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ABSTRACT

In this study, ZnO-SnO, nanoparticles were prepared using the co-precipitation method,
and then to reach higher photocatalytic activity, Mg was impregnated onto the prepared
nanoparticles. The results of BET analysis indicated that compared to pure ZnO-5nO,, Mg/
ZnO-5n0O; nanoparticles had a higher specific surface area. The photocatalytic performance
of synthesized samples was monitored by degradation rate of Methyl Orange (MO) as a
probe pollutant under UV light irradiation. In order to get more information for optimiza-
tion of photocatalytic activity, the effect of various operational parameters (i.e. catalyst dos-
age, MO concentration, pH, and light intensity) were investigated. The results revealed that
the highest removal percentage of MO was achieved with 800 mg L' of Mg/ZnO-Sn0O,,
10 mg L' of MO at pH = 4.5, and light intensity of 62.2 W m™2 The synthesized samples
demonstrated superior photocatalytic activity than TiO,-P25 nanoparticles.
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1. Introduction

Heterogeneous photocatalysis by using semicon-
ductors (e.g. TiO,, ZnO, etc.) under UV light illumina-
tion has recently gained enormous attention due to
high potential in complete removal of organic contam-
inants [1]. Upon being irradiated with energy greater
than the band gap energy of semiconductors, electrons
are excited to the conduction band, leaving holes in
the valance band. Afterwards, the formation of highly
reactive species, such as hydroxyl radicals (as a result
of holes reaction with surface hydroxide ions or H,O
molecules) leads to the decomposition of toxic pollu-
tants into practically innocuous products such as CO,
and H,O [2,3]. Unfortunately, the rapid recombination
rate of electron-hole pairs diminishes the efficiency of
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photocatalysis, thus restricting its application in
industrial sector. Therefore, lowering the recombina-
tion of charge carriers is of great importance and has

attained extensive attention in recent years [4].
Semiconductor/semiconductor and/or metal/semi-
conductor heterostructures can be an effective

approach to achieve this goal [5]. In the case of semi-
conductor/semiconductor heterostructures (i.e. ZnO-
Sn0O,, ZnO-TiO,, SnO,-TiO,), due to redox energy
level differences between conduction and valance
bands of different semiconductors, the electrons are
transferred from the photoactivated semiconductor to
the non-photoactivated semiconductor, and holes are
transferred in the opposite direction. Thus, the recom-
bination rate of the photoinduced electron-hole pairs
will decrease, leading to higher photocatalytic activity
than the semiconductors used alone [6-11]. As for the
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metal/semiconductor heterostructures, it is deduced
that incorporated dopants can act as a trap for charge
carriers. Therefore, the lifetime of electron-hole pairs
and consequently hydroxyl radical formation will
increase [12]. Likewise, doping may increase the spe-
cific surface area of the semiconductor and improve
pollutant adsorption on the catalyst, resulting in an
improved photocatalytic activity [13]. Different metals
including Mg have been used to increase the photocat-
alytic activity in various studies. Mg**-doped TiO,
exhibited a better photocatalytic activity than pure
nano TiO, and commercial TiO,-P25 for degradation
of 4-chlorophenol (4-CP). The enhanced adsorption of
4-CP over catalyst surface and decrease in particle size
were believed to be the reason for higher photocata-
lytic activity [14]. Similarly, Feng et al. [15] observed
that among different doped TiO, catalysts, Mg-doped
TiO, had the highest photocatalytic activity in the
removal of Rhodamine B. This was due to the dye
sensitization mechanism which occurred during the
degradation process. A better photocatalytic activity of
Mg-doped semiconductors in comparison with pure
semiconductors was observed by Behnajady et al. and
Ileperuma et al. as well [16,17]. In order to investigate
further photocatalytic improvement by considering the
possible advantages of combining both coupling and
impregnation methods, in this study synthesized Mg/
ZnO-5n0O, nanophotocatalyst was used to remove
Methyl Orange (MO) from aqueous solution. The
effect of different operational parameters was also
studied. TiO,-P25 was used as a reference photocata-

lyst to evaluate Mg/ZnO-5nO, photocatalytic
efficiency.
2. Experiment
2.1. Preparation of nanophotocatalysts
To prepare Mg/ZnO-5nO, nanophotocatalyst,

ZnO-5n0, nanoparticles were synthesized according
to the procedure described in the literature [7]. For
impregnation with Mg to 1 g of ZnO-SnO, precursor
in 30 mL deionized water, 0.8 mol% Mg(NO3),-6H,O
(Scharlau) was added. The resulting suspension was
ultrasonically dispersed for 15 min and later subjected
to reflux at 80°C for 4 h. The resulting precipitates,
after being cooled down to the room temperature,
were filtered and washed with deionized water
several times. The precipitates were dried at 80°C for
10 h and finally calcined at 350°C for 1 h. The
synthesized samples were -characterized by XRD
(Siemens D5000 diffractometer), FESEM (Hitachi
S4160), EDX (Vegal Tescan), BET (Belsorp mini II),
and TEM (Philips CM10) methods.
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2.2. Photocatalytic activity measurements

After adjusting the pH value at the desired level,
reaction suspensions (100 mL) containing a specified
amount of Mg/ZnO-5nO, nanophotocatalyst and MO
were kept in darkness for 30 min. Oxygen was
bubbled in order to reach adsorption—desorption equi-
librium. The reaction was initiated when UV lamp
(15 W, UV-C, Amax = 254 nm, manufactured by Philips)
was switched on. Samples were taken out at specific
time intervals and centrifuged at 1,000 rpm. The
remaining concentration of MO in solution was
analyzed by UV-vis spectrophotometer (Pharmacia
Biotech, Ultrospec 2000) at its maximum wavelength
of 465 nm.

3. Results and discussion

3.1. Crystallite structure and morphology of synthesized
samples

XRD technique was used to characterize the
crystallite structure of Mg/ZnO-SnO, nanoparticles
calcined at 350°C. As it is shown in Fig. 1, all the
observed diffraction peaks are indexed to ZnO and
SnO, without any impurity peak relating to Mg,
which can be due to low Mg concentration [16]. The
crystallite size of the synthesized nanoparticles was
estimated by using the Scherrer formula. The diffrac-
tion peaks related to SnO, were broad, revealing a
small mean crystallite size, which was estimated to be
about 4.2 nm, while the diffraction peaks related to
ZnO were rather sharp with an average crystallite size
of about 15.9 nm. It has been reported that the pres-
ence of SnO, causes an increase in the crystallite size
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Fig. 1. XRD pattern of Mg/ZnO-5nO, nanoparticles

calcined at 350°C.
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of ZnO, whereas the presence of ZnO restrains the
growth of SnO, nanocrystals [11].

The morphology of Mg/ZnO-5nO, nanoparticles
was investigated by FESEM micrograph. The typical
FESEM image (Fig. 2) demonstrates that the synthe-
sized samples are nanosized and spherical in shape.
The uniform dispersion of synthesized nanoparticles is
obvious as well.

EDX analysis revealed that the Zn, Sn, and Mg
amount in Mg/ZnO-5nO, nanoparticles were about
58.35, 31.21, and 2.26 wt.%, respectively. The analytical
results from EDX indicated that much more Mg
elements had been impregnated onto ZnO-5n0O,
nanoparticles. The specific surface area of synthesized
samples determined by BET method was calculated to
be 32.051 and 49.065 m? g ' for ZnO-SnO, and Mg/
ZnO-5nO, nanoparticles, respectively. As a conse-
quence, Mg impregnation leads to higher specific
surface area and thus higher photocatalytic activity in
comparison with pure ZnO-5nO, nanoparticles. In
order to gain better information about the morphology
of Mg/ZnO-5nO, nanoparticles, TEM technique was
used. As it is seen in Fig. 3, the synthesized samples are
nanosized and uniformly dispersed. The spherical shape
of these nanoparticles is apparent as well.

3.2. Photocatalytic activity
3.2.1. The preliminary tests

The photocatalytic removal of MO in the solution
was studied in the presence of pure ZnO-SnO, and
Mg/ZnO-5nO, photocatalysts. A blank sample (with-
out any catalyst) was also irradiated under the same
condition. The obtained results revealed that the
removal of MO was insignificant when no catalyst
was used, while impregnation with Mg greatly
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Fig. 2. FESEM image of Mg/ZnO-5n0O, nanoparticles.
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Fig. 3. TEM micrograph of Mg/ZnO-SnO, nanoparticles.

improved the photocatalytic activity of pure
ZnO-5n0,. Accordingly, the removal efficiency of
MO, after 40 min of UV irradiation time, was 19.9%
without catalyst, 70.4 and 83.7% for pure ZnO-5nO,
and Mg/ZnO-Sn0O,, respectively.

3.2.2. The effect of catalyst dosage

Mg/ZnO-SnO, in the range of 200-900 mg L'
was selected to investigate the removal rate of MO
from aqueous solution. Results in Fig. 4 indicated that
the apparent first-order rate constant (k,,) enhanced
by increasing catalyst dosage up to 800 mg L', but
further increase up to 900 mg L' had no significant
effect on photocatalytic efficiency. The more catalyst
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Fig. 4. The effect of catalyst dosage on photocatalytic activ-

ity of Mg/ZnO-SnO, nanophotocatalyst (I, = 62.2 W m?,
[MO] = 10 mg L™).



1338

dosage is, the more number of active sites on the
catalyst surface will be. Thus, the formation of hydro-
xyl radicals and adsorption of MO molecules on
catalyst surface increase and consequently photocata-
lytic performance will be enhanced [2]. On the other
hand, when the catalyst dosage rises above a desired
level, the amount of UV light reaching the surface of
photocatalyst is reduced. As a result, the formation of
hydroxyl radicals, the number of active sites on cata-
lyst surface, and surface area available for photon
absorption diminish leading to lower photocatalytic
activity [18,19]. A number of different studies have
shown that the photocatalytic degradation of different
pollutants initially increases with increase in catalyst
dosage and then decreases when the catalyst dosage
reaches above the optimal value. This phenomenon
has been explained by light scattering, reduction of
surface area, etc. [19]. Behnajady et al. [20] reported
an optimum catalyst loading of 200 mg L™" for silver
doped TiO, for the degradation of C.I. Acid Red 88
(AR88). But when the catalyst dosage was raised
above the limiting value, the UV light penetration due
to an increase in the turbidity of solution increased,
resulting in decreased AR88 degradation.

3.2.3. Effect of MO concentration

In order to study the effect of MO concentration, a
series of tests were conducted with 800 mg L'
Mg/ZnO-SnO, and MO concentration of 5-30 mg L™
(Fig. 5). It is clear that the removal efficiency of MO is in
close relationship with the probability of hydroxyl radi-
cal formation at catalyst surface. As the concentration of
MO increases, the photons get intercepted before they
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Fig. 5. The effect of MO concentration on photocatalytic
activit;/ of Mg/ZnO-5n0O, nanophotocatalyst (I, = 62.2
W m™?, [Mg/ZnO-SnO5] = 800 mg L™).
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can reach the catalyst surface, and consequently forma-
tion of electron-hole pairs and photocatalytic efficiency
is reduced [6,21]. For higher MO concentration, more
reactive species (OH", O,7") are needed, but at a fixed
catalyst amount, light intensity and irradiation time, the
formation of OH" and O, " will be kept at a fixed level;
thus, the efficiency of MO removal will be reduced [19].
Wu et al. [22] observed that by increasing initial dye
concentration from 20 to 40 mg L', the decolorization
rate constant decreased. The decreased photocatalytic
activity was attributed to constant hydroxyl radical for-
mation on the surface of catalyst. Therefore, the number
of hydroxyl radicals attacking dye molecules declined.
Similar results were reported for the degradation of
Methylene Blue in the range of 5-10 mg L™" by Talebian
et al. [23].

3.2.4. Effect of pH

It is known that dye removal is greatly influenced by
the pH of solution. ZnO is an amphoteric oxide which is
stable at 4 < pH < 14; otherwise, it will be dissolved [24].
Since the transition pH range for MO stays at 3.1-4.4,
the experiments were conducted at pH = 4.54, 7.46, and
9.52 with 800 mg L™ Mg/ZnO-SnO, and 10 mg L™'of
MO. The obtained results are depicted in Fig. 6. As it is
seen, the removal of MO is favored at pH = 4.5. It is
worth noting that the pH values adopted in this work
are greater than pK, value (3.47) for MO; thus, MO will
be in its anionic form in the solution. The zero point
charge pH (pH,,,) for ZnO and SnO; is considered to be
9.0 = 03 and ~ 5.5, respectively. At pH higher than
PH_pc, the surface of ZnO and SnO, will be negatively
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Fig. 6. The effect of pH on photocatalytic activity of
Mg/ZnO-SnO, nanophotocatalyst (I, = 622 W m?
[MO] = 10 mg L™, [Mg/ZnO-SnO,] = 800 mg L.
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charged while at pH < pH,,. their surfaces will be
charged positively [25,26].

At lower pH values, there will be a strong interac-
tion among MO anions and positively charged catalyst
surface. As the pH value increases, the electrostatic
repulsion among MO anions and negatively charged
catalyst surface increases; consequently, the MO
adsorption on the catalyst and degradation efficiency
decreases. The same results were observed by Zhiyong
et al. while investigating the removal of Orange II as a
function of pH. The removal was favored at lower pH
values (i.e. pH 3.0 and 5.9) but was slower at higher
pH value (i.e. pH 10) [27].

3.2.5. Effect of light intensity

UV light is a key factor in heterogeneous photoca-
talysis, since it provides the photons required for
electron-hole formation. To study the effect of this
parameter by keeping other parameters at their
desired level, the UV light intensity was varied from
31 to 622 W m™2 by changing the distance between
UV lamp and photoreactor.

The results (Fig. 7) indicated that the highest dye
removal was obtained with light intensity of
62.2 W m™% The number of photons absorbed by the
catalyst enhances with increasing the light intensity.
With the increase of the number of absorbed photons,
the formation of electron-hole pairs and hydroxyl
radicals will also increase, and thus, the efficiency of
photocatalysis will be improved [21]. On the other
hand, the competition among formation and recombi-
nation of electron-hole pairs at lower intensities would

decrease the photocatalytic efficiency [16]. Some
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Fig. 7. The effect of light intensity on photocatalytic
activity of Mg/ZnO-SnO, nanophotocatalyst (pH = 4.5,
[MO] = 10 mg L™!, [Mg/ZnO-SnO,] = 800 mg L ™).
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researchers have noted the same results while
studying the effect of UV light intensity on the degra-
dation of dyes [6,19]. The increased value of k,, by
increasing UV light intensity is associated with higher
hydroxyl radical formation by Behnajady et al. for
degradation of ARS8 [21].

3.2.6. Comparison of photocatalytic activity with
TiO,—P25 and spectral changes of MO

In order to get a better insight into Mg/ZnO-5nO,
photocatalytic efficiency, its activity was compared
with TiO,-P25 as a reference catalyst (Fig. 8). In this
case, the kap was reported per surface area (min~' m™?)
in order to have more explicit and comparable data.
At the desired operational conditions, Mg/ZnO-SnO,
nanophotocatalyst exhibited better activity than
TiO,~P25 nanoparticles. It seems that coupling two
semiconductor oxides with different band gap widths
and also impregnation with Mg lead to a higher
photocatalytic activity than TiO,—P25 nanoparticles
under the same conditions.

The photocatalytic performance of Mg/ZnO-5nO,
in the degradation of MO was evaluated by diminish-
ing of MO peaks in the UV and visible regions. As
depicted in Fig. 9, two major peaks around 225 and
465 nm are associated with MO absorption spectrum.
The one at 225 nm is attributed to aromatic rings and
the latter to -N=N- chromophore structure. Upon UV
light illumination, both peaks gradually vanish and
MO is completely removed after 40 min. The observed
diminishing trend at 225 and 465 nm accounts for
mineralization of aromatic rings and decomposition of
chromophore structure, respectively.
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Fig. 8. Comparison of photocatalytic efficiency of Mg/
Zn0O-Sn0O, and TiO,-P25 (Iy = 62.2 W m ™2, [MO] = 10 mg
L7, pH = 4.5).
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Fig. 9. Absorption spectrum of MO at different irradiation
times ([Mg/ZnO-SnO,] = 400 mg L™', [MO] = 10 mg L7},
I =622 W m™>).

4. Conclusion

In this study, Mg/ZnO-SnO, nanophotocatalyst
with 0.8 mol % Mg was successfully synthesized. The
prepared samples exhibited a high photocatalytic activ-
ity for MO removal, and then its photocatalytic activity
was compared with TiO,-P25 as a reference catalyst.
The synthesized samples showed superior photocata-
lytic activity than TiO,-P25 nanoparticles. Also, the
effect of different operational parameters (i.e. catalyst
dosage, MO concentration, pH, and UV light intensity
on photocatalytic activity) was studied. The results
indicated that by setting operational parameters at
their desired level, the photocatalytic activity will
further improve. The removal rate of MO was found to
increase by increasing Mg/ZnO-5nO, dosage up to
800 mg L™ for MO concentration of 10 mg L™ in the
acidic solution (ie. pH = 4.5) and under UV light
intensity of 62.2 W m 2.
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