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Abstract 
Azo compounds are one of the most common families of dyes used in textile and leather 

treatments. An important step during the treatment of water polluted by these compounds is 

the degradation of colorants by breaking the N=N bonds, producing the decolorization of the 

water. In this work, we present the decolorization of reactive black 5 solutions using Mn-Al-

Co and Mn-Al-Fe nanostructured powders produced by ball milling. The morphology and the 

phase structure of the metallic powders were characterized by scanning electron microscopy 

(coupled with EDS microanalysis) and by X-Ray diffraction respectively. The decolorization 

efficiency of reactive black 5 solutions was assessed by monitoring the dye degradation by 

ultraviolet/visible absorption spectrophotometry. Fe doped Mn-Al showed a fast kinetics and 

high efficiency. 40 mgL-1 of dye solution was successfully decolorized in 5 min using 0.25 g / 

100 mL of powders. On the other hand, Mn-Al-Co powders were able to successfully 

decolorize the dyed solution in 10 min in the same conditions. The efficiency of the 

intermetallic particles is higher than those found with Mn particles. To summarize, 

nanocrystalline Fe-doped Mn-Al exhibits superior properties, such as high reactivity and 

efficiency, wide applicability and low corrosion loss, in comparison with Co-doped. 
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1. Introduction 
 

Waste water from textile industry is still a major water-treatment challenge [1,2]. New dyes 

are designed to better resist degradation of the color; thus demanding a continuous effort in 

research for developing new, cheaper and more efficient processes for wastewater treatment. 

One of the biggest family of textile dyes used nowadays is the so-called azo-dyes, which are 

characterized by the presence of one or more azo-bounds (-N=N-) acting as chromophores of 

the molecule. Many different chemical and biological approaches are employed for the 

removal of azo dyes [3]. Decolorization by solid particles is one of such methods, in which 

synthetic dyes are adsorbed onto a solid surface or degraded by a reaction generated by the 

material. Metal oxides, polymers, zeolites and zero-valent metals (ZVM) like iron, 

magnesium, zinc, nickel or aluminum have been investigated as a promising route because of 

its merits of low cost, rapid degradation efficiency, and convenient operation in practical 

applications [7-10]. The surface activity of ZVM is of significant importance with regard to 

the degradation reaction of organic contaminants, [11,12] since the degradation reaction 

involved a redox process in which surface metal atoms lose electrons to cleave the active 

bonds (such as –N=N– bonds) of organic molecules. [7], [11–19]. 

Metallic metastable phases can be produced by rapid solidification techniques [20-22] thus 

increasing the efficiency of the decolorization process [15,23,24]. On the other hand, large 

differences depending on the powder production method have been reported, with ball milled 

particles showing the highest reaction activity [23]. In particular, high-energy ball milling 

(BM) process was used to prepare fine powders with high surface area. Indeed, the high 

density of microstrain and lattice defects and the intrinsic brittleness of these milled powders 

facilitate their subdivision into fine particles. Recently, a mechanically alloyed binary Mn-Al 

system [25] showed a rapid 100% decolorization efficiency. In this work, we study the 

difference between Mn-Al-Fe and Mn-Al-Co on the degradation rate of the Reactive Black 5 

dye (RB5), the two compositions showing improvement with respect to the original Mn-Al 

alloy [25]. As detailed in this paper, the low corrosion resistance of iron compared to cobalt 

increases the rate of the degradation reaction. The process is favored by the adsorption 

process on the surface. 

 

2. Experimental procedure 
 



Alloy ingots with nominal compositions of Mn60Al30(Fe,Co)10 (at%) were prepared by arc 

melting using pure Mn (99.99 wt%), Al (99.99 wt%), Fe (99.98 wt%) and Co (99.98 wt%) 

under a Ti gettered argon atmosphere. The ingots were melted by induction heating [16] and 

injected through a nozzle, with width of 0.8 mm, on a rotating copper wheel obtaining rapidly 

quenched ribbons with a thickness of 40 m. The ribbon samples were then put into a ball-

milling jar under Ar atmosphere. An inverse rotating direction was adopted to mill the 

samples and the speed of the jar upon ball milling was 500 rpm. After each 10 min of milling, 

a time of 5 min waiting interval was applied in order to avoid the sample heating and to 

prevent the powders sticking to the jar walls and the balls, as well as powder agglomeration. 

The total milling time was 15 hours. A scanning electron microscopy (SEM) in secondary 

electron mode operating at a voltage of 15 kV was used to examine the morphology of the 

ball milled (BM) powder. The SEM was equipped with an energy dispersive X-ray 

microanalysis system (EDX, Vega©Tescan). The specific surface area of the MnAl(Fe,Co) 

powders was determined by the gas multilayer adsorption method according to the Brunauer, 

Emmett and Teller (BET) theory in a Micromeritics ASAP 2010 M apparatus. These 

measurements were carried out under nitrogen after degassing the powder at 300 ˚C for 24 

hours. The structure of the milled powders was characterized by X-ray diffraction (XRD) 

room temperature measurements on a Siemens D500 powder diffractometer using CuK  

radiation (λCu = 0.15406 nm). The microstructural characteristics were derived from a full 

pattern XRD Rietveld fitting procedure [26,27]. 

 

To evaluate the colorant degradation reaction an aqueous solution of Reactive Black 5 (named 

RB5) with a concentration of 40 mg L-1 was used. For each degradation experiment, 0.25 g 

BM powder was added into 100 mL of solution. Samples of the solutions were drawn out at 

regular time intervals and centrifuged at 3000 rpm for 15 min by using a Rotanta 460 r 

centrifuge. The supernatants were separated and the color was measured at the maximum 

absorption wavelength for RB5 dye by means of an ultraviolet-visible absorption 

spectrophotometer, UV-Vis, (Shimadzu 2600 UV visible). The powder collected after 

degradation was analyzed using Fourier transform infrared spectroscopy (FTIR) spectrum to 

determine the presence of functional groups in the extract. The pellets were prepared in each 

case with the same quantity of ground sample in KBr and the spectra were normalized for 

comparison between different samples. Prior to analysis of the Mn, Al, Fe and Co ions in 

solution, samples were filtered through a 0.2 μ-membrane filter. Then, the concentrations of 

the metal ions were analyzed by a flame atomic absorption spectrophotometer (A-2000, 



Hitachi) according to standard methods [28]. The organic compounds from the RB5 

degradation were analyzed by high performance liquid chromatography (HPLC) coupled with 

tandem mass spectrometry (LC-MS/MS). The HPLC analyses were carried out using a 

Beckman Gold chromatograph fitted with a Proshell 120 Pheny Hexyl (4.6 x 150 mm x 2.7 

mm) column at room temperature. The determination of the extent of dye abatement was 

conducted isocratically with the detector selected at λ = 220 and 311 nm using a 90:10 (v/v) 

aqueous solution of ammonium acetate / methanol mixture as the mobile phase. A flow rate of 

0.5 cm3 min-1 and injection volume of 0.2 cm3 were always used. 

 

3. Results and discussions 
 

Fig. 1a and 1b illustrate the morphologies of the BM Mn-Al-Fe powder. As showed in the 

figure, the particles surface shows many corrugations. The EDX analysis result shown in Fig. 

1c does not reveal contamination by the production process and, the BM powder are only 

composed of Mn, Al, Fe elements. The ratio of Mn: Al : Fe was approximately equal to 57 : 

31 : 12, which is in good agreement with the nominal composition of powder mixture. Fig. 1d 

displays the size distribution of the powders that presents an average diameter of ⁓11 μm. 

Fig. 2a and 2b show the micrographs of the Mn-Al-Co as-produced powder. The particles 

surface is characterized by smoothed surface and corrugations. A closer inspection reveals 

that larger particles are aggregations of roundish finer particles.  The EDX analysis shown in 

Fig. 2d confirm that the expected elemental composition of Mn :Al : Fe was approximately 

equal to 55:34:11. Fig. 2c shows the size-distributions calculated from the SEM images. The 

average particle size is ⁓ 9 μm. 

Fig. 3 presents the image of RB5 solutions before and after being processed by BM powders 

at 25 ˚C. It is clear that the discoloration of the RB5 aqueous solution RB5 is very successful. 

The supernatants of the aqueous solutions of RB5 treated with the two ternary powders Al-

Mn-Fe and Al-Mn-Co were separated, respectively, at times 0.5, 1, 2, 3, 4 and 5 minutes and 

0, 1, 5, 10, 15 and 20 minutes. The color intensity of the solutions was measured at the 

maximum absorption wavelength for the RB5 dye using an UV-Vis absorption 

spectrophotometer. The results found are given in Figure 4. For the ternary compound Mn-Al-

Fe, the solution is completely discolored by the powder in 5 min (Fig. 4a), whereas the 

solution treated with the Mn-Al-Co powder is completely discolored in 20 min (Fig. 4b). 

Before the treatment by BM powders, the high absorbance located at 597 nm in the visible 

region arises from the “-N=N-” bonds and the intensity of the peak denotes the azo dye 



concentration in the solution [29]. The other two bands at 230 and 310 nm in the ultraviolet 

region are ascribed to the benzene and naphthalene rings of the dye, respectively [7, 30]. The 

changes in the peaks as a function of degradation time reflect the evolution of the RB5 

chromophores in the solution: The bands at max become weaker with degradation time, 

indicating the cleavage of the azo bands, formation of (-NH2) groups, and the decomposition 

of RB5 in the solution. At the same time, this cleavage is confirmed by the increase of 

intensity of the absorbance peak at 246 nm. The same results have been reported by Zhang et 

al. [15] in the reductive degradation of azo dyes in acid orange II solution by Fe based 

amorphous alloys. 

 

The mechanism of the redox reaction is expected to be practically the same as for the case of 

the binary Mn-Al, but the rates of the RB5 bleaching reaction under the same dosage and 

temperature conditions using the Mn-Al-Fe and Mn-Al-Co powders appear to be different. 

The different potentials of reduction of Fe and Co could justify these discrepancies as well as 

the different solubility of their hydroxides. The standard oxidation potential of Fe / Fe2 + (-

0.44 V) is more negative than that of H + / H2 while that of Co / Co2 + (-0.29 V) is less 

negative, which makes the transfer of electrons between Co and H + slower than between the 

Fe and H + [36]. In the process of decolorizing the azo dye RB5 by the Mn-Al-Fe compound 

(or the Mn-Al-Co compound), the zero-valent iron (or the zero-valent cobalt) is used as a 

reaction actor to promote the production of hydrogen from water for activation of the azo 

bond degradation [5,15,24,37].  

Another factor to consider is the different adsorption capacity of both elements [32,33]. 

According to energy band theory [34,35], the valence electrons of metal atoms are shared by 

all atoms to form a cloud of electrons in a highly shared state. As for Fe and Co, their valence 

electron configurations are, respectively, 3d64s2 and 3d74s2. Magnetic data showed that there 

was an average of 2.2 and 1.7 holes in the d band, respectively [32,35]. The more holes in the 

bands, the more unpaired electrons there are. Unpaired electrons can form a localized 

adsorption bond with the adsorbate molecules, so that more unpaired electrons mean greater 

adsorption capacity. Simultaneously to the adsorption of the RB5 molecule, a reduction of the 

azo group might take place on the surface of the metallic powder.  Thus, the compound Mn-

Al-Fe has the highest decolorization process reaction rate in the first five minutes, because it 

has the highest concentration of d-band holes per unit atom, whereas the compound Mn-Al-

Co shows a lower adsorption rate (Fig.5).  



The appearance of bubbles inside the solution suggests the formation of hydrogen gas as a 

direct reaction product of the redox process. Based on this fact, the mechanism of the dye 

degradation proposed is driven by the release of H2 from the reduction of water, the posterior 

cleavage of -N=N- bonds and, finally, the formation of -NH2 groups. The pH at the beginning 

of the discoloration process is 6.3, under these conditions, the release of hydrogen gas is 

accompanied by the formation of insoluble metal hydroxides [38-40]: 

                                       Al               Al3+ + 3e-                                                        Eq.1 

                                       Mn                 Mn2+ + 2e-                                                     Eq.2 

                            Fe                    Fe3+ + 3e-                                           Eq.3 

                           2H2O                 H3O+ + OH-                                       Eq.4 

                           2H3O+ + 2e-   H2 + 2 H2O                                         Eq.5 

                          Al3+ +   3OH-            Al (OH)3                                       Eq.6 

                          Fe3+ +   3OH-                         Fe (OH)3                                  Eq.7 

                     R-N=N-R´ + H2                 R-NH-NH-R`                         Eq.8 

                     R-NH-NH-R´ + H2   R-NH2 + R`-NH2                 Eq.9 

 

The mechanism for Mn-Al-Co is similar taking into account Co reactions (pH<7) [40,41]: 

 

                            Co                    Co2+ + 2e-                                           Eq.10 

                           Co2+ +   2OH-                  Co (OH)2                                      Eq.11 

The aluminum oxide can act as an acid or a basic agent depending on the environment of the 

medium and the result ends with the successive formation of Al(OH)3 and the ion [Al(OH)4 ]-. 

The enrichment in OH− ions as result of the reduction process of water leads to an increase of 

the pH value in the dye solution. According to the measurement, the pH value increases from 

initial 6.3 to about 10.8 after the degradation by the Mn-Al-Fe powder and 11.2 after the 

degradation by the Mn-Al-Co powder. The mechanism proposed by Mn-Al-Fe and Mn-Al-Co 

reaction, in basic conditions, are [38,40,41]: 

Mn-Al-Fe (pH>7): 

 

                                        Al               Al3+ + 3e-                                                             Eq.12 

                                        Mn             Mn2+ + 2e-                                                                 Eq.13 

                             Fe                  Fe3+ + 3e-                                                  Eq.14 



                            2H2O + 2e-    2OH- + H2                                           Eq.15 

                            Al3+ + 3OH-        Al (OH)3                                            Eq.16 

                                   Fe3+  + 3OH-             Fe (OH)3                                             Eq.17 

                            Al (OH)3 + OH-         [Al (OH)4]-                              Eq.18 

                           R-N=N-R´ + H2              R-NH-NH-R`                          Eq.19 

                            R-NH-NH-R´ + H2          R-NH2 + R`-NH2             Eq.20 

For Mn-Al-Co (pH>7) is similar taking into account Co reactions: 

 
                             Co                 Co2+ + 2e-                                                  Eq.21  

                                   Co2+  + 2OH-             Co(OH)2                                               Eq.22  

 

To confirm the product of the discoloration reaction by the Mn-Al-Fe (or Mn-Al-Co) powder, 

we observed the surface of the particles by high resolution scanning electron microscopy. The 

micrographs obtained are given in Figs. 6 and 7 and show that some products of the reaction 

are precipitate (uniformly distributed) over the entire surface of the particles. Zhang et al. [42] 

found similar results in other metallic compounds. These crystalline precipitates are mainly 

composed of the element Al and oxygen. In addition, many corrosion holes are observed on 

the surface of the alloys, indicating that corrosion of the alloy particles during the degradation 

process of RB5 is by pitting. It is well known that the corrosion of the Al-based alloy is 

dependent on the damage of the Al2O3 passive film. In addition, it is believed that pitting 

corrosion is one of the main degradation mechanisms of RB5.  
This result has a very practical meaning as it is not necessary to add an acid to the initially 

alkaline textile industrial wastewater before treatment. Cationic metals concentrations 

obtained from absorption spectrometry were 2.12 mg L-1, < 0.59 mg L-1, < 0.16 mg L-1 and  <  

0.20 mg L-1 (detection limit) for Mn, Al, Fe and Co respectively. The dissolution of Al(OH)3 

is caused by the excess of OH-, and therefore more metal surface is exposed directly to the 

water allowing the progression of the following reactions. 

 



After the decoloring reaction, the size distributions of the Mn-Al-Fe and Mn-Al-Co alloys are 

shown in Figures 8a and 8c respectively, showing average sizes of the order of 17 and 20 μm. 

This difference in size can be attributed to the effect of the precipitates on the surface of the 

particles. The corresponding EDX analyzes shown in Figures 8b and 8d indicate 

approximately the equal compositions of the Mn elements: 50.0 / Al: 15.0 / Fe: 8.0 / O: 27.0 

for the Mn-Al-Fe alloy, and Mn: 47.0 / Al: 17.0 / Co: 10.0 / O: 26.0 for the Mn-Al-Co alloy. 

Finally, the microstructural study of ground Mn-Al-Fe and Mn-Al-Co powders before and 

after degradation of the RB5 dye (pH<7) is evaluated by XRD. The results obtained are 

presented in Fig. 9a and 9b. The diffraction patterns obtained before the degradation of the 

two Mn-Al-Fe and Mn-Al-Co powders show the coexistence of a solid solution of MnAlFe2 

phase (named B2, Group of space Pm3m) with traces of very small proportions of MnAl 

phase (named η) rich in Al and tetragonal face centered (TFC) structure [43]. The average 

crystallite size of the solid solution B2 is of 60 ± 1 nm. This nanocrystalline structure may be 

another factor increasing the reactivity of these metal powders within the aqueous dyed 

solutions by increasing atoms in boundary regions. 

The inspection of the X-ray diffraction patterns of the two Mn-Al-Fe and Mn-Al-Co powders 

obtained after the discoloration reaction reveals the appearance of new phases identified as 

Al(OH)3 phase (JCPD 00-003 -0915), Fe(OH)3 (JCPD 00-038-0032), and Co(OH)2 (JCPD 

00-051-173) beside the B2-MnAl (Fe, Co)2 and η-MnAl phases (Fig. 9a and 9b). The 

products resemble micro precipitates of Al(OH)3, Fe(OH)3 and Co(OH) 2 hydroxides, which 

cover the surface of the particles.  

The specific surface area measured by the BET method was 0.5 ± 0.02 m2 g-1 for the Mn-Al-

Fe alloy and 0.45 ± 0.02 m2g-1 for the Mn-Al-Co alloy. The slight difference in specific 

surface does not explain the change in reaction rates that, as discussed above, can be 

attributed to the different chemical compositions of the alloys. It should be note that the 

specific surface may be risen by increasing the ball milling time in order to produce finer 

powder, this makes this two alloys promising candidates as materials for fast degradation of 

azo dyes. 

The FTIR spectrums of RB5 powder before and of BM Mn-Al-Fe,Co powder after 

degradation reaction are given in Fig. 10. In the present work, when comparing both spectra 

(before and after), considerable changes were observed in 1800–1400 cm-1 and 1200–600 cm-

1 regions. The bands at 3444 and 3421 cm-1 (N–H stretching), 1086 and 1042 cm-1 (C–N 

stretching) in Fig. 10b indicate the presence of a primary amine as a result of the reductive 

cleavage of the “–N=N–” bond [44]. Furthermore, this result is in line with the disappearance 



of the band at 1495 cm-1 (“–N=N–” stretching), clearly observed in Fig. 10a and 10c and in 

the spectra corresponding to the extract of the reacted sample shown in Fig. 10b and 10d. 

These results confirm the abovementioned UV-Vis results (see Fig. 4) concerning the 

cleavage of the azo bonds. Additionally, the extract exhibits the same antisymmetric and 

symmetric C–H stretching vibrations at about 2928 and 2853 cm-1, respectively, of the –CH2 

groups in the short hydrocarbon chains of the byproducts and the RB5 molecule. In 

conclusion, the figure 10 shows that all shifts in the FTIR spectra indicate that –NH2, 

carboxylic groups and –OH were the main functional groups responsible for binding RB5 [45 

- 49]. 

Fig. 11a shows the HPLC chromatogram of the RB5 dye before degradation. It consists of a 

broad peak eluting between 12.3–12.5 min. The corresponding mass spectra at = 311 and 

220 nm are presented in Fig. 11b and 11c. As shown, it can be observed the major peaks of 

the dye RB5 with molecular weight 991 before degradation by the BM powder. The same 

results have been reported by Shilpa et al. [49] and Patel et al. [50]. Fig.12 shows the LC-MS 

analyzes of the extract of the two solutions obtained following the degradation reactions 

carried out by the two ternary powders Mn-Al-Fe and Mn-Al-Co. These analyzes show 

several retention time peaks. In addition, analyzes of the major peaks eluting between 10-15 

min show the presence of two signals at 349 and 280.1 m / z in relation to the final amino 

products, namely 1-2-7-triamino-8-hydroxy, 3-6-naphthalenedisulfonate and 1-sulfonic acid, 

2- (4-aminobenzenesulfonyl) ethanol, as shown in Figures 12a and 12b). 

All these results confirm the formation of aromatic amino compounds resulting from the 

decomposition reaction of the large organic molecule of the RB5 dye by the reductive 

cleavage of the azo bonds -N = N- using the ternary metal powders Mn-Al-Fe and Mn-Al-Co. 

This can be detected from the appearance of signals at 248.9 m / z, corresponding to the 

aromatic amines produced after the partial or complete cleavage of the "-N = N-" bonds. The 

mechanism of discoloration of RB5 with these metal powders can only be identical to that 

identified for the case of the Mn-Al binary following the cleavage of the azo bonds [4]. 

 

4. Conclusiosn 
 

In summary, Mn-Al-Fe and Mn-Al-Co powders were successfully manufactured by fast 

solidification and mechanical grinding. The efficiency and kinetics of the discoloration 

reaction of aqueous solutions of RB5 are systematically evaluated to determine the capacity of 

these two alloys in the bleaching reaction. The Mn-Al-Fe powder has an excellent degradation 



efficiency and the kinetics of the reaction appears to be faster than that of Mn-Al-Co and Mn-

Al alloys. The superior efficiency of the Mn-Al-Fe powder was associated with the 

configuration of valence electrons. This favors a higher concentration of reactive (hole) sites 

in the d-band for iron than for cobalt.  These can form a localized adsorption bond with the 

adsorbate molecules, so that more unpaired electrons mean a stronger adsorption capacity. 

Also, the zero-valent iron (Fe0) and the zero valent cobalt (Co0) become reaction actors to 

promote the production of hydrogen from water to degrade azo bonds. Therefore, we show 

that the high efficiency of the Mn-Al based particles shown in decolorization treatments of 

dyed wastewaters, already reported in previous works, can be modified and increased by 

minor alloying with other transition metals.  
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Figures captions: 
 

Fig. 1. (a,b) Particle morphologies of the BM Mn-Al-Fe powder. (d) The nominal 

compositions as examined by EDX. (c) Distribution of particle sizes of the ball milled 

powders.  

 
Fig. 2. (a,b) Particle morphologies of the BM Mn-Al-Co  powder. (d) The nominal 

compositions as examined by EDX. (c) Distribution of particle sizes of the ball milled 

powders.  

 
Fig. 3. Image of black5 solutions processed by BM powder before and after degradation time. 

 
Fig. 4. The changes of UV absorption spectra along with the treatment BM (a)  Mn-Al-Fe 

powder , (b) BM Mn-Al-Co  powder. 

 
Fig. 5. The decolorization % UV absorption intensity at 597 nm versus the reaction time for 

the BM Mn-Al-Fe and BM  Mn-Al-Co  powders. 

 
Fig. 6. Surface morphologies of the BM Mn-Al-Fe powder particles after degradation of 

Reactive Black 5. 

 
Fig. 7. Surface morphologies of the BM Mn-Al-Co powder particles after degradation of 

Reactive Black 5. 

 
Fig. 8.  Distribution of particle sizes of the ball milled powders (a) Mn-Al-Fe,(c) Mn-Al-Co.  

Nominal compositions as examined by EDX (b) Mn-Al-Fe ,(d) Mn-Al-Co. 

 

Fig. 9.The XRD curves of the (a) BM Mn-Al-Fe powder before and after degradation of 

Reactive Black 5, BM Mn-Al-Co powder before and after degradation of Reactive Black 5 

 
Fig. 10.(a.c) FTIR spectra of RB5 powder before degradation reaction and (b.d) FTIR spectra 

of BM Mn-Al-Fe ,Mn-Al-Co powder respectively after degradation of Reactive Black 5. 

 



Fig. 11.(a) HPLC elution profile of the native Black5 dye and mass spectrums of the peak 

from 12.5 min at (b) =311nm and (c) =220 nm. 

 

Fig. 12. HPLC elution profiles after degradation of the RB5 dye and mass spectrums of peaks 

from 10.5 to 15.2 min. of the ball milled powders (a) Mn-Al-Fe,(c) Mn-Al-Co.   
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