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ABSTRACT

The photocatalysts of Ti0.9Zr0.03Sn0.07O2, Ti0.9Zr0.05Sn0.05O2, and Ti0.9Zr0.07Sn0.03O2

nanocomposite were prepared using the sol–gel method. The structure of anatase–rutile for
prepared photocatalysts was confirmed using X-ray diffraction patterns. The transmission
electron microscope image indicated that the size of nanoparticles was in range of
30–80 nm. The elemental analysis of Ti0.9Zr0.05Sn0.05O2 nanocomposite was confirmed by
energy dispersive X-ray analysis. The UV–vis absorbance spectra of nanocomposites showed
a red-shift of band-gap energies of semiconductors vs. TiO2 pure nanoparticles. The
application of prepared nanophotocatalysts was studied in tetracycline photodegradation in
aqueous samples. The complete degradation of pollutant in a photodegradation reaction
with rate constant of 27.0 × 10−3 min−1 was obtained at optimized conditions of 0.8 g/L of
Ti0.9Zr0.05Sn0.05O2, pH 3, 20.0 mg/L of tetracycline and during time 180 min. The photocat-
alytic activity of nanoparticles was seen as Ti0.9Zr0.05Sn0.05O2 > Ti0.9Zr0.07Sn0.03O2>
Ti0.9Zr0.03Sn0.07O2> TiO2 that is related to the band-gap energies as 2.95 < 2.99 < 3.22 <
3.28 eV, respectively. The reusability of Ti0.9Zr0.05Sn0.05O2 photocatalyst was tested in four
cycles of photodegradation process. The resistance against of photocorrosion is due to
reproducibility of photocatalytic activity.
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1. Introduction

In the last decades, heterogeneous photocatalysis
as an effective technique has received great attention
for the purification of polluted air and wastewater
[1,2]. The photocatalysis is based upon the use of
UV–vis irradiated semiconductors, such as titanium
dioxide (TiO2), to destroy various organic pollutants
such as wastewater of drugs. TiO2 has been exten-

sively studied for environmental purification
applications, due to its good photocatalytic activity,
high stability, non-toxicity, and non-biodegradability.
Moreover, it is a semiconductor under the form of thin
films and dispersed nanoparticles. Insensitivity of
TiO2 to visible light is related to its band-gap (3.2 eV)
that enables it to absorb in the near ultraviolet region,
even though its low efficiency [3,4].

The synthesis of the new nanocomposites, the
mixed photocatalysts andf doping of photocatalysts
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with metal and non-metal elements are used to
increasing of photocatalytic activity. Doping has been
reported to establish a barrier through equilibration
among the photocatalyst and metal deposits and is
governed by the difference in work function of the
deposits and the electron conduction band of the
photocatalyst and does not influence the mechanism
of the specific reaction. Doping of a semiconductor
such as TiO2 can be influenced on the band-gap
energy and the recombination rate of electron–hole
pair [5,6].

ZrO2 is an n-type semiconductor with band-gap
energy of 5.0 eV that used as heterogeneous catalyst.
The range of band-gap is reported between 3.25 and
5.1 eV depending on the preparation technique of the
sample and the most frequent and accepted value is
5.0 eV [7]. The doping of ZrO2 in lattice of TiO2

increases the stability of TiO2 against photocorrosion
and decreases the recombination rate of electron–hole
pair. The electrons (e−) and holes (h+) are the basic
species of photocatalytic process in production of
active radicals such as �OH, O2

�� and HO2
� [8].

Tin(IV) oxide is a semiconductor with band-gap
energy of about 3.65 eV at bulk state and is an n-type
semiconductor crystallizing in tetragonal rutile struc-
ture and has been studied as promising semiconduc-
tors in the photocatalytic degradation of wastewaters.
The doped TiO2 with Sn4+ is due to increasing of
lifetime of e−–h+ pair [9,10].

The purposes of this work were to synthesize of
TiO2 nanoparticles doped with Zr and Sn as ternary
nanocomposite of Ti1−(x+y)ZrxSnyO2, characterization of
nanocomposites and photocatalytic application of them
in photodegradation of tetracycline as a pollutant.

2. Experimental

2.1. Synthesis of nanocomposites

The sol–gel method was used for synthesis of TiO2

and Ti1−(x+y)ZrxSnyO2 nanoparticles. All chemicals
were of analytical reagent grade. A certain amount of
tetraisopropyl orthotitanate was dissolved in anhy-
drous ethanol while quickly stirring. Then, a mixture
of anhydrous ethanol, distilled water, and acetic acid
was added dropwise to titanium solution under
stirring. Then, a transparent solution was obtained.
After continuous stirring for 60 min at temperature of
60˚C, a milky wet gelatin was formed. After aging
during 24 h at room temperature, the gelatin was
dried in an oven followed by grinding and baking to
obtain TiO2 nanoparticles. Using similar method and
with addition given amounts of ZrCl4 and SnCl4 to
titanium solution, the Ti0.9Zr0.03Sn0.07O2 (TZ3S7),

Ti0.9Zr0.05Sn0.05O2 (TZ5S5), and Ti0.9Zr0.07Sn0.03O2

(TZ7S3) were prepared. The photocatalysts were
activated at 600˚C and during time of 1.0 h.

2.2. Characterization of nanoparticles

A UV–vis spectrophotometer Cary-100 using a
paired 1.0 cm quartz cell was used to record the
absorbance spectra of prepared nanocomposites in
UV–vis domain. A Diffractometer Bruker
D8ADVANCE Germany with anode of Cu (λ = 1.5406
Å of Cu Kα) and filter of Ni applied to record of X-ray
diffraction (XRD) patterns of nanoparticles. The
energy dispersive X-ray analysis (EDX) spectra of
prepared TZ5S5 nanocomposite were obtained by a
Philips XL 30 scanning electron microscope. A JEOL
JEM-1200EXII transmission electron microscope (TEM)
operating at 120 kV used for estimation of size of
TZ5S5 nanoparticles.

2.3. Photodegradation of tetracycline

A photocatalytic reactor with a 36 W mercury low
pressure lamp as irradiation source was used to
degrade of tetracycline as a pollutant. The light path
was 3.0 cm in photoreactor cell. The photoreactor filled
with 50 ml of 10–50 mg/L of pollutant, 0.1–1.0 g/L of
photocatalysts, pH of 2–9, and irradiation time of
30–180 min. The pH of samples was adjusted with
adding of HCl and/or NaOH 0.1 M. The pH of point
of zero charge (pHPZC) of heterogeneous catalysts was
determined with measurement pH of samples contain
1.0 g/L of catalysts and 0.1 M of NaCl after 24 h of
aging. The whole reactor cooled with a water-cooled
jacket on its outside, and the temperature was kept at
25˚C. All reactants in a degradation reaction were stir-
red using a magnetic stirrer to uniform of photoreactor
cell. In order to setting the adsorption/desorption
equilibrium of pollutant on heterogeneous catalysts
surface, the reactor was kept in dark conditions within
30 min.

The degradation efficiency (%D) of tetracycline
was determined with measurement of absorbance of
samples by a UV–vis spectrophotometer. The samples
centrifuged to remove the heterogeneous photocata-
lysts before absorbance measurement. The absorbance
of samples before (Ao) and after a distinct time (At) of
irradiation and Beer’s law were used for calculate of
degradation efficiency (Eq. (1)).

%D ¼ 100� 1� Ct=Coð Þ½ � ¼ 100� 1� At=Aoð Þ½ � (1)
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The mineralization of tetracycline in photodegrada-
tion process was monitored with TOC/TN analyzer
model of Multi N/C 2100, Jena, Germany.

3. Results and discussion

3.1. Characterization of photocatalysts

The XRD patterns of TZ7S3, TZ5S5, and TZ3S7 are
indicated in Fig. 1. The XRD patterns show the P25
(anatase–rutile) structure for calcined composites at
600˚C. The diffraction peaks at 2θ of 30˚, 35˚, 42˚, 57˚,
64˚, and 69˚ confirm the P25 structure [11,12]. Of
course, the presence of ZrO2 and SnO2 in bulk of TiO2

nanoparticles is due to a partial distortion in position
and overlapping of diffraction peaks vs. reference
XRD for P25 structure. This distortion and overlap-
ping is acuter in XRD pattern of A at 2θ of 30˚ and
patterns of B and C at 2θ of 65˚ in Fig. 1. Due to the
difference in ionic radii of zirconium and tin vs.
titanium (Zr4+= 72 pm, Sn4+= 71 pm, and Ti4+= 61 pm
[13,14]), the doping of them in the structure of TiO2

can lead to lattice deformations.
Also, the diffraction peaks of ZrO2 and SnO2 are

not observed in XRD patterns that are attributed to
the trace amounts of Zr and Sn in prepared nanocom-
posites. The average of size of composite nanoparticles
(<30 nm) was calculated by the Scherrer formula [15].

Fig. 2 shows the absorbance spectra of prepared
nanocomposites. The wavelength of maximum absor-
bance of TZ3S7, TZ5S5, and TZ7S3 are seen in λmax of
385, 415, and 420 nm, respectively, so that a red-shift
is observed vs. TiO2 nanoparticles (λmax= 378 nm) [16].

Based on the λmax values, the band-gap energies (Eg)
of TZ3S7, TZ5S5, and TZ7S3 are calculated 3.22, 2.99,
and 2.95 eV (Eg, eV = 1239.84/λ, nm), respectively.
While, the band-gap energy of TiO2 nanoparticles is
obtained 3.28 eV.

The EDX spectra of TZ5S5 nanocomposite is indi-
cated in Fig. 3. The formation of nanocomposite with
doped elements of Zr and Sn is approved by the EDX
spectra. Also, the TEM images (Fig. 4) show the size
of 30–80 nm for prepared nanoparticles of TZ5S5.
However, an agglomeration is seen for nanoparticles
that are due to a lack of clear image for them.

3.2. Photodegradation of tetracycline

Several kinds of drugs, such as antibiotics, hor-
mones, preservatives, and anesthetics, have been identi-
fied in surface water, groundwater, sewage water, and
drinking water, of which antibiotics are of special con-
cern due to their extensive use in human and veterinary
medicine. Tetracycline is one of the most frequently

Fig. 1. The XRD patterns of TZ3S7 (A), TZ5S5 (B), and
TZ7S3 (C).
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Fig. 2. The absorbance spectra of TiO2 (A), TZ3S7 (B),
TZ5S5 (C), and TZ7S3 (D).

Fig. 3. The EDX spectra of TZ5S5 nanocomposite.
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prescribed groups of antibiotics commonly used as
therapeutics and growth promoters in husbandry, cat-
tle, swine, poultry, and fishery, with a widespread pres-
ence in surface waters [17,18]. Therefore, degradation of
tetracycline as a pollutant using effective, efficient,
moderately rate, and relatively inexpensive method can
used for treatment of surface waters.

The advance oxidation process at the presence of
irradiation and new photocatalysts is used to destruc-
tion of tetracycline in aqueous samples. The several
parameters including the pH of samples, dose of
photocatalyst, irradiation time, and initial concentra-
tion of pollutant affect on the degradation efficiency in
a photodegradation process [19]. Thus, for arrive to
degradation maximum, the optimization of mentioned
parameters is the first step in sample treatment.

The pH of samples affect on the surface charge of
photocatalysts, the charge of pollutant species, and the
surface adsorption of pollutant species. The pH of
point of zero charge (pHPZC) is a property of solid
particles in aqueous samples. At this pH, the surface
charge of solid particles is neutral. The surface charge
is positive in pH < pHPZC and negative in pH > pHPZC.
As seen from Fig. 5, the pHPZC of TZ5S5 nanocompos-
ite as well as the two other prepared nanocomposites
is pH 6. Fig. 6 indicates the effect of sample pH on the
degradation efficiency of tetracycline. The maximum
degradation is obtained in pH 3. The pKa values of
tetracycline molecule are 3.3, 7.68, and 9.7, respec-
tively, for pKa1, pKa2, and pKa3 that are related to
equilibriums: TCHþ

3 ↔TCH2, TCH2↔TCH−, and
TCH−↔TC2− [20]. Thus, the dominant species in pH 3
can be the neutral species of TCH2. The repulsion
between the TCHþ

3 species and the positive charge of
surface of photocatalysts in pH < 3 is due to decreas-
ing of degradation efficiency. Also, in pH > 7, TCH−

and TC2− species are dominant and the surface of

nanocomposite particles has the negative charge. Thus,
repulsion between nanocomposite particles and nega-
tive species of tetracycline is due to reduction of
degradation efficiency [21].

Fig. 4. The TEM images of TZ5S5 nanocomposite.

Fig. 5. The pHPZC of TZ5S5 nanocomposite.

Fig. 6. The effect of sample pH on the degradation effi-
ciency of tetracycline, 1.0 g/L of photocatalyst, 20.0 mg/L
of tetracycline, and irradiation time of 180 min.
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The first step in photodegradation process is the
adsorption of pollutant molecules on the surface of
heterogeneous catalyst. The decrease of particles size
and increase of amount of catalyst is due to increasing
of %D of tetracycline. The effect of amount of photo-
catalysts is shown in Fig. 7. However, the decline of %
D is observed in amounts of >0.8 g/L of catalyst. The
aggregation of nanoparticles and turbidity of aqueous
samples can due to decline of degradation efficiency.
The penetration of photons is restricted in turbid
aqueous samples [22,23].

The kinetic rate constants of photodegradation pro-
cess of tetracycline catalyzed by prepared photocatalysts
are collected in Table 1. The pseudo-first-order rate con-
stants, kobs (min−1), are obtained using Langmuir–
Hinshelwood kinetic expression (ln(Co/Ct) = kobst) [24].
The photodegradation conditions are as follows: photo-
catalyst, 0.8 g/L; pH, 3; initial concentration of tetracy-
cline, 10–50 mg/L; and irradiation time, 30–180 min.
The obtained data show the maximum rate of degrada-
tion in 20 mg/L of tetracycline. The higher collusion of
pollutant molecules with photocatalyst particles is
respected with increasing of initial concentration of
pollutant. But, in amounts >20 mg/L of pollutant, the
competition between the tetracycline and water mole-
cules in adsorption on the surface of catalysts is serious
and the decrease of adsorption of water molecules is
due to reduction of production of hydroxyl radicals in
mechanism of photodegradation [25].

TiO2 þ hv ! hþ þ e� (2)

hþ þH2O ! �OHþHþ (3)

Also, in higher concentrations of pollutant, to reach
photons to catalyst surface is restricted because absor-
bance of photons by tetracycline molecules.

The order of photocatalytic activity is obtained as
follows: TZ5S55 > TZ7S3 > TZ3S7 > TiO2. Design and
preparation of efficient heterogeneous photocatalytic
materials still attracts much attention. For this
purpose, various methods have been suggested to
enhance the photocatalytic activity of TiO2 (band-gap
energy of 3.2 eV), which mainly include doping, func-
tionalization of the surface with metal particles, and
reduction of particle size to the nanoscale. Therefore,
the band-gap of TiO2 can decreased and/or recom-
bination of photogenerated electron–hole pairs (e−–h+)
can prevented effectively. Among these methods,
doping of two components into TiO2 lattice to produce
co-doped TiO2 photocatalysts is one of the most
effective ways for enhancing the photocatalytic activity
of TiO2 [26].

The UV–vis spectra of prepared photocatalysts
showed the red-shift of band-gap energy of doped
TiO2 versus pure TiO2. Thus, the efficiency of elec-
tron–hole production and the active radicals is
increased in photodegradation process. The overlap-
ping of conductance and valance bands of TiO2, ZrO2,
and SnO2 semiconductors is due to decrease of
band-gap energy. In other words, the reduction of
recombination rate of electron–hole is due to addition
of lifetime of electrons and holes in conductance and
valance bands, respectively. At these conditions, the
production efficiency of active radicals such as hydro-
xyl radical and thus the efficiency of photodegradation
are increased [27]. Apparently, the doping of similar
amounts of Zr and Sn in TiO2 is lead to an optimum
band-gap in composite photocatalyst. So that, the best
rate of photodegradation is obtained at the presence
of Ti0.9Zr0.05Sn0.05O2 (TZ5S5) photocatalyst.

The TOC method was monitored in tetracycline
samples (0.2 mg/L) as it decomposed. The results
were shown in Fig. 8. After 180 min, TOC of tetracy-
cline in photodegradation reaction at the presence of
TZ5S5 photocatalyst was reduced by 90%. The TOC
results were also showed the order of photocatalytic
activity is as follows: TZ5S5 > TZ7S3 > TZ3S7 > TiO2.

The reproducibility of photocatalytic activity of
TZ5S5 photocatalyst was studied in a four-cycle
photodegradation. Each experiment was carried out
with 20 mg/L of tetracycline, 0.8 g/L of nanocompos-
ite, pH of 3, and time of 180 min. After each experi-
ment, the catalyst particles was removed, washed with
water and ethanol solvent, and dried at 70–80˚C
temperature, and then used in a new experiment. The
degradation was obtained 98, 94, 91, and 85% in four
cycles, respectively, that shows the reproducibility

Fig. 7. The effect of photocatalyst dosage on the degrada-
tion efficiency of tetracycline, pH 3, 20.0 mg/L of tetracy-
cline, and irradiation time of 180 min.
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photocatalytic activity and stability against of
photocorrosion.

4. Conclusion

The doped TiO2 semiconductor with Zr and Sn
can increase the photocatalytic activity. The optimized
stoichiometry of Zr:Sn:Ti is obtained as 0.05:0.05:0.90,
respectively. The Ti0.9Zr0.05Sn0.05O2 nanocomposite can
be used as photocatalyst in degradation of tetracycline
in aqueous samples.
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