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Abstract

:

In this study, a combined process of reduction and adsorption for the degradation of azo dye with nanocrystalline Fe80Si10B10 powder as a reducing agent is analyzed. A mechanical alloying technique produced the powdered alloys needed for the redox process. The synthesized nanocrystalline structure favors the efficiency of the reduction step of Reactive Black 5 (RB5) azo dye. According to the UV-Vis analysis, the reductive process alone allowed for nearly complete color removal after 3 min of reaction. In this regard, the nanocrystallized FeSiB powder has excellent application potential in the first step of the reduction processes for degrading azo dye solutions. Indeed, the nanocrystalline FeSiB powder outperforms commercial Fe powders in terms of degradation efficiency because of the formation of multiple micro-batteries between the α-Fe solid solution and the Fe3Si nanocrystalline phases, favoring the loss of electrons from iron and exhibiting different corrosion resistance. In the second step, the adsorption process, the efficient removal of intermediate undesired compounds from the reduction processes, principally aromatic amines, is analyzed. Different adsorbents, including wood, graphene oxide, activated carbon, and pine particles, were used. The results suggest that graphene oxide and activate carbon performed the best for secondary product adsorption following RB5 degradation. The current study could serve as a guide for environmental applications, such as industrial wastewater treatment, using metallic powders produced by high-energy mechanical alloying.
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1. Introduction


Industrial dyes, as well as their by-products, are the main polluters of the waters that are discharged into the fluvial systems. Both are considered potentially toxic and carcinogenic and [1], consequently, they lead to harmful effects on the ecosystem [2]. Various reports are available which show the harmful effects of azo dyes on plants (plant growth and germination) [3]. At present, there are physical–chemical and biological methods to degrade dye wastewater, such as adsorption [4,5,6], ozonation [7,8], Fenton’s reagent treatment [8], photocatalysis [9], reductive degradation [10,11,12], and microbial processes [13]. Adsorption, flocculation, electro-coagulation, precipitation, ozonation, and irradiation are examples of physical and chemical treatments. However, these processes may not be sufficient to remove dyes from effluent. The biological approach, for example, is inappropriate for removing color from dyes, since most of them are inorganic and harmful to the microorganisms utilized in the process. Physical approaches, including membrane filtering, ion exchange, and adsorption, have significant limitations: they operate best when the volume of wastewater is small and can be further broken down into a few microscopic components that are difficult to digest [1], whereas the combination of some of these methods have been successfully applied to the treatment of various dyes [14]. Among these methods, a chemical reduction process is fast and easy to implement for industrial level dye removal. Currently, several reducing agents (with different microstructures) have been used for azo dye removal, including zero-valent iron (Fe0) [15] and iron-based nanoparticles [16]. In this research, we report a very fast reductive degradation method for Reactive Black 5 dye based on Fe rich Fe-Si-B crystallized powder particles which were synthesized by mechanical alloying. Based on the reduction process, micro-batteries are created between the α-Fe phase and the Fe3Si phase, making it easier to donate electrons to the N=N bond and decolorizing the azo dye solution faster. On the other hand, the possibility of an Fe-based amorphous alloy with the nominal composition Fe78Si9B13 as a catalyst for activating persulfate to create sulfate radicals (SO4−) is being investigated [17]. The redox stage is followed by an adsorption process using natural adsorbent agents.



The mechanical alloying technique (MA) has been shown to be capable of producing a variety of metastable phases, including amorphous and nanocrystalline materials. The MA process involves the repeated cold welding, fracturing, and rewilding of particles in a high-energy ball mill. In this work, the nanocrystalline metal powder from MA is used in the azo dye reduction process, and the chemical products derived from the reaction are then adsorbed using different natural adsorbents in order to observe their efficiency. The reduction of the azo group and the corresponding loss of color is analyzed using the ultraviolet-visible spectrophotometry (UV-Vis) technique. The qualitative chemical analysis of non-adsorbed chemical products is carried out using the liquid chromatography–mass spectrometry (LC–MS) technique. Therefore, the adsorption ability of the secondary products using different supports, such as graphene oxide, pine cone, wood, activated carbon, and cotton, are investigated. In addition, the kinetic study of dye degradation with Fe-Si-B nanoparticles is performed.




2. Materials and Methods


2.1. Materials


Fe (99.97% purity, mean particle size <10 μm), Si (99.9% purity, mean particle size <2–5 μm), and B (99.7% purity, mean particle size <10 μm) were supplied by China New Metal Materials Technology Company (Dongguan, China). Anionic dye RB5 (C26H21N5Na4O19S6) (purity of 95%, Color Index 20,505; CAS number 17095-24-8) was supplied by Sigma-Aldrich (St. Louis, MO, USA). The adsorbents were selected to be eco-friendly and were applied without pre-treatment, including natural sub-products such as wood flakes, pine powder, and cotton, as well as powdered activated carbon (Alpha Aesar (Haverhill, MA, USA), Ash 4% max, ref.:74440-44-10), and graphene oxide (Aldrich, ref.:796034-1G).




2.2. Production of Fe Based Alloy


The mixtures of Fe80Si10B10 (at.%) powders are prepared in proportions corresponding to the nominal composition from the elemental powders by using a planetary ball mill (Type P7) under Ar atmosphere over 50 h. Ball milling experiments are carried out in a hardened steel container. The ball-to-powder weight ratio (Q) is 2:1, and the milling speed (ω) is adjusted to 600 rpm. The milling sequence is selected to be 10 min of milling followed by a 5 min idle period, to prevent both sticking of the powder to the container walls and the balls, as well as powder agglomeration during milling.




2.3. Preparation of Reactive Black 5 Solution


Reactive Black 5 was used in this study as the model of azo textile dye, without any further purification process. Its structure is given in Figure 1, with a molecular weight of 991.82 g mol−1. It has a maximum absorbance wavelength of 597 nm. To assess the colorant degradation process, a solution of RB5 was prepared by using 200 mg of commercial RB5 powder in 1 L of distilled water. In each experiment, 0.04 g of adsorbent was weighted and added to 20 mL of dye solution.




2.4. Experimental Analysis Methods


The structure of the FeSiB powders was characterized by X-ray diffraction measurements using Siemens D-500 equipment with Cu-Kα radiation. The size of the crystallites, the lattice strains, and the lattice parameter are calculated based on the Rietveld method using the MAUD program [18]. The morphology and the chemical composition of the mechanically alloyed powder, before and after the reduction process, are examined by scanning electron microscopy (SEM) in a DSM960A ZEISS microscope in secondary electron mode, operating at a voltage of 15 kV. The SEM is equipped with a Vega Tescan energy dispersive X-ray spectrometry (EDS) analyzer. The reduction experiments are conducted in a 20 mL RB5 aqueous solution with an initial concentration of 200 mg/L by using 0.1 g of reactant and continuous agitation. Samples are removed and filtered at regular time intervals, and the absorbance between 200 and 800 nm is measured by spectrophotometry (Shimadzu 2600 UV-visible) with the aim of evaluating the efficiency of the process as a function of time. The powder collected after the reduction stage is analyzed using the Fourier transform infrared spectroscopy (FTIR) spectrum to determine the presence of functional groups in the extract.



To study the adsorption ability of the reaction products resulting from the reduction, the experiments are designed using natural adsorbents and comparing their efficiency with chemical adsorbents such as graphene oxide and activated carbon. Natural adsorbents, such as pine cone, wood, and cotton, were used. The adsorption experiments were conducted using 0.04 g of adsorbent into 20 mL of the supernatant solution after the reduction reaction and continuously agitated for 1 h. Samples were removed and filtered, and the absorbance between 200 and 800 nm was measured by spectrophotometry. The main focus is the 200 to 400 nm region in order to analyze the adsorption efficiency of the aromatic derivatives. In order to carry out a qualitative study of residual chemical products, the organic compounds from the RB5 degradation, reduction and adsorption, are analyzed by high-performance liquid chromatography (HPLC) (Agilent, Santa Clara, CA, USA) coupled with tandem mass spectrometry (LC-MS/MS Bruker, Billerica, MA, USA) in a Beckman Gold chromatograph fitted with a Proshell 120 Pheny Hexyl column at room temperature.





3. Results and Discussion


3.1. Characterization of Nanocrystalline FeSiB Powders


The XRD diffraction pattern of FeSiB powders before the reduction process is shown in Figure 2. One can observe that after 50 h of milling, two crystalline phases with different percentage are present. The first most relevant crystalline phase can be indexed as a solid solution of α-Fe (space group Im-3m), and the second phase is Fe3Si (space group Fm-3m). The crystallographic parameters (lattice parameter, a, crystalline size, L, and micro strain, ε) have been calculated by Rietveld refinement (applying MAUD software, version 2.8) and are presented in Table 1. As can be seen in the table, both phases are nano-crystalline, with an 88.8% of α-Fe solid solution and a calculation deviation given by the GoF of 1.315. The calculated values of crystallite sizes were 10.2 and 13.3 for the solid solution and Fe3Si, respectively. The corresponding lattice micro-strains are around 0.5 and 0.6% for the α-Fe solid solution and the Fe3Si phase, respectively. This nanocrystalline structure can be characterized by a high grain boundary volume fraction, which subsequently promotes an improving effect on the reactivity of the FeSiB powders in the solid state.



Figure 3a,b illustrates the surface morphology of the ball-milled Fe70Si10B10 powder before reduction. It is clear that the particle sizes show a relatively uniform distribution, and some aggregation can also be observed. As seen in the figure, their surfaces show many corrugations. The EDX analysis result shown in Figure 3c reveals that the as-produced ball-milled particles are composed of Fe and Si elements, while boron is not detected (due to technique limitations), with no significant traces of other elements. The ratio of Fe to Si is approximately equal to 80:10, which is in good agreement with the nominal composition of the alloy powder. Figure 3d displays the wide size distribution of the particles of the alloy, with an average diameter of 4.87 μm.




3.2. Decolorization of RB5 Aqueous Solution by Using Nanocrystalline FeSiB Powders


Figure 4a shows the UV absorption spectra for the RB5 solution, before and after the reduction process. The inset shows the appearance of the RB5 solution. The characteristic absorption peak at 597 nm corresponds to the “–N=N–” azo bonding. The typical wavelength of naphthalene and condensed ring aromatics above 300 nm can be also observed in the spectrum of the RB5 dye. The decline in the absorbance at 597 nm is attributed to the decolorization of RB5; however, a fracturing of all the molecules of the dye at the initial times is not observed, as is shown in the figure. Nonetheless, after 3 min of contact with the FeSiB alloy, the cleavage of the naphthalene, but not of benzene rings, is observed after complete dye reduction. Gnanamoorthy et al. [19] reported that the decolorization of azo dyes by Fe3O4/rGO/ZnSnO3 nanocomposite using the halogen light irradiation technique is significantly less efficient and slower. The concentration of 10 mg of catalyst in the presence of aqueous methylene blue dye was reduced at 60 min, with a final decolorization of 60%. Moreover, in another recent work, Gnanamoorthy et al. [20] observed a 20 min degradation time with a 75% degradation percentage when 25 mg of amine-functionalized Bi2Sn2O7/rGO was added to a 1 × 10−3 M solution of methylene blue dye. When the initial dye concentration and the amount of powder per volume are considered, the decolorization process found for FeSiB is more efficient and faster than any other documented in the cited publications.



The absorption band of benzene drifts towards lower wavelengths as a consequence of the fracture of naphthalene and the corresponding loss of the interaction between the two absorption signals. An increase in the intensity near 250 nm is evidence of the fracture of the double bond of the azo group and the formation of aromatic derivatives as new reaction products. The same results have been reported by Ben Mbarek et al. [11,21] in the case of the reductive degradation of Reactive Black 5 dye solution by Mn-Al and Ca-Al. The intensity of the characteristic absorption peak at 597 nm eventually decreased as the degradation proceeded, and the peak finally disappeared, indicating a complete decomposition of the RB5 molecule. The cleavage of the naphthalene and benzene rings in the experimental conditions is not studied in this work.



It is known that the absorption intensity at 597 nm is linearly related to the RB5 concentration of solutions. To evaluate the dye reduction rate, calibration curves [22,23], with absorbance as a function of the concentration of dye patterns, were previously prepared (Figure 4b). The linear relationships between 1 to 200 mg·L−1 with good value of determination coefficient (R2 = 0.9982), were observed. However, McBride et al. [24] discussed the errors inherent in all Beer’s law plots and its limits of quantification and detection at high values of concentration. Indeed, the shifting slope of the line indicates that the resulting concentration error, C, would be modest at low concentrations and significant at high concentrations. By applying the following mathematical relationships [25], the value of the detection limit (LOD) and the value of the quantitative estimate limit (LOQ) are calculated as follows:


  L O D =   3 σ  S   



(1)






  L O Q =   10 σ  S     



(2)




where S = the slope for the standard curve, and σ = the standard deviation of 10 blank solutions. The results obtained for the values of LOD and LOQ are equal to 0.131308 mg·L−1 and 0.437694 mg·L−1, respectively.



The decolorization ratio, D, is calculated using the following equation [26]:


  D =    C 0  −  C t     C 0    · 100 %    



(3)




where C0 is the initial concentration, and Ct is the concentration of RB5 at reaction time t. The representation of the residual concentration Ct as a function of time is shown in Figure 4c. The dependence of the decolorization ratio calculated from Equation (1) on time for the Fe80Si10B10 powder is plotted in Figure 4d. Clearly, the Fe80Si10B10 powder showed high efficiency, and it degraded 99% of the RB5 in 3–5 min.



The evaluation of the reaction efficiency at different temperatures, ranging from 25 to 50 °C, are shown in Figure 5. Thus, a very high at 50 °C was maintained by the degradation reaction (Figure 5a). The decay behavior is fitted by an exponential function,   I =  I 0  +  I 1   e  − t /  t 0      [27], where I is the normalized intensity of the absorption peak, I0 and I1 are the fitting constants, t is the degradation time, and t0 is the time at which the intensity is diminished to e−1 of the initial state; it is derived by fitting the data points. Considering a thermally activated process for the reaction, we can evaluate the thermal activation energy barrier Ea with the Arrhenius-type equation, t0 = τ0 × exp (Ea/RT), where t0 is a time pre-factor, and R is the gas constant. Figure 5b presents the Arrhenius plots of ln(t0) as a function of 1/T for the degradation process of azo dye by using BM powder in the temperature range of 25–50 °C. The estimated ΔE value is 43.06 kJ mol−1. Considering the fact that the activation energies for ordinary thermal reactions are usually between 60 and 250 kJ mol−1 [28], this result implies that the degradation of RB5 by the BM FeSiB required relatively low energy. The low activation energy, combined with the rapid decolorization, makes this material one of the most efficient for decolorization at ambient temperatures. The crystalline FeSiB powder, with favorable structures, shows degradation efficiencies comparable to or higher than those of the amorphous ZVI powders [29].



The status of FeSiB is monitored and the sediment phase compositions are identified. As is shown in Figure 6, the XRD spectrum of the FeSiB shows the appearance of new small peaks after the degradation reaction. These are identified as the γ-FeOOH phase, with sediments formed from the oxide exfoliation of the FeSiB powder surface. The existence of FeOOH indicates that Fe0 is the reductive agent. During the process of reduction, micro batteries are generated between the α-Fe phase and the Fe3Si phase. Thus, due to the micro-battery effect, the zero-valent iron Fe0 in the α-Fe(Si,B) solid solution more easily donates its electrons to the N=N bond, and the azo dye solution is decolorized faster. Wang et al. found that the numerous micro-batteries formed between the α-Fe (Si) and Fe2B nano-crystalline phases in Fe82.65Si4B12Cu1.35 nano-crystalline alloy improved its efficiency in decolorizing the azo dye solution by about 20% (compared with the amorphous alloy or single nano-crystalline alloy) [30]. Zero valent iron (ZVI) is significantly less efficient that FeSiB; thus, the redox process is slower [31], even if the reduction is aided by elevated pH, an increase in temperature, or other additional parameters [32].



The Fe3Si phase has a tendency to become passivated, with a corrosion potential of Ecorr = −0.37 V in non-standard conditions [33], thus avoiding its subsequent oxidation. The passivation of the intermetallic phase would facilitate the oxidation of the α-Fe solid solution phase. The formation of the oxide-hydroxide FeOOH detected in the diffraction pattern suggests that Fe is oxidized to Fe3+ (   E  F  e  3 +   / F e  0  = 0.04   V  ). The characteristic peak of SiO2 (2θ = 21°) from the Fe3Si phase is not detected because its concentration is below the detection level of the X-ray diffraction equipment. At the initial pH conditions at which the reduction experiments are carried out (between 5 and 6), the H3O+ ions from the hydrolysis of water act as intermediaries for the reduction of the azo group. The activated hydrogen is retained on the metal surface, attacking the molecules of the azo dye that has previously been adsorbed by the metal powder. The proposed mechanism would be:


Fe3Si-SiO2 (passive electrode)

Fe → Fe3+ + 3e− (anode)

H2O → H3O+ + OH−

2H3O+ + 2e−→ [H2] + 2H2O

R–N=N–R’ + [H2] → R–NH–NH–R′

R–NH–NH–R′ + H2→ R–NH2 + R′–NH2











A schema of the micro batteries formed is given in Figure 7.



This mechanism is in agreement with the decrease in the percentage of the pre-existing phases detected by XRD (as shown in Table 2). The Fe3Si phase experiences a slight decrease due to its passivation, while the phase that decreases the most is the solid solution α-Fe (Si,B) (from 88.8% to 77.7%). These results would justify the proposed mechanism, if compared with the results presented in Table 1.



The surface morphology for the Fe-Si-B powder after reaction with RB5 solutions is observed, as shown in Figure 8a. The morphological analysis also confirms the viability of the hypothesis for the formation of micro- or nanobatteries. The number of corrosion pits is much larger, and they are distributed all along the sample.



Regarding microanalysis, the EDX spectrum after the decoloring reaction is shown in Figure 8b.



Figure 9a,b show the typical FT-IR spectrum of the RB5 dye powder and the Fe-Si-B powder after the reduction process.



Evidently, the FT-IR spectrum of the untreated sample dye shows characteristic peaks of –OH vibrational stretching at 3445 cm−1, and –NH vibrational stretching, as in amines. The characteristic peaks at 2917 and 2850 cm−1 belong to the –CH3 asymmetric and symmetric vibrational stretching and the –CH2 asymmetric vibrational stretching. A characteristic peak for the C-C vibration of the aromatic ring appears at 1603 cm−1. The most important peak appeared at 1450 cm−1, representing the –N=N– azo linkages stretching. The sulfoxide nature of the RB5 was evident from the typical FT-IR peak that appeared at 1026 cm−1. Comparatively, the FT-IR (Figure 9b), shows the functional groups of the reaction products, resulting from the reduction reaction, that have been adsorbed on the surface of the alloy powder. The observed spectral behavior is similar to that reported in other dye degradation studies [34,35]. The bands at 3445 cm−1 and 3425 cm−1 (N–H stretching), 1222 cm−1 (C–O stretching), and 1645 cm−1 (N–H bending) are present. The FT-IR after degradation indicates that some of the product contains a primary amine as a result of the reductive cleavage of the –N=N– bond. This is in agreement with the disappearance of the band at 1450 cm−1, confirming the above-mentioned UV/V results concerning the cleavage of the azo bonds [11]. Above 2000 cm−1, the extract exhibits the same antisymmetric and symmetric C–H stretching vibrations at about 2921 cm−1as those of the –CH2 groups in the short hydrocarbon chains of the by-products and the RB5 molecule. The absorption bands due to Fe–O symmetric stretching and O–H bending vibrations, occurring in the range of 620–680 cm−1and 750–1000 cm−1, respectively, were characteristic of the FeOOH phase as confirmed by XRD [36]. Figure 10 shows the UV-Vis after the degradation of RB5 by FeSiB powder; the absorption peak near 250 nm increased, implying the RB5 has already been converted into other substances after reduction by the FeSiB powders [37].




3.3. Secondary Treatment of Decolorized RB5 Aqueous Solution by Using Natural Adsorbents


The treatment of these substances was evaluated by different adsorbents, such as wood, graphene oxide, activated carbon, and pine powders. The experiment was performed with 0.04 g of adsorbents in 20 mL of the solution, continuously agitated for 1 h. Samples were removed and filtered, and the absorbance between 200 and 800 nm was measured by spectrophotometry. The absorption peak of the decomposition products at 248 nm does not shift for any of the UV–Vis spectra for wood, cork, and pine powders, indicating that the same decomposition products were formed by the FeSiB powder, regardless of the addition of these adsorbents. On the other hand, the absorption peaks of the UV-Vis spectra of graphene oxide and activate carbon powders at 248 nm decrease, indicating the adsorption of the secondary products, especially when using OG. The absorption curve for the latter adsorbent shows that no aromatic derivatives are detected around 250 nm. It should be noted that the addition of GO and AC indicated the adsorption of the secondary products after the degradation processes of the RB5 solutions due to the availability of vacant active adsorption sites, resulting in improving the adsorption efficiency of the harmful substances (as shown in Figure 10).



The absorption edges at 248 nm were used for the band gap energy calculation using the Kubelka–Munk function. The pine powder, wood powder, graphene oxide, and activated carbon powder show band gap energies of 5.3899, 5.2357, 3.7097, and 2.5047 eV, respectively. There is slight variation in the band of activated carbon compared to the other adsorbents, in which there is drastic reduction in the band gap from 5.2357 to 2.5047 eV (Figure 11), making the catalyst more efficient in the visible region. Hence the composite materials will enhance the photocatalytic degradation efficiency in visible light.



The degradation products formed during the degradation process were analyzed. Ben Mbarek et al. analyzed the HPLC-MS chromatogram of the RB5 dye in solution before the reduction by FeSiB. It consists of a broad peak eluting between 12.3–12.5 min. The major peaks of the RB5 dye correspond with a molecular weight of 822, 991 and 1061 [11].



Figure 12a,b displays the HPLC -MS analysis of the RB 5 dye dissolution at the final reduction treatment. Figure 10a shows peaks of different intensity between the times of 5.6 to 11 min. The time of the highest intensity peak is around 11 min, identified as 4-(2-hydroxyethyl)sulfonyl) phenol and m/z = 202. The other peaks of lower intensity correspond to a mixture of aromatic derivatives and other chemical compounds of smaller molecular weight from the fracture and degradation of the dye molecule. The chromatograms, after reduction by FeSiB (5 min), indicate the total reduction of the “–N=N–” azo bonding and the complete disintegration of the dye. The structures of the compounds obtained are identified from the fragmentation pattern data and the m/z values obtained following UPLC-MS analysis. The molecular identification is given in Table 3 as a function of the m/z values found. It can be deduced that the degradation of dyes proceeds via the cleavage of azo bonds giving rise to the formation of aromatic amines and other aromatic compounds as a result of molecular degradation. The degradation of azo dyes begins with a reduction or cleavage of the azo bond, followed by a partial or total disintegration of the aromatic amines [38]. Similar analyses with HLPC-MS are carried out on the residual products from the adsorption process. The results of the +MS chromatogram are collected in Figure 10b. The structures of the compounds identified as a consequence of the adsorption process by GO, after reduction and fragmentation, of the dye dissolution are shown in Table 3. It can be concluded that the adsorption of aromatic products by GO is not complete because of the detection of 4-(2-hydroxyethyl)sulfonyl) phenol as a residual product. A quantitative analysis of residual phenol has not been carried out in this work. However, it is appropriate to point out that its UV-visible signal has not been detected.



The results of this work indicate that the Fe80Si10B10 powder produced by mechanical alloying is an excellent and effective reductive agent for azo bonds. It only requires 3–5 min for complete discoloration. The crystal structure of the alloy is considered a key factor favoring the catalytic reduction of the azo functional group. The reducing agent is considered to be Fe0, according to the results obtained by XRD. In the diffractogram of the powder after the reduction process, the formation of a new phase identified as Fe-OH is observed. The results confirm that the powder shows superior degradation capability and has higher degradation efficiency to degrade azo dyes than the commercial Fe powders (complete degradation of RB5 after 3 h [39]), attributed to the formation of numerous micro-batteries formed by different nanocrystalline environments, which favor the loss of electrons from the iron and promote the degradation process, as confirmed by Cheng et al. [40]. These favorable structures function in the same way as the amorphous ZVI and contribute to a high degradation efficiency. It is widely accepted that amorphous ZVI has a high degradation activity for azo dyes. However, a simple and cheap processing method (ball milling) can prepare crystalline powders with favorable structures and RB5 degradation efficiencies comparable to or higher than amorphous ZVI powders. Moreover, the secondary treatment was also studied as a result of the substances that appeared after the degradation of RB5 by FeSiB powder, detected by UV-Vis and HPLC-MS. The use of different adsorbents, such as wood, graphene oxide, activated carbon, and pine powders, was also studied. The results show that graphene oxide and activated carbon presented the best performances for the adsorption of the secondary products after the degradation of RB5.





4. Conclusions


Fe80Si10B10 (at.%) powders were successfully fabricated by high-energy mechanical milling. The efficiency of Fe80Si10B10 to degrade organic chemicals was investigated by evaluating the decolorization process of RB5 aqueous solutions. The ball-milled powder exhibited excellent degradation efficiency and high reaction rates, with a 100% dye removal of 40 mgL−1 dye solutions in less than three minutes. This high efficiency is associated to the nanocrystalline structure and the formation of multiple micro-batteries between the α-Fe solid solution and the Fe3Si nanocrystalline phases, favoring the loss of electrons from iron and activating the chemical reduction. As an advantage, these metallic powders may be used as a low-cost, high-performance decolorizing method for textile wastewater pre-treatments. Based on the experimental results, a schematic reaction mechanism in aqueous basic medium has been proposed, which is based on the reducing power of iron. Thus, mechanical alloying is a useful technique in order to develop Fe-based powdered alloys for wastewater remediation.



The efficient removal of intermediate undesirable chemicals from reduction processes, primarily aromatic amines, is examined in the second step of the adsorption procedure. Adsorbents such as wood, graphene oxide, activated carbon, and pine particles were employed. According to the data, graphene oxide and activate carbon performed the best for secondary product adsorption after RB5 degradation. The current study could be used as a model for environmental applications, such as industrial wastewater treatment, that use metallic powders produced by high-energy mechanical alloying. These findings may provide a highly efficient, low-cost, commercial method for azo dye wastewater treatment.
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Figure 1. Chemical structure of the diazo dye Reactive Black 5. 
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Figure 2. XRD diffraction pattern of the ball-milled Fe80Si10B10 powder before the degradation of Reactive Black 5. 
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Figure 3. Particle morphologies (a,b) of the ball-milled Fe80Si10B10 powder before the reduction process. (c) The nominal compositions as examined by EDX. (d) Distribution of particle sizes of the ball-milled powders. 
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Figure 4. (a) UV absorption spectra for Fe80Si10B10 alloy calibration curve of Reactive Black 5 at different times; (b) calibration curve of Reactive Black 5; (c) evolution of RB5 dye concentration after application of 0.1 g/20 mL of Fe80Si10B10 powder; (d) dependence of the decolorization percentage on the reduction process induced byFe80Si10B10 powder. 
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Figure 5. (a) The normalized UV absorption intensity at 597 nm versus the reaction time at different temperatures for the BM FeSiB powder. (b) Plot of the decay time (t0) versus temperature. The solid lines are the fitting by Arrhenius-type equation to yield the activation energy. 
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Figure 6. XRD diffraction pattern of the ball-milled Fe80Si10B10 powder after the degradation of Reactive Black 5. 
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Figure 7. Scheme of the micro-batteries formed. 
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Figure 8. Particle morphology of (a) the ball-milled Fe80Si10B10 powder after the reduction process; (b) the EDX microanalysis. 
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Figure 9. (a) FTIR spectra of the RB5 powder before the degradation reaction, and (b) FTIR spectra of the BM FeSiB powder after the degradation of Reactive Black 5. 
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Figure 10. UV–Vis spectra of degradation RB5 solutions after adsorption by different adsorbents. 
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Figure 11. Band gap energies of adsorbents after the reaction time. 






Figure 11. Band gap energies of adsorbents after the reaction time.



[image: Metals 13 00474 g011]







[image: Metals 13 00474 g012 550] 





Figure 12. (a) HPLC-MS chromatogram (+MS) of Reactive Black 5 solution after reduction by FeSiB powder. (b) HPLC-MS chromatogram (+MS) of Reactive Black 5 solution degraded by FeSiB powder after the adsorption process by OG powder. 
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Table 1. Crystallographic parameters (lattice parameter, a, crystalline size, L, and micro strain, ε, calculated by Rietveld refinement of the Fe80Si10B10 powder before the reduction process.
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Sample

	
Phase

	
%

	
a (Å)

	
Crystalline Size (nm)

	
Microstrain %

	
Rwp

	
Rexp

	
GoF






	
Fe80Si10B10

	
α-Fe

	
88.8

	
2.862 (3)

	
10.2 (1)

	
0.52 (2)

	
11.481

	
8.730

	
1.315




	
Fe3Si

	
11.2

	
3.986 (4)

	
13.3 (11)

	
0.60 (1)
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Table 2. Crystallography parameters (lattice parameter, a, crystalline size, L, and micro strain, ε) calculated by Rietveld refinement of Fe80Si10B10 powder after the reduction process.
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Sample

	
Phase

	
%

	
a (Å)

	
Crystalline Size (Å)

	
Microstrain

%

	
Rwp

	
Rexp

	
GoF






	
Fe80Si10B10

	
α-Fe

	
77.7

	
2.864 (2)

	
106 (1)

	
0.053 (2)

	
11.783

	
9.897

	
1.191




	
Fe3Si

	
9.9

	
3.987 (3)

	
76 (6)

	
0.058 (4)




	
FeO (OH)

	
12.4

	
3.055 (7)

4.601 (2)

9.927 (3)

	
179 (1)

	
0.032 (3)
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Table 3. The degradation products of Reactive Black 5 after reduction by FeSiB and adsorption by OG powder in positive m/z values.
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+MS




	
Molecular Weight

	
Molecular Compound






	
HPLC-MS of Reactive Black 5 solution after degradation by FeSiB powder




	
184

	
4-(vinylsulfonyl) phenol




	
201

	
4-(2-hydroxyethyl)sulfonyl) benzenoamina




	
202

	
4-(2-hydroxyethyl)sulfonyl) phenol




	
200

	
4-(2-aminoethyl)sulfonyl) benzenoamina




	
226

	
5-((4-hydroxyfenyl)sulfonyl)-2 penteno




	
HPLC-Ms of Reactive Black 5 solution degraded by FeSiB powder after the adsorption process by OG powder




	
202

	
4-(2-hydroxyethyl)sulfonyl) phenol.
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