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Abstract

:

In this study, the degradation efficiency of Mn-20at%Ni and Mn-30at%Ni particle powders made by melt-spinning and high-energy ball-milling techniques is investigated in relation to the degradation of the azo dye Reactive Black 5. SEM, EDS, and XRD were used to analyze the powders’ morphology, surface elemental composition, and phase structure. An ultraviolet-visible absorption spectrophotometer was used to measure the ball-milled powder’s capacity to degrade, and the collected powders were examined using the FTIR spectroscopy method to identify the substituents in the extract. The impact of MnNi alloy on the azo dye Reactive Black 5′s degradation and its effectiveness as a decolorizing agent were examined as functions of different parameters such as chemical composition, specific surface, and temperature. In comparison to the Mn-30at%Ni alloy, the powdered Mn-20at%Ni particles show better degrading efficiency and a faster rate of reaction. This remarkable efficiency is explained by the configuration of the valence electrons, which promotes more responding sites in the d-band when the Ni content is reduced. Therefore, increased electron transport and a hastened decolorization process are achieved by reducing the Ni concentration of RB5 solution with Mn80 particle powder. Additionally, this difference in their decolorization efficiency is explained by the fact that Mn-20at%Ni has the highest specific surface area of 0.45 m2 g−1. As the main result, the functional uses of nanostructured metallic powder particles as organic pollution decolorizers in the textile industry are greatly expanded by our study.
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1. Introduction


Due to their high toxicity and slow biodegradation rate, colored effluents have attracted a lot of attention [1,2,3,4]. Significant sources of contamination come from the textile industries’ dye effluents [5]. Additionally, the textile industry consumes a significant amount of water and generates a lot of wastewater that contains dyes. Because it poses a major problem for sewage treatment stations, the appropriate regeneration of wastewater containing dyes in high quantities is necessary and critical work. Researchers have suggested a number of physicochemical and biological procedures and materials for the treatment of wastewater, including adsorption methods, biodegradation, the coagulation–flocculation method, advanced oxidation, and hypochlorite treatment, ozonation, and hypochlorite treatment [6,7,8,9]. The bulk of these processes, however, have limitations. For instance, Fenton, photocatalysts, and other oxidation procedures are highly expensive; biological processes require a long time; and occultation and adsorption may not be successful. Furthermore, it is beneficial to proceed with the cheapest, most accessible, most efficient techniques and materials when degrading azo dyes. One such practical method is reduction with zero-valent metals (ZVM) such as Mg, Ni, Fe, Zn, Co, or Al, and alloys, which have been investigated as attractive and advantageous routes due to their inexpensive cost merits, rapid degradation performance, and easy operation in the removal of azo dyes [10,11,12,13,14,15,16,17,18]. Specifically, the degradation reaction was determined by a redox reaction, wherein the surface metal loses electrons to break the active bonds (–N = N–) of the reactive dyes. In contrast to the bulk material, the fine powder form of metals and alloys offers more active surface sites for the reactive degradation of organic compounds. In particular, nanomaterials made up of inorganic components such as semiconductors, metal oxides, and nanocatalysts have attracted a lot of interest as wastewater treatment materials. A range of nanocatalysts are utilized in wastewater treatment, including photocatalysts [19,20], electrocatalysts [19], heterojunction photocatalytic materials [21], and Fenton-based catalysts [22] for analysis of their oxidation of organic contaminants [23] and of their antimicrobial effects [24]. The importance of nanoparticle photocatalytic processes, which are based on the interaction of light energy with metallic nanoparticles, may be seen in their extensive and effective photocatalytic activity on a variety of pollutants. These photocatalysts, which are often composed of semiconductor metals, can break down a range of persistent organic pollutants found in wastewater, such as dyes, detergents, pesticides, and volatile organic compounds [25]. Furthermore, halogenated and non-halogenated organic molecules, as well as many pharmaceuticals, personal care products, and heavy metals, can all be broken down very effectively by semiconductor nanocatalysts [26]. Semiconductor nanomaterials operate under reasonably benign conditions, and perform well even at low concentrations. The photoexcitation of an electron inside the catalyst is the fundamental idea behind how photocatalysis works. When TiO2 is exposed to light (in this case, UV), holes (h+) and ejected electrons (e–) are generated in the conduction band. Water molecules (H2O) absorb holes (h+) in an aqueous solution to create hydroxyl radicals (OH) [27]. The radicals have a potent and indiscriminate oxidizing effect. These hydroxyl radicals convert the organic pollutants into water and gaseous breakdown products [28]. On the other hand, it was discovered that the size, appropriate surface area, shapes, and roughness of nanocrystalline powders had a significant impact on their catalytic activity [29,30,31,32,33]. The use of mechanical alloying in high-energy ball mills is a simple and less complicated technique for producing fine metallic powder particles for decolorizing applications [29,30,34,35,36,37]. This is because these ball-milled particles frequently exhibit fine particles with rough surfaces and highly metastable nanocrystalline or amorphous morphologies. Indeed, milled powders undergo severe plastic deformation during this procedure to cause fracture and cold welding, which allows the grains to be refined to a steady state size (50 nm) for the majority of metals and alloys [38,39,40]. Repetitive fractures and cold welding of the powder particles cause interactions between the initial mixture’s solid constituents. As a result of internal strains driven by a high density of dislocations and an important proportion of grain boundaries, mechanically stored enthalpy can act as a catalyst for the creation of nanocrystalline and/or amorphous structures [34,41], helping to enhance the material’s mechanical, physical, and magnetic properties [42]. Recently, our research [29,30,35,36,37] reported on the remarkable effectiveness of mechanically alloyed Mn(Al), Ca(Al), Mn(Al,Co), and Mn(Al,Fe) powder particles in the degradation of azo dyes. In this study, new findings examining various Mn–Ni particle properties will be presented and evaluated against current studies, including the impact of composition and structure on the decomposition rate of RB5. To achieve this, we employ the method of melt spinning succeeded by ball-milling to produce Mn–Ni powder particles with a high surface area, which will increase the efficiency of dye molecule degradation.




2. Materials and Methods


The alloy ingots were made by arc melting a combination of Mn (99.9 wt%) and Ni (99.99 wt%) in a Ti-gettered argon environment to yield alloys with nominal compositions of Mn-30at%Ni and Mn-20at%Ni (at%) alloys. This bulk was heated by induction, melted, and then loaded into a spinning copper wheel through a nozzle that is 0.8 mm wide, producing 40 mm thick, rapidly quenched ribbons. Then, under an Ar atmosphere, the ribbon samples were placed in a ball-milling jar. The samples were milled in an inverse rotational direction, and the ball-milling speed for the jar was 500 rpm. In order to prevent the heat of the sample, powder agglomeration, and adhering to the jar walls and balls, a time of 5 min waiting period was used after each 10 min of milling. There were 15 h spent milling in total. The shape of the ball-milled (BM) powder was examined using scanning electron microscopy (SEM) in a DSM960A ZEISS microscope in secondary electron mode at a voltage of 15 kV. The SEM is equipped with a Vega Tescan energy dispersive X-ray spectrometry (EDS) analyzer. EDX was used to examine the semi-quantitative elemental composition.



Using Micromeritics ASAP 2020 M equipment, the Brunauer, Emmett, and Teller (BET) theory-based gas multilayer adsorption process was employed to determine the specific surface area of the MnNi powder. The observations were made in a nitrogen atmosphere after the powder had been degassed for 24 h at 300 °C.



By employing CuKα radiation with a Siemens D500 powder diffractometer at room temperature, the structural alterations of the milled powders were identified. A full pattern XRD Rietveld fitting approach was used to extract the microstructural properties.



A solution of RB5 with a concentration of 40 mg L−1 was employed to assess the colorant degradation process. 100 mL of solution was mixed with 0.25 g of ball-milled powder for each degradation experiment. On a Rotanta 460 r centrifuge, the solution samples were taken at periodic intervals and centrifuged for 15 min at 3000 rpm. An ultraviolet-visible absorption spectrophotometer (UV-Vis) was used to separate the supernatants and measure the color at the RB5 dye’s maximum absorption wavelength (Shimadzu 2600 UV-visible). To identify the presence of the substituents in the extract, the powder was examined using a Fourier transform infrared spectroscopy (FTIR) spectrum. The same amount of ground sample was used to make the pellets in each example, and the spectra were calibrated to enable comparisons across various samples.




3. Results


The surface appearance of the BM Mn-30at%Ni (Figure 1(a1,a2)) and Mn-20at%Ni (Figure 1(b1,b2)) powder particles is shown in Figure 1, before they are used to degrade Reactive Black 5. As demonstrated, the severe plastic deformation imparted to the ribbons during the ball-milling process caused the nanostructured powder particles to be discovered to be irregular and/or spherical in shape, with corrugated surfaces. The average particle sizes of Mn-30at%Ni and Mn-20at%Ni alloys, respectively, are determined to be around 14 and 22 µm, showing a very uniform distribution (Figure 2(a2,b2)). The Mn-30at%Ni alloy was revealed to have an average particle size of 14 µm, which is somewhat smaller than the industry average. This small discrepancy can be attributed to the manual selection method of particle powder used for the SEM examination, and the standard error is 8 µm.



The EDS microanalysis shown in Figure 2(a1,b1) demonstrates that the BM powder is mostly made up of the basic elements Mn and Ni, and that there is no contamination from the milling tools or the oxygen in the air. The sputtering procedure that was utilized to prepare the samples for SEM observation is what caused the carbon that was discovered. Mn and Ni, respectively, have contents of 69.68:30.32 and 81.08:18.92 for Mn-30at%Ni and Mn-20at%Ni. These ratios, 70:30 and 80:20, are extremely similar to the nominal composition (Figure 2(a1,b1)).



The two binary BM powders, Mn-30at%Ni and Mn-20at%Ni, were used to treat RB5 solutions, and Figure 3a shows representative photographs of these treatments. As shown on the test tubes, the supernatants of both aqueous solutions were separated at 0, 2, 5, 10, 13, 16, 17, and 18 h, as well as 0, 2, 5, and 15 h. It is obvious that both of the RB5 aqueous solutions have undergone decolorization. Figure 3b,c show the matching UV-Vis spectrum variations for both alloy compositions as a function of specified reaction time. The “–N = N–” azo produces the maximum absorbance at max = 597 nm in the visible area for the time t = 0 h (before treatment by BM powders) [29,35,36,43]. According to previous studies, the relationship between the intensity of this peak and the solution’s azo dye content is linear [43,44]. The dye’s benzene and naphthalene rings, respectively, are associated with the other two bands in the UV area, which are located at 310 and 230 nm [45,46]. The degradation and evolution of the RB5 chromophores are indicated by the decrease in intensity at 597 nm. In other words, this reduction provides details regarding the azo band cleavage, the creation of (–NH2) groups, and consequently, the breakdown of RB5 in solution. The intensification of the absorbance peak at 267 nm served as additional evidence of the azo band cleavage. The same outcomes have been reported in our most recent research [29,36] when Black 5 dye solutions were reductively degraded by Ca-35at%Al and Mn-15at%Al nanostructured powders. Three hours before the binary Mn-30at%Ni effect on RB5 discoloration, the binary Mn-20at%Ni causes the solution to become completely discolored in 15 h (Figure 3d). However, it appears that when employing the two Mn–Ni powder compositions, the efficiencies of the RB5 decolorization at the same dosage and temperature are different. However, when the Ni content rises and the Mn content falls in the alloy’s composition, the question of why there is a 3 h delay in the kinetics of decolorization arises. As was discovered in this work, the same dye solution and Reactive Black 5 dye were decolored using Mn–Ni particle powders with various Mn and Ni contents under the same conditions (milling time, temperature, etc.). The mass transfer effects on the degradation method can be removed as a result. Mn and Ni are both transition metals that make up the alloy’s component and have nearly full or partially filled 3d bands. Therefore, it is reasonable to assume that the relative contents of Mn and Ni are responsible for the variances in their decolorization capabilities. In other words, the varied decolorization qualities of Mn–Ni with varying Ni levels depend on the variable Mn and Ni characteristics. The adsorbate in the solution during the decolorization process is the same for both types of nanostructured powders; therefore, the Mn-Ni alloy’s electronic structure mostly affects the adsorption of dyes. The van der Waals forces, charge density effect, and transfer forces between the alloys and dye molecules are comparable due to the identical physical characteristics of these nanostructured powders. Therefore, the primary topic of our discussion is covalent or localized bonding. All atoms share the valence electrons of metallic atoms to create an electron cloud with a significantly distributed status, based on the energy band theory [47,48]. The valence electron configurations of Mn and Ni are 4s23d5 and 4s23d8, respectively. According to magnetic measurements, each atom of Mn and Ni had an average of 1.22 and 0.6 holes in the d band, respectively [48,49]. More unpaired electrons are present when there are more holes. More unpaired electrons correlate to a higher adsorption capacity because the latter can establish a localized adsorption bond with the adsorbate molecules [50,51]. Because Mn80 particle powders have more d band holes per unit of an atom than Mn70 ribbons, they exhibit the highest adsorption efficiency during the first 15 h of the decolorization procedure. However, it is important to keep in mind that these variations could be explained by the varied reduction potentials of Mn and Ni, as well as the various solubilities of respective hydroxides. Given that Mn and Ni are the same components in both alloys, it appears that these differences are related to their elemental composition. The standard oxidation potential of Mn/Mn2+ (1.18 V) is more negative than that of Ni/Ni2+ (0.23 V), yet it is less negative than that of H+/H2 (0.00 V). As a result, the transfer of electrons from Ni to H+ takes longer than it does from Mn to H+. According to these hypotheses, decreasing the Ni concentration of RB5 solution with Mn80 particles powder results in improved electron transport and a faster decolorization process. Similar results were found in our most recent work [29], where it was shown that the Mn–Al–Fe powder decolorization reaction occurred more rapidly than the MnAlCo mixture. The different oxidation potentials of Fe/Fe2+ (0.44 V) and Co/Co2+ (0.34 V) were used to explain this result. Additionally, the rapid decolorization of acid orange II solution is primarily dependent on the amount of Fe present in the Fe–Co–Si–B ribbons [50]. Due to the fact that Fe has a lower oxidation potential than Co, there is a greater electron transfer between Fe and H+ compared to Co and H+.



Four experiments were conducted at temperatures of 25, 30, 40, and 50 °C to track the influence of temperature on the efficiency of the decolorization effect on the degradation of RB5. The exponential function fits the degradation behavior, as seen in Equation (1) [49]:


  I =  I 0  +  I 1   e  − t /  t 0     



(1)




where I is the standardized intensity of the absorption peak, I0 and I1 are fitting constants, t is the decolorization time, and t0 is the moment when the intensity drops to e−1 of the original condition; this was calculated by fitting the data points.



The Arrhenius-type Equation (2) can be used to determine the thermal activation energy limit ΔE if we assume that the process is thermally activated:


   t 0  =  τ 0  −  e  − E / R T    



(2)




where R is the gas constant and τ0 is a time pre-factor. Using BM Mn80Ni20 powder and a temperature range of 25–50 °C, Figure 4b shows the Arrhenius curve of ln(t0) as a function of 1/T for the decomposition processes of azo dye.



As a result, 24 ± 5 kJ mol−1 is the expected ΔE value. The complete degrading reaction took place in 7.5 h, maintaining the extremely high efficiency observed at a temperature of 50 °C. It has previously been noted that activation energy values range between 30 and 80 kJ mol−1 for the decolorizing processes of several azo-colorants using metallic particles [31,32,51]. The activation energy for binary Mn85Al15 was determined to be 14 kJ mol−1 in our recent work on the degradation of RB5 [35]. According to Aboli-Ghasemabadi et al., the activation energy for the MnAl-based degradation of Orange II was 49 ± 5 kJ mol−1. For the heterogeneous decomposition of Orange II with peroxymonosulfate accelerated by mesoporous MnFe2O4, Deng et al. obtained a value of ΔE = 27.7 kJ mol−1 [52]. The activation energy for typical thermal processes is commonly between 60 and 250 kJ mol−1, according to Cheng et al. [53]. In practice, it is impossible to compare the reaction rate to those reported using other materials because of the various utilized conditions, particle weight/solution volume fractions, and type forms of dyes or starting concentrations. The specific surface area of powdered particle components is another concept that can affect the effectiveness of a reaction. The small specific surface area of the powder particles can be used to explain the low reaction efficiency of the ball-milled Mn80Ni20 (15 h/30 °C and 7.5 h/50 °C) powder in the current investigation. It is well known that all catalysts preserve a significant amount of surface area [54,55]. The BET method yielded specific surface areas of 0.32 and 0.45 m2 g−1 for Mn-30at%Ni (b) and Mn-20at%Ni, respectively. During the experiment process, the pH values of the solution vary from acid (pH~6 at the beginning of the reaction) to alkaline (pH~9 at the end of the reaction) character. The initial acid behavior around a pH of 6 is due to the solution of the dye. When the reduction reaction takes place, aromatic amines are generated with an increase in pH of around 9. This indicates that the process generates bases that increase the pH. These findings lead us to the conclusion that the redox processes in acidic and alkaline solutions may be related to the phenomenon of degradation. One possible explanation is that as a consequence of the redox process, the protons of the aqueous medium together with the hydrogen atoms cause the generation of hydrogen gas adhered to the metallic surface, and it is the latter that reacts with the azo group, generating aromatic amines. The proposed mechanisms in basic and acidic media, however, were recapped in Table 1. For acid or neutral conditions, the presence of H3O+ on the metal surface can facilitate the reduction process, acting as an intermediary in the overall process. The active H2 will reduce the adsorbed azo dye molecules, thereby increasing the decomposition efficiency [35]. Using metallic compositions or ZVM as oxidants, several authors have investigated the effects of an acid medium on the reduction of “–N = N–” bonds [31,56,57]. They claimed that in an acid media, 100% of the azo dye solution was degraded (an expected result, because in acidic conditions, insoluble hydroxides that prevent the closure of the circuit generated for the electron mobility are not formed).



SEM analysis is utilized to describe the powder particle surfaces that were produced after the degradation process. In Figure 5(a1,a2), micrographs of ball-milled Mn70Al30 particles show that some reaction products, such as flowered and nanobristles forms, are uniformly adsorbed over the entire surface of the particles. In contrast, in Figure 5(b1,b2), micrographs of Mn80Ni20 particles show that nanorods are uniformly distributed on all of the particles’ surfaces. Mn2NiO4 oxide makes up the majority of these nanorods. Numerous corrosion pits were seen on the surface of the alloy for both particle powders, proving that pitting corrosion on the alloy particles occurred throughout the RB5 degradation process [9,35,58,59]. The related EDS studies shown in Figure 5(a3,b3) reveal the approximate elemental compositions as follows: Mn: 56.63/Ni: 10.58/O: 33.06 for the Mn80Ni20 alloy, and Mn: 40.51/Ni: 30.08/O: 29.41 for the Mn80Ni20 alloy.



On the other hand, XRD was used to analyze changes in the microstructure of the Mn70Ni30 and Mn80Ni20 alloys that were noticed after the degradation of RB5. Figure 6 displays the results that were attained. A closer look at the XRD diffractograms of the BM Mn70Ni30 and Mn80Ni20 powders, which were obtained before the degradation of RB5, reveals that the MnNi phase is primarily present. Ball-milled Mn70Ni30 and Mn80Ni20 powders have average crystallite diameters of 18 ± 5 nm and 12 ± 5 nm, respectively. By increasing the number of atoms in the boundary regions, this nanocrystalline structure may also contribute to an increase in the reactivity of the powdered Mn80Ni20 particles within the aqueous-colored solutions. After degradation, for both powders, we note the appearance of newly identified Mn2Ni1O4 oxide (JCPD 98-017-4001), and the Mn(OH)2 (JCPD 00-008-0171), and Ni(OH)2 (JCPD 00-014-0117) hydroxides beside the Mn(Ni) phase (JCPD 98-010-4918) (Figure 6a,b). The new products resemble micro-precipitates covering the surface of the particle powders.



The FTIR spectrums of Mn70Ni30 and Mn80Ni20 powders obtained after the degradation reaction of RB5 compared to the initial RB5 powder are given in Figure 7. The FTIR spectrum of RB5 dye before degradation (Figure 7a) showed bands at 3411 cm−1: O-H stretching; 2961 cm−1: skeletal vibration of the benzene ring; 2354 cm−1: aldehyde C-H vibration; 1745 cm−1: C = C stretching vibration; 1635 cm−1: azo bond (–N = N–); 1492 cm−1: C = C aromatic skeletal vibrations; 1186 cm−1: C-OH stretching vibration; 1045 cm−1: C–OH stretching vibration; 1025 cm−1: benzene mode coupling with stretching vibration of –SO3; 805 cm−1: –CH3 skeletal vibration; 616 cm−1: Sulfonic group. All bands are identified on the basis of pieces of information from previous works that studied the degradation of RB5 molecule [60,61,62,63] given in Table 2. The availability of active functional groups and the surface characteristics of the biosorbents after interaction with the dye are changes that are evident in the FTIR spectra of both powders after degradation. Some classic RB5 bonds degrade during the degradation, while new bonds arise. Bonds of the naphthalene ring’s C = C aromatic skeletal vibration at 1400–1600 cm−1 and the azo bond’s –N = N– peak at 1635 cm−1 are both clearly diminished. All FTIR spectra still contain the 2961 cm−1 peak, which is a small peak attributed to the skeletal vibration of the benzene ring. After degradation, a few additional peaks at 1750, 1520, and 1480 cm−1 that represent the stretching vibrations of the C = C, N–H, and C–N bonds, respectively, appear (Figure 7a,b). This proves that the existence of amines is promoted by the reductive dissociation of the –N = N bond [29,35,64]. Since amines are recognized to be water pollutants, using Mn-Ni powders in industrial processes must be carried out in combination with an additional amine adsorption procedure. In their recent work, Ben Mbarek and al. [65] were able to effectively remove unwanted intermediate chemicals from reduction processes, mainly aromatic amines. A variety of adsorbents were used, including wood, graphene oxide, activated carbon, and fine particles. These new results indicated that graphene oxide and activated carbon are the best secondary product adsorbents. Indeed, the regeneration of metal powders, synthesized by high-energy mechanosynthesis, and wastewater from discoloration, can serve as a reference for environmental applications in the purification of industrial effluents. On the other hand, the surface of the metals is covered by remnants of adhered dye and by the layer of oxides and/or hydroxides preventing the reaction between the active metal element of the alloy and the H+ of the aqueous solution. The hydrogen produced would be responsible for the attack of the azo group and its reduction in accordance with the mechanism proposed in the work. However, the reduction of the azo group could occur through the direct reaction of the attached dye and Mn, which is the active reducing agent. The oxide layers of both Mn and Ni are more soluble in acidic conditions. A system for removing these oxides would be washing with an acid solution and subsequent removal by rinsing with water. Then, the dry product is rubbed and the action is repeated. Once finished, the powders are dried at room temperature, or ventilation is used to remove the water from the washing. Therefore, maximum regeneration and use of metal powder particles may be implemented to reduce the costs associated with their use, or as possible solutions to minimize material modifications.



The effectiveness of materials used in the removal of organic pollutants depends on the chemical composition in addition to other factors. The first influences both the adsorption and reduction mechanism as well as the kinetics of the reaction. It is difficult to compare bimetallic reducing agents given that having the same composition but a different morphology or structure can produce different efficiencies. Another factor is the pH; the pH directly influences the redox process and the formation of precipitates. Table 3 gives an approximate comparison of the efficiency of the present Mn-Ni powders used in the removal of RB5 organic pollutants to some nanoreductives applied and reported in the previous literature.




4. Conclusions


In the current work, melt-spinning followed by high-energy ball-milling was successfully used to synthesize Mn-30at%Ni and Mn-20at%Ni powders. Through the use of several analysis techniques, including XRD, SEM-EDX, UV-visible, and FTIR, the efficiency and kinetics of the degrading response of these two alloys in the decolorization reaction of an aqueous solution of Reactive Black 5 were studied. Both particles displayed exceptional performance as decolorizing powders of Reactive Black 5 azo dye aqueous solution, despite the differences in chemical composition and crystalline size. The powdered Mn-20at%Ni particles exhibit good degrading efficiency and demonstrate a faster rate of reaction than the Mn-30at%Ni alloy. The valence electron arrangement explains this remarkable efficiency. When reducing Ni content, it promotes a higher number of reacting sites in the d-band. Later, this enhances electron transport between Mn and H+, hastening the decolorization of RB5 solution containing powdered Mn-20at%Ni particles. Additionally, Mn-20at%Ni has the highest specific surface area (0.45 m2 g−1), which helps to account for the disparity in their decolorization effectiveness. The FTIR spectrum investigation shows an oxidative dissociation of the –N = N– bond, which promotes the presence of amines. The usage of Mn-Ni particle powders in industrial operations must be supplemented with an additional amine adsorption procedure, because these amines are also water pollutants. Chemical processes of decolorization in acidic and basic media are effectively proposed on the basis of all experimental findings linking the degradation process to redox reactions in acidic and alkaline solutions.
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Figure 1. Particle morphologies of the mechanical alloying (MA) Mn-30at%Ni (a1,a2) and Mn-20at%Ni (b1,b2) powders (Before degradation). 






Figure 1. Particle morphologies of the mechanical alloying (MA) Mn-30at%Ni (a1,a2) and Mn-20at%Ni (b1,b2) powders (Before degradation).



[image: Crystals 13 00879 g001]







[image: Crystals 13 00879 g002 550] 





Figure 2. Nominal compositions as examined by EDX and the distribution of particle sizes of the mechanical alloying (MA) Mn-30at%Ni (a1,a2) and Mn-20at%Ni (b1,b2) powders (before degradation). 
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Figure 3. Image of Black 5 solutions processed by MA powders before and after degradation (a), UV absorption spectra at different times for Mn-30at%Ni (b) and Mn-20at%Ni (c) alloys, and the decolorization % from UV absorption intensity at 597 nm versus reaction time for both alloys (d). 
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Figure 4. The plot of the decay time (t0) against temperature and the standardized UV-vis absorption intensity at 597 nm for the MA Mn-20at%Al powder at various temperatures. The fitting of the Arrhenius-type equation to generate the activation energy is represented by the solid lines. 
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Figure 5. Surface morphologies of the Mn-30at%Ni (a1,a2) and Mn-20at%Ni (b1,b2) particle powders, respectively, collected after RB5 decomposition, and their nominal contents as determined by EDX (a3,b3). 
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Figure 6. XRD diffraction patterns of MA Mn-30at%Ni (a) and Mn-20at%Ni (b) powders before and after degradation, respectively. 
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Figure 7. FTIR spectrum of (a) RB5 powder before decomposition, and (b,c) powders Mn-30at%Ni and Mn-20at%Ni, respectively, after decomposition. 
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Table 1. The proposed mechanisms of the degradation process of RB5 in acid or neutral mediums.
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	The Mechanism in Acid or Neutral Medium
	Micropile





	Mn→Mn2+ + 2e−

H2O→H3O+ + OH−

2H3O+ + 2e−→H2 + 2H2O

Mn2+ + 2OH−→Mn(OH)2↓

R–N = N–R’ + H2→R–NH–NH–R’

R –NH–NH–R’ + H2→R–NH2 + R’–NH2
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Table 2. FTIR bonds identification for RB5 [45,46,47,48].
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Reactive Black 5 Molecule (M.W.: 991)
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Peak/Band

	
Identification






	
3411 cm−1

	
O–H stretching vibration




	
2936 cm−1

	
Benzene ring skeletal vibration




	
2354 cm−1

	
C–H aldehyde vibration




	
1745 cm−1

	
C = C stretching vibration




	
1635 cm−1

	
azo bond (–N = N–)




	
1528 cm−1

	
N–H stretching vibration




	
1492 cm−1

	
C = C aromatic skeletal vibrations




	
1260 cm−1

	
C–N stretching vibration




	
1186 cm−1

	
C–OH stretching vibration




	
1045 cm−1

	
C–OH stretching vibration




	
1028 cm−1

	
Benzene mode coupling with stretching vibration of –SO3




	
804 cm−1

	
–CH3 skeletal vibration




	
616 cm−1

	
Sulfonic group
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Table 3. List of some nanoreductives used in the removal of RB5 organic pollutants compared with the Mn–Ni powders used in the present work.
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	Alloy Name
	Route of Synthesis
	RB5 Concentration
	Alloy Dose
	Time
	Removal
	Ref.





	Zero-valent iron powder
	Commercial
	100 mg/L
	0.5g/L
	120 min
	100%
	[56]



	Mn–Al
	Ball-milled
	40 mg/L
	2.5 g/L
	20 min
	100%
	[35]



	Ca–Al
	Ball-milled
	40 mg/L
	1g/L
	1 min
	100%
	[36]



	FeSiB
	Ball-milled
	40mg/L
	2.5 g/L
	3 min
	100%
	[65]



	MnAlFe
	Ball-milled
	40mg/L
	2.5 g/L
	5 min
	100%
	[29]



	MnAlCo
	Ball-milled
	40mg/L
	2.5 g/L
	3 min
	100%
	[29]



	Mn-30%Ni
	Ball-milled
	40mg/L
	2.5 g/L
	17 h
	100%
	[Present work]



	Mn-20%Ni
	Ball-milled
	40mg/L
	2.5 g/L
	15 h
	100%
	[Present work]
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