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Abstract
A series of La and Y rates of  Mg65Ni20Y15−xLax (X = 1, 2, 3) alloys was synthesized by mechanical alloying in order to 
investigate the influence of varying amounts of Y and La on the microstructure and degradation performance of methyl 
blue. The nano-structured alloys were characterized by X-ray diffraction, scanning electron microscopy, energy dispersive 
spectrometry (EDX), UV–Vis spectroscopy (UV) and Fourier-Transform Infrared Spectroscopy (FTIR) techniques. Three 
different intermetallic phases such as  Mg24Y5,  Mg17La2 and  Mg2Ni were obtained after 75 h of milling time. With an increase 
in the milling time, the particle and crystallite size of the  Mg65Ni20Y15−xLax (X = 1, 2, 3) powders were decreased and the 
crystallite sizes of the alloys were calculated below 20 nm after 75 h of milling time. The composition of the nanostructured 
powders after mechanical alloying were determined to be very close to the initial composition by EDX analyses. The time 
and amount-dependent photocatalytic degradation of methyl blue samples were investigated under visible light at room 
temperature. The photocatalytic degradation properties of methyl blue in the water samples were evaluated by recording 
the decrease of absorbances at 590 nm in UV–Vis absorption spectra. The nanostructured  Mg65Ni20Y15−xLax (X = 1, 2, 3) 
powders demonstrated highly efficient photocatalytic properties in daylight even in the absence of any oxidant, heat or light 
source. After a 30 min exposure, the UV–Vis and FT-IR spectra indicated that the methyl blue samples became colourless 
using  Mg65Ni20Y15−xLax (X = 1, 2, 3) type catalysts. Among the alloys, the  Mg65Ni20Y13La2 is the best catalyst for the pho-
tocatalytic degradation of methyl blue possibly because of it had the smallest crystalline size compared to the other alloys.
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1 Introduction

The first commercial synthetic dye was discovered by Henry 
Perkin in 1856 [1] and from this initial discovery, the need 
for synthetic dyes has increased continuously. Today, more 
than 100,000 different structured dyes have been synthe-
sized [2] and over 10 million metric tons synthetic dyes 
are produced with a 3–4% growth rate [3]. Unfortunately, 
these synthetic dyes are the main cause of wastewater and 
the effluents pollute not only water but also the land [4]. 
Moreover, some of them can also have mutagenic, genotoxic 
and carcinogenic effects for human and animals [5].

Amorphous and nanocrystalline materials are known 
as functional materials with superior properties [6–16]. 
Recently, the use of nanostructured and amorphous materi-
als in the treatment of wastewater has attracted consider-
able attention [17]. Among the variety of different metal-
lic glasses, Fe-based and Mg-based alloys have received 
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the most attention. For example, Wang et  al. examined 
 Fe78Si9B13 alloys for rhodamine B dye removal [18]. The 
degradation capacities of Fe-based amorphous alloys, other 
than  Fe78Si9B13 for different types and dye structures have 
been examined extensively [19–27]. However, the study of 
Mg–Zn based alloys revealed that Mg based alloys exhibit a 
degradation capacity that is higher than that for the Fe based 
powders [28].

Although there are studies about Mg–Ni–Y based alloys 
[29–33], the degradation performance of these alloys with 
the addition of La has not been examined previously. Moreo-
ver, the photocatalytic degradation performances of these 
alloys have not been examined for methyl blue. Therefore, 
the aim of this work is to produce Mg based quaternary 
alloys with systematically increasing the La level by the 
mechanical alloying technique. Then, the effect of increas-
ing amount of La on the microstructure of Mg–Ni–Y alloy 
system and on the degradation of methyl blue was examined 
under different conditions.

2  Methods and Materials

2.1  Alloy Production

Pure Mg (99.9%), Ni (99.7%), Y (99.8%) and La (99.9%) 
elemental powders were mechanically alloyed in planetary-
ball mill (Fritsch Pulverisette 5). These elemental powders 
were accurately weighted in a glove box under an argon 
atmosphere. The mechanical alloying was performed in 
room temperature under an argon atmosphere at a speed of 
300 rpm and a small amount of powder was taken at selected 
times (5 h, 25, 50 h and 75 h) for additional characteriza-
tion. The mechanical alloying (MA) conditions are given 
at Table 1.

The structural evolution and the phase identification of 
the alloys were determined X-ray diffraction (XRD) with 
 CuKα radiation (λ = 0.154 nm) at 40 kV and 30 mA. The 
surface morphology and composition of the powder particles 
were characterized by scanning electron microscopy (SEM) 

with a JEOL JCM 5000 scanning electron microscope at 
an acceleration voltage of 10 kV with an energy-dispersive 
X-ray spectrometer (EDX).

2.2  Dye Degradation

Methyl Blue samples in water were used as dye samples in 
the photocatalytic degradation experiments. The degrada-
tion efficiencies of the nanostructured-alloys were evalu-
ated by using UV–Vis spectroscopy (Shimadzu-1800) dur-
ing the photocatalytic degradation reaction. First, a control 
sample was scanned in the range of 200–800 nm at 1 nm 
intervals. The maximum absorption peak was determined 
as 590 nm for the methyl blue samples in water. The spectra 
of the water samples during the degradation process were 
recorded between 400 and 800 nm at 1 nm intervals. The 
absorbances were collected at 590 nm for each water sam-
ples. The concentration of methyl blue dye samples was 
100 ppm (mg/L) for each degradation test. Different amounts 
of nanostructured-alloys (0.025 g, 0.05 g and 0.1 g) were 
added to each dye samples in water and stirred for 90 min. 
at room temperature. The samples were collected at times 
of 5, 10, 15, 20, 30, 40 and 60 min., filtered and scanned in 
UV–Vis spectrophotometer during the photocatalytic deg-
radation reaction. In addition, time-dependent degradation 
properties of the nanostructured-alloys were investigated in 
the kinetic mode in the instrument.

3  Results and Discussion

3.1  Microstructural Evaluation

XRD patterns of  Mg65Ni20Y15−xLax (X = 1, 2, 3) alloys 
obtained at different milling times are shown in Fig. 1. After 
5 h of milling, the XRD patterns exhibited initial crystal-
line peaks, corresponding to elemental Mg, Ni, La and Y 
(Fig. 1a–c). By increasing the milling time to 25 h, the 
intensities of the initial crystalline peaks decreased and the 
peaks became broader. The broadening is mainly due to the 
increase in the internal lattice strain and the refinement of 
the crystal size. However, after 50 h of milling, the elemen-
tal peaks disappeared, and new broad peaks developed as 
clearly seen in Fig. 1a–c. The absence of elemental diffrac-
tion peaks suggests the dissolution of elements with the start 
of the alloying process. Therefore, the observed new peaks 
were identified as the  Mg24Y5,  Mg17La2 and  Mg2Ni interme-
tallic phases. The rate of dissolution of La in the alloy is low, 
and probably associated with the limited solid solubility of 
La in Mg, Ni and Y. On the other hand, the further increase 
of milling time up to 75 h, no significant change has been 
observed in the XRD patterns for the  Mg65Ni20Y15−xLax 
(X = 1, 2, 3) alloys.

Table 1  The operating conditions of mechanical alloying

Rotation speed (rpm) 300
Cup structure Stainless steel
Cup capacity (ml) 250
Ball structure Stainless steel
Ball diameter (mm) 8
Ball to mass powder ratio 20:1
Process control agents 1 wt% stearic acid
Atmosphere Argon
MA time (h) 0–75
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In order to study the microstructural evolutions dur-
ing mechanical alloying, the milled powders were 
also investigated by using SEM. SEM micrographs for 
 Mg65Ni20Y15−xLax (X = 1, 2, 3) powders as-received and 
after various mechanical milling times are shown in Fig. 2. 
As seen in Fig. 2a, the as-received powders had different size 
distributions and shapes. After 5 h of milling, the change of 
the particle size and shapes was not significant. In this case 
the particle sizes range from about 10 µm to 50 µm. How-
ever, after further milling up to 25 h, the average particle 
size decreases and the cold welding induced by the colliding 
balls leads to the formation of rather large agglomerates. 
This is due to the high energy transferred to the powder 
particles after 25 h of milling. After further milling up to 
50 h, the powders exhibit a high degree of agglomeration as 
can be seen in the SEM micrograph. Because of the repeated 
fracturing and cold-welding processes, the particles sizes of 
the fine powders decrease below 10 µm in the mechanical 
alloying process. As seen in Fig. 2e, the agglomerated pow-
der particles remain as the typical dominant structure, espe-
cially after 75 h of milling and the particle sizes decrease to 
approximately 2 µm. 

The homogeneity of the metastable materials is a sig-
nificant parameter in influencing their performance. As an 
example, the produced nanostructured  Mg65Ni20Y14La1 
alloy was investigated by EDX to determine the compo-
sitional homogeneity. In Fig. 3, the EDX analysis of the 
 Mg65Ni20Y14La1 powders is shown after 75 h of milling 
time. It can be seen clearly in Fig. 3, that the Mg, Ni, Y and 
La elements are present the  Mg65Ni20Y14La1 powder alloy. 
Moreover, the composition of the  Mg65Ni20Y14La1 alloy is 
close to the initially intended composition value. This result 
reveals that all elements of the powder alloy were incorpo-
rated without significant loss during mechanical alloying. 

The crystallite size of the materials affects their micro-
structures and their performance for applications. The crys-
talline sizes of  Mg65Ni20Y15−xLax (X = 1, 2, 3) alloys were 
determined by the Debye–Scherrer analysis to understand 
the effect on the microstructural changes and degradation 
performance [34–36]. Equation (1) was used to calculate the 
crystallite sizes of the Mg-based powders.

where D is the average crystallite size, λ the X-ray wave-
length, B the full width (in radians) at half maximum inten-
sity and θ the Bragg diffraction angle.

Figure 4 shows the variation of crystallite sizes of the 
 Mg65Ni20Y15−xLax (X = 1, 2, 3) alloys at different mechani-
cal alloying times. As shown in Fig. 4, the crystallite sizes 
of  Mg65Ni20Y15−xLax (X = 1, 2, 3) powders clearly decrease 
and are calculated 20.9 nm, 15.6 nm and 17.9 nm, respec-
tively, after 25 h of milling time. After 50 h milling time, 

(1)D =
0.9�

B cos �

Fig. 1  XRD patterns of the mechanically alloyed powders after dif-
ferent milling time intervals: a  Mg65Ni20Y14La1, b  Mg65Ni20Y13La2, 
c  Mg65Ni20Y12La3
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the crystallite sizes of the Mg-based alloys are determined as 
18.8 nm for  Mg65Ni20Y14La1, 10.8 nm for  Mg65Ni20Y13La2 
and 15.4 nm for  Mg65Ni20Y12La3. The average crystallite 
sizes of  Mg65Ni20Y15−xLax (X = 1, 2, 3) alloys reach the 

lowest values. These values for  Mg65Ni20Y15−xLax (X = 1, 2, 
3) powders are calculated as 18.2 nm, 6.8 nm and 10.9 nm, 
respectively, after 75 h of milling. These values are also 
listed Table 2.

Fig. 2  Morphological changes of the  Mg65Ni20Y14La1 powders as a function of the milling time: a 0 h; b 5 h; c 25 h; d 50 h; e 75 h
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3.2  Photocatalytic Degradation of Methyl Blue 
Using Nanostructured‑Alloysof methyl blue can 
be examined

The time and amount-dependent photocatalytic degradation 
of methyl blue were investigated under daylight at room tem-
perature. Different amounts of the  Mg65Ni20Y15−xLax (X = 1, 
2, 3) nanostructured-alloys (0.025 g, 0.05 g and 0.1 g) were 
added to methyl blue samples in water (100 mg/L) and 
stirred for 90 min. The samples were collected and filtered 
at 5, 10, 15, 20, 30, 40 and 60 min for each trial. The filtered 
water samples were scanned in UV–Vis spectrophotometer 
in the range of 400–800 nm. The degradations of methyl 

blue in the water samples were determined by recording the 
decrease of absorbance at 590 nm in UV–Vis absorption 
spectra.

When the FT-IR spectra of the samples were evaluated 
after the photocatalytic degradation tests, it is possible to 
mention that the dissolved methyl blue dye in water was 
completely degradated (Fig. 5). After the degradation pro-
cess, the aromatic C–H stretches observed about 3050 cm−1 
and the secondary amine N–H stretches seen around 
3249 cm−1 were removed in FT-IR spectrum. Additionally, 
the stretches of the functional groups of methyl blue, such 
as, aromatic C=C stretches around 1568 cm−1, the aromatic 
C–N stretches around 1000–1160 cm−1 and the S=O stretch 
at 1331 cm−1 were not observed in the FT-IR spectra after 
the degradation tests. However,  CO2 formation was observed 
after the degradation in the of FT-IR spectrum. Asymmetric 
vibrations appeared strongly at 2350 cm−1 and 2390 cm−1 
whereas bending modes were seen at around 580 cm−1 with 
a broad band. Multiple peaks around 1900–2200 cm−1 were 
possibly the stretches of the substituents in the degradation 

Fig. 3  Typical EDX analysis 
result of the mechanically 
alloyed  Mg65Ni20Y14La1 
powders

Fig. 4  Crystal size of mechanically alloyed  Mg65Ni20Y15−xLax (X = 1, 
2, 3) powders as a function of milling time

Table 2  Crystallite sizes of mechanically alloyed  Mg65Ni20Y15−xLax 
(X = 1, 2, 3) powders as a function of milling time

MA time (h) Crystallite size (nm)

Mg65Ni20Y14La1 Mg65Ni20Y13La2 Mg65Ni20Y12La3

5 26.8 21.8 27.3
25 20.9 15.6 17.9
50 18.8 10.8 15.4
75 18.2 6.8 10.9
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products such as O–C≡N (cyanate), N=C=O (isocyanate), 
S–C≡N (thiocyanate) and N=C=S (thiocyanate) structures. 
Moreover, weak sulphate S=O stretches were observed at 
1100 cm−1 and 620 cm−1. 

Finally, the whole of the reaction medium turned colour-
less after approximately in 30 min for all the tests using 

 Mg65Ni20Y15−xLax (X = 1, 2, 3) alloys as observed both in 
the UV–Vis and the FT-IR spectra of the samples. Because 
of the smaller crystalline size,  Mg65Ni20Y13La2 has been 
showed the best photo-catalytic activities compared to the 
other nanostructured-alloys (Figs. 5, 6). Figure 5c shows 
the colour change taking place from dark blue to colourless 
as a function of degradation time for the  Mg65Ni20Y13La2 
alloy. In addition to the FT-IR spectra, the UV–Vis absorb-
ance spectra also shows the degradation of methyl blue in 
the range of 400–800 nm in Figs. 6 and 7. According to the 

Fig. 5  FT-IR spectra a methyl blue, b after photocatalytic reac-
tion, c the colour change as a function of degradation time for 
 Mg65Ni20Y13La2 alloy (Color figure online)

◂

Fig. 6  UV–Vis spectra of time dependent photocatalytic degrada-
tion of mechanically alloyed  Mg65Ni20Y15−xLax (X = 1, 2, 3) alloys. 
a 0.25  mg catalyst/mL dye solution, b 0.50  mg catalyst/mL dye 

solution, c 1.0  mg catalyst/mL dye solution. (Dye concentration: 
100 mg/L) (Color figure online)



501Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:494–503 

1 3

probable mechanism of the heterogeneous photocatalytic 
degradation of methyl blue under visible light irradiation, 
firstly, the electrons in the valence band in the alloy crys-
tal can be excited to the conduction band and the positive 
holes are left in the conduction band on the surface of the 
nanostructured-alloy. Photo-generated electrons in conduc-
tion band react with acceptors and form a radical anion O·2−. 
In addition, the mechanically alloyed  Mg65Ni20Y15−xLax 
(X = 1, 2, 3) powders receive an electron for positive holes 
from water and produced OH· radicals. During this process, 
methyl blue having negative sulfonate groups electrostati-
cally attracts to the positively charged surface of the alloy. 
Finally, the dye is oxidized by the radical moieties to car-
bon dioxide and water [37–40]. The mechanism mentioned 
above is schematically illustrated in Fig. 8.

According to the degradation efficiency (Fig. 7), the pho-
tocatalytic degradation of methyl blue was essentially com-
pleted in 20 min. Thus, the plot of ln(Ct/C0) versus time for 
photocatalytic degradation of methyl blue can be examined 
by

where k is the photo-degradation rate constant  (min−1) and 
 C0 and  Ct are the concentrations (mg/L) of methyl blue at 
different photocatalytic degradation times, respectively. The 
linear fit between ln(Ct/C0) and reaction time for different 
 Mg65Ni20Y15−xLax (X = 1, 2, 3) alloy catalyses (Fig. 9) fol-
lows a pseudo-first-order kinetics behaviour [36, 37]. The 
photocatalytic degradation kinetics of methyl blue was found 
as pseudo first order with the determination coefficients of 

(2)ln
(

C
t
∕C

0

)

= −k ⋅ t

Fig. 7  Photocatalytic degradation efficiency of mechanically alloyed  Mg65Ni20Y15−xLax (X = 1, 2, 3) powders; (a) 0.25 mg catalyst/mL dye solu-
tion, (b) 0.50 mg catalyst/mL dye solution, (c) 1.0 mg catalyst/mL dye solution
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0.9812, 0.9205 and 0.9926 by  Mg65Ni20Y15−xLax (X = 1, 2, 
3), respectively (Fig. 9).

4  Conclusions

In the present study, the influence of La addition in the 
Mg–Ni–Y alloys during mechanical alloying on the micro-
structural evolutions and the degradation effect on the 
absorption features of Methyl Blue were characterised and 
the following results were obtained.

1. Nanocrystalline  Mg65Ni20Y15−xLax (X = 1, 2, 3) powders 
were successfully manufactured by mechanical alloying. 

 Mg24Y5,  Mg17La2 and  Mg2Ni phases were obtained after 
75 h milling time.

2. The composition of the nanostructured  Mg65Ni20Y14La1 
powders were determined very close to initial composi-
tion values.

3. The crystallite sizes of the  Mg65Ni20Y15−xLax (X = 1, 2, 
3) powders decreased with increasing milling time and 
the calculated values were 18.2 nm, 6.8 nm and 10.9 nm 
after 75 h of milling time.

4. Nanostructured  Mg65Ni20Y15−xLax (X = 1, 2, 3) pow-
ders showed very efficient photocatalytic properties for 
methyl blue degradation in daylight without using any 
oxidant, heat or light source.
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