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Abstract

:

In this work, the exploitation of the synthesized magnesium oxide nanoparticles and MgO-bentonite nanocomposite as an effective photocatalyst has been reported. They were utilized to study their applicability for the photocatalytic degradation of crystal violet in wastewater. Fourier-transform infrared (FTIR) spectra, X-ray powder diffraction (XRPD), energy-dispersive X-ray spectroscopy (EDX), and transmission electron microscope (TEM) were used for characterization. The photocatalytic efficiency of the synthesized photocatalysts for CV decomposition has been optimized in terms of several factors such as pH, contact time, the dose of the catalyst, and the dye concentration. The maximum degradation efficiency of CV was found to be 99.19% at the optimum state of pH value of 7, using 0.2 g of MgO NPs, while in the case of MgO-bentonite nanocomposite, the maximum degradation efficiency was decreased to 83.38%. The photocatalytic reaction mechanism was investigated using the scavenging reaction process, revealing that holes were majorly responsible for the degradation of CV. The kinetic data were suitable and best fitted by the pseudo-first-order kinetic model.
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1. Introduction


Water pollution has gained a lot of attention worldwide because of the serious environmental and health impacts of wastewater from various industrial sectors [1,2,3]. Textile wastewater containing very low concentrations of dyes can cause waste streams to become extremely colored. These compounds are highly non-biodegradable and mutagenic, in addition to their negative visual effects [4,5]. Among these dyes, crystal violet (CV), which is included in several applications as a biological stain and veterinary drug [6], is well known for its mutagenic, teratogenic, and mitotic toxicity characteristics, as well as its low biodegradability. Moreover, because the CV is the most visible water-soluble class, the presence of CV molecules in solution, can inhibit photosynthetic activity in aquatic plants [7]. Therefore, owing to its successive usage in a wide variety of applications in addition to its negative impacts, there is an imperious necessity for CV removal. However, the removal of CV dye from wastewater can be carried out through conventional techniques such as emulsion liquid membrane separation [8], biological treatments [9], oxidation [10], adsorption [11], and a few commonly used methods such as ultra-filtration and desalination [12]. However, these methods only succeeded in transferring organic compounds from water to another place, which needs additional management [13]. Advanced oxidation processes (AOPs) such as ozonation, photo-Fenton reactions, H2O2/UV, and photocatalysis processes are promising in CV decolorization [14]. Therefore, chemical treatment using AOPs [2,14,15,16,17,18,19], especially heterogeneous photocatalysis, received attention for degrading such pollutants because of the capability to totally mineralize the target pollutants [20,21,22].



Heterogeneous photocatalysis is a promising alternative method for eliminating organic compounds from wastewater. The wide band gap of magnesium oxide nanoparticles (MgO NPs), which enhances its catalytic activity, mechanical properties, dielectric properties, and bioactivity, has attracted a lot of attention. MgO, as a non-toxic nanoparticle, has been used in a wide variety of applications, such as its usage in crucibles or as additives in flame-retardant materials, refractory materials, and coating materials [23,24]. Because of their wide range of applications in advanced technologies, scientists have focused on synthesizing, including both nanomaterial and composite MgO [25]. Natural clay, such as bentonite, is commonly used for the removal of organic pollutants from wastewater by adsorption due to its availability and low cost [26]. Recently, in order to create distinct reaction sites and enhance the photocatalytic performance of the photocatalyst, it has been a common procedure to deposit photocatalysts on clay bentonite [27].



In the present work, the photocatalytic degradation of CV dye was investigated by using different nanoparticles and nanocomposite. The structural, morphological, spectroscopic, and photocatalytic properties of all materials and composites were thoroughly investigated. To determine the ideal circumstances for effective decomposition, we examined the impact of operational parameters on photocatalytic degradation.




2. Experimental


2.1. Materials


Magnesium chloride hexahydrate (MgCl2.6H2O), potassium iodide, benzoquinone, isopropyl alcohol, and absolute ethanol (≥99%) were purchased from Acros Organics. At the same time, ammonium bicarbonate (NH4HCO3), isopropanol, methanol, ethanol, acetone, hydrochloric acid, and sodium hydroxide were supplied by Merck. Crystal violet dye powder and bentonite were supplied by DOP ORGANIC KIMYA.




2.2. Preparation of Magnesium Oxide Nanoparticles (MgO NPs)


MgO nano-crystallites were synthesized by the hydrothermal method following the previously reported method [28,29]. Briefly, 50.83 g of MgCl2⋅6H2O was dissolved in 250 mL of distilled water and stirred for 5 min. Then, a solution of ammonium bicarbonate was prepared by dissolving 19.77 g of NH4HCO3 in 250 mL distilled water and then added to the first one, followed by stirring for 15 min. The obtained solution was heated at 100 °C for 18 h, which was subsequently centrifuged for 10 min at 2500 rpm. Then, the obtained precipitate was filtered, thoroughly cleaned with distilled water and absolute ethanol, and then dried for 5 h at 70 °C in the oven. The precipitates were then produced by calcination, which took place at 400 °C for 3 h.




2.3. Preparation of Magnesium Oxide–Bentonite (MgO/Ben) Nanocomposite


MgO-bentonite nanocomposite has been synthesized by dispersing 1.0 g of bentonite into 100 mL distilled water under vigorous stirring for 3 h at room temperature. After that, 2.0 g of the prepared MgO NPs was dispersed in 100 mL distilled water and then added drop by drop to the bentonite solution under vigorous stirring for 12 h at room temperature. The achieved solution was subsequently heated at 200 °C for 24 h. Then, the resulting slurry was dried at 80 °C overnight, followed by its grinding into fine particles.




2.4. Materials Characterizations


The phase evaluation of the synthesized catalysts was performed using X-ray diffractometer (XRD, Bruker co., D8 advance, Ettlingen, Germany) and Cu radiation (1.45 Å). The XRD diffractometer was carried out at 40 mA and 40 kV with a step size of 0.02 over 2Ɵ range of 3–70.



Energy-dispersive X-ray spectroscopy (EDX) was performed for the semi-quantitative test of the prepared catalysts using scanning electron microscope coupled with EDX unit (FESEM, Quanta FEG250, Eindhoven, The Netherlands) with acceleration voltage of 20 kV. The size of the particle and their morphology were inspected in a transmission electron microscope (TEM, HTEM, JEOL JEM 2100Plus, Tokyo, Japan), which was performed at 200 kV. The Fourier-transformed infrared (FTIR) spectra of the synthesized catalysts were obtained using NICOLET iS50 FTIR to identify the surface functional groups at ambient conditions within the wavelength range from 400 to 4000 cm−1. The optical properties of the samples were analyzed by UV–Vis diffuse reflectance spectroscopy using a Hitachi 3010 spectrophotometer equipped with a 60-mm diameter integrating sphere, where BaSO4 was used as a reference. Magnetic measurements were carried out on a Quantum Design PPMS SQUID magnetometer at 300 K.




2.5. Evaluation of the Photocatalytic Degradation Activity


Photocatalysis processes were carried out in a 500 mL borosilicate glass containing 250 mL of CV solution prepared in appropriate concentration using distilled water. To achieve an adsorption–desorption equilibrium, we stirred the solution continuously in the dark for 60 min. The irradiation was carried out using a blended metal halide lamp as a source of UV radiation, which was hung vertically on the reaction vessel in the dark box covered from the inside with aluminum foil. At specific time rates, a certain amount of the sample was withdrawn, and the prepared photocatalysts were isolated from the heterogeneous solution by centrifugation before any absorbance measurement at 3000 rpm for 10 min. The photocatalytic efficiency of CV photodegradation has been optimized in terms of several factors, such as pH, contact time, catalyst dose, and the initial dye concentration. The spectrophotometric analysis of dyes before and after the irradiation was utilized to measure the decolorization efficiency of the dye using a UV–Vis spectrophotometer at the wavelength of absorbance of CV (λmax 593 nm). The degradation efficiency of the dye has been calculated as shown in Equation (1).


Degradation % = [(C0 − Ct)/C0] × 100



(1)




where C0 and Ct are the initial dye concentration and dye concentration after time t, respectively.




2.6. Scavenger Experiments


Scavenging experiments were carried out using a variety of scavengers, including KI (h+ quencher), IPA (OH. quencher), and BQ(O2− quencher), in order to explain the photocatalytic degradation mechanism of CV using UV illumination [15].





3. Results and Discussion


3.1. Structural Properties


The structural characteristics of the synthesized MgO NPs and MgO/Ben nanocomposite, in addition to pristine bentonite, have been investigated using XRD, as clarified in Figure 1a. The MgO NPs pattern reflects three peaks that were specified at (2θ) of 37.1°, 42.8°, and 62.31° that corresponded to hkl planes of (111), (200), and (220), respectively. All of the XRD pattern reflections can be indexed to the standard pattern of the pure cubic phase of MgO (space group: Fm3m (225)) (JCPDS no. 75-1525) [29]. For the bentonite clay, the characteristic peaks at diffraction angle, 2θ = 19.8°, 26.9°, 35.04° corresponds to the planes (110), (210), and (124) Miller indices [30] (JCPDS file (card no.01-088-0891)). Moreover, after the doping of MgO NPs with bentonite, new peaks were virtually specified at (2θ) of 10.76, 22.80, and 36.96 that matched to hkl planes of (011), (110), and (111), respectively [31], pointing to the presence of bentonite in the sample affirming the successful synthesis of MgO/Ben nanocomposite. However, the diffraction angles and relative peak intensities may have shifted due to a small compression of the bentonite crystalline structure in the presence of MgO NPs without changing the structure shape.



In Figure 1b, FTIR spectra are shown. MgO nanoparticles exhibit two distinct absorption bands: one at 437.2 cm−1, caused by MgO vibrations, and another at approximately 3413 cm−1, caused by the presence of OH stretching and attributed to H2O adsorption on the metal surface. Moreover, the absorption peak at 1438 cm−1 is ascribed to (C = O) stretching mode that is attributed to adsorbed (CO2) and (CO32−) species at the surface of MgO NPs. Consequently, these generated functional groups on the surface of MgO NPs are known to play an important role in the photocatalytic reaction process [32]. The bentonite clay spectrum revealed an absorption peak at 3618 cm−1 and 3698 cm−1, which related to the stretching vibrations of hydroxyl groups coordinated to the octahedral cations. The Si-O stretching vibrations are responsible for the most intense absorption peak at 998 cm−1 [30]. Furthermore, after mixing MgO NPs with bentonite clay, the appearance of new peaks at 998.3 cm−1 (corresponding to stretching vibration of Si-O group), 881.9 cm−1 (which is related to Al–Al–OH), 530.4 and 457.4 cm−1 (due to Al–O–Si and Si–O–Si bending vibrations, respectively) as indicated in Figure 1b affirming the successful modification of MgO NPs with bentonite clay [33].




3.2. Electron Microscopy Characterization


The surface morphology of the prepared MgO NPs and their corresponding nanocomposite with bentonite (MgO/Ben) were examined via microscopic tools Figure 2. The TEM image of prepared MgO NPs clearly visualizes their spherical nanoscale size of an average size of 23.4 nm. However, for MgO/Ben nanocomposite, displaying the nanoscale size of the developed nanocomposite. Interestingly, the MgO NPs were decorated in a convenient dispersion regime. The elemental composition of the synthesized catalysts was further corroborated via the EDX technique in Figure 3. The elemental structure depicted in Figure 3 was verified by the EDX graph, which indicated the purity of the MgO NPs prepared using the hydrothermal method. In the case of MgO/Ben nanocomposite, the EDX graph indicated the appearance of Si and Al peaks, which are characteristic peaks for bentonite in addition to Mg and O peaks confirming the successful preparation of MgO/Ben nanocomposite.




3.3. Magnetic Characterization


Using SQUID magnetometry, the magnetic properties of the MgO and the modified one at 300 K were studied. The MH data collected are presented in Figure 4. We discovered that MgO NPs are ferromagnetic at ambient temperature since they do not include magnetic elements like Fe and Co. The most likely cause of the current ferromagnetism is a structural fault within or on the surface of the oxide grains. Numerous additional nanoscale closed-shell oxides, including ZnO and TiO2, have been discovered to display d0 ferromagnetism, which is defect-related ferromagnetism. The Ms value for MgO is 8.17 emu/g, which is relatively close to the value stated in the literature [34]. In contrast, due to its dilution in the non-magnetic bentonite clay, MgO/Ben nanocomposite has lower Ms values when compared to pure MgO.




3.4. UV–Visible Spectroscopy


A UV–vis spectrophotometer is used to record UV–visible spectra of the prepared photocatalysts to determine the absorbance of the prepared photocatalysts. As shown in Figure 5a, the absorption peak of the prepared materials is obtained at 273 nm [35]. There is no absorbance between 400 and 800 nm, indicating that there is no absorption in the visible area. This suggests that MgO NPs and MgO/Ben nanocomposite absorb only in a narrow range of UV wavelengths.



To calculate Eg, we analyzed the absorption spectra and calculated the absorption edge using the following approximation.


(αhν) = A (hν − Eg)n



(2)




where α is the absorption coefficient, h is Planck’s constant, A is a constant, Eg is the energy band gap, and n is a constant that is equal to 2 for the direct band gap. Using Tauc’s plot (Figure 5b), the energy band gap is estimated, assuming a direct transition between the valence and conduction bands. The evaluated optical band gap energy of MgO NPs 4.805 eV agrees well with values from earlier reports [35], while the composite one is about 4.807 eV.




3.5. Parameters Affecting the Photocatalytic Degradation Process


3.5.1. Effect of Catalyst Dose


The photodegradation process was used to study the effect of catalyst dose (MgO NPs and MgO/Ben nanocomposite) on CV dye degradation using various doses of MgO NPs from 0.10 to 0.25 g and MgO/Ben nanocomposite from 0.10 to 0.2 g with a fixed concentration of CV solution of 10 mg L−1 under a stirring rate of 300 rpm after a contact time of 210 min at pH. As shown in Figure 6 and Table 1, with increasing catalyst dose, the rate of degradation increases, reaching the highest degradation efficiency of 99.19 and 83.38% using 0.2 and 0.15 g of MgO NPs and MgO/Ben nanocomposite, respectively, and then decreases. Furthermore, as the catalyst dose increases, so does agglomeration (particle–particle interaction), which is the primary cause of light absorption by the photocatalyst. Additionally, the agglomerations inhibit photons from reaching the inner surface of the catalyst. Consequently, fewer catalyst particles are excited, and thus fewer e−/h+ and OH. radicals are produced [36].



As shown in Figure 7, the reaction kinetics of the CV were analyzed by plotting the natural log of the absorbance ratio (ln(A0/At)) vs. the irradiation time. Moreover, as shown in Table 1, the reaction kinetics follow apparent pseudo-first order, and the degradation rate constant was determined using the slope of the kinetic plot of CV degradation by different doses of the synthesized photocatalysts. The solution’s screening of bentonite with large particle sizes, which reduces light penetration and slows photodegradation, may be the origin of the apparent decrease in degradation rate following catalyst doping. Conversely, the lack of surface area was recognized in the case of the MgO/Ben catalyst because of agglomeration caused by particle interactions that limit the active sites [37].




3.5.2. Contact Time Effect


The contact time effect on the photodegradation of CV was investigated at an optimum pH of 7, with a concentration of 10 mg L−1 and a stirring rate of 300 rpm, and with an optimum amount of MgO NPs (0.20 g) and MgO/Ben nanocomposite (0.15 g) catalysts, as shown in Figure 8 and Table 2. From the clarified data, it is clear that as contact time increases, CV degrades faster. To be more specific, the rate of photocatalytic degradation is faster for the first 130 min before equilibrium is reached. Furthermore, the presence of a significant number of active photocatalytic sites enables photocatalytic degradation to be completed in just 130 min. Following that, the repulsion between CV particles and the catalyst surface may result in a decrease in the photocatalytic degradation rate.




3.5.3. Effect of pH


The pH is the best significant parameter for controlling the photocatalytic decomposition of CV due mainly to its effect on the catalyst surface. The pHpzc of the MgO NPs catalyst was estimated at about 12.2, as shown in Figure 9. Where, at this pH, the surface has a net zero charge, while at pH < pHpzc and >pHpzc, the surface of the catalyst is positively and negatively charged, respectively. On the other hand, the effect of pH on the photocatalytic decomposition of CV (10 mg L−1) has been examined at different pH values of 3, 6, 7, and 9, as indicated in Figure 10 and Table 3 using 0.20 g of MgO NPs and 0.15 g of MgO/Ben nanocomposite as photocatalysts for a contact time of 130 min under stirring rate of 300 rpm. Where the degradation efficiency increased with the pH value increasing to pH 7, displaying the maximum efficiency of 99.19 and 83.38% for MgO NPs and MgO/Ben nanocomposite, respectively. This may be attributed to the hard deposition of CV on the catalyst surface in the acidic medium. On the other hand, in the basic medium, the CV degradation is inhibited due to the hydroxyl ion’s adsorption on the catalyst surface. It is worth noting that the effect of a pH value of 11 was investigated but not taken into consideration where at such pH, the color of CV dye turned from violet to colorless without any illumination.



The reaction kinetics of the CV was estimated by plotting the log of absorbance ratio (ln(A0/At)) vs. the irradiation time, as presented in Figure 11. Thus, the reaction kinetics follows pseudo-first-order kinetics, and the decomposition rate constant was calculated from the slope of the kinetic plot of degradation of CV at different pH values, as shown in Table 3.




3.5.4. Effect of the Initial Dye Concentration


The initial dye concentration impact has been examined by constructing the CV photocatalytic degradation using various CV concentrations of 10, 25, and 50 mg L−1 with a fixed dose of MgO NPs and MgO/Ben nanocomposite of 0.20 g and 0.15 g, respectively, at pH 7 under a stirring rate of 300 rpm for 130 min as shown in Figure 12. As indicated, the degradation efficiency of MgO NPs reached 99.19, 98.48, and 97.07% at 130 min using 10, 25, and 50 mg L−1 of CV, respectively. On the other hand, MgO/Bennanocomposite achieved a degradation efficiency of 83.38, 60.48, and 57.76% at 130 min with 10, 25, and 50 mg L−1 of CV, respectively. So, the maximum degradation percentage was achieved using 10 mg L−1 of CV in the case of both MgO NPs and MgO/Ben nanocomposite.



Thus, as the initial dye concentration increased, the degradation efficiency slightly decreased, as presented in Table 4. This may be due to the fact that as dye concentration rises, the path length of photons entering the solution shortens, resulting in fewer photons reaching the catalyst surface and fewer catalyst molecules being excited, which causes the rate of photocatalytic degradation to increase as dye concentration falls. According to Figure 12, a significant increase in the reaction’s start during the dark occurred in the case of 10 mg L−1 due to adsorption–desorption, where more dye molecules adsorbed onto the photocatalyst surface, leading to a high net removal. Finally, the highest degradation efficiency achieved by MgO/Ben nanocomposite (83.38%) is still lower than that of MgO NPs (99.19%). This may be related to the bentonite deactivation or blocking of some MgO NPs active sites [38].




3.5.5. Trap Experiments


The scavengers BQ (a quencher of •O2), KI (a quencher of h+), and IPA (a quencher of •OH) were used to determine the reactive intermediates exposed after irradiating the MgO. As illustrated in Figure 13, the addition of KI to the CV degradation process significantly slows down the reaction process. Thus, photogenerated holes played a significant role in CV degradation, whereas the presence of IPA and BQ had no effect.






4. Comparative Study


In order to reflect the validity of the developed MgO NPs as a catalyst for CV degradation, a comparative study has been constructed between the MgO NPs and the other catalysts that have been previously reported for photocatalytic degradation of CV, as indicated in Table 5. As indicated, the cost-effective and simple catalyst of MgO NPs achieved promising degradation efficiency of 99.19%, which is superior to the other reported catalysts [39,40,41,42,43], using it in a lower dose of 0.20 g after a lower contact time of 2.16 h [39,41,42,43,44]. The optimum conditions for photocatalytic degradation of the dye are presented in Table 6.




5. Conclusions


The MgO NPs and MgO/Ben nanocomposite were synthesized, characterized, and applied for the photocatalytic degradation of CV dye as a function of pH, catalyst dose, contact time, and initial concentration of CV dye. The maximum degradation efficiency of CV (10 mg L−1) was 98.19% at an optimum state of pH 7 using 0.2 g of MgO NPs after a contact time of 130 min. While the maximum degradation efficiency for 0.15 g of MgO/Ben nanocomposite was 83.38% at pH 7 using 10 mg L−1 of CV after 130 min of contact time. As a result, adding bentonite to MgO NPs improves CV degradation efficiency. Additionally, trapping experiments with isopropanol, benzoquinone, and KI scavengers revealed that h+ is the major active species in the photocatalytic degradation process. Finally, MgO NPs have been synthesized using readily available and low-cost materials. As a result, this research provides a low-cost method for removing toxic dye (CV) from wastewater.
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Figure 1. The XRD patterns (a), FTIR spectra (b) of the prepared MgO NPs, bentonite, and MgO/Ben nanocomposite. 






Figure 1. The XRD patterns (a), FTIR spectra (b) of the prepared MgO NPs, bentonite, and MgO/Ben nanocomposite.



[image: Magnetochemistry 09 00056 g001]







[image: Magnetochemistry 09 00056 g002 550] 





Figure 2. TEM images of MgO NPs and MgO/Ben nanocomposite. 
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Figure 3. EDX graph of MgO NPs and MgO/Ben nanocomposite. 
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Figure 4. Magnetic properties of the prepared photocatalysts. 
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Figure 5. MgO and MgO/Ben optical absorption spectra (a); Tauc plots and estimated band gaps of the synthesized materials (b). 
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Figure 6. The catalyst dose effect on the photocatalytic degradation of CV for (a) MgO NPs and (b) MgO/Ben nanocomposite. 
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Figure 7. Plot of ln (A0/At) vs. reaction time, t, at different doses of (a) MgO NPs and (b) MgO/Ben nanocomposite under the experimental conditions. 
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Figure 8. Contact time effect of MgO NPs (0.20 g) and MgO/Ben nanocomposite (0.15 g) on the photocatalytic degradation of CV (10 mg L−1) under stirring rate of 300 rpm at pH 7. 
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Figure 9. pHpzc determination of MgO NPs. 
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Figure 10. Effect of different pH values on the photocatalytic degradation of CV using MgO NPs and MgO/Ben nanocomposite. 
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Figure 11. Plot of ln (A0/At) versus reaction time, t, at different pH values under the experimental conditions using (a) 0.20 g MgO NPs and (b) 0.15 g MgO/Ben nanocomposite. 
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Figure 12. Effect of different initial dye concentrations on the photocatalytic degradation of CV using MgO NPs MgO/Ben nanocomposite. 
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Figure 13. Scavengers affect CV photodegradation using MgO NPs under UV irradiation. 
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Table 1. Rate constants of apparent pseudo-first order, Kap (min−1), of degradation of CV by different catalyst doses of MgO NPs and MgO/Ben nanocomposite.
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Catalyst Dose (g)

	
Kap (min−1)

	
R2

	
Degradation Efficiency %




	
MgO

	
MgO-Bentonite

	
MgO

	
MgO-Bentonite

	
MgO

	
MgO-Bentonite






	
0.10

	
0.0209

	
0.0121

	
0.9684

	
0.9661

	
93.52

	
77.25




	
0.15

	
0.0281

	
0.0163

	
0.9865

	
0.9866

	
96.14

	
83.38




	
0.20

	
0.0343

	
0.0136

	
0.9911

	
0.9794

	
99.19

	
78.19




	
0.25

	
0.0232

	
-

	
0.9847

	
-

	
95.48

	
-
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Table 2. Effect of different contact times on the degradation efficiency of CV dye by using MgO NPs and MgO/Ben nanocomposite as a photocatalyst.
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	Contact Time (min)
	MgO
	MgO/Ben





	0
	0
	0



	15
	69.69
	70.34



	30
	75.30
	71.98



	40
	77.18
	73.99



	50
	81.66
	75.18



	60
	87.31
	76.09



	70
	93.81
	77.09



	80
	94.10
	78.83



	90
	94.44
	81.29



	110
	96.86
	82.39



	130
	99.19
	83.38



	150
	99.46
	85.21



	170
	99.73
	86.04



	190
	99.59
	87.68



	210
	99.64
	88.32










[image: Table] 





Table 3. Apparent pseudo-first-order rate constants, Kap (min−1), of degradation of crystal violet by MgO NPs and MgO/Ben nanocomposite at different pH values.
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pH

	
Kap (min−1)

	
R2

	
Degradation Efficiency %




	
MgO NPs

	
MgO-Bentonite Nanocomposite

	
MgO NPs

	
MgO-Bentonite Nanocomposite

	
MgO NPs

	
MgO-Bentonite Nanocomposite






	
3

	
0.0238

	
0.0088

	
0.9877

	
0.9876

	
94.58

	
74.87




	
6

	
0.0268

	
0.0113

	
0.9931

	
0.9991

	
95.22

	
81.77




	
7

	
0.0343

	
0.0133

	
0.9911

	
0.9885

	
99.19

	
83.38




	
9

	
0.0257

	
0.0105

	
0.9909

	
0.9914

	
95.86

	
77.46
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Table 4. The degradation efficiency of CV using MgO NPs and MgO/Ben nanocomposite at different initial dye concentrations.
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	Initial Dye Concentration

(mg L−1)
	Degradation Efficiency %

(MgO NPs)
	Degradation Efficiency %

(MgO/Ben Nanocomposite)





	10
	99.19
	83.38



	25
	98.48
	60.48



	50
	97.07
	57.76
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Table 5. The photocatalytic degradation of crystal violet by different catalysts.
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Catalyst

	
Degradation Efficiency %

	
Conditions

	
Ref.




	
Dose (g)

	
Time (h)

	
pH






	
Ga2Zr2−xWxO7/H2O2

	
100

	
1.00

	
5

	
9

	
[44]




	
Grafted sodium alginate/ZnO/graphene oxide

	
94.12

	
1.00

	
5

	
5

	
[39]




	
Iron–bismuth selenide–chitosan microspheres

	
98.95

	
0.20

	
2.5

	
8

	
[40]




	
Anatase Nanosphere TiO2

	
99.38

	
_____

	
6

	
7

	
[17]




	
Mn-doped and PVP-capped ZnO NPs

	
99.13

	
0.25

	
3

	
__

	
[41]




	
TG-capped ZnS NPs

	
87.23

	
0.25

	
3

	
__

	
[42]




	
Indium oxide (In2O3) nanocapsule

	
90.00

	
0.10

	
3

	
__

	
[43]




	
MgO NPs

	
99.19

	
0.20

	
2.16

	
7

	
Present work
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Table 6. The optimum conditions for photocatalytic degradation of crystal violet.
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	Parameters
	MgO NPs
	MgO/Ben





	pH
	7
	7



	Initial dye concentration (mg L−1)
	10
	10



	Catalyst dose (g)
	0.20
	0.15



	Time (min)
	130
	130



	Degradation efficiency %
	99.19
	83.38



	Kinetics
	Pseudo-first-order
	Pseudo-first-order
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
e
pytvey
prtvey
o250

oo Bt
i nre—
A0 B






media/file4.png
-

L3 )

.
’

>

sl

—






media/file18.png
pH final

S N & & X

14

12

10

—4—-MgO NPs

—e—pH initial

2 4 6 8
pH initial

10 12

14






media/file21.jpg





media/file26.png
A A,

| CV

1.0 "
-~ ' i .
0.8 - | \\ —— (Without]
i —— Kl {holes)
: —i— BQ {superoxide)
| —w— IPA [hydroxye)
0.5 !
|
|
Dark | Uy
0.4 - |
|
|
0.2 - i
|
|
0.0 | ' I ' | ' I | '
50 0 50 100 150

Time (min)

200





media/file3.jpg





media/file22.png
In(Ao/At)

0.5

(a)

A
z

//' mpH3

epHO6

N 5’ , / ApH7

e ~pH9
20 40 60 80 100 120 140 160 180 200

Time, min

In(Ao/At)

o
i

0.5

(b)

A
x
/" mpH?3
/ epHG
£ 5°°
4:/ ApH?7
A~ ::" da
— “pH9
20 40 60 80 100 120 140 160 180 200
Time, min






media/file19.jpg
i
g






media/file7.jpg
(emulg)

—=—MgO-Bentonite|
e ) coscssss oo o

MgO= 8.1 emulg
3.6 emulg

o 10000 20000 30000 40000 50000
Field (Oe)






media/file10.png
10 Mg — MgO
— MgO/B 1—— mgoB
250 4
_ 1Imgo=4.805
= 08 - 200 | MgO/B= 4.807
=
- o,
Q E  150-
-E :.
= 06 o
@ e 4p0
=
04 - 7
0 N
02 300 ' 500 - - a : ; . -
200 400 600 4.800 4.805 4,810 4.815 4.820
Wavelength (nm) hv ( V}
e ¥

(a) (b)





media/file14.png
& 4
! m0.10 g MO 15 m0.10 g MzO-Bentonite
®0.15 g MgO #0.15 g MzO-Bentonite
6 | 40.20 g MgO 3 40.20 g MgO-Bentonite
+0.25 g MO
Y 2.5
| )
<, g,
o =
E -
| =13 E 15
2 1
1 0.5
ﬂ 1 1 1 1 0 | | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200 0 40 60 80 100 120 140 160 180 200
Time, min Time, min
(a) (b)






media/file11.jpg
om0 T —oq T
=015 o |
e o |04 i
o025 ¢

|
Mgo/Ben |

o RN

IR EREX] Time (min)
Time (min)

(@) (b)





media/file6.png
KCnt

— oK 59.57

070
056K
04

028K MgO

014x

Element Weight %  Atomic %

69.12

0.00x
000 1.00 200 100 400

KCunt

234K Element  Weight %  Atomic %
208K cK 10.09 1478
_m‘ NeK 147 113
= mk o we
Saty AK 182 249
104K B

278K

.52k MgO/Ben
026k S
2.00K-
0.00 200 100 400 5.00





media/file15.jpg
—=— MgO

8 2 2 8
% Kouaioiye uonepeibaq

100 —e— MgO/Ben

40 60 80 100 120 140 160 180 200 220

20

Time (min)





nav.xhtml


  magnetochemistry-09-00056


  
    		
      magnetochemistry-09-00056
    


  




  





media/file16.png
—s— MgO

—e— MgO/Ben

200

180

160

140

|
120
Time (min)

100 -

& s s
0 © < N
o, Aoualoiys uonyepeibaq

220

40 60 80 100

20





media/file2.png
e [ 0 {_1]
B entonite
——MgO/Ben
-
=
E Bentonite
=
L=
Mg O
| ! 1 1 ] J | ¥ ] ¥ I !
10 24 10 40 50 &0 70
2 Theta [degre &)
MgO/Ben b
, . Vbt
~ g § %
X | Bentonite
]
o0
I & g
; 2
£ 1))
£
®
&5 — MgO
Bentonite N
MgO/Ben <
1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)





media/file20.png
. —_—

—— H &
—— o T

1——pHS

Degradation efMickncy %

MgD

1M IIII
Time (mbn)

MgO/Ben

FAA AR A LR R I Y s L s s

-

L

T T T T N o o T T T T
2 a0 “ o 0 W I W = = =20
Time (min)





media/file23.jpg
Degradation effcioncy (%)
¥ o8 8 8 &

=]
fom2 mor|
e

-

Toma (i)





media/file5.jpg
oo i o s
. s
< =S - ek mkem

g B
b e
Mgo s Sy i ‘MgO/Ben





media/file24.png
100 -
!
a |
- 80 :
g :
:
&0 o
T |
c '
-
80 -
>
© !
(== i
2 - i —a— 10 mglL
: —e— 25 mgl
[ ]
i —a— 50
ﬁ L] T T 1 T L T v T L] T T T 1
o 40 &0 80 WO 120 140 180 180 200 220
Time (min)

.‘n-

40 -

20 -

MgO/Ben |

—a— 10 mglL
—a— 25 mglL
—a— 50 mglL

L=

T T T T T —— T T T
20 40 &0 80 W0 120 140 180 180 200 220

Time (min)






media/file1.jpg
And

Intensity a.u

g0
LI R T ) @ ™
T rhen (degren)
| MgOrBen (b)
83
5 [Bentonite
H g
£
NgOBen|

4000 3300 3000 2500 2000 1500 1000 500
Wavenumbers (cm’)





media/file25.jpg
AA

10

0.8

06

0.4

0.2

0.0

Dark

cv

uv

—=— Without)
—8—Ki (holes)

—A— BQ (superoxide)
—w—IPA (hydroxye)

T
50

Time (min)

T
100

T
150 200





media/file12.png
—=—(0.10g i
100 {—e—0.15¢g '
o |——020g ,
S —v—0.25¢g ;
> i
e 804 i
Q0 !
] MgO |
= 9 i
® 60 - i
< i
o !
] |
© I
® 40 - i
© !
o i
%) i
o I
20 - I
i
|
!

0 —r1r - 1 1 "1 T7T "1+t 1T 1T 1T 1

0 20 40 60 80 100 120 140 160 180 200 220

Time (min)

(a)

100

&0

(0]

40

20

MgO/Ben

B0

— T —T—T
&0 100 120 140 1s0 1850 200
Time {min}

(b)

2.0





media/file9.jpg
(b)

(a)





media/file0.png





media/file8.png
—=a—MgO-Bentonite

g4 —® MgO W—'

MgO= 8.1 emu/g
6 - MgO/Ben= 3.6 emu/g

v 1 v 1 v 1 v 1 v 1
0 10000 20000 30000 40000 50000
Field (Oe)





media/file17.jpg
pH final
P

14
12
10

E

—4-MgO NPs

—e—pH initial

6 8
pH initial

10 12

14






