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INTRODUCTION

With the rapid development of modern 
industry, different types of wastewater discharge 
pose a serious threat to ecological diversity due 
.to their adverse effects [1]. Aproximately 70–
75% of all the dyes used in industry are azo dyes 
[2, 3]. For example, dye-containing wastewater is 
generated in printing, dyeing, textile and plastics 
industries [4]. Azo dyes and aniline dyes belong 
to the largest class of synthetic dyes by agreat va-
riety of structure and color [2]. After using dyes 
in the dyeing process, 10–15% of them end up in 
the sewage [5]. The authors [4, 6, 7] describes the 
negative impact of synthetic dyes on the human 
body (e.g. negative impacts of textile dyes on hu-
man health from dermatitis to central nervous sys-
tem, digestive system, renal system, ect.) and flo-
ra and fauna in general. Therefore, it is important 
to use a fast, inexpensive and reliable way of de-
composing dyes in waste. Dye treatment methods 
can be divided into several types [8, 9]: physical 

and chemical methods (adsorption method [10], 
coagulation, filtration, ion exchange, ultrasonic 
method, high-energy physical method), chemical 
treatment methods (ozonation, hypochlorite ion, 
oxidation method), electrochemical methods 
(electrochemical oxidation, indirect electro-oxi-
dation with strong oxidants, photoassisted elec-
trochemical methods, electrocoagulation [11, 
12], electrochemical reduction), advanced oxi-
dation processes (AOPs) [13–15], microbiologi-
cal treatments (pure cultures, mixed cultures), 
and enzymatic decomposition. The authors [16] 
summarizes the main technologies utilized for the 
removal of pollutants. Several years ago, it was 
discovered that amorphous metal alloys based on 
magnesium [17], iron [18–26], aluminium [26, 
27] able to discolour and destroy dyes of differ-
ent structures. In general basic dyes are cationic
compounds that are used for dyeing acid-group
containing fibers, usually synthetic fibers like
modified polyacryl. They bind to the acid groups
of the fibers. Most basic dyes are diarylmethane,
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triarylmethane, anthraquinone or azo compounds 
[28, 29]. The authors of the article [17] shown 
that solutions of Direct Blue 2B (DB2B) and Acid 
Orange II with a concentration of 100 mg/l can 
be almost completely decoloured by the tapes of 
amorphous metal alloy Mg63Cu16.8Ag11.2Er9 within 
30 min. The analysis based on experimental data 
showed that the decolouration of azo dye solu-
tions occurred due to physical adsorption. The au-
thors of [29] found that the most effective discol-
ouration of DB2B solution with amorphous metal 
alloys based on aluminium Al91-xNi9Yx (x = 0, 3, 
6, 9%) occurs at pH = 2. For pH = 2, due to the 
refreshing effect of H+, the azo dye solution can 
be continuously degraded by metallic glass. For 
pH = 7, the reaction is carried out in two stages: 
in the first stage, the reaction rate is rather slow, t0 
= 5 days. In the second stage, t0 = 2 h. The found 
that the fastest discolouration reaction of the dye 
occurs in an acidic environment.

It is known that aluminium-based AMAs doped 
with transition and rare earth elements improve 
their mechanical properties [30, 31], as a result 
of thermal modification, so the aim of this work 
is to determine the effect of thermal modification 
of aluminium-based AMAs Al87Gd5Ni4Fe4 on the 
decolouration rate of MB dye.

MATERIALS AND METHODS 

Amorphous metal ribbons based on alumini-
um with a thickness of 35 μm were received at 
the Kurdyumov Institute for Metal Physics of the 
Ukrainian National Academy of Sciences (Kyiv). 
The curves of differential scanning calorimetry 
of the initial amorphous alloys based on alumin-
ium were constructed in the Institute of Materials 
Science of the University of Silesia in Katowice 
with the help of a Perkin–Elmer Pyris-1 calorimeter 
for the rates of heating of the samples equal to 
10 K/min. The temperature of heat treatment of 
AMAs were determined from DSC-curves. The 
X-ray diffraction analysis was performed by using 
the PANalytical Empyrean Diffractometer with 
Cu-Kα radiation (λ Kα1 = 1.5418 Å) and the PIX-
cell detector. Phase analysis was done basing on 
the HighScore Plus PANalytical software integrat-
ed with the ICDD PDF4 + 2018 crystallographic 
database. For all the analyzed alloys, using the 
Rietveld analysis [32, 33] and the Williamson-
Hall theory [34], the unit cell parameters of the 
main identified nano- and microstructural phases 

were determined, the size of crystallites and lat-
tice strains were determined as well [35, 36]. The 
change of morphology of AMA was observed by 
scanning electron microscope (Tescan VEGA 3 
LMU) and an energy dispersive (EDS) X-ray mi-
croanalyser (Oxford Instruments Aztec ONE with 
X-MaxN20 detector). The chemical composition 
of AMAs samples was analyzed using X-ray pho-
toelectron spectroscopy. The X-ray Photoelectron 
Spectroscopy measurements were taken using a 
Physical Electronic XPS spectrometer (Physical 
Electronics PHI 5700, Chanhassen, MN, U.S.A.). 
A monochromatic radiation from the Al Kα an-
ode (1486.6eV) was applied. The measurements 
were taken from the as-prepared surfaces at room 
temperature. The analysis area from which pho-
toelectrons were collected was selected using a 
diaphragm and was of the size of 80 μm in diam-
eter. The XPS measurements were carried out for 
the survey scan, core levels detected elements. All 
measurements were executed at a 45° angle with a 
pass energy of 187.85 eV, step – 0.8 eV and 23.50 
eV, step – 0.05 eV for survey and high-resolution 
spectra, respectively. Atomic calculations and fit-
ting processes were performed using MULTIPAK 
(v.9.6.0.1, ULVAC PHI, Chigasaki, Japan) soft-
ware from Physical Electronics. Due to the ob-
served charging of the sample surface, obtained 
XPS spectra were calibrated using the C1s peak 
(B.E. = 284.6 eV). The deconvolution of the core 
level lines was performed by applying the Shir-
ley-type background and the generally Gauss-
ian–Lorentzian shape of lines. Quantum-chemical 
calculations for MB were carried out by means 
of the semiempirical program MOPAC2016 [37] 
with the graphical interface Winmostar [38]. We 
used semiempirical method PM7 з taking into 
account the dielectric constant of water (ε = 78.4) 
as a solvent to optimize the geometric structure 
and calculate the heat of formation (ΔfH298), 
energies of the highest occupied (HOMO) and 
lowest unoccupied (LUMO) molecular orbitals, 
as well as charges on atoms by Mulliken. The 
degradation of the MB dye was monitored by 
ultraviolet-visible absorption spectrophotometer 
(WPA Bioware II).

RESULTS AND DISCUSSION 

The kinetic of destruction of aniline dye 
(C18H15ClN2O hereafter named Mendola Blue) 
were carried out in aqueous solutions with 
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concentrations of 4.39 μМ was prepared by 
dissolving the azo dye powders (Fig. 1b) with 
deionized water and pH = 1.7±0.3 (the pH was 
adjusted with 1M HCl (Fig. 2b). The work-
ing area of each AMAs equel to 1cm2

, with a 
size of 10×5×0.035 mm with a specific surface 
area of about 0.0058(1) m2/g. The solution was 
not stirred during degradation. 2  mL solution 
was extracted each time for ultraviolet-visible 
absorption spectrophotometer (WPA Bioware 
II) test to measure the concentration decay of 
solutions (Fig. 1a).

From Figure 1a shows that due to the degra-
dation of the MB dye, the peak (635 nm) shifts by 
5–8 nm towards lower values, indicating the pos-
sibility of complex formation in the studied MB 
solution [39].

The phase transition temperatures for AMAs 
were determined from DSC-curves (Fig. 2a). In 
this work for annealing of AMAs were used T3 
= 645±1 K (temperature of stable crystallization) 
for second peak of AMAs Al87Gd5Ni4Fe4. The rate 

of heating the furnace to the selected temperature 
was about 17–20 K/min. 

One can see that after 5 minutes of annealing, 
a nanostructure is formed in the alloys, which af-
ter another 15 minutes leads to the formation of 
a microcrystalline structure. Basing on the ICDD 
PDF4+ data base, the phase analysis was done. 
The solid solution Al(X) and GdFee and GdNiAl3 
phases were identified in studied alloys. Detailed 
results, together with the determined lattice pa-
rameters, crystallite sizes and lattice strains, are 
presented in Table 1.

The decolouration kinetics of the MB dye was 
studied for the original, thermally modified AMAs 
at solution temperatures of 18, 30, 40 and 50 °C. 
The relevant expressions are as follows [17, 40]: 
	 Ct/C0 = exp (−kobs·t) 	 (1)

where: kobs  (h
−1) – is the observed rate constant, 

t – is the reaction time, C0 – is the initial 
concentration of the MB solution, Ct – is 
the concentration of MB remaining in the 
solution at the reaction time of t. 

Figure 1. (a) UV– spectrum of Mendola Blue solution (CM = 4.39 μМ) at pH = 1.7±0.3 at room temperature; 
(b) Changes in the color of MB after the decolorization reaction using AMAs during 27 hours

Figure 2. (a) DSC-curves (β = 20 K/min) of amorphous alloys of the Al87Gd5Ni4Fe4 in the 
temperature range of 300–900 K; (b) The X-ray diffraction patterns of AMA amorphous alloys with 

the composition of Al87Gd5Ni4Fe4 in initial state and after annealing of 5, 15, 30, 45, 60 min



246

Journal of Ecological Engineering 2024, 25(3), 243–252

It was found by nonlinear curve fitting that 
the residual rate of MB concentration changed 
with time according to the first order reaction 
model in chemical reaction kinetics.
	 t1/2 = ln2/k 	 (2)
where: k – is the reaction rate constant, t – is the 

reaction time, t1/2 – is half-period.

Dye decolorization (D%) efficiency MB was 
determined as follows [41, 42]:

 	 𝐷𝐷% = 100 − (i𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑎𝑎𝑎𝑎𝑎𝑎. – 𝑜𝑜𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑎𝑎𝑎𝑎𝑎𝑎.
𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑎𝑎𝑎𝑎𝑎𝑎. ) · 100 

 

 	(3)

The relevant kinetic parameters k, t1/2, and 
degradation rate obtained by fitting Figure 4c and 
results are shown in Table 2. 

Figure 3a and Table 2 show a decrease 
in the concentration of MB dye in solution, 
which is 1.75 μМ for the initial sample of AMA 
Al87Gd5Ni4Fe4 at the T = 18°C of the experi-
ment and 0.264–0.04 μМ for the heat-treated 
AMAs. To compare the decolorization rate of 
the aniline dye MB of the initial and annealed 
AMAs samples were used a normalized rate 
constant (ksa) [17] defined as kobs/(Sarea of AMA/Vdye). 
Ksa for initial AMA equal to 3.25 L·m-2h-1 and 
11.65 L·m-2h-1; 15.35 L·m-2h-1; 8.00 L·m-2h-1 for 
annealed AMAs for 30, 45, 60 min, respectively.

The reaction rate of MB decolouration using 
thermally modified AMAs Al87Gd5Ni4Fe4 samples 
for 30, 45, 60 min increases the decolouration 
rate of MB dye during the first eight hours of 

Table 1. The unit cell parameters, size of crystallites and lattice strains obtained for the nano- and microstructural 
main phases identified in tested AMA alloys

Theoretical data:
ICDD PDF4+ card numer

Space group
Lattice parameters

Al(X), where X=Gd,Ni,Fe GdFe2 GdNiAl3

01-089-2837
Fm-3m, cubic
a = 4.0592 Å

04-004-0708
Fd-3m, cubic
a = 7.3940 Å

04-018-2016
Pnma, orthohrombic

a = 8.1640 Å
b = 4.0680 Å
c = 10.6660 Å

Al87Gd5Ni4Fe4

5 min
a = 4.0764(9) Å

D = 125 Å
h = 0.25 %

a = 7.3967(3) Å
D = 100 Å
h = 0.36 %

–

15 min/ 60 min.
a = 4.0732(1) Å

D = 270 Å
h = 0.12 %

a = 7.4967(9) Å
D = 220 Å
h = 0.15 %

a = 7.7966(2) Å
b = 3.799(9) Å

c = 10.1384(2) Å
D = 220 Å;   h = 0.15 %

Table 2. Degradation reaction kinetic parameters

Time of heat treatment of AMA, min Temperature of solution 
of BB6, °C kobs (h-1) t1/2 (h) Degradation (%)

Initial

18 (room temperature) 0.06 10.66 65

30 0.11 6.30 93

40 0.13 5.05 99

50 0.19 3.52 96

Annealed during 30 min

18 (room temperature) 0.23 2.97 99

30 0.15 4.71 97

40 0.18 3.96 94

50 0.19 3.75 99

Annealed during 45 min

18 (room temperature) 0.32 2.16 91

30 0.32 2.16 91

40 0.37 1.85 93

50 0.48 1.44 99

Annealed during 60 min

18 (room temperature) 0.16 4.33 99

30 0.08 8.35 88

40 0.11 6.36 93

50 0.11 6.19 95
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the experiment by 3.8 times (Fig. 4b), and the 
decolouration efficiency increases from 65% 
for the original sample to 91-99% for thermally 
modified samples (Table 2). Increasing the 
temperature of the MB dye solution to 30, 40, 50 
°C increases the decolorisation efficiency when 
using the initial AMA sample Al87Gd5Ni4Fe4 
to 99%. From Fig. 4a and Table 2 show that 
the fastest decolouration reaction of the dye at 
a solution temperature of 18 °C occurs in the 
presence of a thermally modified AMAs for 45 
min. The EDS analysis (Fig. 6, Table 3) shown 
that the surface of this AMA was depleted in 
aluminium after the discolouration reaction due 
to the dissolution and defonding of aluminium 
ions into the MB dye solution.

During the first eight hours of interaction 
of AMAs samples with the MB solution, the 
solution degrades by 80% at an approximate 
rate of 10% per hour (Fig. 3b). The relatively 
high activation energy of aluminium dissolution 
22±3 kJ/mol compared to thermally modified 

samples indicates that the efficiency decolor-
ization of MB solution.

The SEM images of the AMAs surface      
Al87Gd5Ni4Fe4 (contact side) after reaction of de-
colorization of MB during 27 hours (Fig. 5e 1, 2 
and 5h 3) shown ‘pores’ (probable places of alu-
minium diffusion into the dye solution). 

The following reactions probably occur during 
the interaction of MB with AMA Al87Gd5Ni4Fe4:

	 Al → Al3+ +3e ̅

	 Al3+ +3OH– → Al(OH)3

	 2H2O → H3O
+ + OH–

	 2H3O
+ + 2e ̅ → H2 + H2O

Using the XPS analysis method (Table 3), 
it was established that there is 47.54 at.% C1s 
on the surface of AMA, 17 at. % of which is in 
the imide form, the following reaction probably 
also occurs:

	 4Fe3C + 6HCl → 3FeCl2 +C+ 3H2

Figure 3. (a) Dependences of the concentration change on the discolouration reaction time of MB at room 
temperature for different annealing times of Al87Gd5Ni4Fe4: 1-initial, 2–60 min, 3–30 min, 4–45 min. (b) 

Dependences of the concentration change on the discolouration reaction time of MB for the first eight hours 
of the experiment at room temperature for different annealing times of Al87Gd5Ni4Fe4: 1 – initial, 2 – 60 

min, 3 – 30 min, 4 – 45 min. (c) Kinetic curves of ln(C0/Ct) versus discolouration time of MB for different 
annealing times of Al87Gd5Ni4Fe4 AMAs: 1 – 45 min, 2 – initial. (d) Kinetic curves of ln(kabs) versus 1000/T 

for different annealing times of Al87Gd5Ni4Fe4 AMAs: 1 – initial, 2 – 30 min, 3 – 45 min, 4 – 60 min

Table 3. Atomic Concentration Table

Table 4. The results of calculations of physical-chemical 
parameters for MB by semi-empirical PM7 quantum-chemical 

methods
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Figure 4. SEM images of amorphous surface of Al87Gd5Ni4Fe4 (contact side): initial (a) 
and annealed during 30 (b), 45 (c), 60 (d) min. before decolorization of MB dyes

Figure 5. SEM images of amorphous surface of Al87Gd5Ni4Fe4 (contact side) after reaction of 
decolorization of MB during 27 hours: initial (е) and annealed during 30 (f), 45 (g), 60 (h) min
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Figure 6. EDS images of amorphous surface of Al87Gd5Ni4Fe4 (contact side) after reaction of 
decolorization of MB during 27 hours: initial (a) and annealed during 30 (b), 45 (c), 60 (d) min. 
and (f) elements distribution map of amorphous surface of Al87Gd5Ni4Fe4 (contact side) before 

(black column), after reaction of decolorization of MB during 27 hours: initial (f, grey column) and 
annealed during 30 min. (f, red column), 45 min. (f, blue column), 60 min. (f, pink column)

Table 3. Atomic concentration table
Content of elements (at.%)

C 1s N 1s O 1s Al 2p S 2p Cl 2p Fe 2p Gd 3d

47.54 0.39 35.11 12.29 0.84 2.52 1.17 0.15

Table 4. The results of calculations of physical-chemical parameters for MB by semi-empirical PM7 quantum-
chemical methods

MB ∆fH298, kJ/mol Іх, eV HOMO, eV LUMO, eV S, Å2 V, Å3

I -266.7 7.096 -7.096 -0.987 461.2 674.9

II -293.7 7.384 -7.384 -0.845 477.7 687.9

Figure 7. A sheme of decolorozation of dye Mendola Blue using AMA Al87Gd5Ni4Fe4
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The formation of aluminocoplexes based on 
two MB molecules has been modelled. These 
complexes have two conformational states in 
which the aminodimethyl groups of the MB mol-
ecule are arranged in parallel and antiparallel. The 
Figure 8 shows the optimal geometrical structures 
and the distribution of electrostatic potentials on 
their surface. The conformations of the antisym-
metric Figure 8 (a, b, c) and symmetric Figure 8 
(d, e, f) complexes of alumina complexes with 
MB are visualised.

The Table 4 shown the heat of formation of 
the complex, which takes into account the elec-
tronic interaction between the atoms of the com-
plex and the aqueous medium. According to the 
results shown in the table, the most energetically 
favourable state is the antisymmetric complex, 
in which the amino dimethyl groups are located 
on different sides of the MB molecule forming 
the complex. The ∆fH

298 becomes more negative 
and is -293.7 kJ/mol. The formation of such in-
termediate complexes probably leads to further 
destruction of bonds between atoms and discol-
ouration of MB dyes.

CONCLUSIONS

It was found that the change in the structure 
of the amorphous metal alloy (AMA) as a result 
of heat treatment of the amorphous metal alloy 

Al87Gd5Ni4Fe4 at T=645±1 K significantly affects 
the decolourisation of the aniline dye Mendola 
Blue at pH = 1.7 ± 0.3. The decolouration 
efficiency of MB is more than 90% within 27 
hours, in the case of annealed AMAs for 30, 45, 
60 min, which is 1.5 times more effective than in 
the case of initial AMA. 

The combined effect of AMA annealing 
and heating of the MB solution leads to a more 
efficient decolorisation process by a factor of two 
for the initial Al87Gd5Ni4Fe4 AMA samples and 1.5 
times for the annealed sample for 45 min and with 
a solution temperature of 45 °C compared to the 
annealed sample for 45 min and with a solution 
temperature of 18 °C. Changes in the structure 
of Al87Gd5Ni4Fe4 AMAs as a result of annealing 
were found: after 5 minutes of annealing, a 
nanostructure is formed in the alloys, which after 
another 15 minutes leads to the formation of a 
microcrystalline structure. 
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