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Abstract

:

In this paper, we describe the creation of a moderate band gap Nd-substituted Ni-Zn ferrite as a nano photo catalyst via a simple and cost-effective process of solution combustion. Nd substitution alters the crystallite size, shape, band gap, and magnetic characteristics of Ni-Zn ferrite significantly. Investigations using X-ray diffraction revealed that all samples display a pure phase. The average crystallite size was determined to be between 31.34 and 38.67 nm. On Nd doping, morphology investigations indicated that the shape of nanoparticles changed from approximately spherical to stacked grains. Band gap experiments confirmed the red shift in optical band gap on Nd doping. The synthesized catalysts Ni0.5Zn0.5Fe2O4 (Nd0), Ni0.5Zn0.45Nd0.05Fe2O4 (Nd1), and Ni0.5Zn0.5Nd0.05Fe1.95O4 (Nd2) have been effectively used for the degradation of methylene blue dye under the solar light irradiation. The sample with Nd substitution on Fe sites had the highest methylene blue degradation efficiency. Nd2 photo catalyst degrades the methylene blue dye with a degradation efficiency of 98% in 90 min of solar light irradiation. The photocatalytic activity is triggered by the existence of oxygen vacancies and a mixed valence state of Ni, Fe, and Nd, as confirmed by the XPS investigation. In addition, the investigations on scavenging reveal that the hydroxyl radical is a reactive component in the degradation process. The degradation route has been investigated in relation to the many potential reactions and discovered reactive substances.
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1. Introduction


The tremendous use of synthetic organic compounds for a wide range of industrial processes has often led to major contamination of the environment around the world [1]. Color has been identified as the most important contaminant among the numerous contaminants found in wastewaters. In several sectors, dyes are used to color the items they are attached to. As a result, a large amount of colored wastewater is produced. Many types of species are poisoned or endangered by them. Even at low concentrations, the presence of these colors in water is extremely problematic, and the requirement for their removal has been verified [2,3]. One of the most common types of aromatic dyes is called methylene blue (MB). It is used in the textile industry to dye the fabrics [4,5]. These dye components, which are persistent, poisonous, and non-degradable, have the potential to significantly degrade water quality even at small trace levels [6]. Its intrinsic cytotoxic activity and necrotic effects pose a threat to human health in the event of exposure [7]. Various strategies for decolorization have been explored which include adsorption [8,9], chemical oxidation [10], photocatalytic degradation [11,12,13], and membrane filtration [14]. Ongoing research is aimed at developing photocatalytic materials that can help remediate wastewater contaminated with these dangerous pollutants. Due to the rising hazard of water contamination, the development of advanced cleanup approaches remains a global priority [15]. In this context, photocatalysis has received much interest because it allows organic pollutants to be totally decomposed into harmless end products in an environmentally beneficial way [16,17,18,19]. Furthermore, this approach can prevent the production of secondary hazardous byproducts. Better catalysts are possible because of recent advances in nanoscience. The large surface area supplied by nanoparticles leads to higher catalytic activity. Photocatalysis is a high-efficiency, low-cost advanced oxidation technique based on the production of highly reactive and oxidizing hydroxyl radicals [18,20]. The photocatalytic efficacy of every photocatalyst is directly influenced by its capacity to absorb light. Solar energy contains around 50% visible light and only 4% UV light; photo catalytic degradation using this spectrum is preferable to UV light [21]. As a result, using semiconducting systems with enhanced absorption in the visible area is favorable and can result in better photo catalytic activity. Still, different ideas have been put forward to deal with problems such as achieving high efficiency, making it easily recoverable, and making sunlight-driven catalysis possible. Recently, many scientists have been interested in magnetic ferrites-based photo catalysts because they have a good band gap (2–3 eV) and a wide range of absorption [22]. Ferrites are known for their diverse applications such as high frequency applications [23], catalysis [24,25], sensors [26], biomedical applications [27], anti-corrosion activities [28], and much more [29]. The nickel ferrite has been intensively explored because of its inexpensive cost, narrow band gap of 2.2 eV, eco-friendly behavior, higher resistivity, and magnetic behavior [30]. Magnetic nickel-zinc ferrite has attracted much attention because of its peculiar magnetic properties, and catalytic applications as well as its excellent stability, ease of processing, and repeatability [31,32]. Because of its unusual features, Ni–Zn ferrite, a novel nanomaterial, has recently become the focus of many studies aimed at better understanding its manufacture and utilization. By substituting other metals, the photo catalytic performance of nickel ferrite-based photo catalysts can also be enhanced further. The rare-earth-substituted nickel-zinc ferrite could be used as a photo catalyst because it can absorb a large amount of visible light, is very durable, and can be reused and recycled. Rare-earth ions are prospective replacements for enhancing the characteristics of spinel ferrites. The rare-earth elements have unpaired 4f electrons and a significant spin–orbit coupling of angular momentum. The 4f shell of rare-earth elements is protected by 5s2 5p6 and is little influenced by the surrounding ion field. The addition of rare-earth ions to spinel ferrites and the presence of 4f–3d couplings in ferrites can enhance the magnetic and affect the charge transport capabilities of NiFe2O4 ferrites [33]. Ni–Zn ferrites can be synthesized using a variety of processes, including the oxalate precursor approach [34] co-precipitation [35], ceramic approach [36], hydrothermal treatment [37], and combustion approach [38]. Among others, combustion procedures are preferred because of their simplicity, adaptability, speedy completion of the reaction, and homogeneous addition of dopant [39]. The use of fuel materials such as hydrazides, urea, glycine, and citric acid during this process helps in the homogeneous mixing of the solution. The magnetically recoverable photocatalysts are highly desirable as they help in the easy and complete separation of the catalyst from the rest of the medium [40]. When compared to typical photo catalysts, ferrites have the potential to significantly improve catalyst recovery and reusability without resorting to centrifugation or flotation [41]. Aside from that, the most promising way to produce highly efficient photo catalysts is to use nano ferrites with a high surface area to volume ratio and quantum confinement. Hammouche et al. fabricated zinc-doped nickel ferrite nanoparticles by a facile auto-combustion method using glycine as fuel and studied the behavior of nanoparticles for the photo catalytic degradation of methylene blue dye. The degradation rate of methylene blue solution increased successively with Ni doping and photo catalytic activity up to 98%, which can perform as an environmentally friendly, easily isolable, and recyclable photo catalyst for water treatments [42]. Harish et al. prepared Nd-doped nickel ferrite nanoparticles and study their catalytic applications. To make NiFe2O4 photo catalytic, the neodymium substitution into nickel ferrite results in an enormous transformation of the previously inactive NiFe2O4 [43]. This may be owing to the Nd3+ substitution, which reduces the nickel ferrite band gap. The choice of Nd as dopant can be verified from literature where Nd doping into ferrites has resulted into varied visible light absorption, red shift of the band gap, altered charge transport properties, and enhanced saturation magnetization, which can directly or indirectly favor the photocatalytic performance of the catalysts [44,45]. Motivated by incredible potential of Ni nano ferrites as photo catalyst, we explored the ability of Nd doped Ni-Zn nano ferrite system for the photo catalysis of methylene blue dye.




2. Materials and Methods


2.1. Materials


To synthesize Nd substituted Ni-Zn ferrite nanoparticles, nickel nitrate (Ni (NO3)2.6H2O, ≥97%; Sigma-Aldrich, St. Louis, MO, USA), iron nitrate (Fe (NO3)3.9H2O, ≥99.95; Sigma-Aldrich), Nd(NO3)3.6H2O, and glycine (C2H5NO2, ≥99.7%; Merck, Rahway, NJ, USA) were used as raw materials.




2.2. Preparation of Catalysts


The solution combustion approach is used to fabricate nano crystalline neodymium-substituted nickel-zinc ferrite nanoparticles. The raw materials employed include iron nitrate, nickel nitrate, neodymium nitrate, zinc nitrate, and glycine in the desired ratios. Nitrates (oxidizers) and glycine (fuel) were kept at a 1:1 molar ratio and were diluted in double distilled water with the aid of magnetic stirrer. The resultant solution was heated to 80 °C with continual stirring. The solution was subjected for combustion in the open air at 120 °C after complete dissolution, resulting in a fine fluffy powder. Calcination acquired powders at 750 °C for 4 h in a muffle furnace yielded the final product. The resulting fine powder is further utilized for characterizations purpose. The synthesized samples Ni0.5Zn0.5Fe2O4, Ni0.5Zn0.45Nd0.5Fe2O4, and Ni0.5Zn0.5Nd0.5Fe1.95O4 were labeled as Nd0, Nd1, and Nd2, respectively.




2.3. Characterization Details


X-ray diffraction (XRD; PHILIPS) tests with Cu-αK radiations in the region of 20–80 degree 2θ variations were used to describe the produced samples to collect the crystal structure information and various structure related parameters. The XRD pattern was further fitted with the help of Rietveld fitting using Fullprof software. Transmission electron microscopy was used to examine the nanoparticles’ shapes and sizes (TEM, JEOL JEM 2100, Peabody, MA, USA). The surfaces of catalysts were analyzed using scanning electron microscopy (Nova Nano SEM-450, Peabody, MA, USA). The magnetic characteristics of manufactured nanoparticles have been investigated using a vibrating sample magnetometer (Lakeshore 7410, Columbus, UH, USA). The valence state and the elemental confirmation was done with the help of X-ray photoelectron spectrometer (Semmer, UK). The resulted core level spectra were fitted with XPS peakfit41 software. The optical band gaps were determined using Tauc’s plot and a double beam spectrophotometer to better understand the material’s optical characteristics. The electrochemical impedance spectroscopy was utilized to check the charge transfer capacity of the catalysts. The experiment was performed at CHI660E electrochemical workstation by using three electrodes. The working electrode consists of ferrite modified GCE electrode, Ag/AgCl as reference electrode and Pt as counter electrode. 0.3 M sodium sulphate solutions were used as electrolyte.




2.4. Photo Catalytic Degradation of Methylene Blue


Photocatalytic experiments in natural sunlight are used to evaluate the photocatalytic performances of the synthesized catalysts. The experiment place was Solan, India—i.e., 30.9045 °N, 77.0966 °E, Shivalik Hills, Himalayan region, and performed in an open atmosphere. The average intensity as measured by luxmeter was 29 ± 5 × 103 lx. The experiments were performed in a physical arrangement: Pyrex vessel having double-wall jacket for water circulation to maintain regular temperature, with continuous stirring. Methylene blue (Sigma-Aldrich > 98%) has been considered as target organic pollutant. In the experiment, 25 mg catalyst was dispersed in 100 mL of aqueous methylene blue (20 mg/L). The resulting solution was allowed to place in dark for 60 min for adsorption–desorption equilibrium. Thereafter, the solution was allowed to irradiate under light source. An equilot from the suspension was taken after regular interval of time and then allowed to centrifuge for the filtration of catalyst. With the help of UV-visible spectrophotometer, degradation of methylene blue was determined. The percentage degradation of pollutant is given by the relation [46]:


  %   d e g r a d a t i o n   e f f i c i e n c y =    C 0  −  C t     C 0      × 100  



(1)




where C0 and Ct represent the concentration of methylene blue at t = 0 and t = t time, respectively. The kinetics of the degradation is determined using the relation given by:


  l n    C 0     C t    = k t  



(2)







In the above equation k represents the rate, and C0, Ct represents the concentration of methylene blue at t = 0 and t = t time, respectively.





3. Results and Discussions


3.1. Characterization of the Catalysts


X-ray diffraction has been utilized for the structural information of the catalysts. The X-ray diffraction patterns of all synthesized samples recorded in the range 2θ = 0–90° are shown in Figure 1. The planes (220), (311), (222), (400), (422), and (511) present in the diffraction patterns confirm that all the samples have the cubic spinel structure [47]. The major peaks are indexed as per JCPDS File 10-0325. The absence of any other peak denies the possibility of any secondary phase formation for all samples. The crystallite size (D) is calculated using the Scherrer formula [48].


  D =   K λ   β cos θ    



(3)




where K is the shape constant, λ is the wavelength of X-ray used for diffraction, β corresponds to full width at half maxima of the diffraction peaks, and θ is the corresponding Bragg’s angle. The average crystallite size of Nd0, Nd1, and Nd2 was calculated and the size was in the range 31.34–38.67 nm. The peak (311) was chosen for calculating the lattice constant (a). The lattice constant (a) is calculated using Bragg’s equation given by:


  d =  a     h 2  +  k 2  +  l 2         



(4)




where d refers to inter planar spacing and h, k, and l are corresponding Miller indices. The calculated values of lattice parameters are 8.3346, 8.3697, and 8.3508 Å for Nd0, Nd1, and Nd2, respectively. The lattice constant value of the doped Ni-Zn ferrite sample is slightly higher than that of unsubstituted Ni-Zn ferrite samples. The reason for this is that the ionic radii of Nd3+ ion (1.16 Å) is higher than the Fe3+ ion (0.78 Å) and Zn2+ ion (0.82 Å). The replacement of larger ionic radii with slightly less ionic radii results in an increase of lattice parameters [49]. Furthermore, TEM analysis was performed for Nd2 sample and presented in Figure 1b. TEM image confirmed that the particles reside in nano dimensions and supported the observed XRD results. Moreover, SAED pattern (Figure 1c) (selected area electron diffraction) shows the bright and regular spots, which reveal the highly crystalline nature of Nd2 sample.



On the XRD patterns, Reitveld fitting is conducted to further check the phase purity of the produced catalysts. The XRD patterns are compatible with a cubic phased spinel structure with space group symmetry Fd3m. The fitted XRD patterns are shown in Figure 2. It is very evident from the pattern that there are no secondary phases present in the samples. All observed peaks are the characteristic peaks of cubic structure. The crystallite volume follows the same trend as observed for lattice parameters. All structural parameters derived from the fitting of the pattern are listed in Table 1.




3.2. SEM Analysis and Elemental Mapping


The morphology of the surfaces of synthesized catalysts was analyzed by scanning the surfaces of the catalysts using a scanning electron microscope. Figure 3a–c shows the recorded scanning electron micrographs for synthesized nano ferrite samples. Morphology of bare Ni-Zn ferrite sample exhibits the roughly spherical shaped grains. The Nd0 sample exhibits uniform particle size distribution in comparison to other samples. However, Nd1 and Nd2 sample shows quite stacked structure of grains. Nd substitution has resulted in changed morphology in the host Ni-Zn ferrite matrix. Besides morphology, dopant confirmation is done by analyzing elemental mapping. Figure 3d–i presents the elemental images for Nd2 sample. Mapping micrographs reveals the uniform distribution of Ni, Zn, Nd, Fe, and O elements for Nd2 sample.




3.3. Band Gap Estimation and Electrochemical Response Studies


The appropriate band gap of the material is a main need to function as efficient photo catalyst. In this view, the band gap of the catalysts is evaluated using UV-visible spectroscopy. Figure 4 shows Tauc plot (αhν2 vs. hν) for the Nd0, Nd1, and Nd2 catalysts. The band gap values for all catalysts are derived by extrapolating the data points from the higher energy area. The Nd0 band gap has been measured to be 2.11 eV. With the substitution of Nd ions with Zn and Fe, the band gap value decreases. The calculated band gap for samples of Nd1 and Nd2 is 1.68 eV and 1.72 eV, respectively. Such observed behavior indicates that quantum confinement has no role in this situation [50]. The reduction in the band gap may be attributed to the fact that Nd doping has resulted in the creation of additional meta-stable energy levels by Nd 4f electrons. The meta-stable states lie close to the conduction band edge [51]. The enhanced apparent absorption and reasonable levels of band gap energy indicate that the samples can be used as photocatalysts. To further check the charge transfer capacity of the catalysts, EIS spectra (Nyquist plots) were collected using catalysts modified electrodes. Figure 4c shows the observed EIS spectra for Nd doped catalysts. It is evident from the spectra that Nd2 has lowest impedance. Nd2 modified electrode showed the lowest radius of the semicircle obtained in EIS spectra, indicating the highest charge transfer capacity of the catalysts, while others have slightly more radius of the semicircle conveying less charge transfer capacity of the catalysts. The observed results indicate that Nd doping at Fe sites results in an increase of charge transfer capacity of Ni-Zn ferrites. The doping has reduced the charge recombination rate of carriers and promoted the carrier flow rate, which are prime requirement for photo catalysis.




3.4. X-ray Photo Electron Spectroscopy Studies


The valence state information shows a surprising significance in influencing the charge transport behavior of the photo catalysts, thus likewise altering their degradation efficiencies. In this view, all the samples have been characterized with X-ray photoelectron spectroscopy for further investigation. Figure 5a presents the de-convoluted Fe 2p spectra for all synthesized samples. Fe 2p spectra for all samples mainly possessed two main peaks assigned to Fe 2p3/2 and Fe 2p1/2 which arises due to spin orbit coupling along with their shoulder peaks. The major peaks are further sub-divided into other peaks. For Nd0 sample, the lower binding energy Fe 2p3/2 peaks are located at 710.45 and 712.33 eV, respectively. The observed peaks’ position matches well with the reported values showing two different environments of Fe states, i.e., octahedral as well as tetrahedral. The observed peak at 724.39 eV is assigned to Fe 2p1/2 state. These peak positions are in close agreement with the previously reported values for Fe3+ states [52]. The other observed peaks at 717.46 and 731.60 eV are referred to as shoulder peaks associated with spin coupling splitter states. However, the positions of all major peaks corresponding to 3/2 and ½ states take a slight leftward shift for Nd1 and Nd2 samples. The results indicate that Nd substitution may promote the creation of the Fe2+ state along with the Fe3+ state in the samples. The exact contributions of Nd substitution on Ni environment have been further analyzed by de-convoluting Ni 2p spectra, as shown in Figure 5b. The observed peaks at 854.80 and 872.34 eV correspond to the Ni 2p3/2 and Ni 2p1/2 states confirming the Ni3+ state of the Nd0 sample. Peaks residing at 856.57 and 873.97 eV signify the presence of Ni2+ state. Other peaks are satellite peaks associated with 3/2 and ½ states of Ni 2p. Ni is confirmed to have mixed valence state for Nd0 catalyst, which can serve as source for carriers in redox reactions during catalysis. A minor shifting of peak positions takes place in Nd substituted samples. Such a pattern is expected as Nd has made changes in the Ni-Zn ferrite matrix. The presence of any oxygen-related defects inside the catalyst is also investigated using de-convoluted oxygen 1s spectra (Figure 5c). The Nd0, O1s spectra are a combination of two peaks at 529.68 and 531.22 eV. The low binding energy peak is the characteristic peak of the metal-oxygen bond, and the higher binding energy peak corresponds to the loosely bound oxygen or adsorbed oxygen on the surface of the catalyst [53]. Similar behavior is observed for Nd1 sample with slight shift of characteristic peak on higher binding energy side. The spectra obtained for Nd2 are, however, slightly different and fitted with an additional peak. In addition to the low and higher energy peaks, the mid-energy peak is situated at 530.14 eV. This peak is attributed to the presence of oxygen vacancies in the catalyst. The results indicate that the Nd2 catalyst contains oxygen vacancies and has adsorbed oxygen on its surface. The Zn 2p spectra are also examined for any changes in the Zn environment caused by Nd substitution. Zn 2p spectra are fitted with two major and two minor peaks, indicating two different environments of Zn ions in all samples, which might be due to the tetrahedral and octahedral environment in the cubic structure of ferrites (Figure 5d). It is necessary to probe the valence state and environment of Nd ions also. Nd 3d fitted XPS spectra are shown in Figure 6. Nd 3d5/2 spectra are fitted with three peaks for both Nd1 and Nd2 samples. In general, Nd3+ peak occurs at 982.50 eV, while Nd2+ resides at 980.30 eV [54]. The peaks observed at 982.64 and 882.67 eV confirm the presence of Nd3+ in both the samples. In case of Nd substituted Zn ferrite nanoparticles, Nd 3d5/2 and Nd 3d3/2 have been reported to occur at 981.1 and 1003.2 eV, respectively [55]. The peak observed at 980.10 eV indicates the presence of the Ni2+ state in the Nd2 sample. According to the literature, the characteristic peak of metallic Nd (Nd clusters) occurs at 980.9 eV, implying that there is no metallic Nd or Nd-Nd environment in either sample. Such results deny the presence of any secondary phases in either of the samples. All observed binding energies are listed in Table 2. In short, XPS analysis confirms the presence of mixed valence states of Ni and Fe in both Nd doped catalysts and mixed valence states of Nd in the Nd2 catalyst. The presence of mixed valence states may coordinate the charge transfer of carriers and play a significant role in redox reactions.




3.5. Magnetic Study of the Catalyst


A photocatalyst’s strong magnetic behavior is one of its most desirable characteristics. The photocatalyst’s magnetic property facilitates recovery and makes it usable after the degradation process over the cycles. Ferrites’ magnetic nature makes them suitable to act as magnetically separable photo catalysts and dominate other catalysts that are hard to recover. The magnetic properties of the catalysts are analyzed by recording hysteresis loops (M-H) for the catalyst powder. The experiment is performed at room temperature under the application of 15,000 Oe magnetic field strength. Figure 7 show presents the room temperature magnetization versus field curve for synthesized catalysts. All samples exhibit well saturated hysteresis loops. The saturation magnetization (Ms) values obtained are 71.30, 67.18, and 65.32 emu/g for Nd0, Nd1, and Nd2, respectively. The coercive field (Hc) values are 74.15, 83.19, and 72.17 Oe, respectively. However, the retentivity (Mr) value shows an increasing trend and the observed values are 10.12, 11.26, and 12.52 emu/g for Nd0, Nd1, and Nd2 respectively. The decrease in the saturation magnetization with Nd doping was recently observed by Qian et al. [56]. The magnetic properties of the nanomaterials depend on a number of factors, such as the distribution of cations at respective sites, crystallite size, starin developed in the crystal, and also the anisotropic properties of materials [57]. Even the properties may vary for nanoparticles synthesized using different synthesis routes. The magnetic properties of the ferrites are attributed to the super-exchange interactions resulting from the interactions among the metal ions and mediating oxygen ions [58]. The interaction will lead to the alignment of the spins of ions in antiparallel or parallel way on A (tetrahedral) or B (octahedral) sites and AA or BB sites, respectively. The resulting net difference between the magnetic moments is given by:


   M  n e t   =  M B  −  M A   



(5)




where MB is magnetic moment of the ions at B sites and MA s the magnetic moment generated at A site. In the Ni-Zn ferrite system, Ni2+ ions and Fe3+ ions have preference to occupy both tetrahedral as well as octahedral sites, while Zn2+ ions have a preference to occupy only tetrahedral sites. Nd3+ ions with the magnetic moment of 3.5 µB are substituted for Zn2+ (0 µB) and Fe3+ (5.9 µB). Ni2+ with 2.3 µB is residing at both the sides. With the substitution of Nd ions with Fe ions at octahedral sites, the magnetic moment lowers as Nd ions have less magnetic moment value than Fe3+ ions, which results in a decrease of resultant magnetic moment value. Nd ions do have a preference for the B site; therefore, when substituted for Zn2+ ions, there is possibility that some Fe3+ have been shifted from the B site to the A site to accommodate the Nd ions. Therefore, in view of site preference and ionic radii of metal ions, the overall magnetic moment value decreases with Nd ion substitution. However, all prepared samples have sound magnetic properties and can work as magnetically recoverable catalysts.





4. Photo Catalytic Activity against Methylene Blue Dye


4.1. Effect of Nd Doping on Ni-Zn Ferrite Catalyst Performance


The synthesized catalysts were employed for the photo degradation of methylene blue dye under solar light irradiation. Firstly, degradation experiments were followed with the one-hour adsorption–desorption equilibrium tests in dark as well as in light. Figure 8a demonstrates the photo degradation efficiency of the catalysts for the degradation of methylene blue in 90 min experiment under natural solar light. To study the kinetics of the degradation process, ln (Ct/C0) vs. irradiation time curve was plotted (Figure 8b). The graph shows the almost linear plots for all samples. The rate constant was determined form the slope of the ln (C0/Ct) vs. time plots. The calculated rate constant follows the order as: Nd2 (0.0262) > Nd1 (0.013) > Nd0 (0.006) > Blank (0.001). Results indicate that Nd2 has the highest rate constant, followed by Nd1, which implies that Nd doping ions into the Ni–Zn matrix has resulted in an increase of the photo catalytic efficiencies of the catalyst. The observed value of photo degradation efficiency (98%) of Nd2 is quite promising for MB removal. We have compared the observed results with the previously reported results for MB removal using ferrite-based photo catalysts (Table 3). For comparison, it is worth noting that Nd2 catalyst has the capacity to degrade MB (20 mg L−1) in merely 90 min while similar types of ferrite-based catalysts with the same catalyst dosage were able to degrade the similar dye concentration in more than 90 min. The regression coefficients and complete kinetic equations are shown in Table 4. From the table, it is clear that degradation using every catalyst follows the first order kinetics as regression coefficient values are approximately close to one.



[image: Table] 





Table 3. Comparison of previously reported work on MB degradation using ferrites and their composites.






Table 3. Comparison of previously reported work on MB degradation using ferrites and their composites.





	
Sr. No.

	
Photocatalyst

	
Light Source

	
Dye Concentration

	
Catalyst Dosage

	
Removal Efficiency (%) (Reaction Time)

	
Reference






	
1

	
MnFe2O4-GSC

	
Sunlight

	
10 mg L−1

	
0.25 g L−1

	
100 %

(180 min)

	
[59]




	
2

	
ZnFe2O4

	
UV-Visible,

sunlight

	
10 mg L−1

	
0.1 g L−1

	
96%

85%

(180 min)

	
[60]




	
3

	
NiCeyFe2-yO4/rGO

	
Visible light

	
5 mg L−1

	
0.5 g L−1

	
94.67 %

(70 min)

	
[61]




	
4

	
CoFe2O4-CNT

	
visible light lamp

	
10 mg L−1

	
0.50 g L−1

	
97%

(180 min)



	
[62]




	
5

	
CoFe2O4-rGO

	
visible light

	
10 mg L−1

	
0.50 g L−1

	
58%

(180 min)




	
6

	
NiCe0.05Fe1.95O4@rGO

	
Xenon

(200 W)

	
5 mg L−1

	
-

	
94.67%

(70 min)

	
[61]




	
7

	
Ni0.96Cd0.04Gd0.04 Fe1.96O4/rGO

	
visible light

	
10 mg L−1

	
0.10 g L−1

	
92.27%

(160 min)

	
[63]




	
8

	
NiFe2O4

	
Halogen lamp

(200 W)

	
10 mg L−1

	
-

	
98.23%

(60 min)

	
[64]




	
9

	
Co0.1Mg0.9Fe2O4,

MgFe2O4

	
halogen lamp,

sunlight

	
10 mg L−1

	
0.10 g g L−1

	
74.50%,

82%

(240 min)

	
[65]




	
10

	
Ni0.5Zn0.5Nd0.05Fe1.95O4 (Nd2)

	
Solar-light

	
20 mg L−1

	
0.25 g L−1

	
98%

(90 min)

	
This work












4.2. Effect of Reaction Parameters


The degradation process is extremely sensitive to the initial pH of the degradation medium. To examine the effect of pH on the degrading efficiency of the Nd2 catalyst, which emerges as the best catalyst from the kinetics research, a series of experiments were conducted with varying pH of the medium. The results of the pH variations on the photo catalytic degradation efficiency are shown in Figure 8c. The pH is varied over the range of 3–12 (acidic to basic) pH value. The degradation efficiency increases as the pH of medium transforms from 3 to 12. For the highly acidic medium, the degradation of methylene blue merely reaches up to 55% in 90 min experiment of degradation. However, it reaches up to 73%, 78%, and 96% for pH 5, 7, and 12, respectively. Such observed results reveal that highly basic medium is suitable for degradation of methylene blue using Nd doped Ni-Zn ferrite catalyst. The lower degradation efficiency at pH 7 is attributed to the charge neutralization at the surface of the catalyst. The highly acidic conditions seem not to be favorable as electrostatic forces restrict the interaction of catalyst surface and dye molecules [66]. However, in the observed results, basic conditions have shown a remarkable increase in the degradation efficiency.



Among the reaction parameters affecting the degradation process, catalyst dose is a prime one. To further check the variation in photo degradation efficiency, we performed the degradation experiment with catalyst dosage ranging between 15–35 mg at pH-12 with fixed dye concentration of 20 mg/L. The observed degradation efficiency is shown in Figure 8d. The results reveal that the photo degradation efficiency was found to increase with the increase in catalyst dosage from 15–25 mg/L. The slightly decreased value of efficiency with a decreased amount of catalyst loading was assigned to the higher transmission of light through the solution. The degradation efficiency attains maximum value at 25 mg/L and further increase in drug dosage leads to a decrease in degradation rate. Furthermore, the amount of catalyst loading may result in pronounced scattering effects of light leading to restriction of transmission of light through the solution medium. The proposed catalyst exhibits a magnetic nature and any higher dosage of catalyst can lead to agglomeration. The agglomeration may result in elimination of active sites, thereby decreasing the degradation efficiency. The typical reactions which could be generating the reactive species for the degradation process are summarized in Scheme 1.



The photo catalytic removal of methylene blue under solar light is also tested in the presence of H2O2. The obtained results are shown in Figure 8e. The observed results indicate that under solar light, Nd2 + H2O2 catalyst system is highly efficient for the degradation of MB as 98% degradation is observed under these reaction conditions. This behavior directs us to believe in more hydroxyl radical generation through the photo-Fenton reactions. However, this contribution is small as the proposed catalyst is quite efficient without the presence of H2O2. Scheme 2 shows some of the feasible reactions which take place in the presence of H2O2.




4.3. Degradation Mechanism Insight


The photo catalytic degradation of organic pollutants is followed by reactive species such as superoxide radicals, hydroxyl radicals, or photo induced holes generated through conduction or valence bands [67]. To explore the mechanism of the degradation process, it is necessary to find out the reactive species involved in the process. For the said purpose, we performed the degradation experiment for methylene blue in presence of scavengers, namely iso-propyl alcohol (IPA), benzoquinone (BQ), and Ethylenediamine tetra acetic acid (EDTA) for presence of hydroxyl radical, superoxide radicals, and holes, respectively. Figure 8f shows that addition of BQ results in a slight decrease of degradation efficiency followed by EDTA. However, with the addition of IPA, degradation efficiency significantly changes from 98% (without scavenger) to 42%, indicating that •OH radical has the sound impact on the degradation efficiency. The results indicate that •OH radical is the primary reactive species followed by h+ generated by EDTA. Such behavior is also supported by degradation experiment performed in the presence of H2O2. We have discussed two possible schemes for degradation mechanism. The scavenging experiments have also confirmed •OH radical as the main reactive species. In the ferrites, photo-Fenton type reaction mechanisms are very common [68]. The increased photocatalytic activity for catalyst with Nd ions substitution at Fe sites may be assigned to various reasons. One reason may be moderate band gap value due to the inclusion of a new energy level just below the conduction band, when compared to other catalysts, which ensures optimal light absorption with lower recombination. A second reason is the Nd substitution effect at different sites, at Zn sites, and Fe sites. The Nd substitution at Fe sites have resulted in more charge transfer capacity which is a required condition for excellent photocatalytic activity of the catalysts. The lower carrier recombination rate for Nd2 is also supported through EIS results. Another possible reason could be the defects created by octahedrally coordinated Nd ions, which are responsible for enhanced catalytic activity. The octahedral sites occupied by large Nd3+ ions are more surface exposed and more catalytically active [69]. Moreover, Nd ions exhibit mixed valence state in Nd2 catalyst, which favors the charge transfer capacity of the catalyst. Thus, metal redox cycles, such as Nd3+/Nd2+ and Fe2+/Fe3+, could exist, which may act as mediators/facilitators for electron transfer to O2/H2O to generated facile. The possible mechanism for degradation of methylene blue is shown in Figure 9a. Many important properties of an excellent photo catalyst rely on its reusability and recoverability, so it is quite necessary to perform degradation experiments over a number of cycles.




4.4. Stability and Reusability Studies


To further assure ourselves about the stability and reusability of the synthesized catalysts, Nd2 catalysts were employed for the photo degradation experiment over five cycles. Figure 9b demonstrates the results of photo degradation experiments over five cycles run. The catalysts, being highly magnetic in nature, are easily recovered with the help of external magnetic field after each cycle and then, after drying, can be reutilized. The photo degradation efficiency decreases merely from 98 to 97.6% from the first to the second cycle. However, after five cycles of run, the degradation efficiency reaches 96.2%. There is no significant loss of catalyst performance even after five cycles. Such results indicate the prepared catalyst shows sound stability and can be utilized for the degradation of other organic pollutants as well.





5. Conclusions


To summarize, solar light-driven Nd-doped Ni-Zn ferrite nanoparticles were synthesized using the solution combustion method and used for methylene blue degradation. The synthesized ferrites were systematically characterized for structural, optical, and magnetic properties. Structural studies confirmed the pure phased structure for all compositions. Optical studies revealed the decrease in the band gap with Nd ions doping. Magnetic studies confirmed the highly magnetic nature of the catalysts. Ni0.5Zn0.5Nd0.5Fe1.95O4 catalyst was found to exhibit maximum degradation efficiency (~98%) for methylene blue degradation. XPS analysis confirms the presence of oxygen vacancies and mixed valence states of metal ions in photo catalysts. The hydroxyl radical has been identified as a highly reactive species involved in the degradation process. Reactions and schemes involved in the degradation mechanism have been proposed based on these interpretations from various experiments. Moreover, the highly magnetic nature, stability, and reusability of the fabricated catalysts suggest their potential for utilization in the photo degradation of methylene blue and other organic pollutants as well.
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Figure 1. (a) X-ray diffraction pattern for synthesized catalysts, (b) TEM image for Nd2 sample, and (c) corresponding SAED pattern. 
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Figure 2. Rietveld refined XRD pattern of Nd0, Nd1, and Nd2 samples. 
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Figure 3. SEM images for (a–c) Nd0, Nd1, and Nd2 samples. (d–i) Elemental mapping for Nd2 sample. 






Figure 3. SEM images for (a–c) Nd0, Nd1, and Nd2 samples. (d–i) Elemental mapping for Nd2 sample.



[image: Water 15 00187 g003]







[image: Water 15 00187 g004 550] 





Figure 4. (a–c) Tauc’s plot for Nd0, Nd1, and Nd2 samples, (d) EIS spectra for Nd1 and Nd2 catalysts. 
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Figure 5. De-convoluted core level spectra for (a) Fe2p, (b) Ni 2p, (c) O1s, and (d) Zn 2p state. 
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Figure 6. Core level de-convoluted spectra for Nd 3d state. 
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Figure 7. Magnetization versus applied field curves for Nd0, Nd1, and Nd2 samples. 
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Figure 8. (a) Ct/C0 vs. time curve for photo degradation of methylene blue. (b) Pseudo first order kinetics of photo degradation process. (c) Effect of pH of the medium on the degradation of methylene blue. (d) Effect of catalyst dose on the photo degradation of methylene blue (reaction parameter, pH-12, methylene blue concentration-0.20 mg/L). (e) Photo degradation of methylene blue with/without presence of H2O2 (pH-7: H2O2. volume-5 mL: methylene blue concentration-0.20 mg/L, catalyst dose: 25 mg). (f) Scavenging experiment for the determination of reactive species. 
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Scheme 1. Redox reactions involved in degradation of methylene blue. 
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Scheme 2. Feasible reactions for photo degradation of MB involving H2O2 using Nd2 catalyst. 
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Figure 9. (a) Proposed mechanism for solar driven degradation of methylene blue using Nd2 catalyst, (b) Reusability of Nd2 catalyst over five successive cycles. 
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Table 1. Rietveld refined structural parameters.
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	Sample
	Nd0
	Nd1
	Nd2





	Bragg R-Factor
	5.58
	11.00
	6.00



	Rf Factor
	4.45
	9.36
	4.48



	Volume
	581.107
	588.942
	584.982



	Rp
	62.00
	83.8
	77.7



	Rwp
	28.00
	39.8
	34.0



	Re
	26.00
	27.00
	31.7



	ꭓ2
	1.123
	2.181
	1.147










[image: Table] 





Table 2. Binding energy of all constituent elements of synthesized catalyst using de-convoluted XPS spectra.
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De-Convoluted Peak Positions of Fe 2p Spectra (in eV)




	
Nd0

	
710.45

	
712.33

	
717.46

	
724.39

	
731.6




	
Nd1

	
710.30

	
712.31

	
716.72

	
723.75

	
726.17, 732.18




	
Nd2

	
710.35

	
712.88

	
718.49

	
724.01

	
727.21, 732.7




	
De-convoluted peak positions of Ni 2p spectra (in eV)




	
Nd0

	
854.80, 856.57

	
861.46

	
866.20

	
872.34, 873.97

	
879.67




	
Nd1

	
854.87, 856.4

	
861.16

	
865.75

	
872.86

	
879.46




	
Nd2

	
854.58, 856.35

	
861.24

	
866.65

	
872.65

	
879.09




	
De-convoluted peak positions of O 1s spectra (in eV)




	
Nd0

	
529.68

	
-

	
531.22




	
Nd1

	
529.87

	
-

	
530.60




	
Nd2

	
529.46

	
530.14

	
531.85




	
De-convoluted peak positions of Zn 2p spectra (in eV)




	
Nd0

	
1121.70

	
1122.10

	
1044.62

	
1045.36




	
Nd1

	
1021.31

	
1021.95

	
1044.10

	
1044.92




	
Nd2

	
1020.78

	
1021.35

	
1044.37

	
1045.31




	
De-Convoluted Peak Positions of Nd 3d Spectra (in eV)




	
Nd1

	
974.48, 978.34

	
982.67

	
994.58

	
1001.82, 1005.35, 1009.70




	
Nd2

	
976.04, 980.10

	
982.64

	
995.02

	
1001.46, 1005.16, 1009.34
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Table 4. Kinetics parameters derived from kinetics curves for degradation process.
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	Catalyst
	Regression Coefficient (R2)
	Rate Constant (min.−1)
	Kinetics Equation





	Nd0
	0.9720
	0.0065
	0.0065*x + 0.0390



	Nd1
	0.9755
	0.0133
	0.0133*x + 0.0546



	Nd2
	0.9869
	0.0262
	0.0263*x + 0.0814
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