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Ag-MWO./zeolite (M = Fe, Ni) composites were successfully synthesized by a cyclic microwave-assisted metathetic route followed by
heat treatment. The characteristics of the exothermic reaction accompanying the by-product of NaCl were found to drive the microwave-
assisted metathetic reaction for Wolframite-type FeWO, and NiWO, toward completion. The Ag-MWO,/zeolite (M = Fe, Ni) composites

spherical silver particles were well immobilized in the MWOu/zeolite (M = Fe, Ni) matrix.

| were formed completely at 600 °C. Monoclinic-like crystals of FeWO, and NiWO, were primarily co-mixed with porous zeolite-A. Small |
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INTRODUCTION

Metal tungstates with large bivalent cations (e.g., Ca, Ba,
Pb and Sr) tend to have a Scheelite-type tetragonal structure,
whereas small cationic radii (e.g., Zn, Fe, Mn, Co and Ni) favour
the formation of a Wolframite-type monoclinic structure. The
main difference between the above two structures is that every
W atom is surrounded by four O atoms in a Scheelite-type
structure, whereas six O atoms surround every W atom in metal
tungstate crystallizing in the Wolframite-type structure'”. In
recent years, metal tungstates have attracted considerable
attention for potential applications as a scintillator, microwave
devices, luminescent material and photocatalyst®’. The
physical, chemical and photochemical properties of metal
tungstates are dependent on the manufacturing method. Several
processes have been developed over the past decade to enhance
the applications of FeWO. and NiWO,. FeWO,4 and NiWO,
are prepared by a range of processes, such as solid-state
reactions®, co-precipitation”'’, molten salt'', combustion'?,
mechano-chemical®, polymeric precursor'!, hydrothermal
reaction"">'®,

Microwave irradiation ™, as a heating method, has a num-
ber of applications in chemistry and ceramic processing. Com-
pared with the usual method, microwave synthesis has the
advantages of a short reaction time, small particle size, nar-
row particle size distribution and high purity method for pre-
paring polycrystalline samples. Among these methods, the
solution-based chemical synthetic methods play a key role in
the design and production of fine ceramics and have been suc-
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cessful in overcoming many of the limitations of traditional
solid-state as well as high-temperature methods. In addition,
the use of solution chemistry can eliminate major problems,
such as long diffusion paths, impurities and agglomeration,
which result in products with improved homogeneity.

Wet chemical methods have disadvantages, such as compli-
cated synthetic steps, use of expensive equipment, high synthetic
temperature and long sintering times. On the other hand, the
solid-state reaction requires complex apparatus and techniques,
which are becoming gradually unpopular due to excessive
energy consumption. However, cyclic microwave-assisted
metathetic (MAM) route is a simple method of synthesis, cost-
effective, high yield and easy scale up and is emerging as a
viable alternative approach for synthesizing high-quality novel
inorganic materials in a short time'**’. The solid state metathetic
approach assisted by microwave irradiation has been applied
successfully to the synthesis of metal tungstate of Wolframite-
type MWO, (M = Zn, Mn, Ni) and Scheelite-type MWO, (M
= Ca, Sr, Ba)”', ZrCr,0,*, ZnSiO4 and MCrO, (M = Ca, Sr,
Ba, Pb)* and MMoO, (M = Ca, Sr, Ba)***. Ag-MWO./zeolite
composites are expected to have excellent adsorption and
synergy effects in an immobilization mechanism of metallic
catalysts for a wide range of applications, such as sensors,
photocatalysts, luminescence, anti-bacterial matrices and
optical effects in the UV and visible region.

In this study, Ag-MWOu/zeolite (M = Fe, Ni) composites
were synthesized using a cyclic MAM route the characteristics
of the exothermic MAM reaction accompanying the by-product
NaCl were discussed in detail. The Ag-MWO./zeolite (M =



1854 Lim

Asian J. Chem.

Fe, Ni) composites were immobilized from mixed metathetic
precursors at moderate temperatures. The crystallization
process, thermal decomposition and morphology of the synthe-
sized Ag-MWO./zeolite-A (M = Fe, Ni) composites were
evaluated.

EXPERIMENTAL

Fig. 1 shows a flow chart for the synthesis of Ag-MWO./
zeolite (M= Fe, Ni) composites by a cyclic MAM method.
FeCl,-4H,0, NiCl,-6H,O and Na,WO, -2H,0 were used to
prepare the metal tungstate compound. The preparation of
metal tungstates were carried out by reacting well-ground
mixtures of FeCl,-4H,O and Na,WO,-2H,0 for FeWO, and
NiCl,-6H,0 and Na,WO, -2H,0 for NiWO, at a molar ratio of
1:1. The sample mixtures were dried at 100 °C for 12 h and 5
wt % AgNOs and 25 wt % synthetic zeolite-A were then added.
The mixtures were transferred into 120 mL Teflon vessels.
Teflon vessel was placed into a microwave oven operating at
a frequency of 2.45 GHz with a maximum out-power of 1250
W for 23 min. The working cycle of the MAM reaction was
controlled precisely between 30 s on and 30 s off for 8 min
and followed by a further treatment of 30 s on and 60 s off for
15 min. The resulting samples were treated with ultrasonic
radiation and washed many times with hot distilled water. The
white precipitates were collected and dried at 100 °C in a dry
oven. The final products were heat-treated at 600 °C for 3 h.

[ FeCl,-4H,0, NiCI2-6H20] [ Na,WO,-2H,0 ]
1 ]

[Drying at 160 °C/M12 h]

i
l AgNO, H Mixing
i

Cyclic microwave operation
1250W (2.45 GHz) for 23 min

[ Ultrasonic radiation }

Washing in distilled
water and ethanol

[ Drying at 100 °C ]

[Heat-treatment at 600 °C for 3 h]

Ag-MWO,/zeolite (M = Fe, Ni)
composites

Fig. 1. Flow chart for the synthesis of Ag-MWOu/zeolite (M = Fe, Ni)

composites by a cyclic MAM method

The crystallization of the existing phase in the powders
after heat-treatment was examined by powder X-ray diffraction
(XRD, CuK,, 40 kV, 30 mA, Rigaku, Japan) at a scan rate of
3 °/min. Fourier transform infrared spectroscopy (FI-IR, Model
IR 550, Magna, Nicolet Company) was used to examine the
thermal-decomposition behaviour of the metathetic reaction
and heat-treated powders over frequency range, 4000-400 cm™.
The FT-IR spectra were measured in KBr pellets. The micro-
structure and surface morphology of the Ag-MWO./zeolite
(M = Fe, Ni) composites were observed by scanning electron

microscopy (SEM, JSM-35CF, JEOL) and energy-dispersive
X-ray spectroscopy (EDS).

RESULTS AND DISCUSSION

Fig. 1 shows flow chart for the synthesis of Ag-MWO./
zeolite (M= Fe, Ni) composites by a cyclic MAM method.
Post heat-treatment plays an important role in a well-defined
crystallized morphology. To achieve a well-defined crystalline
morphology, the Ag-MWO4/zeolite (M = Fe, Ni) composites
need to be heat treated at 600 °C for 3 h. FeWO, and NiWO,
are Wolframite monoclinic crystal structures. Their lattice
parameters as follows: a =4.73 /0%, b=5.70 A, c=4.95A and
B =90.0° for FeWO,> and a =4.599 A, b =5.66 A, ¢ = 4.906
A and B =90.03° for NiWO,*". Fig. 2 shows FT-IR spectra of
the synthesized Ag-FeWO./zeolite composites after (a) cyclic
MAM reaction (Ag-FeWO,-Z-m) and (b) heat-treated at 600
°C for 3 h (Ag-FeWO,-Z-m600). The absorption bands at 473
and 532 cm can be assigned to symmetric and asymmetric
deformation mode of Fe-O in FeOg octahedra. The absorption
bands with their maxima at 633 and 710 cm™ can be due to the
stretching modes of W-O in WO, octahedra. The bands at 834
and 877 cm™ were due to symmetrical vibrations of bridge
oxygen atoms of the Fe-O-W groups. These vibrations could
be identified to the synthesized FeWO,. The band at 1450 and
1630 cm can in Fig. 2(a) Ag-FeWO,-Z-m are assigned to the
HOH bending vibrations. It is assumed that the samples
prepared contain a significant amount of surface-adsorbed
water and alcohol. Obviously, the bands at 1450 cm™ dis-
appeared after heat-treated at 600 °C for 3 h in Fig. 2(b) Ag-
FeWO,-Z-m600.
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Fig. 2. FT-IR spectra of the synthesized Ag-FeWO./zeolite composites

Fig. 3 shows FT-IR spectra of the Ag-NiWO4/zeolite
composites after (a) cyclic MAM reaction (Ag-NiWOs-Z-m)
and (b) heat-treated at 600 °C for 3 h (Ag-NiWO,-Z-m600).
The absorption bands at 532 cm™ can be assigned to symmetric
and asymmetric deformation mode of Ni-O in NiOg octahedra.
The absorption bands with their maxima at 633 and 710 cm'™
can be due to the stretching modes of W-O in WO, octahedra.
The bands at 834 and 877 cm™ were due to symmetrical vibra-
tions of bridge oxygen atoms of the Ni-O-W groups. These
vibrations could be identified to the synthesized NiWQ,. The
band at 1630 cm™ can in Fig. 3(a) Ag-NiWO,-Z-m are assigned
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Fig. 3. FT-IR spectra of the synthesized Ag-NiWO./zeolite composites

to the HOH bending vibrations. It is assumed that the samples
prepared contain a significant amount of surface-adsorbed
water and alcohol. Obviously, the bands at 1630 cm™ disappe-
ared after heat-treated at 600 °C for 3 hin Fig. 3(b) Ag-NiWO,-
Z-m600.

Fig. 4 shows SEM images of the synthesized Ag-FeWO./
zeolite composites after (a) cyclic MAM reaction and (b) heat-
treated at 600 °C for 3 h and Ag-NiWOQOu/zeolite composites
after (c) cyclic MAM reaction and (d) heat-treated at 600 °C
for 3 h. Fig. 4(a) and (c) show SEM images of the Ag-FeWO./
zeolite and Ag-NiWO./zeolite composites synthesized by
cyclic MAM reaction after removing the NaCl. Parhi ef al.”'
reported the MAM synthesis of various metal tungstates and
showed that microwave radiation provided the energy required
to overcome the energy barrier that precludes a spontaneous
reaction and helped heat the bulk of the material uniformly,
resulting in fine particles with a controlled morphology and
the formation of the product in a green manner without the
generation of solvent waste. In Fig. 4(b) and (d), the SEM images
of Ag-FeWO./zeolite and Ag-NiWO./zeolite composites heat-
treated at 600°C for 3 h show the well crystallized FeWO, and
NiWO,on the zeolite synthesized by the cyclic MAM reaction.
The monoclinic-like crystals of FeWO, and NiWO, were
primarily co-mixed with Ag on the porous zeolite surfaces.
The spherical small particles of silver were well immobilized
in the porous FeWO./zeolite and NiWO,/zeolite composites
matrix. It indicates that the cyclic MAM synthesis is adequate
for the growth of FeWO, and NiWO; crystallites and develop-
ment of Ag-FeWO./zeolite and Ag-NiWO./zeolite composites.
Microwave-assisted methathetic reactions, such as ACL +
Na,WO, — AWO, + 2NaCl, involves the exchange of atomic/
ionic species, where the driving force is the exothermic reactions
accompanying the formation of a high lattice energy of NaCl.
The thermodynamic basis for such MAM reactions has been
reported®'**?®, Parhi et al.” calculated the enthalpy (AH) and
free energy change (AG) associated with the formation of
tungstates and reported AH = -36.17 KJ/mol for ZnWO,
showing that both the enthalpy change favours the MAM
reaction. MAM reactions occur so rapidly that all the enthalpy
released is essentially used to heat up the solid products, usually
raising the alkali halide near or above its normal boiling point

e 1Gum.BEBE 22 18 SEI

Fig. 4. SEM images of the synthesized Ag-FeWO./zeolite composites after
(a) cyclic MAM reaction and (b) heat-treated at 600 °C for 3 h and
Ag-NiWOu/zeolite composites after (c) cyclic MAM reaction and
(d) heat-treated at 600 °C for 3 h

and have been recognized to be approximately adiabatic in
nature®.

Fig. 5 shows (a) EDS patterns, (b) quantitative composi-
tions, (c) a SEM image and (d) quantitative results of the synthe-
sized Ag-FeWOu/zeolite composites at 600 °C for 3 h. The
EDS patterns and quantitative compositions of the synthesized
Ag-FeWO./zeolite composites were composed of Ag, FeWO,
and zeolite-A. Fig. 6 shows (a) EDS patterns, (b) quantitative
compositions, (¢c) a SEM image and (d) quantitative results of
the synthesized Ag-NiWOQO./zeolite composites at 600 °C for 3
h. The EDS patterns and quantitative compositions of the
synthesized Ag-NiWO./zeolite composites were composed of
Ag, NiWO, and zeolite-A. For tungstate materials to be used
for practical applications, versatile characteristics are required
for the particle size distribution and morphology of the
particles. The well-defined particle features of the Ag-FeWO./
zeolite and Ag-NiWO,/zeolite composites synthesized by the
cyclic MAM reactions have control over the morphology of
the final particles and can be used for such technological
applications. Owing to the exothermic reaction by the driving
force for the formation of NaCl, the MAM reactions affect
not only the morphology of the FeWO, and NiWO; particles,
but also the formation of functional zeolite and Ag immobilized
in the porous composite matrix. Therefore, the cyclic MAM
reactions are required to control the well-defined particle
features of the Ag-MWOQOJ/zeolite (M = Fe, Ni) composites.

Conclusion

Ag-MWO./zeolite (M = Fe, Ni) composites were synthe-
sized by a cyclic MAM method. The Ag-MWO./zeolite (M =
Fe, Ni) composites were completed entirely at 600 °C for 3 h.
The well crystallized FeWO, and NiWO,on the zeolite synthe-
sized by a cyclic MAM reaction. The monoclinic-like crystals
of FeWO, and NiWO, were primarily co-mixed with Ag on
the porous zeolite-A surfaces. The spherical small particles of
silver were well immobilized in the FeWO./zeolite and NiWO./
zeolite composites matrix. The exothermic reactions occur so
rapidly that the formation of NaCl favours the cyclic MAM
reactions. The cyclic MAM reactions are essentially used to
heat up the solid products of Ag-MWO./zeolite (M = Fe, Ni)
composites.



1856 Lim

Asian J. Chem.

(c)

Spectrum In stats.O Na Al Si K Fe Ag W Total
Spectrum 1 | Yes 2897 6.51 6.19 6.19 3.70 13.57 4.87 29.27 100.00
Mean 2897 6.51 6.19 6.19 3.70 13.57 4.87 29.27 100.00
Std. deviation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Max. 2897 651 6.19 6.19 3.70 1357 4.87 29.27

Min. 28.97 6.51 6.19 6.19 3.70 1357 4.87 29.27

0 P 4 o
ONaAISi KFeAgW

50 um ' Electron image 1

Fig. 5. EDS patterns(a), quantitative compositions(b), a SEM image(c) and

quantitative results(d) of the synthesized Ag-FeWO./zeolite
composites

(b) Spectrum In stats. O Na Al Si K Ni Ag W Total
Spectrum 1 |Yes  36.89 520 8.65 8.32 220 1092 545 22.37 100.00
Mean 36.89 520 8.65 832 220 10.92 545 2237 100.00
Std. deviation 000 000 0.00 0.00 0.00 0.00 0.00 0.00
Max. 36.89 520 865 832 220 1092 545 22.37
Min. 36.89 520 865 8.32 220 10.92 545 22.37
(c)
50 um_'Electron image 1 ONaAISi KNiAgW
Fig. 6. EDS patterns (a), quantitative compositions (b), a SEM image (c)

and quantitative results (d) of the synthesized Ag-NiWOu/zeolite
composites
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