Pacific Science 2018;72(2) ISSN: 0030-8870

A simple co-precipitation/calcination method using PEG-1000 as solvent to formation of MWO4 (M= Ba, Ca,
Cd, Co, Cu, Mn, Ni, Pb, Sr, Zn) nanocrystals and their photocatalytic properties for degradation of industrial
dyes

Ali Gholami, Ali Fosooni, Hadi Ghasemi
Department of Analytical Chemistry, Faculty of Chemistry, University of Kashan, Kashan, I. R. Iran

agholami@kashanu.ac.ir

Abstract

In this work, metal tungstate nano- and microcrystals (MWO,) have been synthesized easily using simple co-
precipitation route. PEG-1000 was used as good and cheap chelating agent to control the size and morphology of
products. The synthesized metal tungstate crystals were characterized by available technique such as Fourier transform
infrared (FT-IR) spectrum, X-ray diffraction (XRD) and scanning electron microscopy (SEM). To survey the photo
catalyst properties of synthesized MWO4, the photocatalytic degradation of some common dyes (Eriochrome Black T
(EBT), Methylene Orange (MO), Methylene Blue (MB) which are present in industrial wastewaters was followed
under UV-Vis light irradiation. The results showed that among prepared metal tungstate compounds, PbWO, has a
higher total photocatalytic activity for degradation of mixed dyes (MB=91%, MO=94%, EBT=84%).
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Introduction

The number of new protocols and methods for synthesis of nanostructures are increasing day by day [1-2].
In the meantime, especially in recent years’ tungstate nanocrystals have been considered in this area [3]. Literature
review showed that these compounds have attracted huge concern in various fields such as electronics and electrical
industries, healthcare, chemistry, biochemistry, engineering, and cosmetics [4-8]. Divalent transition metal tungstate’s
(M"WOQ,) have a wide application in fluorescent lamps, and lasers [9]. In addition to the mentioned items, some
divalent species are considered due to their magnetic The number of new protocols and methods for synthesis of
nanostructures are increasing day by day [1-2]. In the meantime, especially in recent years’ tungstate nanocrystals
have been considered in this area [3]. Literature review showed that these compounds have attracted huge concern in
various fields such as electronics and electrical industries, healthcare, chemistry, biochemistry, engineering, and
cosmetics [4-8]. Divalent transition metal tungstate’s (M""WQy,) have a wide application in fluorescent lamps, and
lasers [9]. In addition to the mentioned items, some divalent species are considered due to their magnetic properties
[10, 11] and electrical conductivity [12]. Also, this type of metal tungstate is used as catalyst and moisture sensor [13,
14].

The substitution of ions (M) with different size changes the crystal structure of MWO, due to the difference
in unit cell dimensions. There are two types of MWOQ, structures, Wolframite-type monoclinic and Scheelite-type
tetragonal structure. In Wolframite-type monoclinic structure, M2* has ionic radii <0.77 A (M?*: Mn, Fe, Co, Ni, Zn,
Mg), and tungsten atoms adopt hexagonal coordination. However, in Scheelite-type monoclinic structure, M?* has
ionic radii >0.99 A (M?*: Ba, Ca, Pb, Sr), and tungsten atoms adopt tetrahedral coordination [15, 16].

There are various proposed procedures for the preparation of MWO, nanocrystals (NPs) such as sol—gel,
solid-state reaction, hydrothermal, aerosol pyrolysis, sputtering, Czochralski technique, solvothermal-mediated micro
emulsion method, chemical bath deposition, metathetic reaction and co-precipitation processes [17-34].

289


mailto:agholami@kashanu.ac.ir

Pacific Science 2018;72(2) ISSN: 0030-8870

In recent decades, the contamination of environment has been specified as one of the major issues of modern
society, mainly due to significant population and industry growth [35]. Among the various industries that generate
large volumes of wastewater, the textile industries have a special place due to high consumption of water during the
processes of dyeing [36].

There are conventional technologies currently used to degrade textile wastewater that are based on
adsorption, reverse osmosis/membrane filtration, coagulation/flocculation and electrocoagulation [37]. However, the
above methods are not high efficient because these techniques are non-destructive, and do not cause complete
degradation. In this regard, advanced oxidation processes (AOPs) using heterogeneous photocatalysis can produce
active species leading to the total degradation of most of organic pollutants. AOPs are based on creation of reactive
species such as hydroxyl radicals (OH") that oxidize and destruct a wide range of organic pollutants rapidly [38].

As mentioned earlier, there are different presented protocols for synthesis of tungstate nanostructures;
however, there is still a need for more simple and affordable procedures. Besides, the wide range of transition metal
oxide can be effective in photodegradation of dyes [39]. The various researches confirm that like other transition
metals, metal tungstates are promising category as photocatalyst candidate [40]. Based on above discussions, the
presentation of easy and cheap protocol for synthesis of tungstates compound family and their application for
photodegradation of some dyes are interesting. In the present work, we report facile and simple protocol for synthesis
of MWO, nano- and microcrystals using suitable and available chelating agent. In the next step, the ability of these
structures in the degradation of common industrial wastewater dyes, especially textile wastewater dyes were
investigated.

Results and Discussion

In wolframite structures MWQO,4 (M = Fe, Mn, Ni, Cd, Zn, Cu, and Mg), W,Osg groups are major structural
unit in their chemical structures [41]. However, the absorption peaks with the maxima at 890 cm™! could be related to
the vibration frequencies of tungsten-oxygen (W-0O) bonds in tetrahedral WO4 unit [42]. The FT-IR spectra of MWO,
crystals is presented in Fig. 1.

The tungsten-oxygen (W-O) stretching vibration frequencies of MWO, crystals (M= Ba, Ca, Cd, Co, Cu,
Mn, Ni, Ph, Sr, Zn) appeared at 783, 769, 822, 826, 821, 821, 825, 747, 783, 840 cm™!, respectively. The vibrational
frequency of chemical bond is directly proportional to the bond strength. As result the higher the bond strength, the
higher the frequency of vibration. It can be easily understanding the effect of used metal on the bond strength by
comparing the vibrational frequency number of the W-O bond (W-O Bond strength: Zn>Co> Ni>Cd> Cu = Mn>Sr =
Ba>Ca>Ph).

In order to proof the chemical structure of the samples, X-ray diffraction (XRD) analysis was performed and
results were shown in Fig. XRD patterns unveiled which all nanostructure is crystalline and pure. Based on XRD data,
the diameter of as-prepared nanocrystals (MWO4, M= Co, Zn, Ni, Mn, Cu, and Ca) are calculated to be less than 200
nm using the Scherer Eq. The other structures had large sizes and they can be considered as microstructure (MWOQO4,
M= Ba, Cd, Pb, and Sr). The particle diameters obtained from XRD are consistent with the SEM observations. In
general, the metal tungstates M= Mn, Co, Zn, Ni and M= Ba, Sr, Ca, Pb crystallize with the wolframite and scheelite-
type structure, respectively. However, CuWQ, shows a different pattern from the other wolframite-type structures due
to a distorted structure [5]. In copper tungstate Jahn-Teller distortion causes the elongation of CuQOs octahedra units
and the copper atoms substantially dislocated from the center of the octahedra [43].

In order to prevent the aggregation of crystals and control the size of structures, using chelating agent is
useful [44, 45]. In this work, to achieve appropriate size particle, PEG-1000 as a chief and non-toxic chelating agent
was used. The SEM images of metal tungstates (M= Ba, Ca, Cd, Co, Cu, Mn, Ni, Pb, Sr, Zn) are shown in Fig. 3. The
SEM images presented in the Fig. 3 disclosed that the morphology of samples Mn, Ba, Ni, Cu, Ca, Zn, Co, Sr, Cd is
particle-like, and Pb is porous spindle-like. Comparing the obtained results showed that except for microstructures,
the remaining samples have nanometer dimensions. The final products mainly consist of crystals with average particle
size under 200 nm. In total, the SEM images showed that PEG-1000 causes particle-like structure. To measure the
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photocatalytic activity of the prepared MWO, structures, the photocatalytic degradation of mixed dyes (MB, MO, and
EBT) as an example of waste from industrial plants was surveyed under UV-Visible light irradiation (A= 250-800
nm).

The absorbance spectra of dye solution were recorded with an UV-Vis spectrophotometer. The de-
colorization efficiency (%) was calculated according to following equation:

(DE %) = &=
Co

The results for degradation process were very promising (Table 1). It is clear from table 1 that the least
amount of degradation is for BaWO4/EBT (60%) and the most amount of degradation is for PbWO./EBT (94%).
Comparison of the decomposition efficiency for each structures revealed that lead tungstate had the best performance.
The dye degradation process was proceeded without using visible light irradiation or nano- and microcrystalline
MWO, and there was not observed considerable dye degradation process.

Based on previous reports as well as the chemical character of the prepared tungstate compounds, we
concluded that the self-degradation of organic dye under visible light was not major route. Thus, the acceptable
mechanism for photocatalytic degradation of mentioned dyes is presented in Scheme 1.

The heterogeneous photocatalytic process includes several expected sections such as adsorption, diffusion,
and reaction. In this work, it is understood that the enhanced photocatalytic activity can be related to suitable
distribution and size of the pore in the structure of surface tungstate, and high hydroxyl amount.

x100 ,  (DE=De-colorization efficiency)

Table 1. The comparison of photocatalytic degradation of mixed dyes by MWQO4 nano- and microcrystals

MWO, Decolorization MB (%) Decolorization MO (%) Decolorization EBT (%)
MnWO, 91 83 93
BaWO, 84 75 60
NiWO, 87 66 83
CuWO, 91 76 92
CaW0, 90 92 85
ZnWO, 89 75 79
CoWO4 78 73 89
SrWO, 91 90 79
PbWO4 91 94 84
CdWO4 88 84 79
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Fig. 2 XRD patterns of MWO, crystals
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Fig. 3 SEM images of MWO4 crystals

MWO, e (CB) + 0: —2— 03" (Superoxide Radical) (I)

MWO, h* (VB) + H,O + h+ — , H* + OH" (Hydroxyl Radical) (Ii)

v

05 1 00H

J2H++ e

H,0,—— 2HO'
-
T OH+OH

v

Dyes (MB+MO+EBT) ———— Degradation Products  (III)

Scheme 1 Proposed reaction mechanism steps for degradation of dyes

Conclusion

In conclusion, wide range of MWO. Nano- and microcrystals have been easily and synthesized from
Na,W04.2H,0 and M(NO3)..mH,0 by a simple co-precipitation method. In order to achieve the proper size of
crystals, PEG-1000 as cheap chelating agent was used. MWQ, Nano- and microcrystals were characterized by FT-IR,
XRD, and SEM. In order to investigate the photocatalytic properties of synthesized structures, photo degradation of
dyes was investigated. A mixture of three common dyes (Eriochrome Black T (EBT), Methylene Orange (MO),
Methylene Blue (MB) as available dyes in industrial wastewater was exposed to UV-Visible light in the presence of
synthesized photo catalysts. All of the prepared structures showed a good ability to destroy industrial dyes. The best
results for mixed dyes degradation under irradiation of visible light were disclosed for PbWO4 (MB=91%, M0O=94%,
EBT=84%). The results for lead acetate species that has micro dimensions confirm that here the chemical nature and
ability to produce active species are important more than the particle size of photo catalyst.
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Fig. 4 The photo degradation reaction mechanism of dyes under visible light irradiation

Experimental
Characterization

Na;W04.2H,0, M(NO3),*mH20 (M=Mn, Ba, Ni, Cu, Ca, Zn, Co, Sr, Pb, Cd), and polyethylene glycol-1000
(PEG-1000) were purchased from Merck Company. All the chemicals used in this method were of analytical grade
and used as-received without any further purification. X-ray diffraction (XRD) patterns were recorded by a Philips-
X’PertPro, X-ray diffractometer using Ni-filtered Cu Ka radiation at scan range of 10 \ 2h\ 80. Scanning electron
microscopy (SEM) images were obtained on LEO-1455VP equipped with an energy dispersive X-ray spectroscopy.
Fourier transform infrared (FT-IR) spectrum was recorded on a magna Nicolet 550 spectrophotometer in KBr pellets.
Spectroscopy analysis (UV-Vis) was carried out using Shimadzu spectrometer (Diffuse reflectance UV-vis
spectroscopy). The energy dispersive spectrometry (EDS) analysis was studied by XL30, Philips microscope.

Synthesis of MWOu4 crystals

In a typical synthesis, the stoichiometric amount of M(NO3),-6H,0 (1mmol) was dissolved in 30 ml distilled
water under stirring to form a homogeneous solution. Afterwards, 1 m/mol of Na;W0O,.2H,0 and PEG as surfactant
were dissolved in 60 ml distilled water and was added to the above solution under constant stirring. Finally, the white
precipitate was filtered and washed three times with distilled water. The final product was dried at 60 ‘C and then
calcined at 500 °C for 60 min in a conventional furnace in air atmosphere.

Photocatalytic experimental

To evaluate the photocatalytic activities of prepared MWO,4 Nano- and microcrystals, the photo degradation
of mixed dyes solution including MB, MO, and EBT was examined as a model reaction under UV-Visible light
irradiation. 0.025 g of the catalyst was suspended in 50 mL of mixed dye solution. In order to reach adsorption
equilibrium, the mixture was aerated for 30 minutes. A xenon arc lamp (500W) was used as UV-Visible light
irradiation source at room temperature. After 120 minutes, an adequate amount of the mixture was withdrawn and the
photo catalyst was separated from the solution and was analyzed by a UV-Vis spectrometer.
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