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Abstract

:

The contamination of industrial water sources with synthetic dyes, such as methylene blue (MB), remains a persistent environmental concern, demanding effective remediation techniques. In response, this research centers on the utilization of trimetallic nanoparticles (TMNPs) composed of Fe-Ni-Cr, Fe-Ni-Cd and Fe-Ni-Cu as a promising solution to address color-related pollution in aquatic ecosystems. These nanoparticles were synthesized using the wet chemical precipitation method and rigorously characterized using Fourier transform infrared (FT-IR), energy-dispersive X-rays (EDX), and scanning electron microscopy (SEM). Armed with these trimetallic nanoparticles, our primary objective was to harness their photocatalytic prowess when exposed to direct sunlight in aqueous environments for the degradation of MB. The progress of photodegradation was meticulously monitored using a reliable visible spectrophotometer, providing insights into the degradation kinetics. Remarkably, within just six hours of solar irradiation, the TMNPs exhibited a remarkable capacity to degrade MB, achieving an impressive degradation rate ranging from 77.5% to 79.4%. In our relentless pursuit of optimization, we conducted a comprehensive examination of various parameters including catalyst dosage, dye dosage, and pH levels, focusing specifically on the Fe-Ni-Cr TMNPs. Through systematic experimentation, a trifecta of optimal conditions emerged: a pH level of 10 (resulting in a 79.35% degradation after 1.5 h), a catalyst amount of 0.005 g (yielding 43.5% degradation after 1.5 h), and a dye concentration of 40.0 ppm (culminating in a 42.54% degradation after 1.5 h). The study also extended its scope to explore the regeneration potential of the catalyst, shedding light on its sustainability in long-term applications. Amidst the vibrant interplay of color and water, TMNPs emerged as a symbol of optimism, offering a promising avenue for the removal of synthetic dyes from the water system. With each experiment and investigation, we inch closer to realizing clearer waters and brighter environmental horizons.
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1. Introduction


Water stands as a fundamental element supporting all life on our planet, underscoring its unparalleled importance [1]. Nonetheless, the escalating challenges of global water contamination have become increasingly urgent, fueled by rapid industrialization, population growth, and climate change [2]. A stark forecast suggests that by 2025, freshwater scarcity could affect up to 50% of the world’s population, surging to a staggering 75% by 2075 [3]. These statistics underscore the pivotal role of water in sustaining economies worldwide [4]. While water conservation efforts are undeniably crucial, they alone have not been sufficient to avert the persistent specter of global water shortages [5].



The significance of wastewater treatment looms large, particularly in sectors like textiles, notorious for their substantial water consumption and pollution footprint. To put it into perspective, a mere 0.5 kg of textile products demands a staggering 80 L of water [6]. Disturbingly, the textile industry alone accounts for the direct release of 2% of all dyes into aquatic ecosystems, posing both health and environmental risks [7,8]. Within this complex tapestry of pollutants, organic dyes originating from various sectors, such as textile dyeing, paper manufacturing, paint, cosmetics, and food processing, have garnered heightened attention due to their alarming lack of biodegradability and the potentially harmful byproducts they generate during wastewater treatment process [9]. Dyes can be broadly categorized into two main groups: natural and synthetic. Among synthetic dyes, a crucial subdivision exists between azo and non-azo dyes, with azo dyes dominating the landscape, constituting more than half of all dyes used across various industries. They exhibit amphoteric properties, manifesting as cations, anions, or nonionic compounds based on the prevailing pH conditions [10]. Within the realm of synthetic dyes, one prominent example is methylene blue (MB), renounced for its widespread applications in dyeing textiles, paper, and even medical treatments [11]. MB finds application in the treatment of various medical conditions including neuro-inflammation, oxidative stress, mitochondrial dysfunction, and Alzheimer’s, among other therapeutic uses [12]. However, it is imperative to acknowledge that MB also bears the ominous label of being a highly carcinogenic pollutant. Its presence in water sources poses several health risks, manifesting as symptoms such as respiratory problems, nausea, and gastrointestinal infections. Consequently, the development of cutting-edge methods for eliminating such hazardous pollutants from water bodies becomes a matter of utmost importance [13]. A plethora of techniques have been devised to address the issue of synthetic dye removal from water bodies, including adsorption [14,15,16,17,18], Fenton-like reactions, activated sludge, membrane filtration, and photocatalysis [19,20]. Photocatalysis, which harnesses semiconductor nanoparticles to convert solar energy into a driving force for dye degradation, has gained significant attention due to its effectiveness and potential for the complete mineralization of dyes [21]. The fundamental process of photocatalysis revolves around the absorption of photons possessing energy greater than the semiconductor’s band gap. This absorption leads to the generation of an electron–hole pair, subsequently triggering redox reactions on the photocatalyst’s surface. The resulting superoxide ions and hydroxyl radicals engage in oxidative attack on organic molecules, leading to dye degradation [22]. The choice of nanoparticles as photocatalysts has gained popularity due to their chemical stability, high surface area, and consistent pore size [23].



In a noteworthy extension of this technology, trimetallic catalysts like Ni-Fe-Ce(/Mn) O2 have found utility in diverse applications, including their role as a cement-based anode in Fe-air rechargeable batteries and as catalysts in amorphous molybdenum sulfide sheets during the hydrogenation evolution reaction [24]. These advancements underscore the versatility and potential of trimetallic catalysts in various domains.



A novel research avenue has emerged, dedicated specifically to the study of TMNPs in the realm of catalysis. This exploration was prompted by the remarkable advantages associated with introducing a second metal into nanoparticle (NP) catalysts, exemplified by systems like Pd to Au NPs supported on high-surface-area metal oxides [25]. Due to their distinctive structural arrangements and composition, trimetallic catalysts performed noticeably better than bimetallic ones [26]. Numerous studies have been conducted on the comparative evaluation of trimetallic nanoparticles for the photocatalytic degradation of methylene blue, but noteworthy research gaps remain to be addressed. These gaps could be effectively filled by investigating a range of aspects, including the photocatalytic activity of trimetallic nanoparticles with varying compositions and shapes for MB degradation [27,28,29]. Additionally, assessing their performance relative to other types of photocatalysts in MB degradation is essential [30,31]. Furthermore, it is crucial to delve into the influence of several factors, including temperature, concentration, and pH, on the photocatalytic activity of trimetallic nanoparticles for MB degradation [32]. Lastly, conducting a comprehensive analysis of the mechanism that governs photocatalytic degradation of MB is a pivotal step [33]. These research avenues hold the promise of providing deeper insights into the photocatalytic performance of trimetallic nanoparticles for MB degradation and, in turn, could contribute to the development of more efficient photocatalysts for environmental remediation.



In the current study, wet chemical precipitation was used to create trimetallic nanoparticles (Fe-Ni-Cr, Fe-Ni-Cd, and Fe-Ni-Cu oxide nanoparticles). These nanoparticles played a pivotal role as catalysts in the photodegradation of MB in an aqueous medium. The photodegradation of a dye with TMNPs as a photocatalyst was carried out under direct sunlight irradiation at various time intervals. Fe-Ni-Cr TMNPs were used to evaluate the photodegradation of methylene blue dye in detail by investigating various parameters such as catalyst dosage, dye concentration, and pH level. Furthermore, an innovative facet of our study involved the recovery and subsequent reutilization of the original Fe-Ni-Cr catalyst for further photodegradation of methylene blue. It is worth noting that our expectations are anchored in the anticipation that these TMPNs will exhibit enhanced degradation capabilities, primarily attributable to the narrowing of the band gap of these nanoparticles.




2. Materials and Methods


2.1. Materials


All of the apparatus and chemicals used in the synthesis of trimetallic nanoparticles were obtained from the chemistry lab of GDC Kanpur.



The chemicals, including sodium hydroxide (NaOH), Nickel chloride (NiCl2), and Ferric Chloride (FeCl3), were purchased from Sigma Aldrich (Darmstadt, Germany). Cadmium chloride (CdCl2.H2O) was purchased from MERCK (Darmstadt, Germany), methylene blue hydrate (C16H16ClN3S.H2O) was purchased from Sigma Aldrich (Germany), and copper chloride 2-hydrate (CuCl2.2H2O) was purchased from Riedel-de-Hean scientific laboratory supplies (North Lanarkshire, UK).




2.2. Synthesis of Trimetallic Nanoparticles


The TMNPs were synthesized using the wet chemical precipitation method [34]. For the synthesis of Fe-Ni-Cr, Fe-Ni-Cd and Fe-Ni-Cu, 1.622 g of FeCl3 (0.1 M), 1.296 g of NiCl2 (0.1 M), and 2.664 g of CrCl3.6H2O (0.1 M), 2.013 g of CdCl2.H2O (0.1 M), or 1.705 g of CuCl2.2H2O (0.1 M) was, respectively, dissolved in 100 mL of distilled water in three different beakers. The obtained solutions were combined into a 500 mL beaker, resulting in the formation of a mixture.



Subsequently, the NaOH solution was added drop-wise to the metal ion mixture until the pH reached a basic level. This alkaline environment facilitated the reduction of the metal ions. The homogenous mixture was subjected to continuous stirring for a duration of two hours within a temperature range of 60–70 °C. Afterward, the mixture was allowed to cool, leading to the formation of precipitates that were isolated from the mixture via filtration. The obtained precipitates were washed several times with distilled water to eliminate any residual un-reacted chemicals. They were then dried at 100 °C in an electrical oven for two hours. The resultant product obtained after drying was the required TMNP (as depicted in Scheme 1).




2.3. Photodegradation of Methylene Blue Dye Using Trimetallic Nanoparticles (TMNPs)


To assess the photocatalytic performance of the synthesized TMNPs, we conducted experiments to measure the photocatalyzed degradation rate of the MB solution. For this investigation, an experimental apparatus was set up in accordance with established protocols, aiming to study the photodegradation of the MB solution in the presence of sunlight, which serves as a source of UV-Visible light. Samples of degraded MB solutions were taken at regular intervals of every 30 min, and the absorbance was measured using the UV-Vis spectrometer to estimate changes in concentration, i.e., degradation rates of MB.



In the experimental set-up, initially, 100 mL of the MB solution was prepared with a concentration of 10 ppm from the stock solution. These solutions were placed individually in three separate beakers. Subsequently, 0.0135 g of each chemically synthesized TMNP was introduced into the beakers containing the MB dye solution. Additionally, a control sample was maintained without the presence of TMNPs. The beakers were sealed with transparent plastic sheets to reduce the process of evaporation and allow light to pass through them. The solution was thoroughly mixed using a magnetic stirrer and was placed in darkness for 30 min to establish an adsorption–desorption equilibrium between MB and TMNP in the solution. Following this equilibration period, this solution was exposed to sunlight, and the degradation process was monitored.



After every 30 min, 3–5 mL of samples were withdrawn from the solutions and filtered. These samples were used to examine the degradation of MB. The absorption spectra for each sample were determined with a UV-Visible spectrometer at various wavelengths. For the measurement of the maximum absorption value at 663 nm for the duration of the degradation process, the concentration of MB was determined.



The percentage of MB degradation was quantified using Equation (1)


  D e g r a d a t i o n   %   =     A   °   − A     A   °     × 100  



(1)




where     A   °     is the initial absorbance of the MB solution before irradiation and A is the final absorbance after irradiation.




2.4. Instruments


The infrared spectra of the synthesized nanoparticles were obtained using a Bio-Rad Win-IR instrument. Potassium bromide (KBr) was used as a salt in combination with the sample to form a pellet transparent for IR radiation The morphological study of the nanoparticles was performed by using SEM Model No. JEOL-Jsm-5910, JEOL Company, Tokyo, Japan. The EDX study was performed by using an EDX spectrometer Model Inea 200, UK, a company in Oxford, UK. The photodegradation study was performed by using a UV-visible spectrophotometer (Shimadzu 1900, Tokyo, Japan).





3. Results and Discussion


3.1. FT-IR Study


In order to study the changes in the functional groups on TMNP catalysts, they were characterized by using FT-IR [35] (as shown in Figure 1 and Figure 2).



In the FTIR analysis, several key absorption bands were observed that provide valuable insights into the composition of the synthesized nanoparticles. Initially, a broad absorption band was evident in the range of 3650 and 3250 cm−1, which is attributed to the OH stretching. This band serves as a confirmation of the presence of OH groups [36]. Following this, a medium peak was noted centered at around 1630 cm−1, arising from the OH bending vibrations of water molecules [37]. In addition to the above peaks present in all three kinds of nanoparticles, some additional peaks were also observed. For the Fe-Ni-Cr nanoparticle, weak absorption bands were observed in the range of 1200–550 cm−1, indicating the formation of Fe-O (577 cm−1, 631 cm−1), Ni-O (610 cm−1), and Cr-O (569.30 cm−1 and 632.61 cm−1) bonds [38,39,40]. In the case of Fe-Ni-Cd, a few medium peaks were observed in the range of 1400–550 cm−1, which serve as a confirmation of the formation of Fe-O (577 cm−1, 631 cm−1), Ni-O (610 cm−1), and CdO (1400 cm−1) [38,39,40]. Lastly, for the Fe-Ni-Cu nanoparticles, weak peaks in the range between 1200 cm−1 and 950 cm−1 were identified, attributed to vibrations exhibited by Fe-O (577 cm−1, 631 cm−1), Ni-O (610 cm−1), and Cu-O (437.84 cm−1, 516.92 cm−1, and 590.22 cm−1) particles. These findings suggest that the particles underwent oxidation, forming oxide nanoparticles [38,39,41].




3.2. Morphological Study


The morphological study of the TMNPs was investigated by using scanning electron microscopy (SEM) and energy dispersive X-rays (EDX). The SEM images of all three kinds of TMNPs, as depicted in Figure 3, revealed their distribution in both agglomerated and dispersed forms. Spherical particles were observed within the encircled areas, while clustered agglomeration was present within the rectangles as shown in Figure 3c. Confirmation of the elemental composition in the TMNPs was obtained through EDX analysis. In Fe-Ni-Cr, Fe (19.32%), Ni (9.32%) and Cr (20.0%) were present. In Fe-Ni-Cd, Fe (19.08%), Ni (9.64%) and Cd (19.08%) were present, while in the case of Fe-Ni-Cu, Fe (20.43%), Ni (9.80%), and Cu (22.75%) were present. Besides the basic elements of Fe, Ni, Cr, Cd, and Cu, there was a sufficient percentage of oxygen, which confirms that the nanoparticles were in their oxide forms (as shown in Figure 4).




3.3. Photodegradation Study of Methylene Blue


The photocatalytic activity of synthesized Fe-Ni-Cr, Fe-Ni-Cd, and Fe-Ni-Cu photocatalysts was evaluated by examining their ability to degrade a solution of MB in the presence of sunlight. The UV–Visible spectra for the methylene blue solution were captured before as well as during exposure to the ultraviolet (UV) radiation in an environment of Fe-Ni-Cr, Fe-Ni-Cd, and Fe-Ni-Cu oxide TMNPs (as shown in Figure 5). Using UV–Visible spectra, photodegradation rates of methylene blue were calculated, which show the highest absorption peak at 663 nm. The obtained spectra show that by extending the time of UV irradiation, there is a gradual increase in the photodegradation rate of methylene blue. The results were as shown in Figure 5.



The comparative investigation of % degradation for the photodegradation of methylene blue with synthesized Fe-Ni-Cr, Fe-Ni-Cd, and Fe-Ni-Cu photocatalysts is shown in Figure 6a. The TMNPs degraded 78% to 83% of the dye within 6 h.



Kinetic study [42,43] of methylene blue degradation reaction with different TMNPs was investigated by applying a pseudo-first-order kinetic model according to Equation (2) by plotting   l n     A   °     A     vs. t. All three TMNPs show almost straight lines with acceptable R2 values (as shown in Figure 6b). The data show that the kinetics is pseudo-first-order.


    ln  ⁡      A   °     A   = k t    



(2)








3.4. Photodegradation Mechanism


Ultraviolet (UV) light plays a crucial role in the photodegradation of dyes, where it serves to photoexcite the valence electrons (e-) within trimetallic nanoparticles (TMNPs). This stimulation prompts the transfer of these valence electrons from the valence band (VB) to the conduction band (CB), instigating the generation of positively charged holes (h+) as well as electron-deficient regions within the VB. This separation holds significance as both electrons and holes become active participants in the creation of highly reactive radicals. To delve deeper, the interaction between positive holes (h+) and water (H2O) molecules, or hydroxide ions (OH−), leads to the production of hydroxyl radicals (•OH). Similarly, a parallel reaction between electrons and oxygen (O2) results in the formation of superoxide radical ions. These exceptionally reactive radicals are indispensable to the photodegradation process of dyes due to their efficient dismantling of the molecular structures involved [21]. The mechanism of photodegradation in a more general form is shown in Figure 7.




3.5. Photocatalytic Activity of Recovered Fe-Ni-Cr TMNPs


The photocatalytic activity of the recovered Fe-Ni-Cr TMNPs was evaluated in comparison with the original photocatalyst. The original catalyst after first time use was recovered carefully by filtering with repeated washing with distilled water in order to remove the maximum amount of dye. After complete washing, the recovered catalyst was used for the photodegradation of MB with the same experimental conditions. The results were as shown in Figure 8, which reveals that the recovered catalyst showed less photocatalytic activity as compared to the original catalyst. This decrease in photocatalytic activity of the recovered catalyst might be due to fewer available active sites on the surface of the photocatalyst. As shown in Figure 8a, the original catalyst degraded almost 77.74% of methylene blue dye after 6.0 h, while the recovered catalyst degraded 71.57% in the same course of time. Figure 8b shows the kinetics of the original and recovered Fe-Ni-Cr TMNP photocatalysts.




3.6. Effect of the Photocatalyst Dosage


The effect of photocatalyst dosage on the degradation of methylene blue dye was investigated, keeping the dye concentration constant throughout the course of the reaction. The catalyst dosage used varied from 0.005 g to 0.1 g per 10 mL of dye solution at a constant 1.5 h irradiation time. The UV-Visible spectrum of the methylene blue before and after irradiation for different amounts of catalyst is as shown in Figure 9a. As shown, the absorbance decreased with decreasing amount of the catalyst. It is shown that the catalyst had maximum degradation ability at 0.005 g, while degradation % decreased as we increased the catalyst (as shown in Figure 9b). The decrease in the degradation % of the dye with an increase in the catalyst amount might be explained on the basis of a decrease in the active sites on the catalyst surface. The catalyst showed a maximum degradation of 43.47% at 0.005 g of the catalyst, while there was a decrease in degradation and the minimum was 17.39% at a 0.1 g catalyst amount at a constant 1.5 h irradiation time.




3.7. Effect of the Dye Concentration


We also explored how varying the dye concentration impacted the photodegradation of the dye while maintaining a constant amount of catalyst and a consistent irradiation time of 1.5 h. Initially, with increased dye concentration, there was a corresponding increase in dye degradation, with the optimal degradation occurring at 40.0 ppm as illustrated in Figure 10. However, as the dye concentration continued to increase beyond 40.0 ppm, we noticed a decline in dye degradation. Specifically, at 10 ppm of dye concentration, 33.53% of the dye was degraded, while the maximum degradation of 42.53% was achieved at 40 ppm. Subsequently, with a further increase in dye concentration up to 80 ppm, the degradation rate decreased to 15.47%. This phenomenon can be explained by the initial stages where the dye molecule does not fully occupy the active sites on the catalyst, resulting in enhanced degradation. However, as the dye concentration increases, the active sites on the catalyst become fully occupied, leading to a decrease in the production of hydroxyl radicals (    O H   ∙    ) and, consequently, a reduction in the degradation rate [44].




3.8. Effect of pH


The pH level plays a significant role in the degradation of dyes, and its impact is particularly pronounced. Industries such as textile, paints, and dye manufacturing release effluents with different pH levels. It is crucial to thoroughly investigate how pH influences the degradation of dyes. The pH not only affects the generation of hydroxyl radicals but also plays a crucial role in modifying the catalyst surface charge, thereby influencing the degradation process, as well as the conductance and valence bands [45,46]. In the present study, we examined the photodegradation of methylene blue dye under various pH of 4, 7, and 10 using the Fe-Ni-Cr photocatalyst (as shown in Figure 11). The results revealed that photodegradation was less pronounced at pH 4 but significantly improved as the pH became more basic, reaching its highest efficiency at pH 10. The degradation rates at pH levels 4, 7, and 10 were 21.19%, 39.13%, and 79.34%, respectively. The maximum degradation of methylene blue observed at pH 10 can be attributed to the increased formation of hydroxyl radicals and the presence of strong oxidizing species, both of which play a pivotal role in the photodegradation process [47].



The results obtained from our study were compared with the literature data for methylene blue photodegradation (as shown in Table 1).





4. Conclusions


In this research, the synthesis of Fe-Ni-Cr, Fe-Ni-Cd, and Fe-Ni-Cu TMNPs was accomplished through the utilization of the wet chemical precipitation method. The characterization process involved employing various techniques, such as FT-IR, SEM, and EDX. The FT-IR analyses confirmed the existence of functional groups within the synthesized TMNPs. Examination of their morphology via SEM demonstrated that the TMNPs exhibited a spherical shape. Furthermore, the SEM analysis revealed the presence of TMNPs in both dispersed and agglomerated states. In the context of photodegradation, it was observed that the degradation of methylene blue dye increased with prolonged irradiation time, ultimately reaching a peak degradation rate of 77.5% to 79.4% within a span of six hours. Investigation into the photodegradation of Fe-Ni-Cr as recovered catalyst indicated that both the original and recovered catalysts retained their effectiveness in degrading methylene blue dye. The influence of varying catalyst amounts on the photodegradation of MB was also examined, revealing that the highest degradation rate of 43.47% was achieved at a catalyst quantity of 0.005 g, with a decline in degradation observed at higher catalyst concentrations, reaching a minimum of 17.39% at 0.1 g of catalyst. Furthermore, the impact of varying dye concentrations on the degradation process was explored, showing that the maximum degradation of 42.53% occurred at a dye concentration of 40 ppm, with degradation decreasing beyond this concentration. The pH level’s effect on the degradation process was investigated as well, and it was determined that an increase in the pH of the medium led to an increase in degradation. Notably, the highest degradation rate of 79.3% was achieved at a specific pH level of 10.0. To further enhance the comprehensiveness of this study, future research endeavors could encompass comparative investigations involving the synthesized TMNPs with monometallic and bimetallic nanoparticles of similar compositions, as well as differing compositions. Such comparative analyses could yield valuable insights.
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Scheme 1. Synthetic procedure of TMNPs. 
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Figure 1. FT-IR spectra of (a) Fe-Ni-Cr, (b) Fe-Ni-Cd, and (c) Fe-Ni-Cu TMNPs. 
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Figure 2. Comparative FT-IR spectra of TMNPs. 
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Figure 3. SEM images of (a) Fe-Ni-Cr, (b) Fe-Ni-Cd, and (c) Fe-Ni-Cu TMNPs. 
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Figure 4. EDX spectrum of (a) Fe-Ni-Cr, (b) Fe-Ni-Cd, and (c) Fe-Ni-Cu TMNPs. 
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Figure 5. UV-Visible spectrum of methylene blue dye degradation with (a) Fe-Ni-Cr, (b) Fe-Ni-Cd, and (c) Fe-Ni-Cu. 
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Figure 6. (a) Comparative % degradation of MB with different TMNPs. (b) Kinetic study of methylene blue dye degradation reaction in the presence of TMNPs. 






Figure 6. (a) Comparative % degradation of MB with different TMNPs. (b) Kinetic study of methylene blue dye degradation reaction in the presence of TMNPs.



[image: Water 15 03404 g006]







[image: Water 15 03404 g007] 





Figure 7. Photodegradation mechanism. 
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Figure 8. (a) Degradation (%) of MB with original Fe-Ni-Cr and recovered photocatalyst. (b) Kinetic study of MB degradation reaction with original Fe-Ni-Cr and recovered photocatalyst. 
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Figure 9. (a) UV-Visible absorbance spectra of MB degradation with Fe-Ni-Cr photocatalyst having different catalyst amounts. (b) Degradation (%) of MB with different amounts of Fe-Ni-Cr photocatalyst. 
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Figure 10. Effect of MB dye concentration on photodegradation with Fe-Ni-Cr TMNPs, keeping catalyst amount constant for 1.5 h of sunlight irradiation time. 
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Figure 11. Effect of pH on photodegradation of MB with Fe-Ni-Cr TMNPs, keeping dye and catalyst amount constant for 1.5 h of sunlight irradiation time. 
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Table 1. Comparison of methylene blue dye degradation with previous literature studies.
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	Photocatalyst
	Reaction Conditions
	References





	MWCNT bimetallic oxides
	UV; 25 ppm; 0.0156 g; 12 h; 93.7%
	[23]



	Y/Eu-TiO2
	UV; 20 ppm; 2 g; 2 h; 86%
	[48]



	TiO2-coated glass flat membrane
	UV; 20 ppm; 2 g; 4 h; 90%
	[49]



	Ni/Fe2O3
	Visible; 10 ppm; 0,05 g; 100 min; 91.6%
	[50]



	Ce/Co (Mo/Fe)
	Xenon lamp; 20 ppm; 0,03 g; 120 min; 97.6%
	[51]



	Ba/Sr-La
	UV; 5 ppm; 0,02 g; 65 min; 89.92%
	[52]



	Zinc Oxide
	Visible; 5 ppm; 0,1 g; 120 min; 97%
	[53]



	La/Ce-ZnO
	Visible; 10 ppm; 0,1 g; 120 min; 95.2%
	[54]



	TiO2/SnO2/CeO2
	Visible; 40 ppm, 0.2 g; 120 min; 85.5%
	[55]



	Fe-Ni-Cr TMNP’s
	Visible; 10 ppm, 0.01 g; 6.0 h; 77.7%
	Current study



	Fe-Ni-Cd TMNP’s
	Visible; 10 ppm, 0.01 g; 6.0 h; 79.4%
	Current study



	Fe-Ni-Cu TMNP’s
	Visible; 10 ppm, 0.01 g; 6.0 h; 77.5%
	Current study
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