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Abstract: Azo compounds are used in the textile and leather industry. A significant step during the
azo dyes treatment of water is the degradation by breaking the N=N bonds. This break produces the
decolorization of water. In this research work, 10% atomic of Fe or Co was added to produce ternary
Mn-Al-rich, nanostructured, mechanically alloyed powders in order to improve the decolorization
of Reactive Black 5 solutions and to check Fe and Co addition’s influence. The microstructure
was followed by X-ray diffraction, the morphology and composition by electronic microscopy and
energy-dispersive X-ray spectroscopy (EDS) microanalysis. The dye degradation was monitored
with ultraviolet/visible absorption spectrophotometry. After degradation, the remaining organic
compound was checked by high-performance liquid chromatography (HPLC) and the functional
groups of the powdered alloys by infrared spectroscopy. Fe addition to Mn-Al displayed faster
kinetics and a higher efficiency than the Co addition. The Mn-Al-Fe solution (0.25 g/100 mL) was
fully decolorized in 5 min. On the other side, Mn-Al-Co powders were able to successfully decolorize
the dyed solution in 10 min under the same conditions. Thus, nanocrystalline Fe-doped Mn-Al alloys
are good candidates for use in the decolorization process, in comparison with Co-doped and other
intermetallic particles.

Keywords: mechanical alloying; reactive black 5; decolorization; UV-visible spectrophotometry;
LC-MS analysis

1. Introduction

The industrial water effluent is one important source of pollution in the environment [1].
The dye effluents from textile industries are significant sources of pollution (high toxicity, low
biodegradation rate) [2]. Various processes and materials have been proposed in the scientific
literature for wastewater treatment. Some examples are: adsorption onto granular activated carbon [3],
hollow fiber ultrafiltration [4], coagulation-flocculation with Detarium microcarpum [5], biological
oxidation [6], or some photocatalyst methods and materials [7,8] including a magnetic photocatalyst [9].
One of the methods is reduction with zero valent metals or alloys [10]. They have been applied for
removing azo dyes [7] as well as metals and chlorinated organics [11–14].

The metallic particles (MPs) have been applied as elements or as alloys to facilitate the reduction
process. The microstructure of the particles can be amorphous or crystalline. Usually, the best
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results are found in amorphous because the corrosion resistance and chemical interaction are usually
improved if the comparison is performed with crystalline alloys with the same composition [15].
Thus, as microstructure affects the functional behavior, in this work, we analyze some nanocrystalline
Mn-rich alloys. Nanocrystalline materials have a crystalline structure, and between 10 and 50% of
atoms are in the grain boundaries between crystalline grains. In the scientific literature, there are
interesting works about the degradation induced by MPs in dyes (by chemical reaction, breaking
bonds). One of the main topics is the analysis of the degradation reaction by taking into account the
particle’s surface activity (with the organic contaminants) of the metallic particles [16,17]. The reaction
of degradation of the dye molecules is based on a redox process. On the surface of the metallic alloys,
the metallic atoms lose electrons. These electrons are effective to cleave the active bonds (as the azo
dye -N=N- bonds) of organic molecules [18–22].

There are some methods that help to develop metallic particles: precipitation (magnetite,
iron) [23,24], gas atomization (high-entropy alloys) [25] or mechanical alloying (Mn-Al-based
alloys) [19,22]. In the mechanical alloying (or ball milling) process, particles yield severe plastic
deformation, producing stress and strains. Thus, the mechanical deformation favors the development
of metastable microstructures (amorphous, nanocrystalline) and, subsequently, the mechanical and
functional properties are different from crystalline alloys with the same composition [26].

In this work, we analyze the azo dye degradation ability by improving the rate of the degradation
reaction of ternary Mn-Al- (Fe, Co) nanocrystalline powders produced by mechanical alloying. A high
degradation rate will favor the integration of this material as a preliminary step procedure for the full
degradation of azo dye wastewaters.

In previous works, we reported the high efficiency of Manganese-Aluminum (Mn-Al) particles in
the degradation of azo-dyes: reactive black 5 (RB5) [19] and orange II [21]. It should be remarked that
Mn and Al (as biocompatible elements) are used in environmental and biomedical applications [27].

2. Materials and Methods

The Mn60Al30Fe10 and Mn60Al20Co10 (at.%) alloys were produced from elemental high-purity
(<99.9 at.%) Mn, Al, Fe or Co by mechanical alloying (MA) under an Ar atmosphere for 15 h at 500 rpm.
Cycles (10 min milling/5 min off) are applied to prevent the excessive heating, with the inversion of the
rotation in each cycle (to prevent powders sticking to milling media).

The morphology, composition, surface area, and microstructure of the powders were explored with
scanning electron microscopy (SEM) at 15 kV. Being integrated in the SEM equipment, microanalysis
was performed by energy-dispersive X-ray spectroscopy (EDS, Vega©Tescan, Brno, Czech Republic).
The reactivity is linked to the specific surface area of the Mn-Al- (Fe, Co) powders. This specific area is
determined by the gas multilayer adsorption method in a BET device (Micromeritics ASAP 2010 M,
Norcross, GA, USA) under nitrogen, after degassing the powder at 300 ◦C for 24 h. The microstructure
was determined at room temperature by X-ray diffraction (XRD, Siemens/Bruker D500, Billerica, MA,
USA) using Cu-Kα radiation.

In order to assess the colorant (RB5) degradation reaction, an aqueous solution (dye concentration:
40 mg L−1). The procedure was described and portrayed in previous works [19,20]. The produced
supernatants were separated, and the color intensity was measured at the maximum absorption
wavelength by ultraviolet-visible absorption spectrophotometry (UV-Vis, Shimadzu 2600, Kyoto,
Japan), wavelength scan in the range between 200 and 800 nm).

To check whether these materials can be used in the integrated treatment of wastewater, it is
necessary to analyze the metallic powders after degradation as well as the remaining wastewater
liquid (the procedure described in references 19 and 20). The powder collected after degradation
was analyzed using Fourier transform infrared spectroscopy (FTIR) (Bruker, Billerica, MA, USA)
and the concentrations of the metal ions checked by absorption spectrophotometer according to
standard methods [19]. The organic compounds from the RB5 degradation were analyzed by
high-performance liquid chromatography (HPLC) (Agilent, Santa Clara, CA, USA) coupled with
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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

First, we check powders morphology and composition. Figure 1a,b displays the surface
morphology of the MA Mn-Al-Fe powder. As exhibited in the figure, many corrugations appear on the
surface of the nanostructured powders. The EDS microanalysis finding reported in Figure 1c does
not reveal significant contamination by the production process (milling tools) and the MA powder is
mainly composed (in the volume) of the precursors. The C is due to the sputtering process used to
prepare samples for SEM observation. Oxygen contamination is typical of powdered metals with a high
surface/volume ratio due to contact with the air before and after the MA process in the Ar atmosphere.
Furthermore, oxides were undetected in the powders. The atomic concentration of the elements (Mn,
Al and Fe) is 57:31:12, These values are similar to those of the nominal composition: 60:30:10. It should
be remarked that EDS is considered as a semi-quantitative method. The size distribution of the powders
(by neglecting big powders associated with conglomerates) is provided in Figure 1d (mean particle
size is ≈10 µm, the accuracy of the size is 0.5 µm and the standard deviation 3.6 µm). The micrographs
of the Mn-Al-Co as-produced powder are illustrated in Figure 2a,b. As expected in ball-milled alloys,
smooth surfaces, particle aggregation and corrugations were found. The EDS microanalysis (Figure 2c)
proves that the Mn:Al:Co ratio was approximately equal to 55:34:11, similar to the 60:30:10 nominal
composition. Likewise, the distribution of the particles size is shown in Figure 2d. For statistical
comparison, the particle size distribution was also analyzed. The average particle size found to be
slightly lower than those of Mn-Al-Fe particles, at ≈9 µm (this slight difference can be influenced by
the particle selection manual procedure for SEM analysis), and the standard deviation is 1.9 µm.

The decolorization was checked by analyzing the solutions described in the materials and methods
section. Figure 3a presents the image of RB5 solutions before and after the addition of MA powders
(25 ◦C). It is clear that the discoloration of the RB5 aqueous solution RB5 is very successful. The
supernatants of the aqueous solution of RB5 treated with the two ternary powders Mn-Al-Fe and
Mn-Al-Co were separated, respectively, at 0.5, 1, 2, 3, 4 and 5 min as well as 0, 1, 5, 10, 15 and 20 min.
Figure 3b,c shows the evolution of absorbance of different aqueous supernatant portions which were
measured by UV-Vis absorption spectrophotometry. For the ternary compound Mn-Al-Fe, the solution
is fully discolored in 5 min (Figure 3b), whereas the solution treated with the Mn-Al-Co powder is
fully discolored in 20 min (Figure 3c). The peak at 597 nm of the absorbance is associated to the
azo dye concentration in the solution [19,20,28]. This peak in the visible region is associated to the
“-N=N-” bonds and to the dye molecule concentration in the solution. Thus, the decrease in the
intensity (as the reaction time in the solution increases) at 597 nm is an indicator of the degradation
and RB5 chromophores’ evolution. Likewise, the bands (at 230 and 310 nm) in the ultraviolet region
are assigned, respectively, to the benzene and naphthalene rings of the molecule dye [19,20,29,30].
These bands, at λmax, become weaker with degradation time. This effect is linked to: (a) the cleavage
of the azo bands (also confirmed by the increase of 246 nm in the absorbance peak), (b) the formation
of (-NH2) groups, (c) the decomposition of RB5 in the solution. This result was also found by Zhang
and coworkers [31], who confirmed the reductive degradation by amorphous Fe of azo acid orange
II solution and Ben Mbarek et al. [19,20], who highlighted the rapid degradation of azo-dye with
mechanically alloyed nanocrystalline Mn-Al alloys, as well as the high-efficiency decolorization of azo
dyes by Ca-Al particles.
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Figure 1. (a,b) Micrographs of the mechanical alloying (MA) Mn-Al-Fe. (c) Energy-dispersive X-ray 
spectroscopy (EDS) microanalysis and (d) distribution of particle sizes of the mechanically alloyed 
powder. 

Figure 1. (a,b) Micrographs of the mechanical alloying (MA) Mn-Al-Fe. (c) Energy-dispersive
X-ray spectroscopy (EDS) microanalysis and (d) distribution of particle sizes of the mechanically
alloyed powder.

The mechanism of the redox reaction is viewed to be practically the same as for the case of the
binary Mn-Al. However, the rates of 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 the reduction in Fe and Co could account for these discrepancies, as well as the different solubilities
of their hydroxides. It is known that the standard oxidation potential Co/Co2+ is less negative than the
oxidation potential of H+/H2, whereas the standard oxidation potential of Fe/Fe2+ is more negative
(−0.29 and −0.44 V, respectively), which makes the transfer of electrons between Co and H+ slower
than that occurring between the Fe and H+ [32]. For the improvement in the azo bond-breaking, Co/Fe
are active actors favoring the production of hydrogen from water [31,33–35].

Another factor to consider is the different adsorption capacity of both elements. The valence
electrons (metal atoms) are shared by all atoms to form a cloud of electrons in a highly shared state.
The valence electron configurations are 3d64s2 (Fe) and 3d74s2 (Co). Magnetic data showed that there
was an average of 2.2 and 1.7 holes in the d band for Fe and Co, respectively [36]. The more holes
in the bands, the more unpaired electrons there are. Therefore, the interaction between unpaired
electrons and adsorbate molecules favors the formation of a localized adsorption bond. Thus, higher
adsorption capacity is linked to the unpaired electrons. Simultaneously to the adsorption of the RB5
molecule, a reduction in the azo group might take place on the surface of the metallic powder. Thus,
the selected value to follow the kinetics reaction was the maximum absorption wavelength. The
compound Mn-Al-Fe exhibits the highest decolorization process reaction rate in the first five minutes,
since it has the highest concentration of d-band holes per unit atom [36]. However, the compound
Mn-Al-Co displays a lower adsorption rate (Figure 3d).
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Figure 2. (a,b) Particle morphologies of the MA Mn-Al-Co powder. (c) EDS microanalysis and (d)
distribution of particle sizes of the ball milled powder.

As shown in Figure 4, a straight line of ln(C/Co) versus reaction time was achieve, with coefficients
of determination R2 (0.9322 and 0.9813, values > 0.9). Therefore, the decolorization of R5 solution is
consistent with first-order kinetics. The slope of the alloy with Fe addition is 0.9725 s−1, higher than
0.1717 s−1 (Mn-Al-Co). The Mn-Al-Co value is also higher than those of Mn-Al (0.2154 s−1). Thus,
Co addition does not provoke a significant change in the decolorization efficiency, whereas Fe addition
favors the process.
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The appearance of bubbles was detected inside the solution. This effect is associated with the
formation of hydrogen gas. Resting upon this fact, the proposed mechanism of the dye degradation
operates as a result of the release of: (a) H2 from the reduction in water, (b) the cleavage of -N=N-
bonds and, (c), the formation of -NH2 groups. Under these conditions, the release of hydrogen gas is
accompanied by the formation of insoluble metal hydroxides [19,37]. The mechanism for Mn-Al-Fe
and Mn-Al-Co, in acid conditions, are based on the reactions of these references. Here, we introduce
Fe and Co reactions. The reactions involving Fe are:

Fe→ Fe3+ + 3e− (1)

Fe3+ + 3(OH)−→ Fe(OH)3 (2)

The main difference with previous works in Mn-Al alloys is the role of Fe. The mechanism for
Mn-Al-Co is similar, taking into account the Co reactions (pH < 7) in substitution of Fe reactions [38]

Co→ Co2+ + 2e− (3)

Co2+ + 2(OH)−→ Co(OH)2 (4)

The aluminum oxide can act as an acid or a basic agent relying on the environment by the
Al (OH)3 and [Al (OH)4]− formation. The pH of the solution increases (from 6.3 to 10.8 or 11.2 in
Mn-Al-Fe/Mn-Al-Co, respectively) due to OH− ion enrichment. The mechanism proposed by the
Mn-Al-Fe and Mn-Al-Co reaction, in basic conditions, (pH > 7), is given in references [19,38]. The
reactions involving Fe and Co are the same.

To assess the product of the discoloration reaction by the Mn-Al-Fe (or Mn-Al-Co) powder, we
observed the surface of the particles by scanning electron microscopy. The micrographs obtained are
plotted in Figures 5 and 6 and unveil that some products of the reaction are spread (uniformly distributed)
over the entire particle’s surface. The same effect was found in other metallic compounds [39]. These
crystalline precipitates are mainly composed of the element Al and oxygen. In addition, a high amount
of corrosion holes was detected on the surface of the alloys, indicating that corrosion of the alloy
particles during the degradation process of RB5 occurs by pitting [19]. It is well known that the
corrosion of the Al-based alloy is dependent on the damage of the Al2O3-passive layer. In addition, it
is believed that pitting corrosion is one of the main degradation mechanisms of RB5. This result is very
expressive, the addition of an acid to the initially alkaline textile industrial wastewater unnecessary.
Likewise, the cationic metals concentrations of Mn, Al, Fe and Co are obtained from absorption
spectrometry: 2.12, <0.59, <0.16 and <0.20 mg L−1 (detection limit) for Mn, Al, Fe and Co, respectively.
The dissolution of Al (OH)3 results from the excess of OH−, and therefore more surface is exposed to
water favoring the progression of the reactions.
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After the decoloring reaction, the size distributions of the Mn-Al-Fe and Mn-Al-Co alloys are
illustrated in Figure 7a,c, respectively, showing mean sizes of the order of 20 and 17 µm. This difference
in size is associated to the precipitates on the surface of the nanostructured powders. The corresponding
EDS analyzes depicted in Figure 7b,d indicate the approximately compositions of the elements, Mn
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 Mn-Al-Fe and Mn-Al-Co powders before and
after RB5 dye degradation (pH < 7) is performed by XRD. The results are shown (see Figure 8a,b). The
diffraction patterns obtained before the degradation of the two Mn-Al-Fe/Mn-Al-Co powders reveal
the coexistence of a solid solution of MnAlFe2 (JCPD 00-054-0388) and MnAlCo2 (JCPD 03-065-5185)
phases, respectively, (B2, space group Fm3m) with traces of very small proportions of MnAl phase (η)
rich in Al and tetragonal face-centered (FCT) structure [40]. The average crystallite size of the solid
solution B2 is of 60 ± 3 nm. This nanocrystalline structure may stand for another factor increasing
the reactivity of these metal powders within the aqueous dyed solutions by increasing atoms in the
boundary regions. As two phases are detected after MA, the samples are not chemically homogeneous.
Nevertheless, the fast discoloration kinetics allow us to state that this chemical in-homogeneity is
probably not determinant. The inspection of the X-ray diffraction patterns of both powdered alloys
obtained after the discoloration reaction demonstrates the appearance of new phases identified as:
Al(OH)3 (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 (Figure 8a,b). The products resemble micro-precipitates of
Al(OH)3, Fe(OH)3 and Co(OH)2 hydroxides, covering the surface of the particles. These hydroxides are
minor phases (>10 at.%). It should be remarked that it is likely that in all phases, including hydroxides,
all elements (Mn, Al, Fe or Co) are present: one with a high amount and the other two elements in
solid solution. Likewise, EDS analysis gives information about the volume of the powder near the
surface, not the overall volume of the powders.
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MA Mn-Al-Co powder before and after degradation.

It has been reported that MA can favor a higher specific surface area [22]. This parameter,
determined by BET, provides best information about the active surface than the statistical analysis
of powders’ size distribution from SEM micrographs. The higher the specific surface, the higher the
interaction between particles and the dye molecule. The specific surface area was 0.50 ± 0.02 m2 g−1

for the Mn-Al-Fe alloy and 0.45 ± 0.02 m2 g−1 for the Mn-Al-Co alloy. There is apparently a slight
difference in the specific surface. Nevertheless, fast discoloration was found in the sample with Fe
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addition (the slopes of Figure 4 are 0.9725 and 0.1727 s−1 in alloys with Fe and Co, respectively). This
high difference is due to the high surface area of the sample with Fe, but can also be partially attributed,
as discussed above, to the different chemical compositions of the alloys.

Thus, the results make these two alloys promising candidates for the fast degradation of different
azo dyes. In Mn-Al MA powders, the specific surface values were found to range between 0.55 and
0.48 m2 g−1. Values between 0.50 and 0.55 m2 g−1 were found by other authors [41].

The FTIR spectra of RB5 before and after degradation were shown in Figure 9. The main peaks
and bands identification are given in Table 1.
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Table 1. FTIR peaks/bands identification [42–46].

Peak/Band Identification

3455 cm−1 O-H stretching vibration
1742 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

From FTIR spectra, it is clear that some characteristic RB5 peaks decrease during the reaction,
while some new peaks appear. The decreasing peaks are the azo bond (-N=N-, at 1635 cm−1) and
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the naphthalene ring (C=C aromatic skeletal vibration, at 1400–1600 cm−1). A minor peak remains
in all FTIR spectra, the 2963 cm−1 peak, assigned to the skeletal vibration of the benzene ring. Some
new peaks appear after degradation, located at 1742, 1528 and 1260 cm−1 (stretching vibration of
C=C, N-H and C-N bonds, respectively). This demonstrates that the reductive cleavage of the -N=N-
bond [19,44] favors the presence of amines. It should be remarked that amines are also water-pollutant.
Mn-Al based alloys’ application in industrial processes will be combined with an ulterior amine
adsorption process. Thus, metallic nanostructured particles are candidates for the first step of a
combined multi-step procedure.

In addition, these results are in good accordance with the previously stated UV-Vis (Figure 3b,c)
regarding the cleavage of the azo bands [42,44–46]. The FTIR confirms that the results indicated that
the azo bond and the naphthalene ring are broken by mechanical alloying of Mn-Al-(Fe, Co) and result
in the formation of amino and alkyl compounds.

The HPLC chromatograms are shown in Figure 10. Before degradation, the major peak has a
molecular weight of 991. Similar results were elaborated by Shilpa and coworkers [46], Patel and
coworkers [47] and Ben Mbarek [19,20]. The RB5 chromatography should be compared with the HPLC
chromatography and LC-MS mass spectrums of the solutions after degradation with the metallic alloys.
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Figure 11 displays the LC-MS analyses 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
analyses reveal several retention time peaks. In addition, analyses of the major peaks eluted between
10 and 15 min demonstrated the existence of two peaks at 349 and 280.1 m/z in relation to the
final amino molecules, related to 1-2-7-triamino-8-hydroxy,3-6-naphthalenedisulfonate and 1-sulfonic
acid, 2-(4-aminobenzenesulfonyl) ethanol, as depicted in Figure 10a,b. All these results confirm the
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appearance of aromatic amino compounds emerging from the decomposition reaction of the large
RB5 organic molecule. This is inferred through the appearance of signals at 248.9 m/z, related to the
aromatic amines obtained after bond cleavage. 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 [19].
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4. Conclusions

In sum, Mn-Al-Fe and Mn-Al-Co powders were successfully manufactured by mechanical alloying.
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 displays an excellent degradation efficiency and the kinetics of the reaction
are proven to be faster than that of Mn-Al based alloys with 10 at.% of Fe and Co. The high
efficiency of the Mn-Al-Fe powder is associated with the configuration of valence electrons.
This favors a higher concentration of reactive (hole) sites in the d-band for iron than that for
cobalt (forming a localized adsorption bond with the adsorbate molecule), favoring a stronger
adsorption capacity;

• For the ternary alloy with Fe, the solution is fully discolored in 5 min, whereas for the solution
with Co, the reaction time to full decolorization is 20 min. The reductive cleavage of the -N=N-
bond was demonstrated by FTIR spectra analysis;

• Furthermore, the zero-valent iron (Fe0) and the zero valent cobalt (Co0) become reaction actors to
promote the production of hydrogen from water. Likewise, the decolorization of R5 solution is
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consistent with first-order kinetics. Hence, the high efficiency of Mn-Al based alloys recorded in
decolorization treatments of dyed wastewaters, already emphasized in previous works, can be
modified and increased by minor alloying with other transition metals.

Thus, these promising materials have interesting characteristics to be applied, probably in a
multi-step procedure in the wastewater treatment in the textile industry.
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