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Abstract
Humic substances are considered as one of the major natural organic contaminants in water 
resources. Presence of such substances in the drinking water supply resources results in poor water 
quality and jeopardizes the consumer’s health. In the present study, sonocatalytic decomposition 
of the humic substances by using MgO nanoparticles was investigated under the radiation of the 
ultrasonic waves. Accordingly, the X-ray diffraction (XRD) and scanning electron microscopy (SEM) 
techniques were used to determine characteristics of the nanoparticles. Furthermore, the effects of 
various parameters, including the amount of nanoparticles, initial pH, initial concentration of humic 
substances, contact time, as well as the power and frequency of ultrasonic waves on the efficiency 
of the sonocatalytic decomposition of humic substances were investigated. Results of the present 
study showed that the efficiency of sonocatalytic decomposition of humic substances was reduced 
by increasing the initial pH and initial concentration of the humic substances; while, the increased 
amount of the nanocatalyst resulted in the increased efficiency of decomposition. Furthermore, 
the obtained results indicated that the MgO sonocatalytic process could decompose the humic 
substances with the efficiency of 78.5% under optimal conditions (pH:7, initial concentration of 
humic substances: 20 mg/L, concentration of nanoparticles:1 g/L, power: 100%, frequency: 37 kHz 
and contact time:120 min). Based on the obtained results, the sonocatalytic method using MgO can 
remove humic substances and other similar organic matters from the aquatic environments with a 
high efficiency. 
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1. Introduction
Humic acid substances (HS) are very complex 

organic compounds derived from the decomposition of 
animal and plant tissues because of microbial activities 
(1,2). These substances constitute the main part of the 
natural organic matters (NOMs) in water resources (3). 
Many of the qualitative problems of drinking water, 
such as color, odor, and taste are attributed to the 
presence of humic substances (4). Humic substances 
can result in the increased biological re-growth within 
the water distribution networks, membrane fouling, 
and increased amount of chlorine required for water 
disinfection (5,6). Additionally, the biggest problem 
with the humic substances in water is their reaction 

with disinfectants and, consequently, the production 
of carcinogenic byproducts such as trihalomethanes 
(THMs) and haloacetic acids (HAAs) (6,7). The United 
States Environmental Protection Agency (USEPA) has 
determined the maximum concentration level (MCL) for 
THM and HAA as 80 and 60 μg/L, respectively (7). 

So far, various methods, including adsorption (6), ion 
exchange (8), nanophotocatalysis (9), membrane (10,11) 
and ultrasonic technologies (11), electrocoagulation (12), 
coagulation and enhanced coagulation (13) have been 
employed for the removal of humic substances from 
water, among which the advanced oxidation processes 
(AOPs) have been introduced as a suitable option for the 
removal or destruction of the humic substances compared 
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to other common methods (coagulation, ion exchange, 
membrane filtration, and adsorption) (6). Synthesis of 
hydroxyl radicals with high oxidative power in AOP has 
caused these treatment processes to be known as one of 
the most practical physicochemical treatment procedures 
(14). Due to the non-selective function and high oxidative 
potential at normal temperature and pressure, hydroxyl 
radical is capable of oxidizing almost all the reduced 
materials unlimitedly (15). Among all the AOPs, today, 
the focus is on utilizing the sonocatalytic oxidation 
process as a result of its high efficiency in the removal 
of resistant industrial contaminants, high potential for 
mineralizing the target organic contaminants, as well 
as easiness and safety of exploitation (non-exposure to 
UV, similar to what happens in photocatalytic processes) 
(16). Decomposition of the contaminants by ultrasonic 
waves occurs because of the formation of bubbles in the 
aquatic environment and their destruction due to the 
ultrasonic waves, which results in a very high pressure and 
temperature. Such high temperature produces hydroxyl 
radicals because of water dissociation (17,18). The use 
of mere ultrasonic waves for a long time, by spending 
a considerable amount of energy would result in the 
decomposition of the contaminants; thus, nowadays, the 
use of semiconductors as catalysts for the sonocatalytic 
decomposition of contaminants has been highly 
considered (19,20). Due to their small size and unique 
surface characteristics, the use of nano-size catalysts 
for the decomposition of various bioenvironmental 
contaminants in different sonocatalytic processes has 
been taken into account (21,22). In various studies on 
sonocatalytic procedures, various semiconductors such 
as ZnO (zinc oxide) and TiO2 (titanium dioxide) have 
been used as catalysts (16,19,23). In comparison with 
other existing catalysts, MgO as an alkaline earth metal 
oxide has been considered as a promising catalyst due to 
its remarkable features such as low cost, simple synthesis, 
and non-toxicity to the environment (especially aquatic 
environment) (24,25). Low cost and simple synthesis 
justify the cost-effectiveness of the use of MgO catalyst 
in a full-scale exploitation. For instance, this catalyst can 
be easily synthesized through magnesium hydroxide 
dehydration (25). Moreover, the MgO nanocatalyst with 
the high specific surface area would have a high catalytic 
reactivity potential besides its unique physicochemical 
properties and high thermodynamic stability (24,26). 

Several studies have investigated the use of sonocatalytic 
oxidation process for the decomposition of humic 
substances in aquatic environment using various catalysts; 
nevertheless, to the best our knowledge, no research has 
been conducted on the utilization of the sonocatalytic 
process for the decomposition of humic substances using 
MgO nanoparticles. On the basis of this, the present study 
aimed to use nanoscale MgO semiconductor under the 
ultrasonic waves for the sonocatalytic treatment of the 
humic substances in the aquatic environment. 

2. Materials and Methods
2.1. Synthesis of MgO Nanoparticles

In order to obtain MgO nanoparticles as catalysts 
through a sonochemical process, firstly, 5.128 g of 
magnesium nitrate hexahydrate (with formula of 
Mg(NO3)2.6H2O) was solved as a precursor in 100 mL of 
deionized water; then, 25 mL of NaOH 1N was added to 
the solution within 10 minutes under mixing conditions 
to form the magnesium hydroxide sediments as a result of 
environment alkalization (pH >10). The resulting mixture 
was mixed for 5 minutes to form the gel-like suspension 
of magnesium hydroxide. The obtained suspension was 
sonicated in an ultrasonic bath for 120 minutes at 50°C 
to form the MgO nanoparticles with more uniform size 
distribution and lower agglomeration in the environment. 
Afterwards, the suspension was allowed to be precipitated 
for 1 hour, and then the remaining water on the suspension 
was removed. The sediments obtained by filtration were 
washed by deionized water and alcohol for several times; 
next, in order to form MgO, the sample was dried at 80°C 
in the oven for 48 hours (27). 

2.2. Sonocatalysis Experiments
The sonocatalysis was performed using a batch reactor 

with the volume of 100 mL. The MgO sonocatalyst-
containing batch reactor was placed in the ultrasonic bath 
under the radiation of ultrasonic waves (Elma, P30H, 
Germany). In order to control the effect of adsorption on 
the removal efficiency of humic substances, the adsorption 
efficiency of humic substances onto Mg nanoparticles was 
solely measured prior to performing the tests. In addition, 
the removal efficiency of humic substances was examined 
by using only ultrasonic waves. Having determined the 
role of each process involved in the removal of humic 
substances, the effect of different effective operational 
parameters on the efficiency of sonocatalytic process was 
evaluated. 

2.3. Analyses
Total organic carbon (TOC) was determined as 

indicators of humic substances. The value of TOC was 
determined by the method of 5310 using a TOC analyzer 
(TOC/TN analyzers, Skalar, Netherlands). Besides, pH 
was measured using a pH-meter device. Moreover, in order 
to determine the morphology and surface characteristics 
of the catalyst, and scanning electron microscopy (SEM) 
(Model: MIRA3, Czech Republic) was used. Furthermore, 
X-ray diffraction (XRD) (Model: X’Pert PRO MPD, 
the Netherlands) was used to determine the structural 
features of the catalyst.

3. Results and Discussion
3.1. Characteristics of Nanophotocatalyst

Fig. 1 shows the SEM image of MgO. As shown in Fig. 
1, structure of MgO consisted of dense elliptical crystals 
with the average size of 20-60 nm, which was normally 

http://ajehe.com/en/


                                 Avicenna J Environ Health Eng,  Volume 4, Issue 2, 2017 15

                                                                           Sonocatalytic Degradation of Humic Substances

distributed. This size was in agreement with the particle 
size obtained from Scherrer formula in XRD analysis. This 
structure represented non-accumulation of the obtained 
nanoparticles, and also indicated appropriateness of 
the produced catalyst for implementing a sonocatalytic 
process with high efficiency and low rate of pore-electron 
recombination.

Fig. 2 shows the XRD pattern for the MgO 
nanoparticles. As seen in this figure, the XRD for MgO 
exhibited an intense peak at the 2θ = 24o angle, which 
indicated the formation of the functional groups, such 
as carboxyl, hydroxyl, and epoxy. Moreover, the peaks 
with high intensities at 100, 002, 101, 110, 200, 112, 201, 
and 202 implied the high purity as well as the hexagonal 
Wurtzite structure of MgO. According to Formula (1) in 
Scherrer equation, the nanoparticles’ size was obtained as 
approximately 45 nm. 

D=(K×λ)/(βcosθ) (1)
where, D is the size of crystallite in nanometers, β is the 

peak width at half of the maximum intensity in radians, 
θ is the Bragg’s angle for the peak in degrees, and λ is the 
wavelength of X-ray in nanometers.

3.2. Effects of Operational Parameters
3.2.1. Effect of pH

Effect of the initial pH on the efficiency of the 
sonocatalytic decomposition of humic substances by 
using MgO nanoparticles under the radiation of ultrasonic 
waves is represented in Fig. 3. This investigation was 
performed at various values of pH (3, 5, 7, 9 and 11), 
humic substance concentration of 20 mg/L, and 1 g/L of 
MgO nanoparticles. Based on the results, increasing the 
pH from 2 to 7 led to the increased removal efficiency of 
the humic substances; while, by increasing the pH from 7 
to 11, the decomposition efficiency reduced. 

The highest percentage of the photocatalytic 
decomposition of humic substances at pH of 7 was 
obtained equal to 78.55%. Effect of pH on the sonocatalytic 
decomposition efficiency depended on the type of 

Fig. 1. SEM Image of MgO.
Fig. 2. XRD Pattern for MgO Nanoparticles.

Fig. 3. Effect of Initial pH on Sonocatalytic Decomposition of 
Humic Substances (Initial concentration of humic substances: 
20 mg/L, concentration of nanoparticles: 1 g/L, power: 100%, 
frequency: 37 kHz and contact time: 120 min).

contaminant and PZC (point of zero charge) of the catalyst 
(26). As indicated by previous studies, the pKa value of the 
humic substances was equal to 6 (18) and at pHs above 
this value, the humic substances were negatively charged, 
while the nanoparticles had positive charge at lower pHs. 
Therefore, when the pH value ranged between the pKa 
and pHZPC values, the positively charged nanoparticles 
adsorbed negatively charged humic substances, leading to 
the increased sonocatalytic decomposition efficiency of 
these substances (9). However, at higher pHs, the repulsion 
between the nanoparticles and humic substances caused 
by their negative charge would result in the reduced 
sonocatalytic removal efficiency of the humic substances 
(4).

3.2.2 Effect of Nanocatalyst Dosage
Fig. 4 shows the effect of nanocatalyst dosage (0.5, 1, 2, 

and 3 g/L) on the decomposition of the humic substances 
under the ultrasonic wave, humic substance concentration 
of 20 mg/L, pH of 7 and contact time of 120 minutes. 
Results showed that the sonocatalytic decomposition 
efficiency of humic substances was increased by increasing 
the dosage of the MgO nanocatalyst. Increasing the 
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nanocatalyst content value from 0.3 to 3 g/L increased 
the decomposition efficiency, to such a degree that, the 
highest removal efficiency of the contaminant (83.45%) 
was obtained at nanocatalyst content value of 3 g/L. 
Furthermore, increasing the nanocatalyst content value 
led to the increase in the catalyst surface area as well as 
the number of the accessible active sites for sonocatalytic 
reactions (9).

3.2.3. Effect of Initial Concentration of Humic 
Substances

The initial concentration of contaminants is considered 
as one of the major and effective parameters in the 
sonocatalytic decomposition process. Fig. 5 represents 
the effect of the initial concentration of humic substances 
(10, 20, 40, 80, and 100 mg/L) on the sonocatalytic 
decomposition efficiency using MgO nanoparticles. 
The obtained results showed that increasing the initial 
concentration of the humic substances led to the reduced 
sonocatalytic decomposition efficiency. This was 
probably due to the fact that, regarding the constant value 
of the nanoparticles, increasing the concentration of the 
humic substances caused the increase in their adsorption 
by MgO and, as a result, the reduction in the surfactant 
sites for the adsorption of hydroxyl ions, which ultimately 
resulted in the reduced production of hydroxyl radicals 
and, consequently, the reduced decomposition efficiency. 
So far, similar results have been reported by some other 
researchers (23,25).

3.2.4. Effect of Power and Frequency of Waves
Fig. 6 represents the results of sonocatalytic 

decomposition efficiency of the humic substances at 
various powers (30%-100%) and frequencies of 37 and 
80 kHz. These results showed that the sonocatalytic 
decomposition efficiency of humic substances was 
increased by increasing the power of the ultrasonic 
waves. At higher powers, increasing the cavitation led to 
the increased production of hydroxyl radicals and, as a 

Fig. 4. Effect of Nanocatalyst Dosage on Sonocatalytic 
Decomposition of Humic Substances (Initial concentration of 
humic substances: 20 mg/L, pH: 7, power: 100%, frequency: 37 
kHz and contact time: 120 min).

Fig. 5. Effect of Initial Concentration of Humic Substances on 
Sonocatalytic Decomposition Using MgO Nanoparticles (pH: 7, 
concentration of nanoparticles: 1 g/L, power: 100%, frequency: 37 
kHz and contact time: 120 min).

Fig. 6. Effect of Power and Frequency of Waves on Sonocatalytic 
Decomposition Using MgO Nanoparticles (Initial concentration of 
humic substances: 20 mg/L, concentration of nanoparticles: 1 g/L, 
pH: 7 and contact time: 120 min).

result, the increased decomposition efficiency (26). By 
increasing the power from 30 to 100, the decomposition 
efficiency was increased from 45% to 80%, and 25% to 
45% at the frequencies of 37 and 80 kHz, respectively. As 
seen in Fig. 6, increasing the frequency led to the decrease 
in the sonocatalytic decomposition of humic substances. 
Considering the time of 120 minutes and catalyst value of 
1 g/L, the removal efficiency of humic substances at the 
frequencies of 37 and 80 was obtained equal to 80.7% and 
45.21%, respectively.

3.2.5. Comparison Processes
Fig. 7 demonstrates the removal efficiency of humic 

substances using MgO nanoparticles, ultrasonic, and 
sonocatalytic processes. As seen in this figure, the 
removal efficiency of humic substances using MgO 
nanoparticles, ultrasonic, and sonocatalytic processes 
were obtained as 25.43%, 35.57% and 78.35%, respectively 
at the contact time of 120 minutes. As shown in Fig. 7, 

http://ajehe.com/en/


                                 Avicenna J Environ Health Eng,  Volume 4, Issue 2, 2017 17

                                                                           Sonocatalytic Degradation of Humic Substances

MgO nanoparticles and ultrasonic process alone had no 
significant removal efficiency for the humic substances. 
However, the combination of ultrasonic process and 
MgO nanoparticles (sonocatalytic processes) led to the 
increased removal of humic substances. In agreement with 
the results of our study, Darvishi Cheshmeh Soltani et al 
observed that the removal efficiency of BR46 dye using 
ultrasound alone (25.4%) and MgO nanostructures alone 
(10%) was lower than that of the sonocatalytic processes 
(84.6%) (28). Fig. 7 also shows that by increasing the 
contact time, the removal efficiency of humic substances 
was increased in all processes especially sonocatalytic 
processes. The high rate of sonocatalytic decomposition 
of humic substances due to the increase in the contact 
time could be attributed to the increased production of 
hydroxyl radicals as well as the increased formation of 
electron pores (23,24).

4. Conclusion
In the present study, the MgO nanoparticles were 

synthesized using mild hydrothermal method; then, the 
efficiency of these nanoparticles for the sonocatalytic 
decomposition of humic substances in aquatic 
environments was investigated. Characteristics of the 
MgO nanoparticles were determined using XRD and 
SEM analyses. The obtained results indicated that 
increasing the initial pH from 2 to 7 led to the increase 
in the removal efficiency of the humic substances, while 
by increasing the pH from 7 to 11, the decomposition 
efficiency was reduced. Moreover, the results showed 
that the sonocatalytic decomposition efficiency of humic 
substances was low in the absence of the MgO nanocatalyst; 
whereas, increasing the nanocatalyst content value from 
0.5 to 3 resulted in the increased decomposition efficiency. 
Additionally, the results showed that with an increase in 
the initial concentration of the humic substances, the 
sonocatalytic decomposition efficiency was reduced. 

Conflict of Interest Disclosures 
The authors declare that they have no conflict of interests.

Acknowledgements
This manuscript was derived from a research project approved 
by Research Deputy of Kurdistan University of Medical Sciences 
(project number: 95/273). The authors would like to thank Deputy 
of Research, Kurdistan University of Medical Sciences (Iran) for the 
financial support.

References
1. Siddiqui KS, Ertan H, Charlton T, Poljak A, Daud Khaled 

AK, Yang X, et al. Versatile peroxidase degradation of humic 
substances: use of isothermal titration calorimetry to assess 
kinetics, and applications to industrial wastes. J Biotechnol. 
2014;178:1-11. doi: 10.1016/j.jbiotec.2014.03.002.

2. Mahvi AH, Maleki A, Rezaee R, Safari M. Reduction of humic 
substances in water by application of ultrasound waves 
and ultraviolet irradiation. Iranian J Environ Health Sci Eng. 
2009;6(4):233-40.

3. Maleki A, Safari M, Shahmoradi B, Zandsalimi Y, Daraei H, 
Gharibi F. Photocatalytic degradation of humic substances 
in aqueous solution using Cu-doped ZnO nanoparticles 
under natural sunlight irradiation. Environ Sci Pollut Res. 
2015;22(21):16875-80. doi: 10.1007/s11356-015-4915-7.

4. Patsios SI, Sarasidis VC, Karabelas AJ. A hybrid photocatalysis–
ultrafiltration continuous process for humic acids degradation. 
Sep Purif Technol. 2013;104:333-41. doi: 10.1016/j.
seppur.2012.11.033.

5. Maleki A, Safari M, Rezaee R, Cheshmeh Soltani RD, 
Shahmoradi B, Zandsalimi Y. Photocatalytic degradation 
of humic substances in the presence of ZnO nanoparticles 
immobilized on glass plates under ultraviolet irradiation. 
Separation Science and Technology. 2016;51(14):2484-9. doi: 
10.1080/01496395.2016.1213746.

6. Hu WC, Wu CD, Jia AY, Chen F. Enhanced coagulation for 
treating slightly polluted algae-containing raw water of the 
Pearl River combining ozone pre-oxidation with polyaluminum 
chloride (PAC). Desalination and Water Treatment. 
2015;56(6):1698-703. doi: 10.1080/19443994.2014.954003.

7. Joseph L, Flora JR, Park YG, Badawy M, Saleh H, Yoon Y. 
Removal of natural organic matter from potential drinking 
water sources by combined coagulation and adsorption using 
carbon nanomaterials. Sep Purif Technol. 2012;95:64-72. doi: 
10.1016/j.seppur.2012.04.033.

8. Yan M, Wang D, Ni J, Qu J, Yan Y, Chow CW. Effect of 
polyaluminum chloride on enhanced softening for the 
typical organic-polluted high hardness North-China surface 
waters. Sep Purif Technol. 2008;62(2):401-6. doi: 10.1016/j.
seppur.2008.02.014.

9. Ren Z, Graham N. Treatment of Humic Acid in Drinking Water 

Fig. 7. Comparison processes (US, MgO, US+MgO) and Effect of Contact Time on Removal of Humic Substances in These Processes (pH: 
7, initial concentration of humic substances: 20 mg/L, concentration of nanoparticles: 1 g/L, power: 100% , frequency: 37 kHz and contact 
time: 120 min). 

http://ajehe.com/en/
https://doi.org/10.1016/j.jbiotec.2014.03.002
https://doi.org/10.1007/s11356-015-4915-7
https://doi.org/10.1016/j.seppur.2012.11.033
https://doi.org/10.1016/j.seppur.2012.11.033
https://doi.org/10.1080/01496395.2016.1213746
https://doi.org/10.1080/19443994.2014.954003
https://doi.org/10.1016/j.seppur.2012.04.033
https://doi.org/10.1016/j.seppur.2008.02.014
https://doi.org/10.1016/j.seppur.2008.02.014


Darvishi Cheshmeh Soltani et al

  Avicenna J Environ Health Eng,  Volume 4, Issue 2, 201718

by Combining Potassium Manganate (Mn(VI)), Ferrous Sulfate, 
and Magnetic Ion Exchange. Environ Eng Sci. 2015;32(3):175-
8. doi: 10.1089/ees.2014.0227.

10. Maleki A, Safari M, Shahmoradi B, Zandsalimi Y, Daraei H, 
Gharibi F. Photocatalytic degradation of humic substances 
in aqueous solution using Cu-doped ZnO nanoparticles 
under natural sunlight irradiation. Environ Sci Pollut Res Int. 
2015;22(21):16875-80. doi: 10.1007/s11356-015-4915-7.

11. Song  JJ, Huang Y, Nam SW, Yu M, Heo J, Her N, et al. 
Ultrathin graphene oxide membranes for the removal of humic 
acid. Sep Purif Technol. 2015;144:162-7. doi: 10.1016/j.
seppur.2015.02.032.

12. Ng LY, Mohammad AW, Rohani R, Hairom NHH. Development 
of a nanofiltration membrane for humic acid removal 
through the formation of polyelectrolyte multilayers that 
contain nanoparticles. Desalination and Water Treatment. 
2016;57(17):7627-36. doi: 10.1080/19443994.2015.1029009.

13. Ulu F, Barıscı S, Kobya M, Sarkka H, Sillanpaa M. Removal 
of humic substances by electrocoagulation (EC) process 
and characterization of floc size growth mechanism under 
optimum conditions. Sep Purif Technol. 2014;133:246-53. doi: 
10.1016/j.seppur.2014.07.003.

14. Sudoh R, Islam MS, Sazawa K, Okazaki T, Hata N, Taguchi S, et 
al. Removal of dissolved humic acid from water by coagulation 
method using polyaluminum chloride (PAC) with calcium 
carbonate as neutralizer and coagulant aid. J Environ Chem 
Eng. 2015;3(2):770-4. doi: 10.1016/j.jece.2015.04.007.

15. Chong MN, Jin B, Chow CW, Saint C. Recent developments in 
photocatalytic water treatment technology: A review. Water Res. 
2010;44(10):2997-3027. doi: 10.1016/j.watres.2010.02.039.

16. Tchobanoglous G, Burton FL, Metcalf, Eddy I. Wastewater 
engineering : treatment, disposal, and reuse. New York: 
McGraw-Hill; 2003.

17. Khataee A, Karimi A, Arefi-Oskoui S, Darvishi Cheshmeh Soltani 
R, Hanifehpour Y, Soltani B, et al. Sonochemical synthesis of Pr-
doped ZnO nanoparticles for sonocatalytic degradation of Acid 
Red 17. Ultrason Sonochem. 2015;22:371-81. doi: 10.1016/j.
ultsonch.2014.05.023.

18. Neppolian B, Bruno A, Bianchi CL, Ashokkumar M. Graphene 
oxide based Pt-TiO2 photocatalyst: ultrasound assisted synthesis, 
characterization and catalytic efficiency. Ultrason Sonochem. 
2012;19(1):9-15. doi: 10.1016/j.ultsonch.2011.05.018.

19. Zhu L, Meng ZD, Park CY, Ghosh T, Oh WC. Characterization 
and relative sonocatalytic efficiencies of a new MWCNT 
and CdS modified TiO2 catalysts and their application in the 
sonocatalytic degradation of rhodamine B. Ultrason Sonochem. 
2013;20(1):478-84. doi: 10.1016/j.ultsonch.2012.08.005.

20. Ahmad M, Ahmed E, Hong ZL, Ahmed W, Elhissi A, Khalid 
NR. Photocatalytic, sonocatalytic and sonophotocatalytic 
degradation of Rhodamine B using ZnO/CNTs composites 
photocatalysts. Ultrason Sonochem. 2014;21(2):761-73. doi: 
10.1016/j.ultsonch.2013.08.014.

21. Wang J, Guo Y, Liu B, Jin X, Liu L, Xu R, et al. Detection 
and analysis of reactive oxygen species (ROS) generated by 
nano-sized TiO2 powder under ultrasonic irradiation and 
application in sonocatalytic degradation of organic dyes. 
Ultrason Sonochem. 2011;18(1):177-83. doi: 10.1016/j.
ultsonch.2010.05.002.

22. Hong RY, Li JH, Chen LL, Liu DQ, Li HZ, Zheng Y, et al. 
Synthesis, surface modification and photocatalytic property of 
ZnO nanoparticles. Powder Technol. 2009;189(3):426-32. doi: 
10.1016/j.powtec.2008.07.004.

23. Janus M, Kusiak-Nejman E, Morawski AW. Determination of the 
photocatalytic activity of TiO2 with high adsorption capacity. 
Reaction Kinetics, Mechanisms and Catalysis. 2011;103(2):279-
88. doi: 10.1007/s11144-011-0326-z.

24. Khataee A, Sheydaei M, Hassani A, Taseidifar M, Karaca 
S. Sonocatalytic removal of an organic dye using TiO2/
Montmorillonite nanocomposite. Ultrason Sonochem. 
2015;22:404-11. doi: 10.1016/j.ultsonch.2014.07.002.

25. Nagappa B, Chandrappa GT. Mesoporous nanocrystalline 
magnesium oxide for environmental remediation. Microporous 
Mesoporous Mater. 2007;106(1):212-8. doi: 10.1016/j.
micromeso.2007.02.052.

26. Mageshwari K, Mali SS, Sathyamoorthy R, Patil PS. Template-
free synthesis of MgO nanoparticles for effective photocatalytic 
applications. Powder Technol. 2013;249:456-62. doi: 
10.1016/j.powtec.2013.09.016.

27. Anilkumar MR, Nagaswarupa HP, Nagabhushana H, Sharma 
SC, Vidya YS, Anantharaju KS, et al. Bio-inspired route for 
the synthesis of spherical shaped MgO:Fe(3+) nanoparticles: 
Structural, photoluminescence and photocatalytic investigation. 
Spectrochim Acta A Mol Biomol Spectrosc. 2015;149:703-13. 
doi: 10.1016/j.saa.2015.05.003.

28. Darvishi Cheshmeh Soltani R, Safari M. Periodate-assisted 
pulsed sonocatalysis of real textile wastewater in the presence 
of MgO nanoparticles: Response surface methodological 
optimization. Ultrason Sonochem. 2016;32:181-90. doi: 
10.1016/j.ultsonch.2016.03.011.

29. Darvishi Cheshmeh Soltani R, Safari M, Mashayekhi M. 
Sonocatalyzed decolorization of synthetic textile wastewater 
using sonochemically synthesized MgO nanostructures. 
Ultrason Sonochem. 2016;30:123-31. doi: 10.1016/j.
ultsonch.2015.11.018.

http://ajehe.com/en/
https://doi.org/10.1089/ees.2014.0227
https://doi.org/10.1007/s11356-015-4915-7
https://doi.org/10.1016/j.seppur.2015.02.032
https://doi.org/10.1016/j.seppur.2015.02.032
https://doi.org/10.1080/19443994.2015.1029009
https://doi.org/10.1016/j.seppur.2014.07.003
https://doi.org/10.1016/j.jece.2015.04.007
https://doi.org/10.1016/j.watres.2010.02.039
https://doi.org/10.1016/j.ultsonch.2014.05.023
https://doi.org/10.1016/j.ultsonch.2014.05.023
https://doi.org/10.1016/j.ultsonch.2011.05.018
https://doi.org/10.1016/j.ultsonch.2012.08.005
https://doi.org/10.1016/j.ultsonch.2013.08.014
https://doi.org/10.1016/j.ultsonch.2010.05.002
https://doi.org/10.1016/j.ultsonch.2010.05.002
https://doi.org/10.1016/j.powtec.2008.07.004
https://doi.org/10.1007/s11144-011-0326-z
https://doi.org/10.1016/j.ultsonch.2014.07.002
https://doi.org/10.1016/j.micromeso.2007.02.052
https://doi.org/10.1016/j.micromeso.2007.02.052
https://doi.org/10.1016/j.powtec.2013.09.016
https://doi.org/10.1016/j.saa.2015.05.003
https://doi.org/10.1016/j.ultsonch.2016.03.011
https://doi.org/10.1016/j.ultsonch.2015.11.018
https://doi.org/10.1016/j.ultsonch.2015.11.018

