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ABSTRACT

In this study, ZnO nanoparticles with different Mg contents and calcination temperatures
were synthesized by the sol-gel method. The photocatalytic activity of the synthesized
nanoparticles was investigated in the photocatalytic degradation of Rhodamine B. The
products were characterized by X-ray diffraction (XRD), energy dispersive X-ray
spectroscopy (EDX)-mapping, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), diffuse reflectance spectroscopy (DRS), and Brunauer-Emmett-Teller
(BET) techniques. The XRD results showed that the doped nanoparticles had the same
crystal structure as the pure ZnO. The EDX and mapping findings indicated the existence
of Mg in the doped sample. SEM and TEM analysis showed the spherical shape and
uniform-size distribution of the nanoparticles. Based on DRS spectra, the band gap energy
value of 2.0 wt% Mg doped ZnO was 3.26 eV, which was larger than the ZnO nanoparticles’
band gap energy. Using BET analysis, the surface areas of ZnO and 2.0 wt% Mg/ZnO were
calculated to be 14.9 and 22.5 m? g ™', respectively. The results of the photocatalytic activity
indicated that Mg/ZnO was more active than pure ZnO photocatalyst due to its higher
surface area and larger band gap energy. Maximum photocatalytic activity was achieved for
Mg/ZnO nanoparticles with 2.0 wt% Mg and at the calcination temperature of 400°C.
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1. Introduction

Wastewater from textile, paper, and some other
industries contain residual dyes, which are not readily
biodegradable [1]. Due to its complex bio-resistant con-
tent, various physical, chemical, and biological tech-
nologies should be utilized for treating this type of
wastewater. Advanced oxidation processes (AOPs) use
catalysts or oxidant compounds concomitant with
ultraviolet (UV) or visible light, which generate highly
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reactive transient species such as hydroxyl radicals
with a high potential for oxidation of organic
compounds. Among various AOPs, the heterogeneous
photocatalysis processes are very promising techniques
compared with the traditional processes. Heteroge-
neous photocatalysis is based on the absorption of pho-
tons by a semiconductor with appropriate band gap
energy. The semiconductor photocatalyst should be
chemically and biologically inert, stable, inexpensive,
and without any human and environmental risks [2].
When the semiconductor photocatalyst is illuminated
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by UV light, the electrons are promoted from valence
band (VB) to the conduction band (CB) to generate
photo-induced electron-hole pairs [3-5]. The holes can
oxidize water or hydroxide ions to produce hydroxyl
radicals [6-8]. The results of electron paramagnetic
resonance (EPR) indicate that the electrons and holes
are trapped in different defect sites [9]. The dissolved
oxygen reduces with photo-induced electrons, which is
another source of hydroxyl radicals [10].

Zinc oxide (ZnO) nanoparticles have been the
focus of intense interest due to their potential wide
range applications in electronics, optics, optoelec-
tronics, and lasers. The photosensitive properties
of ZnO nanoparticles make it a good candidate
for photocatalytic application in the degradation of
various pollutants. However, the recombination of
photo-induced electron-hole pairs leads to low photo-
catalytic activity [11]. The modification of the semicon-
ductors with noble metals has attracted significant
attention, especially to heterogeneous photocatalysis
[12]. Recently, some metal ions such as Ag", cd*,
Fe”*, Mn®*, and Co”* have been used as doping ions
to reduce the recombination of electron-hole pairs.
Mg”* could be a proper metal ion in doping ZnO
nanoparticles due to its similar ionic radius to Zn, low
cost, and non-toxicity [11]. The highest photocatalytic
activity of Mg-doped TiO,, in comparison with other
M-doped TiO, catalysts (M = Fe, Co, Ce, Cr, Mn, Nij,
and Ag ions), was reported by Feng et al. [13] for the
degradation of RhB in aqueous solution. Behnajady
et al. [14] observed a superior photocatalytic activity
for Mg-doped TiO, compared to bare TiO, for the
degradation of C.I. Acid Red 27. Abdollahi et al. [15]
synthesized ZnO nanoparticles” doped manganese via
precipitation method. The results of their study
revealed a better photocatalytic activity for 2.0 wt%
Mn doped ZnO in the removal of cresol. Fu et al. [16]
prepared Cu-doped ZnO nanoparticles using sol-gel
method. Photocatalytic activity was tasted in the
degradation of Methyl Orange (MO). Degradation rate
of MO in the presence of 0.5% Cu/ZnO nanoparticles
was achieved 88.0%, which exceed that of undoped
ZnO. Lu et al. [11] also synthesized Mg-doped ZnO
nanoparticles by sonochemical method, reporting that
Mg-doped ZnO nanoparticles presented better proper-
ties in photocatalytic degradation of Methylene Blue
(MB) than pure ZnO nanoparticles. Oh et al. [17]
prepared the Mg/ZnO nanoparticles through a facile
one-step sonochemical method. The examination of
their optical properties showed a blue shift of the
band gap through Mg doping. In another study, Kant
and Kumar [18] investigated the removal of MB under
UV-vis region in the presence of ZnO and Ni-doped
ZnO nanospheres. The degradation rate of MB in the
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presence of the synthesized samples improved in
comparison to the undoped ZnO under visible light
irradiation. Etacheri et al. [19] also prepared Mg-doped
ZnO nanoparticles by an oxalate co-precipitation
method. The photocatalytic activity of the synthesized
nanoparticles in the removal of MB was investigated
under irradiation of Q-Sun solar simulator as the light
source. The most active sample was 0.1% Mg/ZnO
calcined at 600°C, which indicated a twofold enhance-
ment in the sun light-induced photocatalytic decom-
position of the methylene blue.

In the present study, the synthesis of ZnO and
Mg-doped ZnO nanoparticles was carried out by the
sol-gel method, and the effect of Mg doping content
and calcination temperature on the photocatalytic
activity in the removal of RhB, as a model pollutant
from an aqueous solution, was investigated.

2. Materials and methods
2.1. Materials

Zinc acetate di-hydrate, oxalic acid, and ethanol
were obtained from Merck, and magnesium nitrate
was purchased from Scharlau. RhB (Merck) is a dye
belonging to a class of compounds called xanthenes.
Its chemical structure and other characteristics are
listed in Table 1.

2.2. Preparation of ZnO nanopowders

In a typical experiment, the zinc acetate dihydrate
(2.19 g) was dissolved in ethanol (100 mL) at 60°C and
stirred for 30 min. The oxalic acid (2.51 g), dissolved
in ethanol (40 mL) at 60°C, was slowly added to the
warm ethanolic solution of zinc acetate. The mixture
was stirred for 2 h. Then, it was dried at 80°C for 12 h.
The dried xerogel was further calcined at 400°C for
2 h to form ZnO nanopowder [12].

2.3. Preparation of Mg-doped ZnO nanopowders

To synthesize Mg-doped ZnO, various weights %
(0.2, 0.5, 1, 1.5, 2, and 3) of the magnesium nitrate
dissolved in ethanol (20 mL) were added to the zinc
acetate-oxalic acid solution while the solution was
being stirred. This solution was dried as above and
calcined at different temperatures (400-800°C) for 2 h.

2.4. The measurement of photocatalytic activity

All of the experiments were carried out at ambient
temperature in a batch quartz reactor. The irradiation
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Table 1
Characteristics of RhB
Structure Molecular formula Amax (um) M,, (g mol ™) Appearance
Hacj or rCHs CysH31CIN,O3 554 479.02 Red to violet powder
HE. N 0 9 M
O0H

source was provided by UV-C lamp (15 W, Philips
Co. Amax = 254 nm), which was positioned parallel to
the light source. For the photocatalytic degradation of
RhB, 40 mg of catalyst was dispersed in 100 mL of
distilled water for 15 min, using an ultrasonic bath
(Elma T460/H, 35kHz, 170 W); then the desired
concentration of RhB (10 mgL™") and photocatalyst
suspension (ZnO or Mg/ZnO) were transferred into
the quartz tube reactor and stirred for 15 min in the
dark and in the presence of oxygen to establish
the surface adsorption equilibrium. With turning on
the UV lamp, the photocatalytic reaction was initiated.
At definite time intervals (3 min), the samples (5 mL)
were taken out and centrifuged (Hettich EBA 85).
Then, the concentration of RhB was analyzed by
UV-vis  spectrophotometer = (Pharmacia  Biotech
Ultraspec 2000) at Amax = 554 nm.

2.5. Characterization methods

The crystallite size and crystalline phase of the
synthesized nanoparticles were analyzed using X-ray
diffraction (XRD) (Siemens D5000 diffractometer). The
surface morphology and particle size of the photocata-
lyst were analyzed by transmission electron micro-
scopy (TEM) (Philips CM10). The morphology was
characterized by scanning electron microscopy (SEM)
with an energy dispersive X-ray (EDX) and mapping
(Tescan MIRA3FEG). The diffuse reflectance spec-
troscopy (DRS) spectra of samples were recorded
using an Avaspec 2048 TEC spectrophotometer. The
specific surface area (BET) of the samples was
obtained by the Belsorp mini IL

3. Results and discussion
3.1. Characterization of the prepared nanoparticles

In order to investigate the changes in the crystal
structure, XRD measurements were carried out in the
range of 26 diffraction angles between 20° and 75° for
ZnO and Mg/ZnO nanoparticles. The diffraction

patterns of ZnO and Mg-doped ZnO nanoparticles
calcined at 400°C are shown in Fig. 1. As shown in the
figure, the XRD patterns indicate that only the peaks

LMLLJUUK

JML_JL_,

-
3
s
£
£
o1
(100)
(002) (110)
a03) 1z
(102)
20 30 40 50 60 70

2Theta - Scale

Fig. 1. XRD patterns of (a) ZnO, (b) Mg 1.0%/Zn0O, (c) Mg
2.0%/Zn0O, and (d) Mg 3.0%/ZnO calcined at 400°C.
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correspond to the ZnO, and there is no sign of Mg
peaks due to its low content. The crystallite sizes (D)
were estimated by using Scherrer equation (Eq. (1)):

k.

D:ﬁcosﬂ W

where D is the diameter of the crystallite size, k is the
constant value of 0.89, 4 is the wavelength (Cu ka), 6
is diffraction angle, and f is the half-width of the
diffraction peak [20]. The results showed that the crys-
tallite sizes of Mg-doped ZnO nanoparticles were
more than those of the pure ZnO nanoparticles. The
crystallite sizes of ZnO and Mg/ZnO nanoparticles
containing 1, 2, and 3% Mg were calculated to be 18,
20, 23, and 20 nm, respectively.

Fig. 2 shows the TEM image of 2.0 wt% Mg/ZnO
nanoparticles. As it is evident in Fig. 2, the synthe-
sized nanoparticles have agglomerated to larger parti-
cles. The SEM image of the 2.0wt% Mg/ZnO
nanoparticles in Fig. 3 shows their spherical shape
and uniform-size distribution. The EDX spectrum in
Fig. 4 gives the chemical composition of the materials
at the microscopic level and shows that the 2.0 wt%
Mg/ZnO consists of Mg, Zn, and O elements. The
mapping images of Zn and Mg are shown in Fig. 5,
which proves uniform distribution of Mg and Zn.

The specific surface area (BET), volume, and aver-
age diameter (BJH) of the catalysts were determined by
N, adsorption at 77 K. Fig. 6 displays the N, adsorp-
tion-desorption isotherms of pure ZnO and 2.0 wt%
Mg/ZnO nanoparticles. The results (Fig. 6), according

Fig. 2. TEM micrograph of Mg 2.0%/ZnO calcined at
400°C.
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Fig. 3. SEM micrograph of Mg 2.0%/ZnO calcined at
400°C.

to IUPAC classification, display a Type-III isotherm,
indicating that nanoparticles contained both meso-
porous and macroporous materials. The specific surface
areas of ZnO and Mg/ZnO nanoparticles were obtained
to be 14.9 and 22.5 m* g, respectively. Table 2 summa-
rizes the total pore volume and means pore diameter of
ZnO and 2.0 wt% Mg/ZnO nanoparticles.

Fig. 7 shows the diffuse reflectance spectra of ZnO
and Mg/ZnO nanoparticles. The calculated band gap
energies were 3.21 and 3.26 eV for ZnO and Mg/ZnO,
respectively. The results indicated that doping with
Mg led to the increase of the band gap energy by
0.05 eV, indicating a blue shift.
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Fig. 4. EDX spectra of Mg 2.0%/Zn0O calcined at 400°C.
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Fig. 5. Mapping of (a) Zn and (b) Mg for Mg 2.0%/ZnO calcined at 400°C.
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Fig. 6. Adsorption—desorption isotherm of ZnO and Mg 2.0%/Zn0O calcined at 400°C.
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Table 2
Pore characterization of ZnO and 2.0 wt% Mg/ZnO
calcined at 400°C
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Table 3
Ero values for removal of RhB in the various Mg percent
and calcination temperature

Total pore Mean pore
Catalyst volume (cm® g™") diameter (nm)
ZnO 0.089486 24.038
Mg/ZnO 0.1419 25.461

3.2. Photocatalytic activity results

The evaluation of the treatment costs is one of the
aspects which need greater attention. Since the
UV/ZnO process is electric-energy-intensive, simple
figures-of-merit based on electric energy consumption
can be very useful and informative. Bolton et al. [21]
defined the figures-of-merit “electric energy per order”
(Ego) for using in AOPs. In the case of low pollutant
concentrations (which applies here), the appropriate
figure-of-merit is the electrical energy per order (Egp),
defined as the number of kilowatt hours of electrical
energy required to reduce the concentration of a pollu-
tant by one order of magnitude in a unit volume of
contaminated water. The Ego (kW h/m?/order) can be
calculated using the following equation for a batch
type reactor:

Pe x t x 1000

~ V x 60 x log(Co/C) @

Ero

where P is the input power (kW) to the AOP system,
t is the irradiation time (min), V is the volume of
water (L) in the reactor, and Cy, and C are the initial
and final pollutant concentrations, respectively.

3.2.1. The effect of Mg content

The effect of Mg doping in ZnO lattice on Ego val-
ues is shown in Table 3. According to the results, the
Ego value decreased with increasing Mg amount up to
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Fig. 7. The DRS spectra of ZnO and Mg 2.0%/ZnO
calcined at 400°C.

Mg (%) Calcination temperature Ego (kW h/ m?/order)
0 400 115.57
0.2 400 86.00
0.5 400 63.34
1 400 58.40
1.5 400 52.12
2 400 37.32
3 400 4412
2 500 62.14
2 600 65.59
2 700 120.35
2 800 223.50

2.0%. Increasing the Mg content to 3% raised the Ego
value. It is clear that the photocatalytic activity of
semiconductors is proportionate to their band gap
energy. The higher band gap energy corresponds to
stronger electron-hole pairs causing higher photocat-
alytic activity. Thus, the larger band gap of Mg/ZnO
nanoparticles, according to the DRS results, leads to
higher photocatalytic activity and consequently lower
Ego value. Moreover, increasing the photocatalytic
activity by increasing Mg content up to the optimized
value could be attributed to crystal deficiency. Doping
with Mg causes lattice deficiency, eventually inducing
crystal deficiency. The deficiency inhibits the recom-
bination of electron-hole formation, so the photocat-
alytic activities improve proportionally. However, if
the dopant is increased above the optimized value, the
various effects decrease photocatalytic activity because
of the decrease in specific surface areas and inhibition
of reagents surface adsorption [22].

3.2.2. The effect of calcination temperature

The results in Table 3 demonstrate the effect of cal-
cination temperature on Mg/ZnO photocatalytic activ-
ity. They indicate the minimum Ego value for Mg/
ZnO photocatalyst doped by 2.0 wt% of Mg and cal-
cination temperature of 400°C. Increasing Ego value or
decreasing photocatalytic activity by increasing cal-
cination temperature could be attributed to the
increase in crystallite size of particles, agglomeration
of nanoparticles, and reduction of adsorbed H,O on
catalyst surface [23].

4. Conclusion

To increase the photocatalytic activity of ZnO
nanoparticles and decrease the electrical energy con-
sumption in this process, Mg/ZnO nanoparticles were
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synthesized by the sol-gel method. In order to evaluate
the photocatalytic activity of the synthesized photocata-
lyst, RhB photodegradation was studied under UV-C
irradiation. The results indicated that the optimized val-
ues of Mg content and calcination temperature were
20wt% and 400°C, respectively. The synthesized
nanoparticles were characterized by XRD, SEM, EDX-
Mapping, TEM, DRS, and Brunauer-Emmett-Teller
(BET) techniques. The XRD results indicated that ZnO
and Mg/ZnO had the same crystallite structure. The
SEM and TEM images showed uniform size distribu-
tion and spherical particles for Mg/ZnO nanoparticles.
The BET analysis showed that the surface area of Mg/
ZnO nanoparticles was higher than that of ZnO
nanoparticles. From DRS spectra, the band gap energies
for ZnO and Mg/ZnO were calculated to be 3.21 and
3.26 eV. The results also revealed that doping ZnO
nanoparticles with Mg under an optimized concentra-
tion of Mg and calcination temperature was an ade-
quate method to intensify its photocatalytic activity.
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