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In this paper, we discuss the degradation characteristics of methylene blue and methyl orange
after being mixed with zinc oxide (ZnO) and magnesium oxide (MgO) powders. Five types of
ZnO/MgO mixed powders with different molar ratios (ZnO:MgO molar ratios of 0.95:0.05,
0.9:0.1, 0.85:0.15, 0.8:0.2, and 0.75:0.25) and two different catalyst concentrations were used in
the experiment. Catalyst concentrations of 0.5 and 0.15 g/L were used to degrade methylene blue
and methyl orange, respectively. The results showed that the powder with a molar ratio of 0.9:0.1
had a high degradation efficiency when the catalyst concentration was 0.15 g/L. The degradation
of methyl orange was completed within 6 h, and the degradation of methylene orange reached
80% within 2 h.

1. Introduction

The photocatalytic degradation of organic materials is an efficient approach to the analysis of
wastewater containing organics.(!) This process presents a perfect opportunity to use solar
light energy for degradation.®~?) However, the amount of visible light energy used for
photocatalytic reactions is very small.(!%!) Some researchers use band gap engineering and
atomic doping procedures to alter the size of the energy differences between the ground and
excited states and the energy of the absorption band of visible light to enhance photocatalytic
efficiency.12-14) In addition, a study has shown that impurities can act as carrier traps and
prolong the lifetime of photogenerated carriers.”) The addition of heterostructures can be a type
of bandgap engineering, and in many studies, heterostructures are used to prepare materials for
treatment.1719) After combining two different materials, owing to changes in work function,
photoelectrons and holes may be transferred after their regeneration, reducing the recombination
rate of electron holes,?%2)) increasing the stability of the materials, and improving photocatalytic
efficiency. (22-23)

*Corresponding author: e-mail: fang@nkust.edu.tw
https://doi.org/10.18494/SAM4233

ISSN 0914-4935 © MYU K K.
https:/myukk.org/


mailto:fang@nkust.edu.tw
https://doi.org/10.18494/SAM4233
https://myukk.org/

1070 Sensors and Materials, Vol. 35, No. 3 (2023)

Zinc oxide is a semiconductor material with a wide energy gap and is often used in
optoelectronic components, gas sensing, and photocatalysis.242% In the field of photocatalysis,
different materials have been used to dope a base material to improve its catalytic capacity.(?93)
For example, bismuth-containing materials have a small energy gap and may be combined with
other substances to generate a larger energy gap. Such materials can efficiently expand the
visible light band of zinc oxide.32:33) Zarezadeh et al. used BiOBr and AgBr to dope ZnO
materials and found that the degradation capabilities of ZnO/BiOBr/AgBr and ZnO/BiOBr
materials were 95.3 and 3 times that of pure zinc oxide, respectively.?* Hanh et al. used copper
doping to generate carrier traps, and a Cu/ZnO photocatalyst with a weight ratio of 3 wt%
demonstrated the highest microchannel plate (MCP) efficiency in the degradation of phosphorus-
containing pesticides. 3> Doping with precious metals (Au, Ag, Pt, and Pd) prevents electron
recombination through electron transfer. 33 Liu er al. used a two-step procedure to form Ag—
ZnO photocatalysts and found that 3 mol% Ag doping provides the highest photocatalytic
efficiency.®?) In addition, nonmetals are also considered to be good doping materials.(40-42)

From these studies, it can be seen that photogenerated carriers greatly affect photocatalytic
reactions.*> MgO is also a common additive to such materials. Panchal et al. used substances
taken from plants to synthesize ZnO/MgO nanocomposites (NCs)*# and found that they have
excellent antibacterial activity. Sangeeta et al. used the solution combustion method to synthesize
ZnO/MgO (1:1) composite materials with oxalyl hydrazide as fuel; these materials exhibited a
higher catalytic ability for incocyanine (IC) dyes under UV light than pure MgO and ZnO.*> In
this experiment, ZnO/MgO powders with different molar ratios were mixed and investigated for
their photocatalytic properties. Scattered energy spectrometry, scanning electron microscopy
(SEM), X-ray diffractometry, UV-visible spectrometry, and other techniques were used to
examine powders with distinct molar ratios.

2. Materials and Methods

The chemicals used in the experiment include ZnO powder and MgO particles as
photocatalytic materials, and methylene blue and methyl orange were used as organic
contaminants for photocatalysis experiments.

ZnO/MgO hybrid powders were prepared using the vibration-milled solid-state reaction
method. Appropriate amounts of ZnO and MgO powders were mixed at different molar ratios
(0.95:0.05, 0.9:0.1, 0.85:0.15, 0.8:0.2, and 0.75:0.25), then put into a grinder. The powders were
vibration-milled for 20 h. The products were washed with alcohol and deionized water (DI
water) several times, then put in the oven at 120 °C for 30 min.

Field emission SEM (HITACHI-SU-5000) was performed at an acceleration voltage ranging
from 0.5 to 30 kV to observe the surface morphology of the samples and measure their size,
thickness, and length. At the same time, energy-dispersive spectroscopy (EDS) measurements
were carried out using HORIBA E-MAX.

X-ray diffraction (XRD, Bruker D8-advance-ECO) analysis was carried out to study the
structure of the powders. The relevant parameters were set as follows: light source, Cu-Ka ray
(A = 1.5406 A); voltage, 40 kV; current, 25 mA; scanning rate, 0.2%s; and scanning range,
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20-80°. A carbon tape was affixed to the test glass and flattened, and the glass was fixed on the
test stage. The test results were compared with those on the Joint Committee on Powder
Diffraction Standards (JCPDS) card and diffraction peak values, and then Scherrer equation (1)
was used to calculate grain size:

D =0.92/Bcosb, (1)

where D is the average grain size (nm), 8 is the half width (in radians), € is the Bragg diffraction
angle, and A is the X-ray wavelength (Cu-Ka, 4 = 1.5406 A).

An ultraviolet lamp (365 nm/8 W) was used as the light source, and an ultraviolet/visible light
spectrum analyzer (UV spectrophotometer, UV-1800, Shimadzu) was used to measure the
concentrations of dyes, which were used to analyze the photodegradation effect. First, solutions
of 400 mL of 10 ppm methylene blue and methyl orange were prepared. The dried powders were
added to the dye solutions, which were then stirred with a magnetic stirrer in a dark box at room
temperature for 30 min to reach an equilibrium between adsorption and desorption. Light was
then irradiated on the sample, which was centrifuged every 20 min, after which the
concentrations of dyes were measured with a UV-visible spectrophotometer. The degradation
rate was calculated as

n=(Cy— C)/Cy x 100%, ®)

where 7 is the degradation efficiency, Cj, is the initial concentration, and C is the concentration
after irradiation.

3. Results and Discussion

In this experiment, a SEM system was used to observe the surfaces of the hybrid powders.
Figure 1 shows SEM images of ZnO/MgO powders with different molar ratios. The particle size
of the five samples was uniform and did not show significant changes; MgO was evenly
distributed in the samples, and the appearance of the five samples did not differ significantly.

To determine whether the samples were mixed evenly, five different molar ratios of ZnO to
MgO powders were measured by EDS, and the proportion of the number of atoms in each
sample was obtained by atomic content analysis. The results are shown in Table 1. The elements
zinc and oxygen each accounted for about half in a sample, and the magnesium content was
much lower than expected. This may be due to instrumental limitations. The signal of
magnesium is not easily detected; thus, the measurement results may be distorted, but it can still
be seen that as the proportion of magnesium in the sample increased, the proportion of detected
magnesium increased.

Five samples with different molar ratios were evaluated by XRD as shown in Fig. 2.
According to JCPDS card 89-7746,49) 20 = 374, 43.6, 63.2, and 78.4° corresponded to
magnesium oxide (111), (200), (220), and (311) planes, respectively. According to JCPDS standard
card 89-1397,47) 20 = 31.77, 34.36, 36.37, 47.81, 57.22, 63.10, 67.20, 68.34, and 69.68°
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Fig. 1. SEM images of ZnO/MgO powders with different molar ratios: (a) 0.95:0.05, (b) 0.9:0.1, (c) 0.85:0.15, (d)
0.8:0.2, and (e) 0.75:0.25.

Table 1

Results of analysis by EDS of the atomic ratio of ZnO/MgO powders with different molar ratios.
Compound ratio (ZnO:MgO) EDS (at.%, Zn:Mg:0)

0.95:0.05 57.32:0.05:46.23

0.9:0.1 53.75:0.34:45.91

0.85:0.15 52.91:0.42:46.67

0.8:0.2 52.65:0.46:46.89

0.75:0.25 58.08:0.76:41.16

corresponded to the zinc oxide (100), (002), (101), (102), (110), (103), (200), (112), and (201)
planes, respectively.*® The results show that zinc oxide has a hexagonal wurtzite structure,
while the structure of magnesium oxide is unclear owing to its low content. In two powders
(0.95:0.05 and 0.9:0.1) with a lower ratio of magnesium oxide, no peak of magnesium oxide was
observed. The part overlapping with zinc oxide at 63° did not show the effect of the addition of
powders. However, from Fig. 2, it can be seen that as the ratio of magnesium oxide continuously
increased, its peak at 43° was observed in the three powders with ratios of 0.85:0.15, 0.8:0.2, and
0.75:0.25, and the experimental results are consistent with those reported in the literature.*®) The
measurements were substituted into Scherrer equation (1) for calculation, and the grain size was
determined to be 26, 24, 28, 28, and 23 nm for the five powders.

Zn0O/MgO powders at different molar ratios were added to 10 ppm dyes at concentrations of
0.5 and 0.15 g/L; the ratios were 0.95:0.05, 0.9:0.1, 0.85:0.15, 0.8:0.2, and 0.75:0.25. Samples of
the methylene blue solution were taken every 20 min and centrifuged, and the methylene blue
concentration was determined to observe the methylene blue degradation. Figures 3 and 4 show
the results and spectra from the degradation experiments in solutions with a methylene blue
starting concentration of 0.5 g/L. The results show that methylene blue does not degrade without
the photocatalyst added. The degradation rate of the sample with the 0.9:0.1 ratio is the highest,
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Fig.2.  (Color online) XRD results of ZnO/MgO: (a) 0.85:0.15, (b) 0.8:0.2, and (c) 0.75:0.25.
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Fig. 3. (Color online) Experiments on the degradation of methylene blue by ZnO/MgO (0.5 g/L) powders at

different molar ratios.
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Fig. 4. (Color online) Absorption spectra of methylene blue over time as degraded by ZnO/MgO (0.5 g/L) powders
at different ratios: (a) 0.95:0.05, (b) 0.9:0.1, (c) 0.85:0.15, (d) 0.8:0.2, and (e) 0.75:0.25.

and the degradation rate of the sample with 0.75:0.25 is the lowest. The five types of powders all
degrade methylene blue within 2 h.

Figures 5 and 6 show the results and spectra of five powders degrading methylene blue at a
concentration of 0.15 g/L. After 2 h of illumination, the 0.9:0.1 group degraded about 80%, the
0.75:0.25 group degraded about 58%, and the remaining three powders degraded between 70 and
75% of the dye.

The ZnO/MgO powders at molar ratios of 0.95:0.05, 0.9:0.1, 0.85:0.15, 0.8:0.2, and 0.75:0.25
were added to 10 ppm methyl orange solution. Samples were collected at 20 min intervals and
centrifuged, and the concentration of the dye was measured to determine its degradation.
Figures 7 and 8 show the results and spectra of methyl orange degraded by the five powders at a
concentration of 0.5 g/L. After 3 h of illumination, methyl orange was degraded by the 0.9:0.1
powder most highly, 87% degraded by the 0.75:0.25 powder, and 95% degraded by the remaining
powders.

Figures 9 and 10 show the results and spectra of methyl orange degraded by the five powders
at a concentration of 0.15 g/L. After 6 h of illumination, methyl orange was totally degraded by
the 0.9:0.1 powder, 75% by the 0.75:0.25 powder, and the remaining samples were degraded
almost completely. The degradation rates of the three powders were 90-95%.

After the photocatalytic reaction, the ZnO/MgO powder with a molar ratio of 0.75:0.25 was
recovered and used XRD to analyze the stability as shown in Fig. 11. From Fig. 11, it can be seen
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(Color online) Absorption spectra of methylene blue degraded by ZnO/MgO (0.15g/L) powders at different

that the relative size and position of the powder peaks did not change. These observations show
that the powder did not participate in the reaction, and its structure was not damaged during the
degradation experiment.

Photogenerated electrons and holes are excited after the photocatalyst is illuminated with
adequate energy. They react with water molecules and oxygen to produce peroxides and
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Fig. 8. (Color online) Absorption spectra of methyl orange degradation by ZnO/MgO (0.5g/L) powders as a

function of time: (a) 0.95:0.05, (b) 0.9:0.1, (c) 0.85:0.15, (d) 0.8:0.2, and (e) 0.75:0.25.

hydroxyl radicals, which have powerful oxidizing and reducing capabilities, and eventually
break down the pollutants in water into H,O and CO, or other substances, thereby reducing the
level of pollution. Figure 12 is a simplified diagram of the degradation mechanism.®%>") When
the photocatalyst is exposed to ultraviolet light, electron—hole pairs are produced on the surface
of the catalyst. The photogenerated holes react with water molecules and hydroxide ions to
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Fig. 9. (Color online) Experimental results of the degradation of methyl orange by ZnO/MgO (0.15 g/L) powders

as a function of irradiation time.
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Fig. 10. (Color online) Absorption spectra of methyl orange as a function of time of degradation by ZnO/MgO (0.15

g/L) powders: (a) 0.95:0.05, (b) 0.9:0.1, (c) 0.85:0.15, (d) 0.8:0.2, and (e) 0.75:0.25.

produce hydroxyl radicals. The photogenerated electrons react with oxygen to produce negatively
charged oxygen ions.? The negatively charged oxygen and hydrogen ions go through a series of
reactions that eventually produce hydroxide ions and hydroxyl radicals. In the end, the hydroxyl
radicals react with the dyes to generate a cluster of by-products, and the dyes ultimately break
down into water, carbon dioxide, or other organic compounds with smaller molecular weights

and thereby reduce pollution.
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4. Conclusions

In this study, zinc oxide and magnesium oxide powders were simply mixed and used to
degrade methylene blue and methyl orange dyes. The best mixing ratio was determined, and the
degradation effects of the powders on the two dyes were compared. The following points may be
made as follows:

According to the photodegradation results, ZnO/MgO had a higher degradation rate for
methylene blue, but also had a sufficient degradation rate for methyl orange with sufficient time.
Zn0O/MgO mixed in a molar ratio of 0.9:0.1 had the best degradation effect. The amount of MgO
added was the key factor affecting the degradation efficiency.

Different proportions of powders were observed in SEM images, and no obvious difference
in appearance was noted. From the distribution of atoms in EDS measurements, the powders
were uniformly mixed.

The hexagonal wurtzite structure of zinc oxide was observed in XRD measurements. Among
the five powders, the three with a higher proportion of magnesium oxide showed a more obvious
crystalline structure of magnesium oxide as the proportion of magnesium was increased. After
the reaction, the crystalline structure did not change, and the grain size of the five powders was
23-28 nm.
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