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ABSTRACT

Sn/Zn/TiO2 nanoparticles were produced via sol–gel method. Characterization of the
nanoparticles was carried out by means of X-ray diffraction, transmission electron micros-
copy, energy dispersive X-ray spectroscopy, and N2 adsorption/desorption isotherm and
Brunauer–Emmett–Teller (BET) analysis methods. The photocatalytic activity of synthesized
nanoparticles was investigated in the photocatalytic degradation of amoxicillin trihydrate
(AMOX) antibiotic. The reaction was monitored by chemical oxygen demand, total organic
carbon, and average oxidation state (AOS) calculations. The AOS reach values around +4
indicating the formation of low-molecular-weight carboxylic acids. The oxidation reaction fit
with the Langmuir–Hinshelwood kinetic model indicating the dependence of reaction rate
with initial adsorption step. The temperature dependence of the photocatalytic degradation
was studied. The activation energy was 18.013 kJ mol−1 in the range of 293–313 K for this
process. The figures of merit based on electric energy consumption (electrical energy per
order (EEO)) were evaluated in the photodegradation of AMOX in the presence of prepared
samples. The results indicate that less energy is consumed during the degradation of
AMOX in the presence of Sn/Zn/TiO2 compared with other photocatalysts. The photocata-
lytic activity of TiO2 co-doped with Sn, and Zn was markedly improved due to the
synergistic actions of the two dopants.
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1. Introduction

Pharmaceuticals are employed for the preservation
of human health and production of food [1]. These
molecules cannot be metabolized. They are excreted
into the effluents and reach drinking water if they are
not biodegraded or eliminated during sewage treat-

ments [2]. Several kinds of pharmaceuticals have been
identified in surface waters, groundwater, and sedi-
ments [3]. Wastewater treatment plants cannot elimi-
nate these molecules completely. It constitutes a
public health concern [4]. Amoxicillin trihydrate
(AMOX) is a semisynthetic antibiotic used in medicine
[5]. Due to their antibacterial nature, antibiotic resi-
dues or contaminated waters cannot be effectively
eliminated by traditional biological methods [6–8]. On
the other hand, advanced oxidation processes (AOPs)
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have proved to be a suitable alternative for rapid
degradation of recalcitrant and nonbiodegradable
compounds in water [9,10]. Heterogeneous photocatal-
ysis using a semiconductor have earned an important
place among the AOP because of the stability of the
catalyst in the entire pH range, the absence of residu-
als after the treatment, and the possible use of solar
light as light source [11]. The application of this tech-
nology is limited due to the fast recombination rate of
photogenerated electron/hole pairs. According to
recent research, composite semiconductors could be
an effective method, because they may increase the
efficiency of charge separation and extend the energy
range of photoexcitation [12]. In recent years, some
reports indicated that introducing two or more proper
elements onto nanocrystalline TiO2 particles would
improve the photocatalytic effect of TiO2. Therefore,
co-doping metal ions into the nondoped TiO2 may
have a synergetic effect to enhance the activity of TiO2

[13,14]. The sol/gel process is suitable for producing
composite materials of high purity without multiple
steps [15].

In the present work, Sn/Zn/TiO2 nanoparticles
were prepared by sol/gel method. In order to study
the physicochemical properties of the prepared sam-
ples, X-ray diffraction (XRD), transmission electron
microscopy (TEM), energy dispersive X-ray spectros-
copy (EDX), and N2 adsorption/desorption isotherm,
and Brunauer–Emmett–Teller (BET) were used.
Sn/Zn/TiO2 photocatalyst was used for the oxidation
of AMOX as a target compound. Its oxidation profile
was followed by spectrophotometric analyses,
chemical oxygen demand (COD), and total organic
carbon (TOC) determinations, and average oxidation
state (AOS) calculations. The kinetic description of the
reaction was given based on Langmuir–Hinshelwood
(L–H) model. The temperature dependence of the pro-
cess was investigated, and the activation energy was
calculated. Also, EE0 “Electrical Energy per Order”
was calculated and showed that less energy was
consumed during the oxidation of AMOX in the pres-
ence of Sn/Zn/TiO2 nanoparticles in comparison with
other photocatalysts.

2. Experimental

2.1. Materials

Titanium n-butoxide (TBOT, Ti (OC4H9)4), CAS
No. 5593-70-4), ethanol with absolute grade (CAS No.
64-17-5), tin (IV) chloride (SnCl4, CAS No. 7646-78-8),
and zinc (II) chloride (ZnCl2, CAS No. 7646-85-7) were
used without any further purification. AMOX (CAS
No. 61336-70-7) was used as a model contaminant to

measure the photocatalytic activity of synthesized
nanoparticles. Chemical structure of AMOX has been
given in Fig. 1. All chemicals used in this research
work were purchased from Merck (Germany).

2.2. Preparation of TiO2 and Sn/Zn/TiO2 nanoparticles

According to Refs. [16,17], TiO2 nanoparticles were
synthesized by adding a mixture of 5 mL distilled
H2O and 10 mL ethanol to a mixture of 5 mL
Ti(OC4H9)4 (AR) and 15 mL ethanol. After continuous
stirring for 3 h at room temperature, the yellowish
transparent sol was yielded. The sol was allowed to
stand for 24 h at room temperature and the TiO2 xero-
gel was obtained. Then, TiO2 xerogel was calcined at
450˚C for 3 h, and TiO2 nanoparticles were yielded.
Sn/TiO2 (1.5 mol. % Sn), Zn/TiO2 (1.5 mol. % Zn),
and Sn/Zn/TiO2 (0.75 mol. % Sn, 0.75 mol. % Zn)
nanoparticles with a total metal doping of 1.5 mol. %
were synthesized by the same method, except that the
water used for the synthesis contained the required
amount of SnCl4 and ZnCl2.

2.3. Catalyst characterization

In order to determine the crystallite size and phase
composition of the prepared nanoparticles, XRD anal-
ysis (Siemens D5000 diffractometer) using Cu Kα radi-
ation at 2 h angle from 5˚ to 70˚ was used. The (1 0 1)
peak (2θ = 25.28˚) of anatase and the (1 1 0) peak
(2θ = 27.42˚) of rutile were used for analysis. The
mean crystallite size of the nanoparticles was calcu-
lated using Scherrer’s equation [18];

D ¼ kk
b cosh

(1)

where D is the average crystallite size (nm), k is a con-
stant equal to 0.89, λ is the X-ray wavelength equal to
0.154056 nm, β is the full width at half maximum

Fig. 1. Chemical structure of AMOX.
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intensity, and θ is the half diffraction angle. Size of the
synthesized nanoparticles was obtained by TEM
instrument (Philips CM-10 HT-100 kV). BET and BJH
measurements were performed using Belsorp mini II
instrument based on N2 adsorption–desorption.

2.4. Photocatalytic degradation studies and analysis

In order to evaluate the photocatalytic activity of
the synthesized samples, the removal of AMOX in
aqueous solution under black light radiation was mea-
sured. A batch quartz reactor was used to carry out
photocatalytic degradation processes, as previously
reported [19]. The batch photoreactor was equipped
with 36 W black light lamp (with a wavelength peak at
365 nm) to provide the light. In each run, 400 mg L−1 of
prepared photocatalyst was dispersed in 100 mL water
for 15 min using an ultrasonic bath (Elma T460 ⁄ H).
Then, 20 mg L−1 antibiotic was added to it and fed into
the reactor and equilibrated for 30 min in the darkness.
Then, desired concentration of antibiotic (20 mg L−1)
and photocatalyst were fed into the reactor, and it was
allowed to equilibrate for 30 min in the darkness. The
zero time reading was obtained from blank solution
kept in the dark. At given irradiation time intervals,
the samples (5 mL) were taken out and centrifuged for
10 min at 1,000 rpm (Hettich EBA Centrifuge), and
then, AMOX concentration was analyzed by UV–Vis
Perkin–Elmer 550 SE spectrophotometer. The COD test
is widely used as an effective technique to measure the
organic strength of wastewater. The test allows the
measurement of waste in terms of the total quantity of
oxygen required for the oxidation of organic matter to
CO2 and water. In the present work results of COD
were taken as one of the parameter to judge the feasi-
bility of the photochemical process for the degradation
of AMOX solution. The COD was determined using a
commercial kit (HACH) in a Digital Reactor Block 200
(HACH). TOC was measured by Shimadzu 5000A TOC
analyzer.

3. Results and discussion

3.1. Characterization of nanoparticles

3.1.1. X-ray diffraction (XRD)

The XRD patterns of TiO2, Sn/Zn/TiO2 and com-
mercial (DG-25) TiO2 have been shown in Fig. 2. A
combination of anatase and rutile phases can be
observed for (DG-25) TiO2. However, pure anatase
phase was observed for synthesized samples. Between
the two crystalline phases, anatase was proved to have
better optoelectronic properties. It can be seen that the

phase transition could be hindered by metals doping.
Generally, crystalline domain sizes decrease with
increasing line broadening of the peaks. The average
size of crystallites for TiO2, Sn/Zn/TiO2 and commer-
cial (DG-25) TiO2 determined from the XRD pattern
based on the Scherrer’s formula were 10.25, 8.3, and
22 nm, respectively. The presence of the dopant cat-
ions causes the crystallite size to reduce. This decrease
in particle size may be due to separation of the dopant

Fig. 2. XRD patterns of (a) TiO2, (b) Sn/Zn/TiO2 and (c)
commercial (DG-25) TiO2.
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ions at the grain boundary which prevents the grain
growth by limiting direct contact of grains.

3.1.2. TEM analysis of Sn/Zn/TiO2nanoparticles

Fig. 3 shows TEM image of synthesized Sn/Zn/
TiO2 nanoparticles. Well dispersivity was observed for
this sample. From the TEM image, the average size of
the particles was found to be in the range of 8–10 nm,
which is in good agreement with that calculated from
the XRD pattern using Scherrer’s equation.

3.1.3. Elemental analysis with EDX spectroscopy

EDX analysis used to identify elements which exist
in the prepared Sn/Zn/TiO2 nanoparticles. Sn, Zn, O
and Ti peaks can be clearly seen from Fig. 4. These
results confirmed the existence of Sn4+ and Zn2+ ions
in the solid catalyst. The analytical results from EDX
are in reasonable agreement with the nominal wt.% of
Sn4+ and Zn2+ doped TiO2. Sn and Zn being present
on the TiO2 surface emerged to trap the migrated elec-
trons (e−), leaving the holes (h+) free to react with
water molecules to form hydroxyl radicals, which in
turn could have degraded AMOX molecules and pre-
vented the rapid recombination with electrons.

3.1.4. Nitrogen adsorption/desorption analysis

In order to investigate the influence of doping with
Sn and Zn on specific surface area and porosity of the
synthesized samples, N2 adsorption analysis was per-
formed. Fig. 5 shows the nitrogen adsorption/desorp-
tion isotherm of Sn/Zn/TiO2 sample. It can be
observed this sample exhibits a Type IV adsorption

isotherm with a H2 hysteresis loop with stepwise
adsorption and desorption. Mesoporosity can be con-
cluded from the sharp decrease in the desorption
curve and the hysteresis loop at high relative pressure
[20,21]. The narrow pore size distribution curves indi-
cate that the samples have uniform pore channels in
the mesoporous region.

Fig. 6 shows the pore diameter distribution of Sn/
Zn/TiO2 as estimated according to the BJH method
from the adsorption branch. It can be observed that
the diameter range of pores located between 0.95 and
10 nm and the average diameter of pores is 8.3 nm.
The insertion of some dopant ions into the pore of
TiO2 causes a decrease in the average pore size [22].

The specific surface areas of Sn/Zn/TiO2 and pure
TiO2 are 106.3 and 47.03 m2 g−1, respectively. The pore
volume of Sn/Zn/TiO2 is 0.180 cm3 g−1 which isFig. 3. TEM images of Sn/Zn/TiO2 nanoparticles.

Fig. 4. EDX patterns of Sn/Zn/TiO2 nanoparticles.

Fig. 5. Adsorption—desorption isotherms of Sn/Zn/TiO2

nanoparticles.
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higher than 0.11 cm3 g−1 of TiO2 sample. (It is not
shown for TiO2). The surface area of Sn/Zn/TiO2 is
more than that of nanosized TiO2 because of its
increase in the mesopore size and mesopore volume
[23]. The incorporation of Sn4+ and Zn2+dopants dur-
ing the sol-gel synthesis technique causes crystal
growth suppression which is favorable for the forma-
tion of smaller TiO2 crystallite. It is due to the
increased lattice strain in Sn/Zn/TiO2 network and
then decrease grain growth rate [24]. Also, these
higher surface areas values may be attributed to the
removal of chloride from the crystal during calcina-
tions at temperature lower than 450˚C from Sn and Zn
(tin and zinc chlorides) precursors and thermally
decompose. So the porosity of surface will be
enhanced, and the surface area of Sn/Zn/TiO2 will be
increased more than that of nondoped TiO2 [25]. It is
observed that Sn, Zn-doping could provide a larger
BET surface area but a smaller crystal size than the
nondoped sample. It is accepted in heterogeneous
photocatalysis process, higher surface area and pore
volume can be useful in the formation of photogener-
ated electron and hole pairs. Hence, heterogeneous
photocatalysis is influenced greatly by the surface area
and pore structure [26].

3.1.5. Photodegradation studies

The mineralization of AMOX antibiotic in aqueous
solution under black light irradiation by prepared
photocatalysts has been shown in Fig. 7. Maximum
absorption for AMOX is shown at 230 nm. In the pho-
todegradation process, the major absorption band had
significant hypsochromic shifts [27]. The absorption

peak gradually decreased upon the black light irradia-
tion, illustrating the degradation of AMOX. Total con-
centrations of all AMOX species were simply
determined by the maximum absorption measure-
ment. Doping of TiO2 with Sn, Zn significantly
enhances the photocatalytic efficiency as compared to
nondoped TiO2. Sn/Zn/TiO2 nanoparticles required
lesser irradiation time than TiO2 nanoparticles, which
can be discussed by three factors. First, Sn/Zn/TiO2

with high surface area can provide more active sites
and adsorb more active species, which could have
been the reason for its superior degradation efficiency.
It is considerable that large specific surface area allows
more pollutants to be absorbed onto the surface of the
photocatalyst, while high pore volume (mesopores)
allows rapid diffusion of various liquid reactants and
products during the photocatalytic reaction, which can
increase the rate of photocatalytic reaction [28]. Sec-
ond, it is considered that particle size main parameter
influencing photocatalytic efficiency, since the elec-
tron–hole recombination rate may depend on the par-
ticle size. Partial variations in particle sizes lead to
significant modifications in the surface/bulk ratio,
thus influencing the recombination rates of volume
and surface electrons and holes [29]. Sn/Zn/TiO2 with
small particle size can decrease the electron–hole
recombination rate. Finally, this may be due to the fact
that a small amount of tin and zinc ions can act as a
photo-generated hole and a photo-generated electron
trap and inhibit the electron–hole recombination [30]:

The photocatalytic mechanism involves the excita-
tion of valence electrons to the conduction band by
black light illumination, resulting in the formation of
holes in the valence band. These species can undergo
subsequent reduction and oxidation reactions. In fact,

Fig. 6. Pore diameter distribution of Sn/Zn/TiO2

nanoparticles.

Fig. 7. Degradation profile of AMOX antibiotic in the
presence of prepared samples, catalyst dosage: 400 mg L−1,
[AMOX]0: 20 mg L−1, T: 296 K, pH 5.6.
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the photocatalytic efficiency depends on the competi-
tion between the surface charge carriers transfer rate
and the electron–hole recombination rate. If the
recombination rate is so fast, there is no enough time
for any other reactions to occur, namely there is no
photocatalytic activity [31,32]. These ejected electrons
can be trapped by the metal ions co-doped into TiO2

lattice, and the recombination process is holding up.
The electrons transfer to the adsorbed oxygen mole-
cules via the conduction band of TiO2 and then
trapped through formation of superoxide radical
anions. The superoxide radicals and the trapped elec-
trons can combine to produce H2O2, finally forming
hydroxyl radicals. Both hydroxyl radical and superox-
ide radical anions are strong oxidants which can oxi-
dize the organic molecules (AMOX) on the surface of
photocatalyst, resulting in the formation of intermedi-
ate organic species and subsequently complete oxida-
tion of these species to water and carbon dioxide.
Moreover, positive holes in the valence band act as
good oxidizing agents available for the degradation of
antibiotic in the solution, •OH (or h+vb) where “antibi-
otic” is the pollutant, an electron donor. The photocat-
alytic performance of co-doped sample was higher
than that of nondoped TiO2 for the degradation of
AMOX under black light. Obviously, the photocata-
lytic activity of Sn and Zn co-doped TiO2 under black
light demonstrated that Sn and Zn co-doping effect
was most outstanding, apparently due to the synergis-
tic effects of Sn4+ and Zn2+ ions that reduce the recom-
bination of photogenerated electrons and holes, herein
enhancing the photoreaction activity of TiO2 nanopar-
ticles. So, the photocatalytic efficiency of TiO2 nano-
particles can be enhanced with the presence of an
electron acceptor, such as oxygen molecules or metal
ions (Mn+), such as Sn4+, Zn2+, and Ag+, because the
recombination of electron/hole pairs can be lessen.

The degradation profiles of AMOX in terms of
COD removal in the presence of synthesized samples
are shown in Fig. 8. The complete removal of
antibiotic with initial concentration of 20 mg L−1 was
reached at 7 min irradiation in the presence of
Sn/Zn/TiO2 sample.

The TOC profile shown in Fig. 9 indicates that
intermediates refractory to mineralization are formed
in the course of the reaction. The antibiotic was almost
completely abated. Although the intermediates were
not identified, their nature was monitored by the AOS
changes during the photocatalytic process. The AOS
was calculated according to Eq. (2), where TOC and
COD are expressed in mol L−1 of C and O2,
respectively [33].

AOS ¼ 4ðTOC� CODÞ
TOC

(2)

Fig. 8. Course of the COD removal during the photocataly-
sis of the AMOX antibiotic in the presence of prepared
samples, catalyst dosage: 400 mg L−1, [AMOX]0: 20 mg L−1,
T: 296 K, pH 5.6.

Fig. 9. Course of the TOC removal during the photocataly-
sis of the AMOX antibiotic in the presence of prepared
samples, catalyst dosage: 400 mg L−1, [AMOX]0: 20 mg L−1,
T: 296 K, pH 5.6.

Table 1
Effect of Sn/Zn/TiO2 photocatalyst on AOS during the
photocatalytic degradation of AMOX

Time Average oxidation state (AOS)

0 0.122
2 1.74
4 3.12
6 3.76
8 3.99
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AOS takes values between +4 for CO2 (the most
oxidized state of C) and −4 for CH4 (the most reduced
state of C). Table 1 presents the AOS values calculated
for short-lived AMOX intermediates. The AOS
increase from the initial value around 0.122 for AMOX
to values over 1.74 after 2 min irradiation. A second
increase is observed after 8 min irradiation, reaching
values over +3.99, when the antibiotic was completely
abated. These AOS correspond to low molecular
weight carboxylic acids [34], which are known as
refractory for mineralization [35]. Such AOS is charac-
teristic of highly oxidized short-chain carboxylic acids,
such as oxalic, acetic, and formic acids.

3.1.6. Spectral changes of AMOX during
photodegradation

Fig. 10 shows the absorption spectra of 20 mg L−1

AMOX under black light illumination in the presence
of 400 mg L−1 TiO2 and Sn/Zn/TiO2 nanoparticles. It
is clearly observed that in the presence of Sn/Zn/TiO2

nanoparticles, AMOX rapidly modifies its chromo-
phoric groups, decreasing the absorption intensity at
208, 228 and 273 nm indicating structural modification
of the antibiotic. The effect can be attributed to a cata-
lytic effect because no alteration in absorption was
observed in the absence of Sn/Zn/TiO2 nanoparticles,
even for large illumination periods. In the presence of
Sn/Zn/TiO2 nanoparticles, around 67% of degrada-
tion was observed after 3 min irradiation with black
light (36 W) and the complete removal of the antibi-
otic was reached at 6 min irradiation. However, in the
presence of TiO2 nanoparticles, complete degradation
of AMOX was observed after 12 min illumination with
black light.

3.2. Kinetics analysis

Finding a simple rate equation, which fits the
experimental rate data, is beneficial for engineering
purposes. The photodegradation of AMOX using
Sn/Zn/TiO2 nanoparticles obeys apparently pseudo-
first-order kinetics at low initial antibiotic concentra-
tion and the rate expression is given by Eq. (3).

ln
Co

C

� �
¼ kapt (3)

where kap is the pseudo-first-order rate constant, C
and Co are the concentration at time “t” and “t = 0”,
respectively. The values of kap have been calculated by
applying a least square regression analysis. It is clear
that the photodegradation rate is antibiotic concentra-
tion-dependent. As the concentration of the antibiotic
was increased, the rate of photodegradation decreased.
It is attributed to the adsorption of more pollutant
molecules on the surface of photocatalyst. If more
antibiotic molecules are adsorbed on the surface of
catalyst, the reaction of pollutant molecules with holes
or hydroxyl radicals is inhibited due to the lack of
direct contact between them [36,37]. Also solubility of
oxygen in water is low. Therefore, during the photore-
action, oxygen concentration in the solution can be lost
and photocatalytic degradation efficiency decreases
[38].

A few previous researchers explained the photo-
degradation kinetics of organic pollutants by the L–H

Fig. 10. Absorbance spectra of AMOX during the course of
reaction catalyzed by (a) TiO2 and (b) Sn/Zn/TiO2 nano-
particles, [Sn/Zn/TiO2]: 400 mg L−1, [AMOX]0: 20 mg L−1,
T: 296 K, pH 5.6.
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model. In order to explain the solid/liquid reaction,
the experimental results have been justified in terms
of the modified form of L–H kinetic model. The rate
of oxidation of antibiotic at surface reaction is propor-
tional to the surface coverage of antibiotic on the Sn/
Zn/TiO2 photocatalyst assuming that AMOX is
adsorbed on the catalyst surface than the intermediate
products [39]. Eqs. (4) and (5) are used to describe the
effect of initial concentration of organic pollutant on
the initial degradation rate (r).

r ¼ kc kAMOXðCÞ
1þ kAMOXðCoÞ ¼ kapðCÞ (4)

1

kap
¼ 1

kc kAMOX
þ Co

kc
(5)

In this equation, kAMOX and kc represent L–H
adsorption equilibrium constant and rate constant of
surface reaction. Several experiments were performed
with different initial antibiotic concentrations. The val-
ues of kAMOX and kc were obtained by the linearized
equation using plotting 1/kap vs. [C0]. From the slope
of the straight line, kc were computed equal to 9.01,
4.87, 4.21, and 3.12 mg L−1 min−1, while from the
intercept, kAMOX were 1.375, 1.21, 1.072 and 0.83
(mg L−1)−1 for the photodegradation of AMOX using
Sn/Zn/TiO2, Sn/TiO2, Zn/TiO2, and TiO2, respec-
tively. A rate equation based on L–H model for photo-
degradation of dyes in wastewater using ZnO has
been proposed by Dutta and Chakrabarti. They
obtained L–H equation constants of ethylene blue and
eosin Y equal to 0.0345 and 0.0859 (mg L−1)−1, respec-
tively [40]. Daneshvar and his co-workers reported
L–H equation constants for the degradation of insecti-
cide diazinon in the presence of ZnO nanocrystals.
The values are Kdiazinon = 0.124 (mg L−1)−1and
kc = 0.209 mg L−1 min−1 [40].

3.3. Electrical energy efficiency

Different parameters, such as economics, regula-
tions, effluent quality goals, and operation, are impor-
tant in selecting a wastewater treatment method.
Among these, economics has been recognized as the
most important factor. In photocatalytic degradation
process, electric energy consumption is considered as
an important fraction of the operating costs. So, simple
figures of merit based on electric energy consumption
are helpful. The suitable figure of merit in the low pol-
lutant concentration is the electrical energy per order
(EEO). The following equations can be used to calcu-
late EEO (kWh/m3/order):

EEO ¼ Pel � t� 1000

V � 60� ½Co�
½C�

� � (6)

In this equation, P is the input power (kW) to the
AOP system, t is the illumination time (min), V is the
volume of water (l) in the reactor, Co and C are the
initial and final antibiotic concentrations, respectively
[41]. This equation for a pseudo-first-order reaction in
a batch reactor can be written as follows:

EEO ¼ Pel � 38:4

V � kap
(7)

where kap is the pseudo-first-order reaction rate con-
stant (min−1). The EEO values for photocatalytic degra-
dation of AMOX in the presence of synthesized
samples have been given in Table 2.

The results of electrical energy per order (EEO)
evaluation indicate that electrical energy consumption
is directly proportional to the photocatalytic activity of
catalyst. Sn/Zn/TiO2 sample with high activity needs
less energy consumption in comparison to other pho-
tocatalyst. In the presence of Sn/Zn/TiO2 nanoparti-
cles, photocatalytic degradation of AMOX can be
achieved with upper rate. So, EEO is reduced with kap
increasing. It is clear from this table that EEO amount
for the photodegradation of AMOX in the presence of
Sn/Zn/TiO2 photocatalyst is 4 times more than that of
TiO2. EEO is a significant factor in view of the evalua-
tion of the treatment costs.

3.4. Effect of temperature

It is known that temperature increment helps the
reaction to emulate with e−−h+ recombination [42].
The photocatalytic degradation was investigated at
various temperatures at range 293–313 K and rate con-
stant k was determined from the first-order plots. The
Arrhenius plot of log k vs. 1/T was used to calculate
the energy of activation Ea. From the figure, the calcu-
lated activation energy “Ea” is 18.013 kJ mol−1.

Table 2
EEO values for the photodegradation of AMOX in the
presence of different photocatalysts

Photocatalyst EEO (kWh m−3 order−1)

TiO2 40.66
Zn/TiO2 28.36
Sn/TiO2 21.71
Sn/Zn/TiO2 10.15
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3.5. Cyclic performances of Sn/Zn/TiO2 for the degradation
of AMOX

In order to study the efficiency of used Sn/Zn/
TiO2 photocatalyst, after finishing its photocatalytic
reaction, catalyst was washed out, heated at 100˚C and
then put into reuse in the following experiments in
new AMX solution. The results in Fig. 11 indicate that
photocatalytic activity of the photocatalyst was just
slightly reduced in stirred aqueous solution, and Sn/
Zn/TiO2, after being used three times, remained ca.
90% of photoactivity of the fresh catalyst. It proved
that the final removal of AMOX from solution was
caused by the photocatalytic degradation other than
the adsorption process that will lead to saturated
adsorption of AMOX on the photocatalyst. These
results indicated that cyclic usage of the Sn/Zn/TiO2

photocatalyst was possible and its stability in
removing of pollutant from water was satisfactory.

4. Conclusion

Sn, Zn co-doped mesoporous TiO2 material synthe-
sized by sol–gel method had been applied to the pho-
todegradation of AMOX and showed a superior
activity compared to that pure TiO2 prepared using
the same method. Metal co-doping was seen beneficial
in terms of increasing the physicochemical specificities
properties of TiO2 such as specific surface area, crys-
tallite size, pore volume, black light absorption, and
prevented the anatase-to-rutile phase transformation.
These were found favorable for the photocatalytic
degradation of AMOX. More considerably, the higher
activity of Sn/Zn/TiO2 could be ascribed to the
synergistic effect of two doped metal ions with Sn, Zn

functioning as electron traps and prevented the recom-
bination of electron–hole pairs, consequently enhanced
the charge separation. The kinetic of photodegradation
of AMOX followed L–H model. The photocatalytic
degradation depends on the temperature. The appar-
ent activation energy obtained 18.013 kJ mol−1. The
electrical energy consumption per order of magnitude
for photocatalytic degradation of AMOX was lower in
the presence of Sn/Zn/TiO2 photocatalyst than that of
other photocatalysts.
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