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Abstract Pure magnesium aluminate (MgAl,Oy)
nanoparticles were successfully synthesized by novel sol—
gel method with the aid of Mg(NO;),.6H,O, AI(NOj3)s.
9H,0O, and starch without adding external surfactant.
Moreover, starch plays role as capping agent, reducing
agent, and natural template in the synthesis MgAl,O4
nanoparticles. The structural, morphological and optical
properties of as obtained products were characterized by
techniques such X-ray diffraction, energy dispersive X-ray
microanalysis, scanning electron microscopy, and ultravi-
olet—visible spectroscopy. The sample indicated a ferro-
magnetic behavior, as evidenced by using vibrating sample
magnetometer at room temperature. To evaluate the pho-
tocatalyst properties of nanocrystalline magnesium alumi-
nate, the photocatalytic degradation of methyl orange
under ultraviolet light irradiation was carried out.

1 Introduction

Nanoparticles have gained much attention among mate-
rials, because the nanocrystal properties not only depend
on their composition but also depend on their size, shape,
and size distribution [1-7]. Global industrialization (such
as textile, refineries, leather, paper, chemical, and plastic
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industries) has used different types of dyes resulted in the
release of large amounts of toxic compounds into envi-
ronment [8]. Generally, 30-40 % of these dyes remain in
the waste waters. Additionally, presence of these dyes
diminishes the photosynthesis and causes many serious
health problems for humanity. To overcome these prob-
lems, the waste water from those industries must be
treated before their discharge. Various physical and
chemical methods have been used for color removal from
waste waters. One of these methods is semiconductor
photocatalysis and it has proven to be an effective in
treating waste water pollution since it is an environmen-
tally friendly, low-cost, and sustainable treatment
methodology [9-11]. The search for low cost and efficient
photocatalysts is still continuing. Some spinel-type oxides
such as BaCr,0O, [12], NiFe,O, [13], CaBi,O, [14],
ZnGa, 0y [15], CuGay04 [16], ZnFe,O4 [17] and CuAl,O4
[18-20] used as photocatalysts are semiconductor mate-
rials with narrow band high and these materials have been
proven to be an efficient in the degradation of pollutants
and/or the production of photocatalytic hydrogen. Many
methods for preparation of nano-sized spinels have been
reported such as co-precipitation [21], sol-gel [14-18]
sonochemical [16], microemulsion [12] and solution
combustion [20]. However, combustion method has many
advantages compared to these methods as will be men-
tioned latter. Additionally, in the combustion technique,
nitrates are used as oxidizers, and some organic com-
pounds such as glycine, sucrose, sorbitol, and others are
used as fuel. In which the heat released due to the
combustion reaction between the oxidizers and the fuel
which is exothermic cause can the preparation of the
target nanomaterials [21]. Magnesium aluminate spinel
(MgAl,0,4) is one of the most famous ceramic material
type of metal-oxide with special properties such as high
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melting point (2135 °C), good thermal shock resistance,
high mechanical strength, low thermal expansion coeffi-
cient, excellent resistance to acid and bases, and also
having catalytic and optical properties [22, 23]. Due to
these desirable properties, it found widely application in
metallurgical, electrochemical, radiotechnical and chemi-
cal industries [24]. Thus, the preparation of magnesium
aluminate powders with high purity, chemical homo-
geneity, control of stoichiometry, fine particle size, nar-
row particle size distribution, and minimum particle
agglomeration with high sinter activity has received
considerable attention in order to improve the material
properties [25]. In many of applications, especially as
catalyst support, there has been growing interest to meet
the properties such as high surface area, small crystallite
size and more active sites in the synthesis of MgAl,O4
spinel [26]. In recent years, various techniques such as
wet chemical techniques and solid-state reaction method
have been employed for the production of pure MgAl,O4
spinel powders. The fabrication of the high purity dense
sintering body by conventional solid-state reaction
method is often difficult [27] and high temperature cal-
cinations, longer reaction time in this synthesis triggers
the grain growth and hard agglomeration [28]. Also

inhomogeneity, lack of stoichiometry control, high tem-
perature is the disadvantages of solid-state routes. But
various wet chemical techniques have been applied for
the synthesis of pure spinel powders at relatively low
temperatures to improve the sinterability and fabrication
fine particles including hydroxide or carbonate salts co-
precipitation, classical sol-gel route, spray drying,
freezedrying, mechanochemical synthesis, hydrothermal,
microwave-assisted combustion processing, microemul-
sion and etc. [29-36]. Among the wet chemical routes,
Sol-gel technique has been used widely because it has the
advantage of producing pure, ultrafine powders at low
temperatures, High surface area and pore size distribution.
In this report, for the first time, we had presented the
preparation of MgAl,O,4 nanoparticles by novel sol-gel
method at 800 °C in the presence of starch without add-
ing external surfactant. This approach is simple, low
energy consumption and friendly to the environment. A
green approach for MgAl,O, nanoparticles synthesis by
utilizing natural template permits the reaction to proceed
usually in milder conditions. Although existing chemical
approaches have effectively produced well-defined
MgAl,O, nanoparticles, these processes are generally
costly and include the employ of toxic chemicals. The
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Fig. 1 XRD pattern of MgAl,O,4 nanoparticles calcined at 800 °C
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photocatalytic degradation was investigated using methyl
orange (MO) under ultraviolet light irradiation [37, 38].

2 Experimental
2.1 Characterization

Magnesium nitrate hexahydrate (Mg(NOs3),-6H,0), alu-
minium nitrate nonahydrate (Al(NOs3);-9H,0), were pur-
chased from Merck Company and used without further
purification. X-ray diffraction (XRD) patterns were recor-
ded by a Philips-X’PertPro, X-ray diffractometer using Ni-
filtered Cu Ko radiation at scan range of 10 < 26 < 80.
Scanning electron microscopy (SEM) images were
obtained on LEO-1455VP equipped with an energy dis-
persive X-ray spectroscopy. The EDS analysis with 20 kV
accelerated voltage was done. The magnetic measurement
of samples were carried out in a vibrating sample magne-
tometer (VSM) (Meghnatis Daghigh Kavir Co.; Kashan
Kavir; Iran) at room temperature in an applied magnetic
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Fig. 2 SEM image of MgAl,O,4 nanoparticles calcined at 800 °C

field sweeping between £10,000 Oe. UV-Vis diffuse
reflectance spectroscopy analysis (UV—Vis) was carried out
using Shimadzu UV-Vis scanning spectrometer.

2.2 Synthesis of MgAl,O4 nanoparticles

At first, 1.80 g of Mg(NO3),-6H,0 was dissolved in 50 mL
of distilled water. Then, 6.08 of starch was subsequently
added to the above solution under magnetic stirring at
70 °C for 30 min. Afterwards, 5.28 g of AI(NO3)3-9H,0O
was dissolved in 50 mL of distilled water and was added to
the above solution under magnetic stirring. A solution was
obtained and further heated at 100 °C for 1 h to remove
excess water. During continued heating at 110 °C for 1 h,
the solution became more and more viscous to become a
gel. Finally, the obtained product was calcinated at 800 °C
for 2 h in a conventional furnace in air atmosphere and
then cooled it to room temperature.

2.3 Photocatalytic experimental

The methyl orange (MO) photodegradation was examined
as a model reaction to evaluate the photocatalytic activities
of the magnesium aluminate nanoparticles. The photocat-
alytic experiments were performed under an irradiation
ultraviolet light. The photocatalytic activity of nanocrys-
talline MgAl,0, obtained was studied by the degradation
of methyl orange solution as a target pollutant. The pho-
tocatalytic degradation was performed with 50 mL solution
of methyl orange (0.0005 g) containing 0.1 g of MgAl,Oy,.
This mixture was aerated for 30 min to reach adsorption
equilibrium. Later, the mixture was placed inside the
photoreactor in which the vessel was 15 cm away from the
visible source of 400 W mercury lamps. The photocatalytic
test was performed at room temperature. Aliquots of the
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Fig. 3 EDS pattern of MgAl,O, nanoparticles calcined at 800 °C
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Fig. 4 VSM curve of MgAl,0O,4 nanoparticles calcined at 800 °C
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Fig. 5 a UV-vis absorption spectra of prepared MgAl,O, nanopar-
ticles for 120 min at calcination temperature of 800 °C and b plot to
determine the direct band gap of MgAl,O4

mixture were taken at definite interval of times during the
irradiation, and after centrifugation they were analyzed by
a UV-vis spectrometer. The methyl orange (MO) degra-
dation percentage was calculated as:

Ayg— A
Degradation rate (%) = OT x 100

0

where Aj and A are the absorbance value of solution at A,
and A min, respectively.

3 Results and discussion
Figure 1 shows a typical XRD pattern (10° < 28 < 80°) of

MgAl,O,4 nanoparticles. Based on the Fig. 1, the diffrac-
tion peaks can be indexed to pure cubic phase of MgAl,O,

@ Springer

(face-centered cubic, Fd—3 m with lattice size of 8.0831°A,
JCPDS No. 73-1959). No other crystalline phases were
detected. From XRD data, the crystallite diameter (D.) of
MgAl,O,4 nanoparticles was calculated to be 33 nm using
the Scherer equation:

D, = KA/fcos0

where f is the breadth of the observed diffraction line at its
half intensity maximum (400), K is the so-called shape
factor, which usually takes a value of about 0.9, and A is
the wavelength of X-ray source used in XRD. The mor-
phology of the MgAIl,O, nanoparticles has been examined
by SEM image (Fig. 2). According to the Fig. 2, it is seen
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Fig. 6 a Photocatalytic methyl orange degradation of MgAl,O4
nanoparticles under ultraviolet light, b fluorescence spectral time scan
of methyl orange illuminated at 510 nm with MgAl,O,4 nanoparticles
and ¢ reaction mechanism of methyl orange photodegradation over
MgAl,O,4 nanoparticles under ultraviolet light irradiation
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Scheme 1 Schematic diagram
illustrating the formation of
MgAl,O4 nanoparticles

AI(NO3), 9H,0

OH
OH

o +Mg(NO,),6H,0

////

that the products composed of small spherical shapes
nanoparticles with average size of about 50 nm. The EDS
analysis measurement was used to investigate the chemical
composition and purity of MgAl,O, nanoparticles.
According to the Fig. 3, the product consists of Mg, Ti, and
O elements. Furthermore, neither N nor C signals were
detected in the EDS spectrum, which means the product is
pure and free of any capping agent or impurity. The hys-
teresis loop of MgAl,O4 nanoparticles was studied to
examine their magnetic properties (Fig. 4). At 300 K the
remanent magnetization (Mr) is 0.001 emu/g, the coercive
field (Hce) is 82 Oe and the magnetization at saturation (Ms)
is estimated to be only .006 emu/g (the saturation magne-
tization Ms was determined from the extrapolation of curve
of H/M vs H). The room temperature UV-vis absorption
spectra of MgAl,0,4 nanoparticles were also measured in
the range of 200-600 nm. Figure 5a shows the diffuse
reflection absorption spectra of the MgAl,O,4 nanoparticles
calcinled at 800 °C. The figure indicates that the MgAl,0Oy4
nanoparticles shows absorption maxima at 337 nm, the
direct optical band gap estimated from the absorption
spectra for the MgAl,O4 nanoparticles is shown in Fig. 5b.

Calcination

+ 800°C 2h

MgAlLQ,

An optical band gap is obtained by plotting (athv)* versus
hv where a is the absorption coefficient and hv is photon
energy. Extrapolation of the linear portion at (ahv)” = 0
gives the band gaps of 2.85 eV for MgAl,O,4 nanoparticles.
Photodegradation of methyl orange under UV light irradi-
ation (Fig. 6a—c) was employed to evaluate the photocat-
alytic activity of the as-synthesized MgAl,04. No methyl
orange was practically broken down after 80 min without
using UV light irradiation or nanocrystalline MgAl,O,.
This observation indicated that the contribution of self-
degradation was insignificant. The probable mechanism of
the photocatalytic degradation of methyl orange can be
summarized as follows:

MgALOy4 + hv — MgAL,O, +e~ +h* (1)
h* + H,0 — OH' (2)
e +0,— 05 (3)

OH' + O; + methyl orange — Degradation products  (4)

Using photocatalytic calculations by Eq. (1), the methyl
orange degradation was about 50 % after 80 min irradia-
tion of UV light, and nanocrystalline MgAl,O, presented
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high photocatalytic activity (Fig. 6a). The spectrofluori-
metric time-scans of methyl orange solution illuminated at
510 nm with nanocrystalline MgAl,O, are depicted in
Fig. 6b. Figure 6b shows continuous removal of methyl
orange on the MgAl,O4 under UV light irradiation. It is
generally accepted that the heterogeneous photocatalytic
processes comprise various steps (diffusion, adsorption,
reaction, and etc.), and suitable distribution of the pore in
the catalyst surface is effective and useful to diffusion of
reactants and products, which prefer the photocatalytic
reaction. In this investigation, the enhanced photocatalytic
activity can be related to appropriate distribution of the
pore in the nanocrystalline MgAl,O, surface, high hydro-
xyl amount and high separation rate of charge carriers
(Fig. 6¢). Furthermore, this route is facile to operate and
very suitable for industrial production of MgAl,O4
nanoparticles. The synthesis pathway of MgAl,O4
nanoparticles is shown in Scheme 1.

4 Conclusions

In this work, magnesium aluminate nanoparticles were
successfully synthesized by a novel sol-gel method at
800 °C for 120 min. The stages of the formation of
MgAl,O,, as well as the characterization of the resulting
compounds were done using X-ray diffraction and energy
dispersive X-ray spectroscopy. The products were analyzed
by scanning electron microscopy (SEM), and ultraviolet—
visible (UV-Vis) spectroscopy to be round, about 50 nm in
size and Eg = 2.85 eV. VSM analyzes indicates a ferro-
magnetic behavior for the synthesized nanoparticles. When
as-prepared nanocrystalline magnesium aluminate was
utilized as photocatalyst, the percentage of methyl orange
degradation was about 50 % after 80 min irradiation of UV
light.
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