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Abstract

Heterogeneous photocatalytic (PC) degradation of organic dyes in aqueous solution with semiconductor oxides has been
very effective in relation to conventional methods for the wastewater treatment. In this paper, MgWO, powder was synthe-
sized by the complex polymerization method and heat-treated at 900 °C for 2 h. Their structure, morphology and optical
behavior were characterized by different techniques. First-principles quantum mechanical calculations based on the DFT in
the B3LYP level was employed to obtain their electronic band structure (EBS) and density of state (DOS). Moreover, we
have investigated the PC properties for the discoloration of three organic dyes. XRD patterns indicate that MgWO, powders
present a monoclinic structure. FE-SEM and TEM images showed that these powders are composed of several nanoparticles.
UV-Vis spectrum displays an optical band gap of 4.33 eV, while EBS calculation showed a direct band gap value of 4.49 eV.
DOS data revealed that the main orbitals involved in the electronic structure are O-2p orbitals in the valence band and W-5d
orbitals in the conduction band. Finally, it was obtained the best PC activity of MgWO, powders with discoloration of 84%
for bromocresol green dye, while the discoloration for methyl orange and rhodamine B dyes were 56% and 29%, respectively.
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Graphic Abstract

The electronic structure, morphology and photocatalytic properties of MgWO, powders synthesized by complex polymeriza-
tion method calcinated at 900 °C for 2 h have been explained for the first time.

e MgWO , powder (900 °C/2 h)
Linear fit of MgWO ¥ powder (900 °C/2 h)
Extrapolation of Linear fit

[F(R)Av]’ (arb. units)

E_=433eV
s

(a)

T T T T T T T T T T T - T
20 22 24 26 28 3.0 32 34 3.6 3.8 40 42 44
Photon energy (eV)

Experimental

~N
i~

)

s
) €3N
s

Q

=

-

Z D
Brilouin zone

a

A
k-points in

Keywords MgWO, powders - Rietveld refinement - Electronic band structure - Density of states - Photocatalysis

1 Introduction

In recent years, problems related to environmental issues
have been one of the main concerns in the world [1, 2].
Water is a vital natural resource for all life-forms on Earth.
Hence, there is an enormous interest of the modern society
in the development of biological, physicochemical treatment
techniques able to drastically reduce or remove the presence
of harmful substances found in contaminated rivers, lakes,
and groundwater. Particularly, organic dyes and pigments
employed in leather or textile industries are considered envi-
ronmental enemies when irresponsibly discharged in fresh-
water supplies [3, 4]. Generally, these types of contaminants
are potentially toxic, carcinogenic and non-biodegradable,
causing serious environmental damages to the fauna and
aquatic botany of our planet [5]. As an alternative route in
order to minimize these problems, the heterogeneous photo-
catalysis (HPC) has presented a high potential for the treat-
ment of polluted water. HPC is a physical-chemical process
based on the acceleration of photoreaction in the presence

of a semiconductor catalyst [6]. This process has been sci-
entifically explained by means of the reduction and oxida-
tion of chemical species found in organic dyes by means of
electron—hole pairs, generated between the valence band and
the conduction band of the catalyst, during the absorption
phenomenon of ultraviolet light/visible or sunlight. Differ-
ent papers reported in the literature [7, 8] have explained in
details these photocatalytic effects and others as adsorption
properties with different types of inorganic materials.

In this way, the magnesium tungstate (MgWO,) and other
metal tungstates have been good canditates as photocatalytic
semiconductors. Their general formula is AWO,, where A is
a divalent (A2+ =Mn, Ni, Fe, Co, and Zn; d-transition metals)
designated as network modifier [9, 10]. The electronic structure
of AWO, is designed to wolframite-type monoclinic structure
with space group (P,/c), symmetry point group (C‘z‘h) and two
molecular formula units per unit cell (Z=2) [11]. All these
tungstates have the same chemical coordination for the network
former (W6+) and network modifiers (A%*), which are com-
posed of distorted octahedral [WO,] and [AOq] clusters [12].
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While analyzing the thermodynamic properties of
MgWO,, Guo and Kleppa [13] found that the enthalpy
of formation (AHy) at 298 K is— 73.9 K+4.8 kJ/mol.
Moreover, Kazenas et al. [14] used high-temperature mass
spectrometry and determined that the vapor pressure of
MgWO,, (in atm) is — 28.737 +7.95/T, its enthalpy of
sublimation is 652 K +20 kJ/mol, and its enthalpy of forma-
tion is — 867 +20 kJ/mol. In general, the preparation of this
pure phase with monoclinic structure at room temperature
is not possible due to its high crystallization temperature
of approximately 900 °C [15]. Under hydrothermal condi-
tions, it is only possible to obtain pure MgWO, crystals with
tetragonal structure at 230 °C after 48 h [16]. It is not possi-
ble to prepare amorphous MgWO, at ambient temperature or
with adjust of pH in alkaline solution. To prepare amor-
phous MgWO, or MgWO,-H,0 the optimization of differ-
ent parameters is required: heating the solution, stirring for
a given number of days, pH control, or the use of a solvent
or sonication to break the solvation energy that water mol-
ecules exert between the Mg>* and WOZ_ ions preventing
them from self-attracting at pH ranging from 4 to 7 [17-19].

While difficulties can be encountered when synthesiz-
ing pure MgWO, powders, different synthesis methods
have been reported in the literature for obtaining MgWO,
ceramics, crystals, or powders with monoclinic structure via
solid state reaction or mixed oxide route [20-22], mecha-
nochemically assisted solid state [23], top-seeded solution
growth [24], solid-state metathetic (SSM) route assisted by
microwave irradiation [25], as well as co-precipitation/cal-
cination [26] and hydrothermal/calcination [27]. Previous
studies discuss the very good physicochemical properties
and applicability of MgWO, ceramics, crystals or powders,
mainly related to their luminescent [28—33] and microwave
dielectric properties [34, 35]. However, the photocatalytic
(PC) properties of MgWO, powder for the discoloration
of following organic dyes: Rhodamine B (RhB), methyl
orange (MO), and bromocresol green (BCG) have not been
reported yet. Figures 1a—c show the molecular structures of
RhB, MO, and BCG dyes, respectively.

Figure 1a displays the RhB cationic dye (C,3H;,CIN,0O5)
which exhibits a heterocyclic structure with four aromatic
rings and a branched carbon chain. Figure 1b, ¢ show that
MO (C,,H,,N;Na0O;S) and BCG (C,,H,,Br,05S) are homo-
cyclic anionic dyes with a branched carbon chain each, with
two and three aromatic rings, respectively.

There is a great worldwide environmental concern regard-
ing textile organic dyes and industrial contaminants being
freely disposed in groundwater, rivers, and lake tributaries
by the paper, textile and tanning industries [36, 37]. Indus-
trial organic dyes are large fluvial water contaminants that
cause serious environmental problems because they are
potentially carcinogenic, toxic, non-biodegradable, and fish
mortality [38, 39].
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Fig.1 Molecular structures of: a Rhodamine B, b Methyl Orange,
and ¢ Bromocresol Green

Globally, the production of organic dyes by the textile or
printing industries is estimated at approximately 10,000 ton
annually, 10% of which are discharged as industrial effluents
without any prior treatment [40]. Rhodamine B, also known
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as Basic Violet 10 is a well-known industrial dye commonly
employed for dyeing cotton, clothes and also for preparing
stamp pad ink and ballpoint pens [41]. This organic dye
is non-volatile and highly soluble in water, methanol, and
ethanol [42]. On the other hand, RhB is dangerous if swal-
lowed by humans or animals, and can cause irritation to
the skin, eyes and respiratory system [43]. Methyl orange,
another organic dye, is used as a pH indicator due to its
distinct red color in acidic media and yellow color in basic
media [44, 45]. This azo organic dye has an Ar—-N=N-Ar’
basic structure where Ar and Ar’ are aromatic rings and the
unit containing the -N=N- bond, called the azo group, is
a strong chromophore group which gives these compounds
their bright colors. Many combinations of Ar-NH, and
Ar'-NH, or Ar—OH are involved in the formation of azo
bonds [46]. Moreover, as indicated by the literature [47, 48]
MO dyes are very difficult to be mineralized or decomposed
by oxides catalysts using ultraviolet (UV) or visible (Vis)
light. Furthermore, BCG is a triphenylmethane type organic
dye used as a pH indicator that can also be a highly toxic
compound when inhaled or coming in contact with the skin
and eyes [49, 50]. The decomposition of BCG by ZnO cata-
lysts nanoparticles requires high irradiation time even under
UV-light [51].

From a practical viewpoint, semiconductor photocatalysis
is an alternative method for the removal of soluble toxic
compounds, particularly because of its significant advan-
tages: it has low cost, it is easy to handle, the reaction is
promoted using energy of Vis- or UV-light source, and there
is minimal secondary waste generated [52].

Therefore, in this paper, we report a detailed theoreti-
cal and experimental study for MgWO, powder synthesized
by complex polymerization method at 90 °C for 4 h. We
also report for the first time the thermal pre-treatment of the
resin type precursor at 350 °C for 10 h followed by calcina-
tion at 900 °C for 2 h. The obtained MgWO, powder was
characterized using X-ray diffraction (XRD) patterns and
Rietveld refinement analysis. The morphological features
and chemical composition were examined by field emission-
scanning electron microscope (FE-SEM), transmission
electron microscopy (TEM), high-resolution transmission
electron microscopy (HR-TEM) and energy dispersive X-ray
spectrometry (EDS). The optical band gap of the obtained
MgWO, powder were examined using UV-Vis spectros-
copy. The electronic band structure, density of states (DOS),
and electron density maps of MgWO, crystals were theo-
retically calculated to understand the phenomenon of struc-
tural properties. Finally, we investigated the PC properties
of MgWO, powder under UV light through the presence of
the effects and distortions in the octahedra present in the
ordered monoclinic lattice, establishing its usefulness in the
discoloration of the three organic dyes: RhB, MO, and BCG.

2 Materials and Methods
2.1 Experimental Details

The MgWO, powder was synthesized by using the modi-
fied complex polymerization (CP) method [53]. Magnesium
nitrate hexahydrate [Mg(NO;),-6H,0, 99% purity, Vetec®],
tungstic acid (H,WO,, 99% purity, Aldrich®), ethylene
glycol (C,H¢O,, 99.5% purity, Contemporary Chemistry
Dynamics LTDA®) and citric acid (C¢HgO5, 99.5% purity,
Sigma-Aldrich®) were used as raw materials. The follow-
ing steps were followed: (I) First we dissolved citric acid in
deionized water at room temperature for 10 min. (IT) Sub-
sequently, we dissolved H,WO, into the aqueous citric acid
solution at 85 °C for 5 h under constant stirring to allow
the homogenization and formation of the tungsten citrate
solution, while also using 10 mL of ammonium hydroxide
solution (NH;-H,O 30% purity, Contemporary Chemistry
Dynamics LTDA®). (II) After the homogenization of the
tungsten citrate solution, the gravimetric procedure using 4
crucibles was performed in order to find the precise molar
concentration of the tungsten citrate (grams of tungsten cit-
rate/mol of WOs;). (IV) After optimization, the appropriate
molar concentration of Mg(NO;),-6H,0 was added to the
tungsten citrate. The citrate solution containing both cations
was again stirred for 4 h at 90 °C to produce a homogene-
ous solution and then the solution pH was adjusted to 7 by
adding NH;-H,O. This procedure is employed to avoid the
chemical precipitation of magnesium citrate (CcH,MgO),
which is favored in acidic solutions [54]. (V) After stabiliz-
ing the pH, we added C4HgO, to promote the polyesterifica-
tion reaction [55]. The citric acid and metal molar ratio was
fixed as 3:1 and the citric acid to ethylene glycol mass ratio
was taken as 60:40 to advance the citrate polymerization
[56]. (VI) The polymerized solution was slowly heated to
allow the evaporation of water and formation of the poly-
meric resin. (VII) The obtained polymeric resin was then
placed in a conventional furnace and heated to 350 °C for
10 h using a 1 °C/min heating rate. The precursor powder
was heat treated at 900 °C for 2 h at a 1 °C/min heating rate
in air.

2.2 Characterizations

MgWO, powder heat treated at 900 °C for 2 h was struc-
turally characterized using XRD with a LabX XRD-6000
diffractometer (Shimadzu, Japan) with Cu Ka radiation
(A=0.15406 nm) with a scan rate of 2°/min. The Riet-
veld analysis was conducted from 10° to 110° 20 range
with a step rate of 0.02° and scan rate of 1°/min. This
structural refinement method has several advantages over
conventional quantitative analysis methodologies: whole
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pattern-fitting algorithms are used, so all lines for each
phase are explicitly considered; furthermore, even signifi-
cantly overlapping lines are usually not a problem [57].
The structural refinement was performed using the ReX
software version 0.9.1 [58], which revealed the Rietveld
texture and stress analysis [59]. The structural refinement
quality is generally checked using the R values (R, Ry,
R,,;,) and GoF. The difference between the observed and
calculated patterns is the best way to judge the success of
the Rietveld refinement. The optimized parameters were
the scalar factor, 20 offsets, sample position, background
with polynomial coefficients, adjusting the diffraction
peaks shape with Pseudo-Voigt function, basic phase,
crystal structure, cell parameters (a, b, c¢), angles («, B, v),
lattice strain, and isotropic U factor [60]. The morphol-
ogy investigations of MgWO, powders microcrystals were
observed in a field emission-scanning electron microscope
(FE-SEM) of Quanta™ 250-FEG model (FEI® Company,
Netherlands) operated with acceleration voltage from 15 to
20 kV. Transmission electron microcopy (TEM), high-reso-
lution transmission electron microscopy (HRTEM) images
and chemical analysis using energy dispersive X-ray spec-
troscopy (EDS) were obtained with a FEI Tecnai G2 F20
microscope operating at 200 kV. The samples were pre-
pared by drop a diluted suspension over a 400-mesh carbon
coated copper grid under semi permeable paper to dry the
excess of solution. UV—-Vis spectra were performed using
a Shimadzu Scientific Instruments spectrometer (Model
UV-2600, Japan) operated in diffuse reflectance mode. The
specific surface area of the microcrystals was recorded with
an ASAP 2000 Phys/Chemisorption unit (Micromeritics,
USA) and estimated by the Brunauer—Emmett and Teller
(BET) methodology [61].

2.3 Photocatalytic Activity Measurements

The PC properties of MgWO, powder were tested in
aqueous solution under UV-light towards the discol-
oration of three dyes: [9-(2-carboxyphenyl)-6-diethyl-
amino-3-xanthenylidene]-diethylammonium chloride,
also known as tetraethylated Rhodamine or Rhodamine
B (RhB; 95%, Sigma-Aldrich, with a A,,, =543 nm),
sodium 4-{[4-(dimethylamino)phenyl]diazenyl}ben-
zene-1-sulfonate, known as methyl orange (MO, 85%,
Sigma-Aldrich, with a A,, =505 nm), and 2,6-dibromo-
4-[7-(3,5-dibromo-4-hydroxy-2-methyl-phenyl)-9,9-
dioxo-8-oxa-9A6-thiabicyclo[4.3.0]nona-1,3,5-trien-7-
yl]-3-methyl-phenol, or Bromocresol green (BCG, 95%,
Sigma-Aldrich, with a A ,, =616 nm). All solutions were
prepared in deionized water. The catalyst (30 mg) was
added to 250 mL beakers, along with 50 mL of 1 X 107
mol/L RhB, MO, and BCG solutions, respectively. The
pH values of dyes solutions were 6.25, 4.55, and 4.75,

@ Springer

respectively. These pH were measured in a Benchtop pH
Meter (QUIMIS®) model Q400AS. The suspensions were
ultrasonicated for 2 min in an ultrasonic cleaner (Model
CPX1800H, Branson®) with a 42 kHz frequency before
being illuminated and then stored in the dark for 5 min
to allow the saturated absorption of RhB, MO and BCG
dyes onto the catalyst. The beakers were then placed in a
photoreactor at 25 °C and illuminated by four UV-C lamps
(Moran Ligth®) with power of 18 W each, the luminosity
of 145 lumens, beam angle at 320° and maximum intensity
at 254 nm the source with the distance about 45 cm of the
surface dye solution. At 10 min intervals, 3 mL aliquots
were removed and centrifuged at 8500 rpm for 10 min to
remove the crystals from the suspension. The variations
in the absorption band maximum of the catalysts were
monitored by UV—Vis spectroscopy.

2.4 Computational Method

The theoretical calculations to study the optical proper-
ties of MgWO, structure were performed using the CRYS-
TAL14 software package [62]. The computational meth-
odology is based on the DFT associated with the hybrid
functional B3PYP composed of Becke’s three-parameter
hybrid non-local exchange functional [63] combined with
a Lee—Yang—Parr gradient-corrected correlation functional
[64]. In order to describe the atomic centers of MgWO,
crystal, we used the 8-511d1G and 6-31d1 bases sets for
Mg and O atoms, respectively, which were obtained from
the Crystal website [65]. The large-core effective core
potential was derived by Hay and Wadt, and modified by
Cora et al. [66] for W atoms. The electronic band structure
(EBS) and the DOS of the MgWO, structure were calcu-
lated using the Properties 14 function of the CRYSTAL14
software and constructed along the appropriate high-sym-
metry directions of the corresponding irreducible Brillouin
zone [67].

3 Results and Discussion
3.1 XRD Patterns and Rietveld Refinement Analysis

Figures 2a, b show the XRD patterns and Rietveld refine-
ment plot for the MgWO, powder synthesized using the CP
method and calcined at 900 °C for 2 h, respectively.

The degree of structural periodicity of a crystalline lat-
tice in tungstate-type’s oxide materials can be investigated
using XRD [68]. The MgWO, powder heat-treated at 900 °C
for 2 h shown in Fig. 2a exhibited monoclinic structure of
MgWO, which is in consistence with the respective Inor-
ganic Crystal Structure Database (ICSD) card No. 22357
[69]. The amorphous materials and structural evolution of
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Fig.2 a XRD patterns and b Rietveld refinement plot of MgWO,
powder heat treated at 900 °C for 2 h. The vertical lines in red indi-
cate the position and relative intensity of XRD patterns for the
MgWO, phase reported in ICSD cif file No. 22357

a-,f-MgWO, phases are shown in the (Supporting Informa-
tion (SI) section as shown in Figs. SI1. In addition, we have
performed a structural refinement using the Rietveld method
to confirm the presence of MgWO, sample heat-treated at
900 °C for 2 h [70]. As can be observed in Fig. 2b, our
MgWO, powder has a wolframite-type monoclinic structure
with space group (P,/c), symmetry point group (C;‘h), and
two molecular formula units per unit cell (Z=2). In gen-
eral, slight differences in the intensity scale were identified
between the experimental and calculated XRD patterns, as
described by the Y, — Yy line which indicates the reli-
ability of the results. More details on the obtained data are
displayed in Table 1 below.

From Table 1, the fit parameters (Rp, pr, Rexp, and GoF)
suggest that the refinement results are very reliable. In gen-
eral, small variations in the atomic positions of O atoms
were identified, while Mg and W atoms are fixed in their
respective positions within the structure. Likewise, the lat-
tice parameters and atomic positions obtained from the Riet-
veld refinement analysis were used to start the optimization
of theoretical model, which are listed in Table 2.

From the Rietveld refinement data for the MgWO, crystal
(Table 1), the DFT theoretical calculations were performed
in order to optimize all the parameters required to obtain
the ideal structure in a vacuum. The optimized parameters
are listed in Table 2. Comparing the experimental and theo-
retical results, it is possible to verify a little variation in the
lattice parameters as in the atomic coordination, resulting in
a slightly compressed theoretical structure.

3.2 Clusters Coordination’s and Electron Density
Models Analysis

Figure 3 shows a schematic representation of the monoclinic
structure of MgWO, crystal.

The monoclinic structure of the MgWO, crystal was
modeled on a visualization system for electronic and struc-
tural analysis (VESTA) software [71, 72], by using the lat-
tice parameters and atomic positions obtained from Rietveld
refinement data listed in Table 1. It is observed from Fig. 3

Table 1 Lattice parameters, unit cell volume, atomic coordinates, and site occupation obtained from Rietveld refinement data for MgWO, pow-

der

Atoms Wyckoff Site X y z Ui, [A%]

Mg 2f 2 0.5 0.673145 0.25 0.011545
\ 2e 2 0 0.182864 0.25 0.005157
O1 4g 1 0.209938 0.114030 0.919725 0.065592
02 4g 1 0.261428 0.356497 0.393390 0.091767

a=4.69045(3) A; b=5.67767(7) A; c=4.931(1) A; a=y=90° =89.2942°; and V=131307(1) A*; R, =10.84%; R, =5.72%; R, =15.27%

and GoF=2.67
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Table2 Lattice parameters, unit cell volume, atomic coordinates
and site occupation obtained by DFT calculations for the optimized
MgWO, crystal

Atoms Wyckoft Site X y z

Mg 2f 2 0.5 0.68854 0.25

w 2e 2 0.0 0.21050 0.25

01 4g 1 0.22161 0.10845 0.96001
02 4g 1 0.24760 0.38658 0.41119

a=4.6723 A; b=5.7731 A; c=4.8519 A; a=y=90°; p=89.0652°
and V=130.8556 A3

Fig.3 Unit cell representations for MgWO, crystals with monoclinic
structure

that the distorted octahedral [MgOg] and [WO(] clusters are
octahedron-type polyhedrons with 6 vertices, 8 faces and
12 edges [73]. In principle, these MgWO, powder presents
some variations in both O—-Mg-0 and O-W-0 bond angles
and lengths. This behavior results in distortions in octahe-
dral [MgOg] and [WOq] clusters with distinct degrees of
order—disorder in the lattice.

Figures 4a—c show electron density models in the (111),
(010), and (121) planes for MgWO, crystals, respectively.

The electron density models were calculated by using
the Fourier transform for structure factors from the struc-
ture parameters and atomic scattering factors of free atoms
obtained from the Rietveld refinement for MgWO, powder
obtained by the CP method, where the amorphous powder
precursor was heat treated at 900 °C for 2 h. The data were
used in VESTA software version 3.4.5 [71, 72] to model
the electron density map. These figures display color scales
for each plane, which indicates zones with high and low
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electronic densities. In Fig. 4a, the blue regions are related to
the absence of electronic charge, while the red areas exhibit
a high electronic density in the (111) plane. Moreover,
it is possible to verify the presence of distributions non-
homogeneous near the O-Mg—O bonds related to an atomic
displacement, suggesting the existence of large distortions
between Mg and O atoms (Fig. 4a). We found two W atoms
and three O atoms in the (010) plane due to the presence of
distortions in octahedral [WOq] clusters (Fig. 4b). Finally,
(121) plane reveals the Mg and W atoms able to share the
same O atom. This behavior is displayed by the differences at
the bond distance between O—Mg—O and O-W-O0 (Fig. 4c).

3.3 FE-SEM, TEM and HT-TEM Analyses

FE-SEM images were employed to monitor the morpho-
logical aspects of MgWO, powder synthesized using the
CP method and heat treated at 900 °C for 2 h. Figure 5a—d
shows the FE-SEM images at low and high magnifications
of MgWO, powders.

Figure 5a reveals that the MgWO, powders are composed
of several particles with irregular morphology and non-uni-
form agglomerated particles. The heat treatment performed
at low temperature initially induces a decomposition pro-
cess of residual organic compounds arising from citric acid
and ethylene glycol. The formation of the pores at particles
is promoted by means of this decomposition slow, which
reduced by the particles growth, forming large aggregated
regions with irregular shapes. The dotted yellow square in
Fig. 5a and at high magnification in Fig. 5b, suggest that
the thermal energy favors the diffusion mechanism, lead-
ing to the microparticles into a more dense mass. Figure 5c
displays the SEM images of MgWO, powder heat-treated at
900 °C for 2 h resulted in the necking between the grains, as
shown in Fig. 5d by means of individual MgWO, particles
which is composed by several nanoparticles. Morever, the
Fig. Se—g display the TEM, HR-TEM images and SAED
patterns of MgWO, nanopowders heat-treated at 900 °C
for 2 h under air atmosphere. A close examination of low
magnification TEM micrographs in Fig. 5a revealed that the
powders are formed by the agglomeration of several small
particles with irregular morphologies and different particle
sizes. These morphological feactures can be arising from a
non-controlled particle growth. Figure Se shows a high mag-
nification TEM micrograph of several nanoparticles, where
the crystallographic planes were verified by HR-TEM. The
HR-TEM micrograph taken from the selected area marked
by the spherical-like indicated that the planes present an
interplanar spacing of 0.2846 nm, which was identified as
belonging to the (020) plane, as displays in Fig. 5f. In this
context, the respective SAED pattern (Fig. 5g) confirmed
that these particles are well-crystallized, presenting a single
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Fig.4 Electron density maps in the a (111), b (010), and ¢ (121) planes of MgWO, crystals

phase with wolframite-type monoclinic structure. Finally,
Fig. 5h shows an EDS spectrum analysis for this MgWO,
nanopowders. This EDS spectrum revealed that the pow-
ders are chemically composed of magnesium (Mg), tungsten
(W) and oxygen (O). Therefore, this result confirms that
the heat treatment performed at 900 °C for 2 h under air
atmosphere is able to allow the formation of pure MgWO,
nanopowders. The presence of Cu atoms in the spectrum is
because of the carbon-coated copper grids. The quantitative
results on the chemical composition analysis presented the
following results of 69.8% for W, 26.9% for O 3.3% for Mg,
respectively.

3.4 Ultraviolet-Visible Spectroscopy and Electronic
Band Structures Analysis

The optical band gap energy (E,,,) was calculated using the

Kubelka—Munk, which are based on the transformation of

diffuse reflectance measurements and can estimate E,,, val-

ues with good accuracy [74, 75]. Particularly, it is used in

limited cases of infinitely thick samples. The Kubelka—Munk
Eq. (1) for any wavelength is described by [74, 75]:

1-R,)
F(k,) = U Ee) & 1)

0

where F(R_) is the Kubelka—Munk function or absolute
reflectance of the sample, R is the reflectance, k is the
molar absorption coefficient and s is the scattering coef-
ficient. In our case, BaSO, was adopted as the standard
sample in reflectance measurements: R, = R,/ Rygo- In
a parabolic band structure, the optical band gap and absorp-
tion coefficient of semiconductor oxides [76] can be calcu-
lated using Eq. (2) [77]:

ahv = C (hv—E,,)" )
where a is the linear absorption coefficient of the material,
hv is the photon energy, C, is a proportionality constant, E,,
is the optical band gap and #n is a constant associated with
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different kinds of electronic transitions (n=0.5 for direct
allowed, n=2 for indirect allowed, n=1.5 for direct for-
bidden, and n =3 for indirect forbidden transitions). From
the theoretical calculations, MgWO, crystals exhibit an
optical absorption spectrum governed by direct electronic
transitions [78] and E,,, for MgWO, powder was esti-
mated by using n=2 in Eq. (2). The absolute reflectance
function described in Eq. (1) with k=2a with modified
Kubelka—Munk equation is given in the Eq. (3):

[F(Ry)v)* = Cy(hv — E,,, ) 3)

Hence, F(R_) value can be obtained from Eq. (3) and
plotting a graph of [F (Roo)hv]2 against hv, Egap values for the
MgWO, powder were calculated by extrapolating the linear
portion of the UV—Visible absorption curve.

Figure 6a, b show UV-Vis spectrum of MgWO, powder
synthesized using the CP method and calcined at 900 °C
for 2 h, as well as the optimized EBS of MgWO, crystals
calculated by using the DFT method, respectively.

As can be observed in Fig. 6a, the profile of the UV-Vis
spectrum for our MgWO, synthesized using the CP method
and calcined at 900 °C for 2 h indicates an optical behavior
typical for structurally ordered crystalline materials. The
synthesized MgWO, powder exhibits a direct optical band
gap E,,,=4.33 eV. According to earlier reports [79-85],
MgWO, ceramics, powders, or crystals present a broad
experimental optical band gap ranging from 3.92 to 5.00 eV,
which is in good agreement with our obtained results. The
electronic band structure provides the electronic transitions
in the material from theoretical calculations. From analyzing
the EBS, it was noticed that the MgWO, crystal is character-
ized by direct electronic transitions between Y<>Y points
of the VB and CB in the Brillouin zone as shown in Fig. 6b.
This value is in concordance with the experimental UV—Vis
spectrum value, but slightly higher (E,,,=4.49 eV) because
in the theoretical calculations the system has an ideal struc-
ture without local defects such as distortions in the octahe-
dral [MgOg]/[WOq] clusters.

From the analysis of the DOS, it is feasible to know which
orbitals are involved in the VB and the CB in the electronic
transition. Figure 7 shows total DOS projected over all atoms
involved in the electronic structure of MgWO, crystals.

The projected DOS on the O atoms is principally deter-
mined in the VB by the 2p orbitals, while the CB is mainly
determined by the 5d orbitals from W atoms with minor
contributions from the 2p and 4s orbitals from O and Mg,
respectively (Fig. 7). For MgWO,, different M—O bonds in
the [MOg] clusters, where M =Mg and/or W, are expected
to have non-degenerate orbitals. In VB, there are contribu-
tions of 2p, and 2p, orbitals from O atoms whereas at the
bottom of the CB there is a small contribution of the 4 s
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orbitals from Mg atoms and the Sdg, 5d,,
from W atoms.

It is known that defects play important roles in the prop-
erties of a material. Therefore, we created two models with
local bonds defects, one with Mg atoms displacement and
another with W atoms displacement. The EBS and DOS for
these two models are illustrated in the (Supporting Informa-
tion (SI) section as shown in Figs. SI2(a,b) and SI3(a,b)).
Analyzing the results, it is possible to conclude that when
the displacement was located on the network modifier (Mg),
the defects formed were shallow defects and the creations of
new intermediate levels between the VB and CB were not
so pronounced with a small decrease of the band gap value
to 4.43 eV. However, when the displacement was located on
network former (W) the band gap value decreased signifi-
cantly (2.60 eV) due to the creation of a deep defect in the
structure which allowed the creation of new intermediate
levels between the VB and CB. Therefore, it is possible to
affirm that there are ordered and disordered clusters in the
MgWOQO, structure.

and 54;2, orbitals

3.5 Photocatalytic Properties Analyses

Figure 8a—c illustrate the photolysis of RhB, MO, and BCG
dyes solutions, while Fig. 8d—f illustrates the PC discolora-
tion of RhB, MO, and BCG dyes by the MgWO, photo-
catalyst monitored by the temporal changes in the UV-Vis
absorbance spectra of the aqueous dye solutions. The discol-
oration rates (C,/C,) of the RhB, MO, and BCG aqueous dye
solutions with and without the MgWO, catalyst are shown in
Fig. 8g—i. The insets show digital photos of RhB, MO, and
BCG dyes solutions after different exposure times to UV-
light in the presence of the catalyst, and the rate constants (k)
obtained for the discoloration of RhB, MO, and BCG aque-
ous dye solutions are illustrated in Fig. 8j—1, respectively.
Figure 8a—c indicates an insignificant reduction of
approximately 5%, 6% e 7% of the maximum absorption
spectra for the aqueous solutions of RhB, MO, and BCG
dyes after 200 min of photolysis, respectively. This behav-
ior indicates a large resistance of the three dyes under UV
illumination [79]. As can be observed in Fig. 8d, we did
not observe a significant reduction in the concentration
of the RhB solution after 200 min of photodiscoloration
with the MgWO, catalyst powder calcined at 900 °C for
2 h using the CP method. Before irradiation, the RhB dye,
which is an N,N,N',N'-tetraethylated Rhodamine molecule,
had one bandwidth a maximum absorption centered at
543 nm. The photodegradation of RhB dye occurs due to
an oxidative attack via active oxygen species on an N-ethyl
group [79]. The band moved toward N,N,N'-tri-ethylated
Rhodamine (A, =539 nm), N,N'-di-ethylated Rhodamine
(Amax =522 nm), N-ethylated Rhodamine (A, =510 nm),
and Rhodamine (A,,, =498 nm) species [80]. Therefore,

max
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«Fig.5 FE-SEM images of several MgWO, powder at a, b low mag-
nification, ¢ medium magnification, and d high magnification, respec-
tively. e TEM images of several MgWO, nanopowders at low mag-
nification, f HT-TEM images of MgWO, nanopowders with their
respective planes and g Indexed SAED patterns of MgWO, nanopow-
ders, h EDS spectrum of several MgWO, nanopowders, respectively

we assumed that our MgWO, powder does not have active
photocatalytic sites or Lewis basic sites effective for the
discoloration of a high percentage of RhB cationic dye
after 200 min under UV-light with reduction of approxi-
mately 29% (Fig. 8d). According to the literature [86, 87], a
high photodegradation rate of cationic dye can be achieved
by using visible/irradiation light, activated carbon bimetal-
lic nanocomposite, presence of H,O, and scavengers, such
as: dimethyl sulphoxide (DMSO), pbenzoquinone (BQ),
tri-ethanolamine (TEOA) and potassium dichromate (PD).
Moreover, we confirmed that our MgWO, nanopowders
obtained using the CP method is most efficient photocata-
lyst for the degradation of the MO anionic dye after 200 min
under UV-light (see Fig. 8¢). This behavior is probably due
to the positively charged surface of our MgWO, catalyst
since the anionic MO dye can be adsorbed more easily than
the cationic RhB dye, hence it is easier to be degraded [88]
(see Fig. 8d, e). In Fig. 8e, we have noted a discoloration or
reduction of approximately 56% at the maximum absorp-
tion spectra (A,,, =465 nm) for the aqueous MO dye solu-
tions after 200 min. According to the literature [89], the
occurrence of a blue shift (A,,, =398 nm) when employ-
ing a photocatalyst with an initial absorbance maximum
band comparable with the MO dye (A, =465 nm for non-
protonated molecule and A,,, =505 nm for the protonated
molecule) indicates that there is still a chromophore group
in this intermediate. As can be noted in Fig. 8e, our MgWO,
photocatalyst powder does not promote any maximum band
shifts, only a decreasing band with intensity. In general, MO
dye solutions with added catalyst, when illuminated under
UV-light promote discoloration by forming intermediate
species like dimethylaniline, and sodium benzenesulfonate
due to the displacement reaction between the dimethyl
group of the intermediates and the sodium ion proton, it is
transformed into aniline, and benzenesulfonic acid. After
being transformed into hydroxy aniline and 4-hydroxyben-
zenesulfonic acid, it is decomposed into hydroquinone, and
p-benzoquinone, and is transformed into aliphatic acids
such as oxalic acid, which is finally decomposed into CO,
and H,O [81, 90-94]. In Fig. 8f we noted a discoloration or
reduction of approximately 84% in the maximum absorption
spectra (A, =616 nm) for the aqueous BCG dye solutions
after 200 min. The strong interaction between the alkaline
dye and the MgWO, photocatalyst (Fig. 8¢) promotes a sig-
nificant decrease in the maximum absorbance band of the
BCG dye solution [87]. Therefore, MgWO, powder might

@ Springer

be a selective photocatalyst for the discoloration of anionic
organics dyes under UV-light [88-90]. We can conclude that
our MgWO, powder has more active photocatalytic sites
or Lewis acid sites effective for the discoloration of a high
percentage of MO and BCG anionic dyes solutions after
200 min under UV-light (Fig. 8d, e) [91].

To quantitatively understand the reaction kinetics for the
discoloration of the three organic dyes: RhB, MO, and BCG
by the catalyst powder, as illustrated in Fig. 8g—i, we applied
the pseudo-first order model expressed in Eq. (4) to obtain
the rate constants (k):

1 Cn =k
()

where, C and C, is the initial and different concentration of
the dye solution of UV-C illumination, # is the time, and k is
the pseudo-first order rate constant. This equation is gener-
ally used for a photocatalytic discoloration process if the
initial concentration of hte pollutant is low (1 X 107> mol/L)
[92]. According to Eq. (4), a plot of [In(C,/C,)] as a function
of t gives a straight line where the slope is k. It is observed
from Fig. 8g—i and the corresponding insets, that the MgWO,
photocatalyst powder was more effective and efficient for the
discoloration of the MO and BCG dyes, than for the RhB
dyes. All the results shown in Fig. 8j-1 are absolute and were
not normalized for the specific surface area (Sgpy) of our
powder [93]. From Fig. 8j-1, the rate constants in the absence
of a catalystor only for the photolysis process of three
organic dyes are very Small (k wiyou caratysrng) = 2-626 X 107
min~" for RhB, Kwimous catatysinio) =2-674x 107* min™"
for MO, and K winout caratysupcc) =3-495%x107* min™" for
BCG), which indicates that there is no significant discol-
oration of the RhB, MO and BCG dyes after 200 min.
Moreover, the rate constants for the discoloration of
RhB  (kaiewo,-Protocaratyst/risy = 1.61 X 10~ min™"), MO
(Kv1gwo, —Photocatayst/moy = 3-85 X 10 min™"), and BCG
(kv1gWo, —Photocatayst/pcG) = 8-862X 10 min™") with our
MgWO, powder are shown in Fig. 8g—i. In addition, good
coefficient of determination (R?) and standard deviations
(SD) were obtained for all the results, which resulted in high
discoloration rates for the MO and BCG dyes. The normal-
ized values for the standard kinetic constant for the MgWO,
powder are shown in Table 3.

The results obtained after the normalization of the kinetic
parameters (K apsone)s KiNormatizea) @0d half lifetime (t,,)) of the
catalyst powder for photodiscoloration of aqueous RhB, MO,
and BCG dye solutions as well as Sy are presented in Table 3,
which shows that &/ y,,,qizeq) Values are smaller than &,
values, i.e., the MgWO, photocatalyst has a Sg;=0.8 m?/g
According to the literature [75, 95], MgWO, ceramics have a
low Sggr (from 10.46 to 24 m%/g) and has been scarcely used
as a catalyst support. The k/y,,nq1izeq; Values were obtained
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Fig.6 a UV-Vis spectrum of MgWO, powder and b optimized EBS
of MgWO, crystal

by dividing the k1) bY the Sppr value of MgWO, photo-
catalyst, which is presented in Table 3. After normalization,
the rate constants of the MgWO, photocatalyst powder obey
the following ascending order: k[MgW04— Photocatalyst/BCG] >
k[MgWQ,—Phomcam/yst/MO] > k[MgW04—Phutm‘atalyst/RhB] and after com-
paring several relationships between the kiy,wo, - phoocaratysi e/
k[Mg WO,—Photocatalyst/ MO]> k[Mg WO,—Photocatalyst/BCG] /

k[MgW04—Photocatalysl/RhB] >an d k[MgW04—Photocatalyst/M0]/
Kirigwo,—Photocaratyst/rnp) Values of the MgWO, photocatalyst

powder obtained at 900 °C for 2 h, we observed that the nor-
malized kjyowo, - Photocatalyst/cc) 1S @pproximately 2.31 times
higher than k[MgW04—Photocamlyst/MO] > k[MgWO4—Photocatalyst/BCG] is
approximately 5.52 times higher than kjy.wo, —prorocatatyst/rhB)
and kiy1ewo, —Photocatalyst/mo1 1S @pproximately 2.39 times higher
than kiysewo, - protocatatyst/rng)- The anionic MO and BCG dyes

—DOS projected on Mg atoms

423V

—DOS projected on W atoms

—DOS projected on O atoms
""""""""" Total DOS

Fermi

DOS (arb. units)

8-76-54-3-2-10121345¢4672891011
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Fig.7 Projected total DOS on the Mg, W and O orbitals for the
MgWO, crystals

were able to be adsorbed easier than the cationic RhB dye,
hence easier to be degraded.

A possible photocatalytic mechanism for the discol-
oration of RhB, MO and BCG dyes by our photocatalyst
MgWO, powder is represented in Fig. 9a—f, respectively.

In our photocatalytic test, the initial stage is extremely
important for the optimization of this process with het-
erogeneous photocatalysis. This is a very efficient tech-
nique for the discoloration of organic pollutants, such as
RhB, MO and BCG dyes. In this process, it is necessary
to have an optimal dispersion of powder and dyes in the
system before irradiation. In the second stage, this well-
dispersed system was stirred for 5 min inside a dark box
followed by the collection of the first 3 mL aliquot. Subse-
quently, four UV lights were used to start the photocataly-
sis [81]. According to the literature [96—101], the presence
of order/disorder-types defects or structural distortions in
semiconductor oxides facilitates the polarization process,
leading to electronic transitions between ordered and dis-
ordered clusters, or undistorted and distorted clusters with
the formation of e’—h" pairs. In our paper, a wide model
based on intermediate electronic levels between VB and
CB and complex clusters was proposed to explain the PC
activity of MgWO, powder for the photooxidation of RhB,
MO, and BCG dyes. The ideal catalyst powder should have
specific features and it should be noted that the most impor-
tant events occur before excitation, i.e., before irradiation
with UV-light (A=254 nm or hvx4.88 eV) as shown in
Fig. 8a. As noted in previous analyses (Rietveld refinement
data and theoretical calculations in Support Information
with the Figs. S1(a,b) and S2(a,b) to the EBS and DOS dis-
placement in the W and Mg atoms cause changes in the
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values and different direct transition (Z<>Z) and indi-

rect electronic transition (B<>Y). Therefore, our MgWO,
powder, still has order—disorder structural defects ascribed

to different types of distorted clusters [MgOgl}
in the VB and ordered [Mgoﬁ]’é —
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CB. In addition, we observed that other characteristics are
also very important for improving PC activity in different
semiconductor crystals, such as crystallographic preferred
orientation, intermediary electronic levels, high surface
energy, roughness, defects, high active surface area, facets,
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Table 3 Absolute kinetic constants (k(apsolure))> NOrmalized kinetic constants (Kjnormalizedp)s half-life (,,,) and specific surface area (Sggy) for dif-

ferent MgWO, catalyst powder

Samples K absolute) (min~1) Sgpr (M%/g) KiNormalized] (min~!/m?%g) Ty, (min) for Kispg Ty, (min) for Ref.
(Norm)
wc-RhB 2.626x 107 - - 3.064.3 - .
we-MO 2.674x107* - - 2592.2 - .
we-BCG 3.495x 107 - - 1983.3 - .
MgWO 180 °C-12 WH,0% - 10.46 - - - [75]
MgWO 180 °C-12 WH,0% - 14.05 - - - [75]
MgWO,,-900 °C-2 h/RhB 1.61x1073 0.8 2.0125%x 107 4305 344.4 .
MgWO0,-900 °C-2 h/MO 3.85x1073 0.8 4.8125x1073 180 144 *
MgWO,,-900 °C-2 /BCG 8.862x 1073 0.8 1.110775x 1072 78.2 62.4 .

we-RhB, we-MO, and we-BCG =dyes without catalyst, MgWO,, powder obtained by the CP method heat treated at 900 °C °C for 2 h and used as
catalyst to degradation of RhB, MO and BCG dyes; H,0*=Water splitting for H,,, production; ()= Absolute and [] Normalized by Sgzr values

and T, is half-life, Ref. = references; 4 =this work
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Fig.9 Proposed photocatalytic reaction mechanism for the discol-
oration of RhB, MO and BCG dyes solutions using MgWO, catalyst
powder: a Broadband model before the start of photocatalysis or pho-
tolysis (UV-light off), where the semiconductor is added to the dyes
solutions to reach the adsorption—desorption equilibrium between
solid-liquid on the electronic transitions between the VB (O 2p orbit-
als) and BC (W 5d orbitals), b Starting photocatalysis with UV-light.
The MgWO, catalyst powder has order—disorder/distortions in the
electronic structure, which promote the formation of intermediate
energy levels within the band gap ('=electrons)/('=holes) pairs and
electronic transference between the disordered [MgOgl; — [WOg]; in
the VB and ordered [MgOq]! — [WOq]! clusters in the CB; ¢ Reduc-

and adsorption—desorption equilibrium [101, 102]. Figure 9a
shows the photocatalytic reaction where the surface of the
catalyst can polarize the lattice and lead to possible elec-
tronic transitions at the molecular level between disordered
[MgOG]’é and [Woé]g clusters and ordered [Mgoﬁ]’é - [WO6]§
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ing clusters in the VB concede electrons to the CB and oxidizing
clusters received electrons from the CB and transference to O, and
H,0 adsorbed by the MgWO, catalyst powder by reducing clusters
during the discoloration of RhB, MO, and BCG dyes; d Defects on
the powder surface, which act as catalytic active sites where RhB*,
MO*, and BCG* dyes are susceptible to the attack of highly oxidiz-
ing species (HO*, O}, and O,H*); e Cycles of photooxidation: the
discoloration of RhB*, MO*, and BCG* dyes by the formed oxidant
radicals occurs; and f After several cycles of photodiscoloration H,O,
CO, and colorless compounds organic (CCO) form during the miner-
alization of organic dyes

clusters. When UV-light is absorbed by the MgWO, pow-
der, the following electronics process of charge transfer
between between species involved can occur, as expressed
in Egs. (5-8) below:
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n the dark . X X . ¥
L MEWO, ey — [MgOGT —~ [WOG (5)  M2Ogl; = [WOgJ; + O} + H' — [MgOgl, — [WOI + O, H
a7
In the dark . i [WOg1, — IMgOgI¥ + O, + H = [WOg], — [MgOg1! + O,H*
—— MgWO,gefectsy = [WOgly — [MgOg IS (6) o ‘ (18)
hv=4.88eV " . Electron transfer . , (7)
— MgWO,efectsy = [M20gl5 = [WOgl; ————— [Mg06], — [WO¢],
hv=4.88 eV . . Electron transfer . , (8)
— MgWO,efectsy = [WOgly — [MgOgl; ————— [WOq]; — [MgOg¢],

As shown in Fig. 9b, we propose that the disordered/dis-
torted octahedral [MgO6];j and [WO6];i clusters are located
inintermediate levels near the VB, whereas the ordered octa-
hedral [MgOg]’ and [WO,]! clusters are located in intermedi-
ate levels below the CB. This process leads to the formation
of ' <> " pairs within the powder band gap and also on the
semiconductor surface as shown in Fig. 9c. During the pho-
tooxidation processes, the reducing [Mg06](']l — [WO6]‘Cl clus-
ters located in the VB react with the adsorbed H,O and/or
RhB, MO, and BCG dyes, while the undistorted or ordered
[MgOg¢]! — [WOq]! clusters located in the CB interact with
the adsorbed oxygen (O,) species,as shown in Egs. (9-14):

[WO4]! — [MgOg¢], + HyO — [WOg]! — [MgOg];H,0 )

)
[MgOgl! — [WO4]; + HyO — [MgOgl! — [WO41;H,0 g,
(10
[WOgI, — IMgOgl; + Hy0 4 — [WOg];, — [MgOgl} + OH,, +H
(11
[MgOgl, — [WOG]; + HyO 4 — [MgOgl, — [WOgI; + OH[ y +H
(12)
[WO4 ]/ — [MgOg} + HOJ, ) — [WOg]! — [MgOg];HO"
(13)
[MgOgl, — [WO4I; + OH; = [MgOgl,, — [WOgI;OH"
(14)

In the CB, the oxidizing [MgOy], and [WO,], clusters
located on the semiconductor surface are able to react with
the O, ,q5) molecules by means of electron transference pro-
cess. Before this process, the H' species in Egs. (11) and (12)
are able to interact with the superoxide radical anion (0/2)
resulting in the formation of perhydroxyl radical (O,H") as
given in Fig. 9d and presented in Egs. (15-18):

5
[WOg]; = IMgOg], + Onpgs) = [WOgly = [MgOglI, + O} 4
(16)

Moreover, RhB, MO and BCG dyes are also excited by
UV-light, as shown in Fig. 9d and presented in Eqgs. (19-21):

hv=4.88 eV
————— RhB dye — RhB* dye (19)
hv=4.88 eV
2L MO dye — MO* dye (20)
hv=4.88 eV
———— BCG dye — BCG* dye (21

These cycles occur continuously while the system is
exposed to UV-light. Finally, after several photooxidation
cycles (200 min), the discoloration of RhB*, MO* and
BCG* dyes by OH*, O; and O,H" radicals occurs, as shown
in Fig. 9e, f and indicated by Eqgs. (22-24) [102]:
hy=4.88 eV OHx, O}, and O,H*

— > RhB * dy¢ —  CCO + CO, + H,0
(22)

OH*,O;,and O,H*
« dye ———, CCO + CO, + H,0

(23)

hv=4.88 eV
——> MO

hv=4.88 eV OHs, O;, and O,H*
— L BCG * dye ———— CCO + CO, + H,0

(24)
where, CCO =colorless compounds organic.

Figure 9a—f displays the photocatalytic mechanism in
which the defects on the crystal surface and the electronic
structure of the distorted/disordered [MgOG];1 and [WOﬁ]('lI
clusters and ordered [MgOG](’) and [WOG]; clusters play an
important role in the production of O H, O;, and O,H" radi-
cals, which are the most oxidizing species in these chemi-
cal reactions for the discoloration or mineralization of the
organic RhB, MO and BCG dyes in aqueous solution.
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4 Conclusions

In summary, we successfully obtained MgWO, powder
by using the CP method after calcination at 900 °C for 2 h.
The XRD/SAED patterns and Rietveld refinement data indi-
cate that the MgWO, powder presents a wolframite-type
monoclinic structure, space group (P,/c) and symmetry
point group (Cgh). Our electron density maps showed an
inhomogeneous distribution of charges between distorted
octahedral [MgOq] clusters. FE-SEM, TEM and HR-TEM
images showed that the powders are composed by several
particles with irregular morphologies, non-uniform parti-
cles size and agglomerated nature. EDS spectra revealed the
chemical composition of MgWO, powders. The existence
of different E,,, values between the experimental MgWO,
powder and theoretical MgWO, crystal is attributed to the
existence of localized electronic levels within the forbid-
den band gap. We concluded that these energy states derive
particularly from distortions on both octahedral [MgOg] and
[WOgq] clusters at the short and medium range. The theoreti-
cal calculations indicated that the EBS of MgWO, crystals
is characterized by direct electronic transitions. According
to the DOS analyses, the energy states in the VB consist
of the 2p orbitals from O, while in the CB the 5d orbit-
als from W contribute to the energy states. Furthermore,
we investigated the PC discoloration properties for three
organic dyes: RhB, MO, and BCG. The results of the PC
activity indicated that our MgWO, powder has more active
photocatalytic sites or Lewis acid sites effective for the dis-
coloration of a high percentage of MO and BCG anionic
dyes after 200 min under UV-light. Moreover, we proposed
a photocatalytic mechanism based on a wide model related
to the presence of intermediate electronic levels between
the VB and CB and complex clusters proved by theoretical
calculations. Finally, we proposed to explain that the optical
band gap values near the UV illumination energy (4.88 eV),
defects on the crystal surface, and the electronic structure are
the probable pathway for homogeneous MO and BCG dyes
photodiscoloration in the presence of H,O and O, dissolved
is homolysis of excited MO* and BCG* dyes into radicals.
The O HY, O; and O,H" radicals formed are the most oxidiz-
ing species in these chemical reactions for the discoloration
of the organic RhB, MO, and BCG dyes in aqueous solution
to CCO, CO, and H,0.
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