was investigated. The traditional use of pow-
dery photocatalyst for the degradation of organic compounds has post-treatment problems
which means much higher time and costs. A novel method to minimize these problems is
immobilization by insertion onto an inert substrate. Several geometries of TiO2–10%ZrO2

(T-10Z) nano-photocatalysts (powder, fiber, film, and network-shaped) were produced using
different templates. The products were characterized by X-ray diffraction, field emission
scanning electron microscopy, Brunauer–Emmett–Teller, and diffuse reflectance UV–vis
spectra. Photocatalytic degradation of methyl orange in water was examined using TiO2/
ZrO2 composites and T-10Z geometries under UV irradiation. The T-10Z with a band gap of
3.10 eV showed higher degradation than the other composites. The degradation rate of the
four geometries produced was in the following order: powder > network > film > fiber. The
rate constant of the dye degradation reaction when contacting with powdery and network
composites were 0.019 and 0.013 min−1, respectively. Network geometry with lower kinetic
effects was preferred due to its indisputably higher immobility.

Keywords: TiO2/ZrO2 composite; Immobilized photocatalyst; Network structure; Microfiber;
Dye degradation

1. Introduction

From long time ago, dyes have been used for col-
oring purposes in textile, paper, leather, food, and cos-
metic industries. Release of dyes creates serious
problems when discharged into the environmental
systems like flowing streams or water supplies [1,2].
Fresh waters must remain clean and safe. A great deal
of effort has been made in recent years to keep

wastewaters away from natural sources of fresh water.
Various catalytic techniques have been used to purify
the dye containing polluted waters as well [3,4].

Recently, advanced oxidation processes (AOPs),
based on the production of highly reactive hydroxyl
radicals, have been proposed as an efficient method
for the removal of different pollutants [5,6]. Heteroge-
neous photocatalysis based on semiconductors is the
most famous AOP, in which irradiating the semicon-
ductor by photons with sufficient energy with respect
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to the band gap energy of the semiconductor produces
electron/hole pairs. The produced electron/holes can
generate reactive hydroxyl or superoxide radicals by
reaction of electron/hole with water and dissolved
molecular oxygen, which can destroy different organic
pollutants to smaller fragments and finally to water
and CO2 [6,7].

Semiconductors, such as TiO2, are often used as
catalytic agents because of their high stability, low
cost, high efficiency, and no toxicity [1,8]. The values
reported for the indirect band gap of crystalline rutile
and anatase phases of TiO2 are 3.0–3.2 eV, respec-
tively. However, the practical applications of TiO2

have been suppressed because of its two drawbacks.
One of which is the rapid recombination of photo-in-
duced electrons and holes and the other is the poor
solar efficiency, which is determined by its band gap
[1,6,9].

To improve the photocatalytic performance of tita-
nia, a number of studies have been carried out to cou-
ple titania with other materials like ZrO2 [10]. ZrO2

has a relatively high permittivity, large band gap (5.0–
5.85 eV), and good thermal and chemical stability [11].

Mixed TiO2/ZrO2 has been widely investigated in
the photocatalysis field. Nevertheless, the use of TiO2/
ZrO2 nanoconjugates allows the creation of additional
levels between TiO2 valence and conduction bands
which act as traps that retard the surface migration of
the electron/hole pairs leading to a reactive migration
to the surface and the corresponding desorption of the
oxidized or reduced species. The addition of small
amounts of ZrO2 to TiO2 can prevent the anatase-to-
rutile phase transformation. Therefore, the addition of
ZrO2 enhances the thermal stability of pure TiO2. Fur-
thermore, ZrO2 increases the surface area and pro-
motes photocatalytic activity of TiO2 in the form of
OH groups [12–14].

Fu et al. have reported that 12 wt.% ZrO2 is the
optimum loading amount on TiO2 for the photocat-
alytic degradation of ethylene using a 365 nm UV light
source in which ZrO2 by itself does not work as a
photocatalyst, i.e. ZrO2 is used only as a supporting
material for TiO2 [15].

Most studies dealing with photocatalytic degrada-
tion of water pollutants have used semiconductors
applied in slurry form into the aqueous phase. How-
ever, the major disadvantage of slurry photocatalysis
is the inefficient separation of the catalyst from puri-
fied water after treatment [1,4]. This problem has
resulted in the development of several kinds of immo-
bilization techniques to immobilize the photocatalyst
powder, which may reduce the post-treatment
expenses and time [4,8]. One way to make an immo-
bile photocatalyst is to produce multidimensional

structures such as thin-film, nanotube, nanowire, fiber,
network, etc. which are fixed to the walls of the reac-
tion reactor [8,16]. Various photocatalyst particle sup-
ports such as alumina, zeolite, silica gel, fiber optic
cable, glass beads, quartz, stainless steels, clays, and
activated carbon have been investigated [8,16,17].

Of the various geometries, network structure, a
hollow three-dimensional structure has the potential
for producing a new class of materials with novel
applications. This structure is very important for prac-
tical applications because its pores has potentially
large surface to volume ratio providing a significant
advantage in the diffusion pathways which can be
used as a kind of host for organic pollutants [4,18].

In the present study, the preparation of TiO2/ZrO2

composites and their effects on catalytic degradation
of the methyl orange (MeO) color under UV light irra-
diation when contacted by powder, fiber, film, and
network-shaped semiconductors were investigated.
The structural and optical properties of the samples
were studied by XRD, field emission scanning electron
microscopy (FESEM), Brunauer–Emmett–Teller (BET),
and UV–vis DRS spectra and then compared with
each other.

2. Experimental procedure

2.1. Materials

Titanium (IV) isopropoxide (TTIP), zirconium
oxychloride salt (ZrOCl2·8H2O), ethanol (98%), ammo-
nium hydroxide (NH4OH), hydrochloricacid (HCl),
2-propanol, methyl orange (MeO) were purchased
from MERCK manufacturer. Distilled water, cellulose
fibers, and ceramic templates were obtained from local
sources.

2.2. Synthesis

The TTIP and ZrOCl2·8H2O were used as titania
and zirconia precursor for synthesizing TiO2, ZrO2,
and TiO2/ZrO2 nanoparticles. The zirconia and titania
precursor solutions were prepared separately.

2.2.1. Solution A

The titania precursor solution was obtained by
mixing distilled water (85 mL), HCl (6 mL), and 2-pro-
panol (6 mL) together. After thorough mixing at room
temperature, titanium isopropoxide (5 mL) was gradu-
ally added to the solution. When the solution became
clear it was stirred for 2 h at 60˚C. The precipitate was
prepared after many hours.
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2.2.2. Solution B

The zirconia precursor solution was obtained by
dissolving 10 mL of NH4OH aqueous solution
(2 M/L) in 25 mL of ZrOCl2·H2O (0.5 M/L). The
mixture was stirred for 15 min at room temperature to
produce a white gelatinous precipitate.

In order to obtain TiO2/ZrO2 nanocomposite, the
precipitate solution A was added in solution B in
which the ZrO2 molar ratio was adjusted to many val-
ues (7.5, 10, 12.5, and 15%). Finally, all samples were
calcined at 450˚C for 2 h in the furnace.

To prepare different geometries of T-10Z at first,
the following layers were washed with distilled water
and alcohol and then they were dried overnight. To
produce the film, fiber and network geometries, 5 g of
SiC plate, 0.2 g of cotton fiber and 4 g of hollow SiC
foam were used. The substrates were immersed in the
solution containing the T-10Z for one day. Then the
prepared samples were washed to remove unabsorbed
particles with DI water. After drying in the air, sam-
ples were calcined for 2 h at 450˚C to remove cotton
and form rutile and anatase phases.

2.3. Characterization

The crystalline structure was obtained by a X-ray
diffractometer (XRD, Spectro Xepos, Germany) with
monochromated high-intensity Cu Kα radiation
(λ = 1.5418 Å). Scherrer equation which is used to
measure the crystal size according to the XRD pattern
was adopted for the estimation of nanocrystalline size.
The morphology of the samples was studied using a
field-emission scanning electron microscope (FESEM,
Mira 3-XMU, Czech).

The BET-specific surface area was determined by a
Belsorp mini II (Japan) system. The diffusive reflec-
tance spectra (DRS) of the samples were recorded with
a UV–vis spectrophotometer (Avaspec-2048-TEC,
Netherlands) using BaSO4 as a reference in the region
from 200 to 900 nm.

The room temperature photolumniscence (PL)
analysis was carried out using Avaspec-2048-TEC
(Netherlands) with an excitation wavelength at
355 nm.

2.4. Photocatalytic degradation

Catalytic activity of the samples was estimated
from color degradation of the methyl orange aqueous
solution (50 mL MeO of 5 mg/L initial concentration).
The pH was maintained constant, equal to the initial
pH of the MeO solution (i.e. 6.5). The same amount of
catalyst was used (150 mg/L). Before irradiation with

UV light, the aqueous solution which contained cata-
lyst was continuously stirred for 1 h in full darkness
to achieve adsorption–desorption equilibrium. UV
irradiation from two 6 W lamp (254 nm-Philips,
China) was then applied to the catalyst containing
solution. The distance between the surface of the solu-
tion and the light source was 10 cm (Fig. 1). Samples
were then taken out for analysis, every 30 min.

Solution concentration was determined by UV–vis
spectrophotometer (Avaspec-2048-TEC). The maxi-
mum absorption wavelength registered for MeO was
462 nm.

3. Result and discussion

The XRD patterns of the pure TiO2 samples cal-
cined at 400–450˚C are displayed comparatively in
Fig. 2. It can be observed that the crystalline structure
of the sample calcined at 400˚C is of pure anatase
phase. Calcination at 450˚C, by contrast, has resulted
in a combination of anatase and rutile phases; hence
an increase in the temperature has caused the rutile
phase [19,20]. The rutile ratio (WR) in terms of its
weight fraction was directly calculated from the XRD
intensity data using the following equation [4]:

WR% ¼ 1

1þ 0:8 IR
IA

� 100 (1)

where IA and IR represent the intensities of the stron-
gest anatase ((1 0 1) peak at 2θ = 25.4˚) and the stron-
gest rutile ((1 1 0) peak at 2θ = 27.5˚) reflections,
respectively.

The XRD patterns of the TiO2/ZrO2 photocatalysts
with various ZrO2 to TiO2 molar ratios calcined at
450˚C can be seen in Fig. 3. The significant peaks for
ZrO2 crystals can be observed at 24.5˚, 28.2˚, 31.6˚, etc.
[21]. Table 1 summarizes XRD results of all the

Fig. 1. Schematic diagram of photoreactor system.
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synthesized powdery photocatalysts. It is observed
that the presence of ZrO2 has brought about some
changes in the peaks intensities and the amount of

anatase and rutile phases. In the sample of T-7.5Z,
there is still small amount of rutile phase, but with the
increase in the ratio of zirconia, rutile is removed from
the structure due to increase in the transition tempera-
ture of anatase to rutile [12,13]. The results suggest
that the ZrO2 incorporation tended to cause the
change in crystallite size of the anatase phase and the
smallest size was obtained in 10% Z.

Fig. 4 indicates FESEM images of pure TiO2 and
T-10Z nanoparticles calcined at 450˚C. TiO2 particles
in Fig. 4(a) have near spherical agglomerated shape in
the size range of 20–40 nm. Fig. 4(b) illustrates T-10Z.
Although size measurement is slightly difficult from
the image due to agglomeration of particles, we can
conclude that the size of the particles is 20–70 nm.

FESEM image of the T-10Z film is shown in
Fig. 5(a). As it can be observed, the particles in the
size range of 20–60 nm on the surface of the substrate
is covered by a relatively uniform. The thickness of
the film is 10–12 μm (top right of Fig. 5(a)). At bottom
right of Fig. 5(a), an EDX diagram of film sample is
illustrated. According to the substrate SiC, there are
three elements on the surface: oxygen, zirconium and
titanium. T-10Z microfibers shown in Fig. 5(b) are
20 μm long hollow cylinders having 0.2–0.6 μm diame-
ters (top right of Fig. 5(b)). They were produced by
template-coating and removal of the cellulose base by
subsequent heat treatment. According to the EDX
analysis in bottom right of Fig. 5(b), only Ti, Zr, and
O presence in the annealed samples are detected.
Therefore, calcination at 450˚C led to the removal of
all the cellulose which was used.

Fig. 5(c) illustrates the T-10Z particles deposited on
the wall of the network shape substrate. An image of
network is shown in top right of Fig. 5(c). The depos-
ited layer has a thickness of less than 10 μm. By study-
ing the EDX diagram in bottom right of Fig. 5(c), the
presence of O, Zr, and Ti is confirmed.

The BET-specific surface areas of pure TiO2, differ-
ent TiO2/ZrO2 composites and four geometries of
T-10Z calcined at 450˚C are listed in Table 2. This can

Fig. 2. XRD patterns of the synthesized TiO2 calcined at
400–450˚C (A = Anatase TiO2, R = Rutile TiO2).

Fig. 3. XRD patterns of the synthesized TiO2/ZrO2 photo-
catalysts calcined at 450˚C (A = Anatase TiO2, R = Rutile
TiO2, Z = ZrO2).

Table 1
XRD results of the powder synthesized pure TiO2 and TiO2/ZrO2 photocatalysts

Photocatalyst Abbreviated name Rutile ratio, WR

Crystallite size (nm)

Anatase (1 0 1) Rutile (1 1 0)

TiO2, 400˚C T400 0 16.7 –
TiO2, 450˚C T450 31.0% 16.4 19.7
TiO2–7.5% ZrO2 T-7.5Z 12.2% 17.6 18.7
TiO2–10% ZrO2 T-10Z 0 16.2 –
TiO2–12.5% ZrO2 T-12.5Z 0 16.9 –
TiO2–15% ZrO2 T-15Z 0 17.4 –
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be ascribed to the effect of crystallite size on BET
surface area. It is well known that crystallite size is an
important parameter for catalysis in general since it
directly impacts on the specific surface area of a
catalyst [22].

It can be clearly observed that the addition of ZrO2

resulted in an increase in the specific surface area. Par-
ticularly, by incorporating 10% ZrO2 in the pure TiO2,
the specific surface area increased from 68.2 to
85.5 m2 g−1 at a calcination temperature of 450˚C. This
is possibly because the incorporation of this second
metal oxide with proper amounts can retard the crys-
tallization process of the photocatalysts, thus slowing
down the growth of photocatalyst grain size and
resulting in higher specific surface areas of the mixed
oxide photocatalysts [22,23].

Powdery geometry has the highest surface area
among the four geometries of T-10Z and after that net-
work geometry has greater specific surface area
(47.5 m2 g−1). In the coated samples (film and net-
work), due to the agglomeration of the particles, the
surface area decreased and the average particle size
increased [4,6]. In fact, the surface area of the catalyst
is minimized since the coating layer has a lower
porosity. Due to the accumulation of fibers and
closure of some of them, the surface area of the fiber
sample is greatly reduced [8,17].

The photocatalytic performance of a semiconductor
significantly depends on its optical property, and thus,
it is one of the important factors which should be
studied. Fig. 6 shows typical UV–vis diffuse reflec-
tance spectroscopy (UV–vis DRS) curves for optical
absorption behavior of TiO2/ZrO2 samples. The opti-
cal transitions in semiconductor materials are believed

to take place via direct and indirect transitions which
can be studied using the following Kubelka–Munk
equation [6,24]:

ahmð Þ ¼ b hm� Eg

� �n
(2)

where Eg is the energy band gap of semiconductors
(eV), ν is the frequency of light (s−1), h is the Planck’s
constant (J.s), β is the absorption constant, and α is the
absorption coefficient defined by the Beer–Lambert
law as α = ([2.303 × Abs]/d), where d and Abs are the
sample thickness and sample absorbance, respectively.
For precise determination of α, some corrections
should be made to the absorption due to reflection. In
this equation, index n has different values of 1/2, 2,
3/2, and 3 for allowed direct, allowed indirect, forbid-
den direct and forbidden indirect electronic transitions
[6,24].

The band gap can be determined by extrapolating
of the linear portion of the (αhν)n – hν curve. The best
linear fitting was obtained for the (αhν)2 – hν curve for
the TiO2/ZrO2 catalyst which is in accordance with
the literature for both semiconductors [25,26].

Table 2 summarizes the results of band gap energy
of all the photocatalysts obtained from the UV–vis
absorption spectra and Eq. (2). As indicated, the band
gap for the as-prepared TiO2 is 2.95 eV. It is observed
that the light absorption exhibited significant blue
shifts by the incorporation of ZrO2 into TiO2 [13,21].
The band gaps calculated for 7.5, 10, 12.5, and 15%
ZrO2 were found to be 3.07, 3.10, 3.12, 3.18 eV, respec-
tively. Then, the presence of ZrO2 increased the band
gap energy and shortened the threshold wavelength.

Fig. 4. FESEM images of (a) pure TiO2 and (b) T-10Z nanoparticles calcined at 450˚C.
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Fig. 5. Geometries of T-10Z: (a) FESEM image, crosssection and EDX of Film, (b) FESEM images and EDX of Fiber, and
(c) FESEM image, photo and EDX of Network geometry.

Table 2
Specific surface areas and band gap energy of samples calcined at 450˚C

Photocatalyst State SBET (m2/g) Band gap energy, Eg (eV)

Pure TiO2 Powder 68.2 2.95
T-7.5Z Powder 81.2 3.07
T-12.5Z Powder 76.3 3.12
T-15Z Powder 67.4 3.18
T-10Z Powder 85.5 3.10

Fiber 44.6 –
Film 46.4 –
Network 47.5 –
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The PL emission is directly related to the recombi-
nation of excited electrons and holes, so the lower PL
intensity indicates a delay in recombination rate and,
thus, higher photocatalytic activity [27]. As shown in
Fig. 7, the T-10Z had the lower recombination rate of
electrons and holes.

The conduction band (CB) surface trap state of
ZrO2 is around 1.3 eV higher than that of pure TiO2.
The formation of such surface states of ZrO2 and TiO2

has been described by Ghosh et al. [26]. These results

are a clear indication of the injection of electrons from
the surface states of ZrO2 to TiO2. In the case of ZrO2

loaded to TiO2, the PL intensity decreased by the
addition of 10 wt.% ZrO2 and, the excited electrons
are completely injected into TiO2, leading to an
enhancement of dye degradation for the T-10Z.

Photodegradation of MeO using TiO2 and different
molar ratios of TiO2/ZrO2 calcined at 450˚C under UV
light irradiation are illustrated in Fig. 8(a). The T-10Z
sample shows better photocatalytic performance than
the other composites or TiO2. After 210 min of
UV-illumination, the MeO removal over TiO2 is only
87%. However, the MeO removals over TiO2/ZrO2

composites are 76–98%. As reported by Fu et al. elec-
tron and hole separation may take place between
ZrO2 and TiO2 in the binary oxide [15] since the
energy level of TiO2 both for the valence band and
conduction band correspond well within the band gap
of ZrO2. When the electrons are excited from both
catalysts, most of the electrons from the CB of ZrO2

can easily transfer to the CB of TiO2 and, thereby, the
electron/hole recombination may be prevented in
ZrO2 loaded to TiO2.

Among these photocatalysts, T-10Z reveals the
most efficacious performance. The photocatalytic per-
formance of other composites is not as good as T-10Z,
especially under light irradiation. The high photocat-
alytic activities can be attributed to the small crystal-
lite size, the large specific surface area, and the low
band gap energy. Conclusively, the use of the T-10Z
photocatalyst can provide a much higher number of
surface active sites (implying a significant decrease in
the number of lattice defects) and consequently facili-
tate the electron transport after the band gap photoex-
citation for reacting with water molecules adsorbed on
its surface active sites along the mesoporous-
assembled structure [28].

In Fig. 8(b), the removal of MeO from its aqueous
solution by different geometries of T-10Z is plotted
against irradiation time of UV rays. Powder geometry
photocatalyst reduced the MeO concentration faster
than the other geometries. The relation between MeO
degradation rate and photocatalyst geometries follows
the sequence: Powder > Network > Film > Fiber. After
powdery sample, the network sample has faster dye
degradation than other geometries. After 210 min of
UV-illumination, the MeO removal over fiber and film
are 81–88%, respectively. However, the MeO removal
over network is as high as 94%. This superiority of
network sample over the other two immobilized
geometries may be due its higher specific area com-
pared to that of the other two [8,17]. Therefore, the
geometry of photocatalyst plays an important role in
the photocatalytic reaction.

Fig. 6. The corresponding Kubelka–Munk function spectra
to determine direct new band gap values for the synthe-
sized TiO2/ZrO2 photocatalysts with variation of ZrO2

content.

Fig. 7. Photoluminescence of T-10Z and T-12.5Z powders.
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Recently, the kinetic of various organic compounds
such as organic dyes have been investigated. Many
researchers reported that the photocatalytic degrada-
tion of organic compounds can be simply fitted to
pseudo-first-order kinetics [1,4,10].

However, the reaction kinetic is affected by the ini-
tial organic content so that the pseudo-first-order
kinetics is only applicable when the concentration of
organic content is low. Thus, a heterogeneous Lang-
muir–Hinshelwood kinetic model is generally used
[1,2]. For a general first-order reaction, the equation
relating the kapp which is the apparent-first-order reac-
tion rate constant (min−1), C0 which is the initial con-
centration of MeO dye in the bulk solution (mg/L)
and t is the reaction time (min) is given as [6,29]:

r ¼ �dC

dt
¼ kappC (3)

ln
C0

C

� �
¼ kappt (4)

The reaction kinetics of the photocatalytic degradation
of the MeO dye under UV light was also studied. A
plot of ln(C0/C) vs. t for all the experiments with

same initial concentration of MeO is shown in Fig. 9.
The values of degradation rate constant (kapp) can be
gained directly from the regression analysis of the lin-
ear curve in the plot. kapp of the MeO dye in Table 3
was obtained from the data given in Fig. 9(a) and (b).
The linear regression coefficients (R2) were relatively
high, indicating that the photocatalytic decolorization
of MeO obeys the Langmuir–Hinshelwood (first-order)
kinetic model.

It can be easily found that with the increase in
ZrO2 concentrations, the apparent rate constant firstly
increased from 0.012 min−1 at 7.5% to 0.019 min−1 at
10%, and then decreased to 0.007 min−1 at 15%. The
effect of geometry on the photocatalytic degradation
kinetic of MeO was also investigated in Fig. 9(b). It is
evident that the degradation kinetic of different
geometries is not equal. The rate constants of fiber
and film geometries are around 0.008–0.010 min−1,
while the rate constant of network geometry is
0.013 min−1. As a result, the rate constants at the same
initial condition are powder > network > film > fiber
geometry.

For a solid–liquid adsorption process, the solute
transfer is usually characterized by external mass
transfer or intra-particle diffusion or both. The most
widely applied intra-particle diffusion equation for

Fig. 8. Photodegradation of MeO by (a) pure TiO2 and TiO2/ZrO2 mixed oxides calcined at 450˚C and (b) various
geometry of T-10Z.

Fig. 9. Kinetics of MeO photodegradation (a) pure TiO2 and TiO2/ZrO2 mixed oxides calcined at 450˚C and (b) various
geometry of T-10Z.
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sorption system is given by Weber and Morris as
follows [30,31]:

qt ¼ kidt
0:5 þ C (5)

where kid (mg/g min0.5) is the rate constant of the
intra-particle diffusion model and C (mg/g) reflects
the boundary layer effect [30]. The kid and C can be
determined from the slope and intercept of the linear
plot of qt against t0.5 shown in Fig. 10. The kinetic
model parameters at different geometries were sum-
marized in Table 3.

When the plots do not pass through the origin, this
is indicative of some degree of boundary layer control
and this further show that the intra-particle diffusion
is not the only rate-limiting step, but also other kinetic
models may control the rate of adsorption, all of
which may be operating simultaneously [31–33]. From
the plot, it is observed that the lines did not pass
through the origin. This indicated that the rate-limit-
ing process is not only governed by intra-particle
diffusion. Some other mechanism along with intra-
particle diffusion was involved [30,31].

4. Conclusions

In summary, a series TiO2–ZrO2 composite photo-
catalysts have been successfully synthesized. After
studying the results of the performed analyses, a suit-
able ZrO2 incorporation of 10% was found to provide
the enhanced photocatalytic MeO degradation. The
T-10Z with a band gap energy of 3.10 eV showed high
MeO degradation (98% for 210 min). Then four
geometries of T-10Z (powder, fiber, film, and network)
were produced on to substrates. Network geometry
with surface area of 47.5 m2 g−1 had higher degrada-
tion rate than other immobilized samples.
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