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Abstract: Because of the potential carcinogenic effects and difficult degradation of azo dyes, their degradation has been a longstanding 
problem. The degradation of azo dye Direct Blue 6 (DB6) using ball-milled (BM) high-entropy alloy (HEA) powders was characterized in 
this work. Newly designed AlFeMnTiM (M = Cr, Co, Ni) HEAs synthesized by mechanical alloying (MA) showed excellent performance in 
the degradation of azo dye DB6. The degradation efficiency of AlFeMnTiCr is approximately 19 times greater than that of the widely used 
commercial Fe–Si–B amorphous alloy ribbons and more than 100 times greater than that of the widely used commercial zero-valent iron 
(ZVI) powders. The galvanic-cell effect and the unique crystal structure are responsible for the good degradation performance of the BM 
HEAs. This study indicates that BM HEAs are attractive, valuable, and promising environmental catalysts for wastewater contaminated by 
azo dyes. 
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1. Introduction 

Azo dyes are characterized by one or more –N=N– 
groups, and they account for 60%–70% of synthetic dyes in 
the dye market. Azo dyes are used in commercial applica-
tions such as dyeing of various fibers, leather, paper, candles, 
ink, plastics, and food, and their use increases from year to 
year [1−4]. The wastewater polluted by azo dyes has always 
been a concern for researchers because of their potential 
carcinogenic effect on humans [5−7]. Various methods to 
remove azo dyes from aqueous solution have been used, in-
cluding physical adsorption, oxidation processes, biological 
methods, and degradation by metallic glasses or zero-valent 
metals, etc. [1,8−16]. However, all of these methods have 
disadvantages; for instance, physical adsorption may be in-
effective, oxidation processes such as photocatalysis are ex-
pensive, and biodegradation is often kinetically slow. Metal-
lic glasses and zero-valent metals are attracting increasing 
interest from researchers because of their fine capacity to 
deal with azo dye wastewater; however, they also suffer 
numerous disadvantages [3,16−25]. For example, metallic 

glasses exhibit excellent capability to degrade azo dyes, as 
reported by many researchers, but the conditions required 
for the synthesis of metallic glasses are very strict. These 
conditions include, for example, the use of high-purity raw 
materials, high-vacuum equipment, high cooling speeds, and 
strict component design [16,26−28]. Zero-valent iron (ZVI) 
is a typical environmentally friendly zero-valent metal. Be-
cause of its strong reducibility, it exhibits a strong ability to 
reduce and degrade azo dyes; however, the stability of 
small ZVI particles is poor, and they easily recombine 
and oxidize during the reaction process [7,9,29−30]. 
Moreover, developing a material that is inexpensive, eas-
ily prepared, and highly efficient at degrading azo dyes is 
a high priority.  

As a new type of material, high-entropy alloys (HEAs) 
have received extensive attention in the materials science 
community in recent decades; however, previous research 
on HEAs has mainly focused on their mechanical proper-
ties [31−36]. Given the good catalytic performance of me-
tallic glasses and ZVI powders, HEAs are expected to exhi-
bit remarkable functional capacity in the degradation of dye 
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effluents. Lv et al. [5] have reported that an AlCoCrTiZn 
HEA synthesized by mechanical alloying (MA) exhibits a 
substantial capacity in the degradation of azo dye Direct 
Blue 6 (DB6), as high as that of the MgZn-based glass, 
which is the best-performing azo-dye degradation catalyst 
among the metallic glasses thus far [28]. Although HEAs 
exhibit excellent capacity to degrade azo dyes, their applica-
tion as azo-dye degradation catalysts has attracted little at-
tention and the literature contains few reports on the degra-
dation of azo dyes by HEAs. The purpose of this work is to 
develop novel HEA systems for the degradation of azo dyes. 
Moreover, the degradation mechanisms, decomposition ki-
netics, and degradation efficiency warrant further explora-
tion.  

The degradation capacity of three new HEAs—AlFeMnTiCr 
(Sample 1, denoted as SCr), AlFeMnTiCo (Sample 2, de-
noted as SCo), and AlFeMnTiNi (Sample 3, denoted as SNi) 
in degrading an aqueous solution of azo dye DB6 is reported 
in the present work. Our findings may extend the applica-
tions of HEAs as functional materials. 

2. Experimental 

Al, Co, Cr, Fe, Mn, Ni, and Ti elemental powders with 
high purity (>99.9wt%) and particle sizes smaller than 45 
μm were used as raw materials to synthesize equiatomic SCr, 
SCo, and SNi HEAs by MA. Compared with rare-earth ele-
ments or noble metals, the elements used in this work are all 
relatively common, inexpensive, and environmentally 
friendly. The ball-milling process was carried out in a 
high-energy planetary ball mill at a speed of 400 r/min and a 
ball-to-powder ratio of 20:1. Zirconia jars and balls were 
used as the milling media, and stearic acid was used as the 
process control agent (PCA) to prevent excessive cold 
welding. After 50 h of milling, the BM HEA powders were 
removed from the zirconia jars for further characterization. 
To avoid over heating during the ball-milling process, the 
ball mill was set to rotate for 1 h, halt for 10 min, and then 
repeat the cycle until the set time point was reached. 
High-purity Ar was charged into each ball jar before ball 
milling to prevent oxidation of the raw powders.  

The Fe–Si–B amorphous alloys with a nominal composi-
tion of Fe78Si13B9 (atomic ratio) were purchased from Antai 
Co. (Beijing, China). The 300-mesh ZVI powders (purity > 
99.9%) were provided by Cuiboling Co. (Beijing, China). 
DB6 (C32H20N6S4O14Na4) was purchased from Hailan 
Chemical Pigment Co. (Tianjin, China). The beaker for the 
degradation of azo dye DB6 was placed in a con-
stant-temperature water bath, and the mechanical stirring 

was carried out at a fixed speed in the beaker during the 
reaction. For each degradation test, 0.1 g of HEA powder 
was added to 100 mL of an azo dye DB6 solution with a dye 
concentration of 200 mg/L for reaction; distilled water was 
used as the solvent throughout the experiments. At preset 
reaction-time intervals, approximately 3 mL of solution was 
removed from the dye solution and centrifuged to remove 
the HEA powder; the centrifuged solution was then scanned 
in an ultraviolet–visible (UV–Vis) spectrophotometer over 
the wavelength range from 400 to 800 nm. The degradation 
of DB6 was conducted at an HEA concentration of 1 g/L 
and a DB6 azo dye concentration of 200 mg/L, without the 
addition of any other reagents. 

The crystal structure of the samples was studied by X-ray 
diffraction (XRD, D8 Advance, Cu Kα) and transmission 
electron microscopy (TEM, Tecnai FEI F20). The mor-
phology and size distribution of the milled powders were 
studied by scanning electron microscopy (SEM, JSM-7100F), 
and the compositions were examined by energy-dispersive 
X-ray spectroscopy (EDS) using a spectrometer equipped 
on the scanning electron microscope. The statistical distri-
bution of the particle size was recorded with a laser particle 
analyzer (FJUL1076), and the particles’ surface area analy-
sis was performed by the Brunauer–Emmett–Teller (BET) 
technique (3H-2000BET-A) using the nitrogen adsorption 
method. The concentrations of the metal ions remaining in 
the degraded dye solutions were detected by inductive 
coupled plasma atomic emission spectroscopy (ICP-AES, 
PerkinElmer ICP8000), and a digital pH meter (FE20, 
Mettler Toledo) was used to measure the pH values of DB6 
solutions. The UV–Vis absorption spectra were recorded 
using a UV–Vis spectrometer (TU-1810). A laboratory elec-
tric mechanical agitator (JB90-D) was rotated at a certain 
speed in the present work to distribute the HEA powders 
uniformly in the dye solution. 

3. Results and discussion 

3.1. Characterization of SCr, SCo and SNi HEAs 

The XRD patterns of the SCr, SCo, and SNi samples are 
presented in Fig. 1, demonstrating the presence of two sim-
ple solid−solution phases (FCC phase and BCC phase) 
without other intermetallic compounds. This phenomenon 
indicates that the three HEAs are completely alloyed during 
the MA process. The peaks of FCC (111) and BCC (110) at 
2θ = 43.2° and 44.6°, respectively, appear in the patterns of 
all three of the HEAs; however, the BCC (200) and (220) 
reflections at 2θ = 65.0° and 82.3°, respectively, appear only 
in the patterns of SCr and SCo.  
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Fig. 1.  XRD patterns of the AlFeMnTiM (M = Cr, Co, Ni) 
HEAs. 

The good catalytic properties of many nanostructured 
materials are obviously dependent on their morphologies, 
crystallite size, and distribution. As depicted in Fig. 2, the 
particle sizes of the SCr, SCo, and SNi samples exhibit a rela-
tively uniform distribution and the surface of the powders is 
rough, with many corrugations and micropores. These re-

sults indicate that the three HEA powders exhibit high spe-
cific surface areas with abundant active sites. In the process 
of degrading azo dye DB6, the HEA powders are uniformly 
distributed in the dye solution through mechanical mixing 
by the electric mechanical agitator, which promotes the 
reaction between the powders and the dye solution. The 
structure of SCr was further characterized by TEM bright-field 
imaging (Fig. 3(a)); its corresponding selected-area electron 
diffraction (SAED) pattern is shown in Fig. 3(b). The crys-
talline nature of SCr was also clearly confirmed by 
high-resolution TEM (HRTEM) (Fig. 3(c)). The lattice 
fringes (highlighted with white lines in Fig. 3(c)) correspond 
to 02097 nm; thus, according to the data in the PDF card, its 
corresponding crystal face is the (111) plane of the FCC 
phase. 

The EDS analysis results for the SCr sample are presented 
in Fig. 4. These results reveal that the as-produced BM par-
ticles are composed of Al, Cr, Fe, Mn, and Ti, with no sub-
stantial traces of other elements, and that the ratio of these  

 

Fig. 2.  SEM images of the AlFeMnTiM (M = Cr, Co, Ni) HEAs: (a) and (b) SCr; (c) and (d) SCo; (e) and (f) SNi. 
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Fig. 4.  EDS analysis results showing the actual composition of 
SCr. 

elements in each sample is approximately 1:1:1:1:1, in good 
agreement with the nominal composition of SCr. The aver-
age particle diameters of SCr, SCo, and SNi are 8.2, 8.5, and 
7.8 μm, respectively, as measured by the laser particle ana-
lyzer. The size distributions of most of the three HEA 
powders range from 1 to 20 μm, and the size of the smaller 
particles is close to the nanoscale. To understand the high 
reaction efficiency of the HEA powders, we measured their 
specific surface areas, which were 6.08, 6.48, and 6.31 m2/g 
for SCr, SCo, and SNi, respectively. Their surface areas are 
clearly very similar. 

3.2. Degradation of azo dye DB6 by the HEAs 

DB6 is an industrial azo dye used to simulate actual 
wastewater applications [5]. The degradation of DB6 by 
HEAs in the present study is characterized on the basis of 
UV–Vis absorption spectra. As an example, the UV–Vis 
absorption spectra corresponding to the degradation of DB6 
by SCr are presented in Fig. 5. The decrease in the intensity 
of the absorption peak suggests degradation of the DB6 so-
lution.The degradation of the dye occurs immediately upon 
the addition of the SCr powder into the dye solution, and the 
degradation process is completed in approximately 11 min. 
At t = 0 min, the curve represents the absorption spectra of the 
DB6 solution before degradation. The –N=N– bonds in the 
DB6 molecules are the chromophoric groups responsible for 
their color, and the absorption peak occurred at 574 nm [5,21]. 
As illustrated, the absorption peak decreases in intensity 
with the addition of the HEA powders, indicating cleavage 
of the –N=N– bonds [37]. The degradation products are 
likely aniline, benzene homologues, and some small organic 
molecules without chromophore groups, which are low-toxicity, 
easily mineralized compounds with strong biodegradabil-
ity and no prominent effect on the color of the dye solu-
tion [38−39].  

Fig. 3.  TEM images of the SCr HEA: (a)
TEM bright-field image of the SCr par-
ticles; (b) the corresponding selected-area
electron diffraction pattern; (c) the corres-
ponding HRTEM image obtained from the
area marked in (a). 
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Fig. 5.  UV–vis spectra and normalized concentration of DB6 
during decomposition by SCr at 25°C and an initial pH value of 
7 (C is the concentration of the DB6 solution which is taken 
from the centrifugal tube, and C0 is the primary concentration 
of the DB6 solution). 

Fig. 6 presents the degradation efficiency of 200 mg/L 
DB6 solution degraded by 1 g/L SCr, SCo, SNi, Fe–Si–B 
amorphous alloy ribbons, and ZVI at 25°C and an initial pH 
value of 7. Because of their excellent capacity to degrade 
azo dye DB6 solution, the Fe–Si–B amorphous alloy and 
ZVI have been extensively investigated by many researchers; 
they were therefore selected as the reference materials in the 
present work. Nonlinear curve fitting reveals that the degra-
dation process of DB6 with the five aforementioned mate-
rials exhibits kinetics consistent with a pseudo-frst-order 
kinetic model [5,38]: 
I = I1 + I2 exp(−t/t0) 
where I is the normalized intensity of concentration, I1 and 
I2 are ftting constants, t is the reaction time, and t0 is the time 
when the intensity decreases to e−1 of the initial condition. 

The SCr, SCo, and SNi demonstrate excellent performance 
in the degradation of DB6, much better than that of com-
mercial Fe–Si–B amorphous alloys and ZVI. The whole de-
gradation time of DB6 by SCr, SCo, SNi, and Fe–Si–B are 11, 
22, 30, and 200 min, respectively. The ZVI powder de-
graded less than 25% of the DB6 solution. The degradation 
efficiency of SCr is approximately 19 times greater than that 
of the widely used commercial Fe–Si–B amorphous alloy 
ribbons and more than 100 times greater than that of the 
widely used commercial ZVI powders. According to the ac-
tivity series of metals [5], the activity rank of the constituent 
elements in the three HEAs is Al > Ti > Mn > Cr > Fe > 
Co > Ni. The degradation efficiency of the three HEA 
powders decreases in the order of SCr > SCo > SNi, consistent 
with the activity rank of the constituent elements Cr, Co, and 
Ni. This result also indicates that the activity of the consti-
tuent elements strongly influences the degradation capacity 
of HEAs. 

 

Fig. 6.  Degradation curves of the 200 mg/L DB6 solution de-
graded by 1 g/L SCr, 1 g/L SCo, 1 g/L SNi, 1 g/L Fe–Si–B 
amorphous alloy ribbons, and 1 g/L ZVI powders, respectively, 
during the decomposition process at 25°C and an initial pH 
value of 7. 

On the basis of the kinetic rate constants obtained at dif-
ferent temperatures, the activation energy (ΔE, kJ⋅mol−1) of 
the degradation process of DB6 by the HEAs was obtained 
according to the following equation [5,39]: 
t0 = τ0 exp[ΔE/(RT)] 
where τ0 is a time pre-factor and R is the gas constant. The 
normalized concentration as a function of treatment time of 
the degradation of DB6 by SCr at different temperatures 
ranging from 25 to 55 °C is depicted in Fig. 7(a). A plot of 
lnt0 vs. 1000/(RT) for estimating the activation energy of 
degradation of DB6 by SCr is shown in Fig. 7(b) (initial pH = 
7, 1 g/L SCr). For ordinary thermal reactions, the activation 
energy is typically between 60 and 250 kJ⋅mol−1 [40]. How-
ever, the activation energy of SCr is just 47.4 kJ⋅mol−1 for 
degrading azo dye DB6. Our results imply that the degrada-
tion of DB6 by HEAs requires a relatively low energy, 
which may also explain why the HEAs show excellent per-
formance in degrading azo dyes. 

Surface micrographs of SCr, SCo, and SNi after degradation 
are provided in Fig. 8; they demonstrate that nanobristles 
uniformly and loosely distribute on the surfaces of the three 
HEA powders. The surface micrographs of the three de-
graded powders also indicate that the three BM HEA powd-
ers exhibit high activity. The nanowhiskers are dense, indi-
cating homogenous corrosion on the surface. As presented 
in Fig. 8(d), the EDS analysis results indicate that these na-
nobristles are mainly composed of Al, Fe, and O. The pH 
values of the DB6 solution after being completely degraded 
by the SCr, SCo and SNi powders are 9.0, 8.5, and 8.8, respec-
tively, which means that the solutions are all alkaline after 
degradation. As evident from Fig. 9, the composition of SCr 
changes somewhat after degradation of DB6. In addition to  
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Fig. 7.  Normalized concentration as a function of treatment time in the degradation of DB6 by SCr at temperatures ranging from 
25 to 55 °C (a) and plot of lnt0 vs. 1000/(RT) for estimating the activation energy of degradation of DB6 by SCr (b) (initial pH = 7, 1 
g/L SCr).  

 

Fig. 8.  SEM images and EDS spectrum of the AlFeMnTiM (M = Cr, Co, Ni) HEAs after degradation: (a) SEM image of SCr; (b) 
SEM image of SCo; (c) SEM image of SNi; (d) EDS spectrum of SCr corresponding to the region in the red frame in (a). 

 

Fig. 9.  XRD curves of the SCr HEA after degradation of DB6. 

the FCC and BCC phases, the surface of SCr contains Al2O3, 
Fe2O3, Cr3O4, Ti2O3, AlOOH, and Fe(OH)3. These phases 
form because, in the process of azo dye degradation, metals 
reduce the azo dyes and are oxidized to metal ions, which 
combine with oxygen in water to generate oxides such as 
Al2O3, Fe2O3, Cr3O4, and Ti2O3. Metal ions also combine 
with hydroxyl ions in water to produce hydroxides such as 
AlOOH and Fe(OH)3. In addition, Table 1 shows that the 
concentration of each ion remaining in the solution is very 
low, approaching the lower limit of detection of the instru-
ment. The ICP-AES results indicate that the three HEAs do 
not cause secondary pollution during the degradation process. 
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Table 1.  Ion concentration in the degraded solution  10−6 

Ion SCr SCo SNi 

Al 0.004 0.0672 0.004 

Fe 0.013 0.013 0.013 

Mn 0.7495 0.001 0.1329 

Ti 0.001 0.006 0.006 

Cr 0.012 － － 

Co － 0.008 － 

Ni － － 0.012 
 

3.3. Degradation reaction mechanism analysis 

The –N=N– bonds are known to be the most active bonds 
in azo dye molecules, and the cleavage of –N=N– bonds 
leads to the degradation of azo dyes [41]. During the 
ball-milling process, severe plastic deformation is induced, 
resulting in stress, strain, and lattice distortion and simulta-
neously introducing numerous defects into the HEAs par-
ticles; consequently, the surface and lattice distortion energy 
of the powders are greatly increased. The BM HEA powders 
are in a thermodynamically metastable state with excellent 
degradation capability; this state is unachievable in conven-
tional alloys. Thus, the excellent degradation performance of 
azo dye DB6 by SCr, SCo, and SNi is attributed to the follow-
ing three main factors. 

First, compared with the surface of pure single metals, 
the surface of the BM HEAs are electrochemically inhomo-
geneous because of the HEAs’ special alloy components and 
severe lattice distortion; this inhomogeneity results in the 
formation of a large number of nano-galvanic cells among 
the elements, which is the dominant factor responsible for 
the good degradation performance of SCr, SCo and SNi powd-
ers. Two different elements and a dye solution make up a 
nano-galvanic cell, and a large amount of nano-galvanic 
cells occupy the surface of HEAs. The active metals act as 
cathodes that lose electrons, the inactive positive metals act 
as anodes that receive electrons and catalyze azo dye mole-
cules, generating hydrogen ions and electrons; the azo bonds 
are broken after the dye molecules combine with the hydro-
gen ions and electrons. The reaction process is shown in the 
following formulas: 
M→Mn+ + ne− (1) 
H2O→H+ + OH− (2) 

R−N=N−R1  R−NH2 + R1−NH2 (3) 
The effect of the galvanic cells enables the BM HEAs to 

continuously release a large number of electrons; this reac-
tion is much faster and releases far more electrons than the 
corresponding reaction of ordinary single zero-valent met-
als. 

Second, the combination of a unique crystal structure 
with severe lattice distortion, residual stress, and stored 
plastic deformation energy is responsible for the excellent 
degradation capacity of BM HEAs toward azo dyes. The 
unique solid-solution structure of HEAs is in a nonequili-
brium state in which atoms possess high potential energy; in 
addition, the surface of the HEAs has many more active 
sites than conventional alloys.  

Third, the reduction behavior of nascent hydrogen ([H]) 
likely plays a role. A large number of electrons are released 
by SCr, SCo, and SNi, and hydrogen ions in water combine 
with electrons to form nascent hydrogen, [H]. The [H] is a 
rapid reduction agent that has been found to reduce various 
organic species. The [H] exhibits high reactivity, induces the 
cleavage of azo bonds, and destroys the chromophore 
groups. 

4. Conclusions 

(1) SCr, SCo, and SNi were successfully fabricated by the 
MA technique. Their efficiency and reaction kinetics in de-
grading organic chemicals were systematically investigated 
through evaluation of their degradation capability for azo 
dye DB6. The SCr, SCo, and SNi exhibited excellent degrada-
tion efficiency in the degradation of azo dye DB6. 

(2) In particular, SCr exhibited superior degradation effi-
ciency and good catalytic activity; its degradation perfor-
mance toward DB6 is much better than that of the common 
commercial Fe–Si–B amorphous alloys and ZVI powders, 
and its thermal activation energy barrier (ΔE = 47.4 kJ.mol-1) 
is low.  

(3) The perfect performance of SCr, SCo, and SNi in the 
degradation of azo dye DB6 is attributed to the galvanic-cell 
effect, unique crystal structures, severe lattice distortion, 
special alloy compositions, and reduction reactions. The BM 
HEAs are promising and efficient materials for textile water 
discoloration treatment. 
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