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In this paper a novel and inexpensive route for the preparation of spinel magnesium aluminate nanopar-
ticles (MgAl,0,) is proposed. Magnesium aluminate photocatalyst was synthesized via sol-gel auto com-
bustion method using oxalic acid, urea, and citric acid fuels at 350 °C. Subsequently, the burnt samples
were calcined at different temperatures. The pure spinel MgAl,04 with average crystallite size 27.7,
14.6 and 15.65 nm was obtained at 800 °C calcinations using the aforementioned fuels, respectively.
The obtained samples were characterized by powder X-ray diffraction, Fourier transform infrared, UV-
Vis spectroscopy, transmission electron microscope, scanning electron microscope. The photo catalytic
activity of MgAl,04 product was studied by performing the decomposition of Reactive Red Me 4BL dye
under UV illumination or sunlight irradiation. The dye considerably photocatalytically degraded by
90.0% and 95.45% under UV and sunlight irradiation, respectively, within ca. 5 h with pseudo first order

rate constants of 5.85 x 10~> and 8.38 x 1073 min~!, respectively.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

Introduction

Global industrialization (such as textile, refineries, leather,
paper, chemical, and plastic industries) has used different types
of dyes resulted in the release of large amounts of toxic compounds

* Corresponding author. Tel.: +20 1222408034.

into environment [1,2]. 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 problems, 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 photo-
catalysis and it has proven to be an effective in treating wastewater
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pollution since it is an environmentally friendly, low-cost, and sus-
tainable treatment methodology [3,4].

The search for low cost and efficient photocatalysts is still contin-
uing. Some spinel-type oxides such as BaCr,0,4 [5], NiFe,04 [6],
CaBi204 [7], ZHG&204 [8], CUG3204 [9], ZHF6204 []0] and CUA]204
[11-13] used as photocatalysts are semiconductor materials 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 [14],
sol-gel [7,11], sonochemical [9], microemulsion [5] and solution
combustion [13]. However, combustion method has many advanta-
ges compared to these methods as will be mentioned latter.
Additionally, in the combustion technique, nitrates are used as oxi-
dizers, and some organic compounds such as glycine, sucrose, sorbi-
tol, 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
[15-19].

Magnesium aluminate, MgAl,0y,, is a typical spinel material and
it has also attracted growing interest in diverse applications such
as refractory material, microwave dielectric and ceramic capacitor,
humidity sensors, catalyst or catalyst support, and structural mate-
rial in fusion reactors [20,21]. Plus, Magnesium aluminate has a
low density (3.58 g/cm?), high melting point (2135 °C), good resis-
tance against chemical attacks and excellent strength at extremely
high temperatures [1]. The synthesis of MgAl,04 with specific
characteristics such as chemical homogeneity, high purity, low
particle size and uniform size distribution depends substantially
on preparation methods. As such, magnesium aluminate has been
synthesized by various methods such as sol-gel [21,22], solid state
[23, 24], spray drying [25], co-precipitation [26], and freeze-drying
[27]. However, most of these methods are either complex or
expensive which diminishes preparation of the nano-sized materi-
als in a large scale as compared to the combustion or sol-gel
synthesis. Moreover, other disadvantages include the necessity of
high temperature, inhomogeneity, and low surface area of the
nano-sized products. Generally, smaller particle size results in
higher surface area which is required for different catalytic
applications [28]. Hence, using a hybrid sol-gel combustion
method at relatively low temperature is a new and good approach
to prepare nanosized magnesium aluminate particles suitable for
application in the above-mentioned different fields especially the
photocatalytic.

In this study, we report, for the first time, synthesis of MgAl,O4
spinel nanoparticles using a hybrid sol-gel combustion method
using different fuels such as citric acid, urea, and oxalic acid. The
effect of several process parameters on the particle size and mor-
phology of the samples was investigated. The as-prepared products
were characterized by FT-IR, XRD, FE-SEM, UV-Vis, and HR-TEM.
The photocatalytic degradation of the Reactive Red Me 4 BL dye
on the as-prepared product was studied under sun light and illumi-
nation of UV radiation.

Experimental
Materials and reagents

All reagents were of analytical grade and they were purchased
and used as received without further purification: magnesium
nitrate (Mg(NOs),-6H,0; Merck), aluminum nitrate (Al(NO3)3-9H,0,
Merck), citric acid (HOC(COOH)(CH,COOH),; Sigma-Aldrich
Chemical Co.), oxalic acid (C,H,04-2H,0; Sigma-Aldrich Chemical
Co.), urea (NH,CONH,; Fluka) and ammonium hydroxide (25%
NHs in H,0; Sigma-Aldrich Chemical Co.).

One step synthesis of spinel MgAl,0, photocatalyst

A hybrid sol-gel auto combustion method using three different
fuels; oxalic acid, urea, and citric acid was used to synthesize mag-
nesium aluminate nanoparticles; A, B, and C samples, respectively.
The stoichiometric compositions of the redox mixtures of for the
combustion have been calculated based on the total oxidizing (O)
and reducing (F) valencies of the oxidizer and fuel so that the
equivalence ratio, @, is unity (i.e. . = (O/F) = 1), and consequently
the energy released by the combustion is maximum for each reac-
tion [29].

In a typical synthesis process: an aqueous solution (30 mL) of
magnesium nitrate (4 g, 15.6 mmol) was added to a stirring aque-
ous solution (50 mL) of aluminum nitrate (11.8 g, 31.2 mmol) to
give a Mg/Al molar ratio of 1:2 and the reaction was heated up
at 60 °C, and allowed to stir for 10 min. To the hot stirring solution
reaction, urea (5.31g, 88.5 mmol) dissolved in 50 mL distilled
water was added. The reaction solution was heated at 80 °C and
stirred for 1 h. The produced solution was gelled while heating at
120 °C. The gel was heated in an electric oven at 200 °C for 2 h to
give an almost dry and yellowish white mass which was then
ignited in an electric furnace at 350 °C during which the entire
combustion was completed in 10 min. The produced foamy pow-
der was ground and then calcined at various temperatures such
as 600 and 800 °C for 4 h to give the products referred to as Bggo
and Bggg, respectively. The produced magnesium aluminate sam-
ples (A and C) were prepared by applying similar conditions using
oxalic and citric acids fuels, respectively, however, for the C sam-
ples pH of the reaction solution was adjusted to pH 5 using ammo-
nium hydroxide aqueous solution (2 M) prior to heating the
solution at 80 °C. Hence, likewise, the subscripts 600 and 800 (for
Aso0, Asoo, Cso0, and Cgoo) are referred to the calcination tempera-
tures; 600 and 800 °C, of the products A and C. The schematic
flowchart of the used synthesis process is shown in Scheme 1S.

Photocatalytic activity measurements

The photocatalytic degradation of Reactive Red Me 4BL dye
(RR4BL) solution by UV light (at 365 nm) and sunlight was investi-
gated using MgAl,O,4 nanoparticles catalyst (Bggg) prepared using
oxalic acid as fuel. The structure and characteristics of RR4BL dye
is given in Table 1. The degradation was investigated in a Pyrex
beaker under the UV illumination using a 250 W xenon arc lamp
(Thoshiba, SHLS-002) (4 =365 nm) or under sunlight irradiation
by placing the beaker in a sunny place. In each experiment,
0.10 g of catalyst was added to 50 mL of aqueous solution contain-
ing 10 mg/L (RR4BL) dye. Prior to illumination, the suspension was
magnetically stirred continuously in the dark for 1 h to disperse
the catalyst and establish an adsorption/desorption equilibrium.
After that, the suspension was irradiated with UV light or Sunlight
irradiation. During irradiation process, stirring was continued to
keep the mixture in suspension. At given time intervals of irradia-
tion, 3 mL of the dye solution was sampled and centrifugated
immediately to remove the MgAl,0, nanoparticles. Then the
supernatant solution was analyzed by recording the absorption
spectrum of the remained dye using a Jasco UV-Vis spectropho-
tometer (Jasco; model v530).

Physico-chemical measurements

Powder X-ray diffraction (XRD) of the products was measured
using an 18 kW diffractometer (Bruker; model D8 Advance) with
monochromated Cu Ko radiation (1) 1.54178 A). FE-SEM images
were recorded using field emission scanning electron microscope
(FE-SEM) with a microscope (JEOL JSM-6500F). The HR-TEM
images were taken on a transmission electron microscope
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Table 1
Structure and characteristics of Reactive Red Me 4BL.
Dye Reactive Red Me 4BL (RR4BL)
Structure Cl
O o Y D
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NaQ™ » H i (O
NN 0 0
SOQV.
Na0” % d “ONa
Molecular formula  C3;H;9CIN;0;9SgNas
Amax 542 nm
Chemical class Azo compound
C.I. number Reactive Red 195
(JEM-2100) at an accelerating voltage of 200 kV by dispersing the
samples in ethanol on a copper grid. FT-IR spectra were obtained
using FT-IR spectrometer (Bomem; model MB157S) from 4000 to
400 cm ! at room temperature. The optical properties were carried ~| @
out using a Jasco UV-Vis spectrophotometer (Jasco; model v530). =]
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Fuel effect

A modified sol-gel auto combustion method was used in this
work to synthesize MgAl,04 nanoparticles based on different kinds
of fuels such as urea, oxalic acid and citric acid. The used organic
fuels in this investigation played here as a chelating agent and a
fuel as well to enhance uniform base conditions that exclude local-
ized precipitation and hence produce a dispersed and wide range
of particle size distribution.

In this study the organic materials; urea, oxalic acid and citric
acid serve as fuels, in the combustion reaction, oxidized by the
nitrate salts; magnesium and aluminum nitrates, to produce
MgAl,0,4 nanoparticles. The proposed equations 1-3 for the com-
bustion reactions (Scheme 2S) revealed that the molar ratios of
Mg?*:AlP*:urea, Mg?":Al**:oxalic acid, and Mg?*":Al**:citric acid,
are 1:2:5.67, 1:2:17, and 1:2:1.89, respectively, corresponds to
the situation of an ‘equivalent stoichiometric ratio’. In this combus-
tion process, the reaction between the oxidizers (aluminum nitrate
and magnesium nitrate) and the fuel is an exothermic reaction
which implies that the oxygen content of salt nitrates can be com-
pletely reacted to oxidize/consume the used fuel exactly results in
enough heat for producing the nanomaterials of interest [15-19].
In addition to producing of the nano-sized MgAl,0, product, these
reactions give off CO,, H,0, and N, gases directly from the reaction
between fuel and oxidizer without any need for supplying oxygen
from outside. The products were characterized by means of XRD,
FT-IR, UV-Vis spectra, FE-SEM and HR-TEM.

XRD study

The phase composition of the synthesized materials was stud-
ied using X-ray diffraction analysis. XRD patterns of the magne-
sium aluminate samples produced by combustion of the dried
gel precursors at 600 and 800 °C are shown in Figs. 1 and 2, respec-
tively. It is obvious that the temperature 600 °C was not enough to
produce a crystalline product and the product was almost amor-
phous (Fig. 1). However, on increasing the combustion tempera-
ture to 800 °C, crystallinity of the MgAl,0, spinel products
increased as indicated by the presence of the sharp diffraction
peaks in their diffraction patterns in Fig. 2. All the diffraction peaks

2 Theta (degree)

Fig. 1. XRD patterns of MgAl,04 samples calcined at 600 °C prepared using oxalic
acid (a), urea (b), or citric acid (c) as a fuel.
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Fig. 2. XRD patterns of MgAl,04 samples calcined at 800 °C prepared using oxalic
acid (a), urea (b), or citric acid (c) as a fuel.

presented in Fig. 2 can be perfectly indexed to cubic spinel-struc-
tured MgAl,0,. Other peaks of possible intermediate products such
as Al,0; and MgO, have not been detected in the patterns which
consequently confirm the single phase of the as-prepared MgAl,04
nanoparticles. However, the diffraction peaks; curves B and C of
Fig. 2, of the MgAl,04 nanoparticles product prepared when urea
and citric acid, respectively, were used as fuels, could be readily
indexed to the cubic spinel MgAl,0, with lattice parameters;
a=8.0788 A and V,.;=527.28 A*> (JCPDS File No. 075-1796). On
the other hand, when oxalic acid was used as a fuel; curve (a) in
Fig. 2, the diffraction peaks of the product were consistent very
well with the spinel MgAl,04 with cell parameters; a=8.010 A
and V,.;=513.92 A2 (JCPDS File No. 089-1627). Moreover, using
the Scherrer equation (1) [30] the crystallite size (D, nm) of the
MgAl,0,4 nanoparticles can be evaluated:
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D =0.9//pcos 0p (1)

where 1 is the wavelength of X-ray radiation, g the full width at half
maximum (FWHM) of the diffraction peak and 0 is the Bragg dif-
fraction angle. The estimated average crystallite size of the as-pre-
pared magnesium aluminate nanoparticles was found to be ca. 27.7,
14.6 and 15.65 nm for Aggo, Bgoo, and Cggo samples, respectively.
Subsequently, it can be easily seen that changing the fuel has a sig-
nificant effect on the crystallite size of the as-prepared spinel
MgAl,04 nanoparticles since using the oxalic acid fuel produced
the largest crystallite size while the urea fuel produced the finest
one.

FT-IR study

The infrared spectra of the as-prepared MgAl,04 powders (Aggo,
Bsoo, and Cggg) annealed 800 °C are shown in Fig. 3 and it seems
that the three spectra are almost identical. In the IR spectra, the
MgAl,04 samples exhibited two characteristic frequencies at ca.
576 and 747 cm! attributing to the [AlOg] groups and the lattice
vibration of Mg-O stretching, and indicating the formation of
MgAl,0, spinel samples [31,32]. However, vibration bands around
3515 and 1680 cm™~' appeared in the IR spectra of the products
could be assigned to the stretching and bending vibrations of the
adsorbed surface molecular water interacting with MgAl,0,4 prod-
ucts and the broadness of these bands could be due to hydrogen-
bonding O-H [33-37]. The common band at around 2370 cm™!
can be accounted to the propagation of the IR beam through air
[38].

UV-Vis study

Fig. 4 the UV-Vis spectra of the magnesium aluminate samples
(Agoo—Csoo) calcined at 800 °C. All samples exhibited two absorption
bands which are consistent with the reported data for MgAl,04
prepared by another method [39].

However, the band that appeared close to the visible light
region for each spectrum may be attributed to the 0?~ — AIP*
charge transition due to the excitation of electrons from the
valence band of O(2p) to conduction band of Al(3d). Moreover,
using the red shifted band, the band gap energy of the synthesized
magnesium aluminate can be calculated from the optical absorp-
tion edge onset (1) by the equation [40]: E; (eV)=1240// (nm),
where 2 is the absorption edge and E; is the band gap energy.
The optical band gap energy values were estimated to be 4.13,
4.62 and 4.5 eV for Aggo, Bgoo and Cggo magnesium aluminate sam-
ples, respectively. From these values, it can be concluded that the
energy gap value depends on the crystallite size of the as-prepared

Transmittance (a.u.)

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm)

Fig. 3. FT-IR spectra of MgAl,0,4 product calcined at 800 °C prepared using oxalic
acid (a), urea (b), or citric acid (c) as a fuel.
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Fig. 4. UV-Vis spectra of MgAl,0,4 product calcined at 800 °C prepared using oxalic
acid (a), urea (b), or citric acid (c) as a fuel.

MgAl,O4 and the largest crystallite size results in the smallest
energy gap value and vice versa, which indirectly, means that the
fuel has also an influence on the energy gap value.

Morphology study

The particle morphologies of the as-obtained MgAl,04 products
(Asgoo, Bsgoo, and Cggg) were investigated by field emission scanning
electron microscopy (FE-SEM) and presented in Fig. 1S(a-c). A
careful inspection of Fig. 1S(a) showed that the product (Aggo) is
actually aggregates of irregular-shaped solid blocks of MgAl,04
subcrystals. The average size of these blocks is about 50 pm. On
the other hand, Fig. 1S(b and c) revealed that the products (Bggo
and Cggp) are composed of a layered structure of MgAl,0, particles.
Moreover, the layers or sheets of the Cggo product [Fig. 1S(c)] are
thinner than that of the Bggg product. Plus, the aggregates of layers
forms in some cases a flower like structures. From this it was con-
cluded that the fuel type in the combustion process could affect the
morphology of the product.

For better understanding of the structural and morphological
characteristics of the as-synthesized MgAl,0, nanoparticles, the
products (Aggo, Bsoo, and Cggp) have been further examined by
high-resolution transmission electron microscopy (HR-TEM), as
shown in Fig. 2S(a-c). Fig. 2S(a) revealed that the product Aggg is
composed of dispersed hexagonal and cubic particles with an
average diameter of 27.9nm which is compatible with the
crystallite size calculated from the XRD studies. However, on
inspection of the micrographs b and c of Fig. 2S(b and c), it can
be seen that the products Bggg, and Cggo Show dense bulk agglom-
erates, and the particles have both cube like, sphere like, and irreg-
ular shapes with an average diameter of 15, and 15.7 nm,
respectively, which is consistent well with crystallite size obtained
from the XRD studies.

Photocatalytic activity of MgAl,0,4 nanoparticles

The Reactive Red Me 4BL dye degradation over the as-prepared
MgAl,0,4 nanoparticles (Bggg, as a representative example) under
UV illumination and under Sun light irradiation was studied to
investigate the photocatalytic activity. However, it is worthy to
mention that MgAl,0, product (Bggo) prepared using urea fuel
has specifically been chosen, in order to exploit high surface area
of this product because it has the lowest crystallite size. The UV-
Vis spectra of the decomposed RR4BL dye at different reaction
times (from O to 7 h) under UV illumination and Sun light irradia-
tion were depicted in Fig 5(a and b), respectively. Fig 5(a and b)
shows that the dye exhibits an absorption peak at 542 nm and
the absorption intensity of the dye solution gradually decreases
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in the presence of the as-prepared catalyst with the increase of
exposed time, indicating a decrease in the RR4BL dye concentration
which consequently means the effective photodegradation of the
dye under the magnesium aluminate catalyst. This study revealed
that almost 90.0% of the RR4BL dye decomposed under UV illumi-
nation within 7 h and, on the other hand, ~95.45% of the dye
degraded under sun light irradiation within exposed time 6 h. As
shown in Fig. 6(a and b) blank experiments in the absence of the
photocatalyst under UV illumination and sunlight irradiation,
respectively, show that the photolysis of the dye was negligible.
Curves (a) and (b), Fig. 6, show the degree of RR4BL dye degrada-
tion in the presence of MgAl,04 nanoparticles as a function of time
under UV illumination and sunlight irradiation, respectively. The
relative concentration of the dye decreases with the increase of
exposed time. However, the adsorption of the dye on the photocat-
alyst in the dark was also checked as shown in Fig. 6(a and b), and
it was found that about 20% of the dye was adsorbed after stirring
for 1.0h and an adsorption/desorption equilibrium was estab-
lished. The kinetic behavior of the photocatalytic degradation of
RR4BL dye was further investigated. It is clear that there is a linear
relationship between In(C,/C;) value and the irradiation time inter-
vals, where C; is the actual dye concentration at irradiation time t,
and C, is the dye concentration after the adsorption/desorption
equilibrium and before the irradiation process. The linear relation-
ships, In(C,/C;) = K x t, of the curves are presented in Fig. 7, where K
is pseudo first order rate constant. Generally, as shown in Fig. 7(a
and b), good correlations are obtained indicating that the reaction
kinetics follows a pseudo first order rate law and this is the case for
both photocatalytic degradation of the dye under UV illumination
and sunlight irradiation, respectively. However, the rate constants
were estimated to be 5.85 x 10~ min~! for photocatalytic degra-
dation of the dye under UV light irradiation and 8.38 x 103 min !
for the photocatalytic degradation under sunlight irradiation. From

Original
0 h Irradiation (adsorption equilibrium) (a)

Absorbance (a.u.)

T T
450 480 510 540 570 600
Wavelength (nm)

Original
0 h Irradiation (adsorption equilibrium) (b)

Absorbance (a.u.)

450 480 510 540 570 600
Wavelength (nm)

Fig. 5. UV-Vis spectral changes of RR4BL dye solution during the photocatalytic
degradation by MgAIl,04 (Bggp sample) under UV (a) or sunlight (b) irradiation.
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Fig. 6. Photocatalytic degradation of RR4BL dye solution over MgAl,04 (Bsoo
sample) under UV (a) or sunlight (b) irradiation.
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Fig. 7. Reaction kinetics of photocatalytic degradation over MgAl,0, catalyst (Bggo
sample) under UV (a) or sunlight (b) irradiation.
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the above results, it can be concluded that the photo-degradation
of the RR4BL dye using magnesium aluminate nanoparticles as
photocatalyst under sunlight irradiation is more effective and
efficient than its photocatalytic degradation under UV light illumi-
nation. Scheme 3S presents reactions (1-6) that probably can be
proposed to describe the photodegradation of the dye in presence
of MgAl,0, catalyst under UV or sunlight irradiation [39-41]. The
absorption of light by the catalyst caused transference of an elec-
tron from the valence band (VB) to the conduction band (CB) and
this process resulted in a hole in the VB and an electron in the
CB. The electron-hole pairs, thus generated, can initiate oxidation
reduction reactions on the surface of the MgAl,0, particles that
are generally responsible for dye degradation. Some of the water
molecules ionize according to its dissociation constant into H*
and OH~ ions. The holes hy, react with the adsorbed OH™ ions to
form "OH radicals (Eqs. (2) and (3)). On the other hand, electrons
e can be trapped by O, adsorbed on the surface of the catalyst
particles to produce the superoxide radicals (Eq. (4)) which then
react with water molecules to give "OH radicals (Eq. (5)). Subse-
quently, OH and 05 radicals both are responsible and worked
together to degrade the RR4BL dye (Eq. (6)). Fig. 3S shows the
schematic representation of the proposed mechanism for the
photocatalytic degradation of the dye under study.

Conclusion

Pure phase of MgAl,0, nanoparticles can successfully be
synthesized by a facile sol-gel auto combustion method using dif-
ferent organic fuels urea, oxalic and citric acid at 250 °C then the
burnt product was calcined at 350 °C, separately, for 3.0 h. The
prepared sample was characterized by using different tools; FTIR,
UV-Vis, XRD, HR-TEM, FE-SEM. The Effect of fuels on the crystallite
size of MgAl,03 products was studied. The pure spinel MgAl,0,4
NPs with average crystallite size 27.7, 14.6 and 15.65 nm was
obtained at 800 °C. The produced MgAl,04 NPs showed photocata-
lytic activity by degradation of 90.0% or 95.45% of the Reactive Red
Me 4BL dye under UV or sunlight irradiation, respectively, within
ca. 5 h. This degradation process followed pseudo first order law
with rate constants of 5.85 x 10~ and 8.38 x 10> min~! for the
aforementioned light respectively.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.saa.2014.04.040.
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