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ABSTRACT

A series of heterogeneous basic catalysts of CaO, MgO and CaMgO, at different

calcination temperature were synthesized via solution combustion method. Different
characterization techniques have been carried out to investigate the structure of the produced
catalysts i.e. X-ray diffraction (XRD), particle size analyzer, morphology by atomic force
microscope (AFM) and reflection using UV-VIS diffuse reflectance spectra. The particles size
analyzer revealed that the mixed oxide catalysts calcined at different calcination temperature possess
smaller nano size particles compared to pure CaO. Moreover, the energy band gap was calculated
based on the results of diffuse reflectance spectra. The energy band gap was reduced from 4.1 to 3.6
eV for the CaMgO, catalyst calcined at 400 and 600 °C respectively compared to pure oxide
catalysts. The higher decolorization efficiency was 100% after 60 min of photocatalytic reaction for
CaMgO, calcined at 600 °C compared to CaO and MgO with catalytic activity of 58% and 27%
respectively.
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1. INTRODUCTION

Dyes cause damage to the environment because they prevent sunlight and oxygen
penetration. Therefore, they can significantly affect photosynthetic activity in aquatic systems
Dizge, et al., 2008. A wide range of treatment methods have been developed for the removal of
dyes from water and wastewater to eliminate their harmful effect on environment.

A great interest has been given to advanced oxidation processes (AOPs) due to the
alternative destructive treatment in which the chemical species are reduced into smaller fragments
and even to the point of mineralization. AOPs such as ozonation, photocatalysis, ultrasonic
reaction, Fenton and a combination of photo Fenton, UV/O3; and UV/H,O, are novel
technologies that have been widely developed to enhance their ability to generate the high reactive
hydroxyl radicals ( "OH) that have a high efficiency to oxidize organic matters Jamalluddin,
and Abdullah, 2011. However, the high running cost is the main drawbacks of these processes.
Thus, there is a need to use a catalyst with such a process to increase the efficiency and reduce the
coast effect.

Among these advanced oxidation processes, the use of heterogeneous photocatalytic
technology is more attractive process for the degradation of organic dyes contrary to physical
process; it can facilitate the complete mineralization of organic compounds to carbon dioxide,
water and mineral acids Gopalappa, et al., 2012 . As a heterogeneous photocatalyst, metal-oxides
are a promising materials because of the wide variety of physical properties they possess, which
make them attractive for a wide range of applications such as photovoltaic devices, gas sensors,
micro-electronics and corrosion protection devices. The synthesis of metal and metal oxide
materials has attracted considerable attention in physical, chemical, biological, medical, optical,
mechanical and engineering sciences where novel techniques are being developed to probe and
manipulate single atoms and molecules Prabhavathi, et al., 2014 .

Metal- oxide including semiconductors such as calcium oxide are inexpensive, non-toxic
and capable of extended use without substantial loss of photocatalytic activity Gaikwad, et
al., 2012. The activity and stability of CaO can be improved by mixing with other metal oxides
such as MgO, La,0O3; and CeO; Teo, et al., 2014. The combination between two semiconductors
provides a promising way to select the efficient charge transfer between them, further to reduce the
rate of electron-hole recombination Hassan, et al., 2014. Recently, many studies have been focused
on the synthesis of mixed oxide catalyst and therefore various methods have been used to
synthesize. These methods include, sol-gel, hydrothermal, flame spray pyrolysis, chemical gas
phase deposition, combustion and aqueous wet chemical. However the morphology and
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characteristic of the materials are differing and depend largely on the synthesis method plus
processing condition Badar, et al., 2012.

In the present study the synthesis of CaMgO, and its application on color removal for
Orange G dye solution as a catalyst under UV irradiation has been reported. The CaO, MgO and
CaMgO, have been synthesized using thermal combustion method. In comparative studies of photo
degradation efficiency of these materials, the CaMgO, is found to be more efficient than CaO.
Different characterization techniques were conducted including characterization technique using X-
ray diffraction, FTIR, diffuse reflectance spectra and AFM.

2. MATERIALS AND METHODS

The pure metal calcium and magnesium nitrate were purchased from GPR and BDH
respectively. Meanwhile, hydrogen peroxide (30% analytical grade) was supplied from Analar. The
urea was purchased from Merck. The pollutant model Orange G dye was obtained from Fluka and
its properties are listed in Table 1.

2.1 Preparation method

Pure Calcium and magnesium oxide in addition to their mixed oxide catalyst CaMgO, were
prepared by thermal combustion method Gopalappa, et al., 2012. A known amount of
Ca(NO3),.4H,0 and Mg(NOs)..6H,O were dissolved in minimum quantity of water along with
urea in a silica crucible. The mixture was introduced into muffle furnace which was preheated
at 500 °C. In both  experiments the reaction mixture undergoes dehydration followed by
decomposition with the release of CO,, N, and H,O. The final product of combustion was a
solid powder CaO, MgO and CaMgO2 respectively. The obtained catalysts were crushed and
grounded separately to make them amorphous. According to propellant chemistry the reactions are
as shown.

3Ca(NO3); + 5SNH,CONH, —>3Ca0 + 5CO; + 10H,0 + 8N,
3Ca(NOs3); + 3Mg(NO3), + 10NH,CONH, ——> 3CaMgO; + 10CO, + 20H,0 + 16N,

3. CHARACTERIZATION TECHNIQUES

The characterization of the catalysts with different analytical techniques was performed
on the catalysts. X-ray diffraction patterns were obtained by means of XRD (Philips
Goniometer PW 1820) diffractometer. The FTIR spectroscopic analysis was carried out using
Bruker Alpha spectrophotometer. Meanwhile, the reflectance of the solid samples was determined
using UV-Vis spectrophotometer (Perkin Elmer) in a wavelength range between 190 and 1,300 nm.
The roughness of the catalyst surface was checked using AFM technique. The particle size analyzer
was carried out by Brookhaven instrument.
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3.1 Reaction procedure and analytical method

The photo-efficiency of all synthesized catalysts was tested towards degradation of orange G
dye which was used as a pollutant model in this reaction. The experimental runs were carried out in
a 250 mL conical flask as a reactor equipped with continuous mechanical stirrer. Thereafter, the dye
solution was exposed to UV light with constant stirring for 1 h after the addition of solid
catalyst and hydrogen peroxide . The samples were taken at periodic intervals i.e. (10 min).

The maximum absorption of the dye was detected using spectrophotometric analysis with
maximum absorption of the dye at 478 nm. The concentration of the dye solution was calculated
based on the maximum absorbance wavelength using Beer-Lambert law. The decolorization
efficiency of the catalyst was calculated according to the following equations:

DE%=[—%]><100 (1)
where, DE% is the decolorization efficiency, C, (mg/L) is the initial concentration of dye, C; (mg/L)
is the concentration of dye at certain reaction time and t (min).

3.1.1 X-ray diffraction

The XRD pattern of CaO, MgO and CaMgO, calcined at 400 °C, 600 °C and 700 °C
respectively, are shown in Fig.1. The parent CaO and MgO in Fig. (a) and (b) shows high
crystalline structure where the highest peaks intensity were at 20 of 37.08°, 43.01° and 62.41° for
MgO catalyst. Meanwhile, the CaO catalyst shows diffraction peaks at 18.10°, 34.20°, 47.25° and
50.97° respectively. The diffraction peaks of CaO match well the reference database number of 96-
100-8782. Watcharathamrongkul, et al. 2010 reported that these peaks were ascribed to the
portlandite phase. Galvan-Ruizl, et al., 2016 reported that the presence of portlandite is due to the
spontaneous reaction between CaO and moisture.

For MgO the peaks match well the MgO phase (periclase) with reference database number
of 96-100-0054. This result was also similar to that of Tamilselvi, et al., 2013. On the other hand
Fig. 1 (b) shows the CaMgO, calcined at different temperature, i.e. 400 °C, 600 °C and 700 °C the
results shows high crystalline structure for all the samples. As the temperature was above 400 °C the
structure was more crystalline and the diffraction peaks were almost the same at 600 °C and 700 °C
at 18.18°, 34.20°, 43.01° and 62.33° which was ascribed to a mix between calcium and magnesium
oxide phases. The existence of both phases improves the success of preparation method.

3.1.2 Particle size analyzer

Fig. 2 presents the particles size analyze for CaO mono catalyst and CaMgO,, calcined at 400
°C, 600 °C and 700 °C respectively. The results showed that the mixing between the two metals
clearly reduced the particles size for those calcined at different calcination temperature. At 400 °C
the particles size was the larger i.e. 1530 nm due to the low calcination temperature that the reaction
between the urea as fuel and calcium, magnesium nitrate may be uncompleted during the
preparation method. This can be indicated from the nature of the product as foam structure produced
after calcination temperature. Gopalappa, et al., 2012 also reported the formation of foam structure
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due to the reaction between urea and metals however, as the calcination temperature was increased
the reaction was much faster and the product was as solid white powder. Here it should be
highlighted that as the calcination temperature was increased the particle size of the produced
catalyst was decreased due to the strong interaction between the materials. Teo, et al., 2014 reported
that the difference in ionic radius and molar ratio between the mixed metals will obviously affect on
the crystalline size of the mixed oxide metals and subsequently affected its particle size.

3.1.3 UV-vis diffuse reflectance spectra analysis

The UV-VIS diffuse reflectance spectra was obtained for the developed catalysts in
order to calculate the difference in energy gaps for mono and binary oxide catalyst which can
give a clear indication about the successful mixing between these metals after the preparation
methods as in Fig.3. The UV-vis reflection spectra were carried out for calcium and magnesium
oxide catalysts as mono oxide materials in addition to CaMgO, catalyst at different calcination
temperature as in Fig.3 The mono oxide catalysts i.e. CaO and MgO calcined at 600 °C shows a
reflection spectrum at 367 and 344 nm respectively. Meanwhile CaMgO, catalyst calcined at 400,
600, and 700 °C showed a reflection spectra at 331, 375, 364 nm respectively. The energies band
gap for the prepared samples was calculated from their reflection spectra as in Table 2.

The band gap values were determined from the extrapolation of the straight line for the graph
plotted between the square Ln [(Rmax-Rmin)/(R-Rmin)] versus hv (as abscissa) kumar, et al., 1999.
Table 2 lists the calculated values of the band gap energies for all the prepared samples
based on the method suggested by Kumar et al. (1999).

According to the above results, the mixing between calcium and magnesium oxide clearly
change its optical properties consequently affected the energy band gap. Furthermore, with
increasing calcination temperature from 400 to 600 °C the band gap energy was decreased. This
behavior could refer to the effect of calcination temperature on the particle size thus affected the
optical properties. This was approved in the above section for particle size analyzer. However, as the
temperature was increased from 600 to 700 °C the band gap was increased a gain to 3.9 eV. This
increment in band gap energy was ascribed to the quantisazation effect as the particle size of the
CaMgO, calcined at 700 °C was less compared to that CaMgO, calcined at 600 °C.

3.1.4. Atomic force microscopy (AFM)

The surface uniformity of the bare CaO and MgO in addition to its mixed oxide catalyst
calcined at different temperatures i.e. CaMgO; calcined at 400 °C, 600 °C and 700 °C respectively
were analyzed using AFM technique. Fig. 4 presents the AFM images in the three dimensional (3-
D) forms for all types of catalyst used. The results show that the CaO and MgO have an average
roughness values of 0.857 and 0.928 nm, respectively. Meanwhile, as the calcination temperature
was increased from 400 to 600 the average roughness was decreased from 1.26 nm to 0.901 nm.
These results were in agreement with the results of particle size analyzer as the average roughness
value was decreased with decreased in particle size. However, as the calcination temperature was
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increased to 700, the average roughness value was slightly increased to 0.997 nm compared to that
at 600. This slight increment could be referring to non uniformity of catalyst surface during the
testing of AFM technique.

4. CONTROL EXPERIMENT

Photocatalytic or photolysis experiments were carried out as in Fig. 5 to ascertain that
the color removal of the Orange G dye was truly photocatalytic and not just due to
photolysis process. The decolorization of Orange G dye was investigated by photolysis alone in the
absence of catalyst with initial dye concentration of 10 mg/L, 1.5 g/l of catalyst loading, 0.1 mi/100
ml of reaction and 60 min of reaction at ambient temperature and the pH of the dye is 9. The results
indicated that no color removal was obtained after 60 min of reaction. This low activity of the
decolorization was ascribed to the insufficient amount of *OH radicals generated by photolysis
alone since radicals in this case were generated only through the dissociation of water molecules.
Furthermore, the short life time of these radicals could reduce their chance to react with the dye
molecules thus, reducing the probability to obtain a complete decolorization efficiency
Jamalluddin, and Abdullah, 2011.

A preliminary study for different heterogeneous catalysts i.e. MgO, CaO and CaMgO, was
also performed in order to investigate the effect of mono or co-mixed oxide catalyst on the
decolorization efficiency of Orange G dye in the presence of photolysis irradiation. The MgO
and CaO catalysts showed an adsorption rate of 19 % and 12.7% respectively, after 30 min of
mechanical stirring followed by 60 min of photocatalytic reaction with decolorization
efficiency of 27 % and 58% respectively. On the other hand, the CaMgO, showed higher catalytic
activity of 100% after 60 min of photocatalytic reaction due to the higher adsorption rate i.e. 39%
compared to those of mono oxide catalysts CaO and MgO. These significant differences in
adsorption rate and catalytic activity for CaMgO, compared to CaO and MgO were ascribed to the
new crystalline structure formed after co-mixing between calcium and magnesium oxide.
Furthermore, the enhancement in energy gap value of CaMgO, calcined at 600 °C(3.6 eV) was less
compared to calcium and magnesium oxide i.e. 4 eV, 4.9 eV respectively as it was detected by
diffuse reflectance spectra technique. Al-Johani, et al., 2015 reported that the incorporation
between two different metals results in a significant variations in the energy band gap, thus enhance
the catalytic activity

4.1 Effect of calcination

As the higher photocatalytic activity for decolorization of Orange G dye was with CaMgO,
catalyst. Further experiment was carried out to investigate the effect of calcination temperature on
the catalytic activity of the catalyst. The parameter of the reaction was fixed at an initial dye
concentration of 10 mg/L, a catalyst loading of 1.5 g/L and H,O; concentration of 0.1ml/100ml of
reaction. Prior to the photocatalytic reaction, the solution was first stirrer for 30 min at room
temperature to maintain a good dispersion of catalyst with the dye solution. As shown in Fig. 6, the
absorption ability was increased from 14% for CaMgO, calcined at 400 °C to 38 % and 36 % for
CaMgO. calcined at 600 °C and 700 °C respectively. Consequently, as the photocatalytic reaction
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was started, the catalytic activity was higher at 400°C however, this catalyst was almost soluble
during the reaction thus it behaves as homogeneous catalyst. This was ascribed to the effect of low
calcination temperature as the catalyst was looks like foam structure. As such, it was more efficient
to choose the CaMgO, catalyst calcined at 600 °C as the best catalyst with maximum catalytic
activity 100% after 60 min of reaction.

On the other hand, as the calcination temperature was increased to 700 °C, the decolorization
efficiency was also 100% after 60 min of photocatalytic reaction however obviously the reaction
was much slower compared to the reaction at 400 and 600 °C. This could be ascribed to the effect of
higher the energy gap of 3.9 eV compared to that of CaMgO, calcined at 600 °C which has an
energy gap of 3.6 eV. Although the energy gap of CaMgO, remains in UV region, however, light
energy was sufficient to cause excitation of CaMgO, particles. Consequently it caused higher
photocatalytic activity compared to calcium and magnesium oxide.

4.2 Effect of pH

Effect of initial pH of the solution on decolorization efficiency of Orange G dye was
studied at different initial pH levels (7, 9 and 12). The parameter of the reaction was fixed at an
initial dye concentration of 10 mg/L, a catalyst loading of 1.5 g/L, and a H,O, concentration of 0.1
ml/100 ml or reaction volume. Prior to the photocatalytic reaction, the solution was first stirrer for
30 min at room temperature to maintain a good dispersion of catalyst with the dye solution. As
shown in Fig. 7, the absorption capacity was increased with an increment in pH value i.e. 20%, 40%
and 82% for pH 7, 9 and 12 respectively.

As the photocatalytic reaction was started, the maximum decolorization efficiency was
higher at pH 9 with almost 100 % within 60 min of reaction time. However, lower catalytic activity
was obtained at pH 7 and 12 with maximum decolorization efficiency off 7 and 36 % respectively.
Chang, et al., 2013 reported that the addition of HCI solution which was used to adjust solution pH
value effect on reaction medium. At this operating condition« there were abundant amounts of high
concentration chloride ions in the solution to play the role of free radical scavenger. Chloride ions
competed with OG molecules to consume free radicals. Therefore, the decolorization rate of OG by
CaMgO, system decreased at pH 7. Meanwhile the reason behind the reduction in catalytic activity
at pH 12 could be ascribed to the effect of excess amount of OH" species within solution that can
play the role of radical’s scavenger.

CONCLUSION

The results of this work revealed that the mixed oxide CaMgO,/H,0,/UV system could be
efficiently used for the decolorization of azo dyes instead of mono oxide catalyst due to its higher
catalytic activity. The mix between calcium and magnesium oxide enhance the optical properties of the
produced catalyst i.e. CaMgO,. Meanwhile, the particles size analyzer revealed that the mixed oxide
catalysts calcined at different calcination temperature possess smaller nano size particles compared to
pure CaO. The surface uniformity of the CaMgO. calcined at different calcination temperature was in
good agreement with the particle size analyzer technique. In control experiment, the CaMgO, shows
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higher catalytic activity compared to CaO and MgO. The maximum photocatalytic activity was for the
decolorization of Orange G dye was 100% at initial dye concentration of 10 ppm, 0.1 ml of H,0,/100
ml of reaction, 1.5g/I of catalyst loading and pH 9.
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Table 1. The structure and properties of Orange G dye.

Molecular structure

SOsMNa
Other names Acid Orange 10
Molecular weight 452.38 g/mol
Color Index 16230
Amax 478 nm

Table 2. List of energy gap values for different prepared catalysts.

Type of Catalyst Energy gap eV
Ca0 4.2
MgO 4.9
CaMgO, 400 °C 4.1
CaMg0O2 600 °C 3.6
CaMg0O2 700 °C 3.9
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Figure 4. Atomic force microscopy of CaMgO; calcined at different temperature compared to CaO
and MgO.
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Figure 5. Control experiment study for decolorization of orange G dye under various conditions.
(Initial dye concentration 10 mg/L, 1.5 g/l of catalyst loading, 0.1 mI/100 ml of reaction and pH
9).
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Figure 6. Effect of calcination temperature for decolorization of orange G dye under various

conditions. (Initial dye concentration 10 mg/L, 1.5 g/l of catalyst loading, 0.1 ml/100 ml of
reaction and pH 9).
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Figure 7. Effect of pH on the decolorization efficiency orange G dye at initial dye concentration 10
mg/l, 1.5 g/l catalyst loading and 0.1 ml H,0,/100ml reaction volume.
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