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is found as an effective approach that can dramatically improve the degradation performance of industrial
Fe;5SigB13 amorphous powders towards methylene blue. As demonstrated by synchrotron X-ray nano-
computed tomography and scanning electron microscope combined with X-ray photoelectron spectroscopy,
the micro-channels on the surface or inside of Fe;gSigB13 particles offer a shortcut for fast mass transfer and sup-
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Metallic glasses ply plenty of reactive sites with low density and high energy due to the structural rejuvenation after ultrasonic
Ultrasonic vibration vibration. It leads to the reduction of the reaction activation energy of degradation under the pseudo-first-
Structural rejuvenation order kinetic model and an exceptional decomposition capacity. Our work not only extremely drives down the
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Dye degradation

current costs of wastewater treatments, but also provides a promising approach for tuning the effectivity of

alloying catalysts via manipulating the potential energy state of metallic glasses based on the high-frequency me-

chanical vibration technique.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Synthetic dyes, which are widely used in the textile industry, have
caused serious ecological and environmental threats due to their toxic-
ity, chemical stability, and potential carcinogenicity [1-4]. In the past
decade, numerous effective methods for degrading dyes are conducted
to reduce their deleterious impacts, including physical adsorption [5],
biodegradation [6], chemical oxidation method such as zero-valent
metals [3,7,8]. However, most of the technologies are limited in practical
engineering applications because of their inherent drawbacks and high
cost. For instance, the activated charcoal adsorption requires secondary
treatment because it only collects contaminants via a physical process,
which results in low efficiency and the potential secondary pollution.
Although zero-valent metal such as Fe exhibits low cost and high effi-
ciency, it can be easily oxidized, which causes the degradation capability
decays rapidly. In order to overcome those disadvantages, metallic
glasses (MGs), e.g., Fe- [9-18], Co- [19], Mg- [20-22], Zr- [23], and Al-
based [24] MGs, have been introduced as catalysts for dye decomposi-
tion, which normally exhibit much higher degradation capability as
compared to the crystalline counterpart owing to their metastable
structure at the far-from-equilibrium state, the high residual stress,
and the high density of unsaturated sites on the surface of MGs [25].

Among all amorphous alloys, Fe-based amorphous alloys have
attracted great attention to dye degradation due to their excellent cata-
lytic degradation performance, superior soft magnetic property, and
low cost [9-18]. As a type of commercial Fe-based MGs, Fe,3SigB,3 MG
has a wide industrial application as the magnetic core of distribution
transformers [26,27]. A considerable amount of industrial Fe-Si-B MG
wastes are produced due to the replacement of the expired compo-
nents. As much as we're concerned, it burns with a need to find an effec-
tive way to reuse these industrial amorphous alloys.

Some studies indicate that Fe-Si-B MG ribbons prepared in laborato-
ries can degrade synthetic dyes by Fenton/Fenton-like reaction in three
steps [28-30]:

Fe + H,0,—Fe*" + 20H" (1)
Fe’* + H,0,—Fe*" + .OH + OH™ (2)
-OH + organics—products (3)

Fe? reacts with H,0, to produce Fe?*. Hydroxyl radicals (-OH) pro-
duced by the Fenton reaction through the reaction of Fe2* with H,0,
are strong oxidants that can decompose organics into small inorganic
molecules. In order to further improve the degradation capability,
these ribbons are treated by ball-milling into powders. This process
can enlarge the specific surface area and stimulate more reactive sites
[10,31]. However, the ball-milling is an energy- and time-consuming
complicated process, which involves a high vacuum environment to
prevent the formation of a surface oxide layer that significantly deteri-
orates the degradation capability [10,12,19]. These disadvantages hin-
der the industrial application of ball-milling powders during dye
wastewater treatment. Thus, developing effective and time-saving
methods to enhance the degradation capability of metallic catalysts is
an urgent task.

In this study, we retreat industrial Fe;gSigB;3 amorphous powders
by ultrasonic vibration considering that high-frequency mechanical vi-
bration can cause residual stress inside the powders, and at the same

time increase the energy of amorphous/metastable state in a very
short time [32,33], i.e. rejuvenation of MGs [34,35]. Both of these factors
can decrease the reaction activation energy (AE) and enhance decom-
position capacity. The degradation capability of industrial Fe;gSigB13
amorphous powders treated by ultrasonic vibration towards methylene
blue (MB) was investigated. We show that the AE of catalysts rejuve-
nated by ultrasonic vibration is indeed reduced. As demonstrated by
synchrotron X-ray nano-computed tomography (nano-CT), the ultra-
sonic treatment makes the atomic packing less dense with a high
inner stored energy and forms nanoscale cracks. This process provides
massive channels for mass transfer with low activation energy and
stimulates the exfoliation of the passivation layer during the reaction.
In this work, we potentially provide a high-efficiency and almost zero-
cost solution for dye wastewater treatment. By using this method, we
could also recycle those used/waste Fe-based MG powders/ribbons.
Moreover, understanding the structural evolution of glassy systems
under ultrasonic vibration is important for seeking high catalytic perfor-
mance in disordered systems as well as their new applications like
electrocatalysis [15,25,36,37].

2. Materials and methods
2.1. Preparation of Fe;gSigB;3 powders

The amorphous powders with a nominal composition of Fe;gSigB13
(at. %) were purchased commercially, which were prepared by ball-
milling under the atmosphere without the protection of inert gases to
simulate the environmental effect induced aging and oxidization of
the amorphous powders. Before the degradation experiments, these
powders were vibrated by an ultrasonic welding machine (BRANSON
2000x ) at the energy of 300-2000 J, the trigger force of the ultrasound
is 50 N, the amplitude of 100%, and the working pressure of 500 kPa.

2.2. Characterizations of FezgSigB;3 powders

The amorphous nature of the Fe;5SigB;3 amorphous powders before
and after ultrasonic vibration was examined by X-ray diffraction (XRD,
Smartlab 3) using Cu K, radiation with a wavelength of 1.54056 A
(20 = 20-90°). The surface morphology and elemental distribution of
powders before and after degradation were observed by a scanning
electron microscope (SEM, QUANTA FEG 450, FEI, Hillsboro, OR, USA)
equipped with an energy dispersive X-ray spectrometer (EDS). The
SEM acceleration voltage is 10 kV, the working distance is 10.3 mm,
and the secondary electron detector is adopted. The EDS adopts the
point-sweep mode and the acceleration voltage is 30 kV. The local den-
sities of the powders before and after ultrasonic vibration were detected
with nano-CT (Beijing Synchrotron Radiation Facility) with the syn-
chrotron X-ray energy of 8 keV in a chamber of high vacuum at room
temperature. The detailed mechanism of detecting the microstructure
of materials through synchrotron X-ray nano-CT is illustrated in Ref.
[38] and [39]. The size of the voxel in the structure reconstructed by syn-
chrotron X-ray nano-CT is 64.1 x 64.1 x 64.1 nm with the spatial reso-
lution about 100 nm. The electronic structure of elements on the
surfaces of powders was evaluated by X-ray photoelectron spectros-
copy (XPS, ThermoFisher ESCALAB 250Xi) with a monochromatic Al
K, X-ray source (hv = 1486.6 eV). The degradation reaction products
of Fe,gSigB;3 amorphous powders were discovered by Fourier Trans-
form infrared spectroscopy (FTIR, Nicolet iS10 FTIR spectrometer) in


http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Lv et al. / Materials and Design 194 (2020) 108876 3

the wavenumber range of 4000-400 cm ™. The empty chamber was
measured before proceeding with FTIR experiments as the baseline.

2.3. Dye degradation measurements

250 mL MB solution with a concentration of 100 mg L~! was pre-
pared using deionized water in a 500 mL beaker. Then H,0, was
added to adjust the concentration to 1 mM. Using 5% H,SO4 and 0.1 M
NaOH adjust the initial pH = 3 of the solution if not noted. The temper-
ature of the solution (T = 298 K if not noted ) was maintained by using a
water bath. Powders (0.5 g L™! for different energy experiments and
0.4 g L~ for the other experiments if not noted) were added as catalysts
for the decomposition of MB. The solution was mechanically stirred at a
fixed speed of about 350-450 r/min during the degradation process. At
the predetermined time intervals, 2.5 mL solution was taken out by a sy-
ringe and filtered with a 0.22 mm membrane (PES, Tianjin jinteng ex-
perimental equipment co. LTD), and then scanned using a UV-Vis
spectrophotometer (Shimadzu UV- 1280) to obtain the absorbance
spectrum (190-900 nm) of the solution. At least four degradation ex-
periments were conducted for each reaction condition.

3. Result and discussion
3.1. Degradation performance

UV-Vis spectrophotometry was selected to examine the concentra-
tion of MB in the solution treated by the original (0 J) and ultrasonic-
vibrated Fe,gSigB3 powders at different time intervals. The amorphous
nature of industrial Fe,gSigB;3 powders was confirmed by XRD before
and after ultrasonic vibration (as shown in Fig. S1). The measurement
of MB was based on the intensity of its characteristic absorption peak
at 653 nm arising from the chromogenic groups [40], as shown in
Fig. 1(a) and (b). An obvious decolorization phenomenon is observed

during the Fenton-like reaction by using ultrasonic-vibrated powders
with the applied energy of 750 ], while no obvious color change occurs
when adding 0 ] powders, see the inset of Fig. 1(a) and (b). In order to
compare different solutions, the concentration of the MB solution is nor-
malized in Fig. 1(c¢). It is found that the original industrial powders show
poor degradation capability, while the ultrasonic-vibrated powders ex-
hibit a notable degradation of MB solution by the Fenton-like reaction.
As the applied energy of ultrasonic vibration is enhanced, the degrada-
tion capability of the powder increases gradually. It reaches the highest
value at around 500-1000 ] and then decreases slightly.

The degradation kinetics after the first 3 min is commonly described
by the pseudo-first-order equation as given below [18]:

Ct = Co exp(—kt) (4)
where k is the reaction rate constant (min—!), t the reaction time (min),
Co the initial concentration of MB (mg L™ 1), and C; the instant concen-
tration of MB (mg L) at time t. According to Eq. (4), the reaction rate
constant k can be derived by In(Co/C;) vs. t curve. As shown in Fig. 1(d),
the experimental data can be successfully fitted by using Eq. (4), where
the correlation coefficient R? is higher than 97. The corresponding fit pa-
rameters are listed in Table S1. With the increase of the applied vibra-
tion energy from 0 to 1000 J, k increases from O to 0.346 min~ ",
exhibiting an enhancement of degradation capability of ultrasonic-
vibrated powders. With further increasing vibration energy to 2000 J,
k slightly decreases to 0.184 min~".

It is known that the working environment has a significant effect on
the degradation capability of catalysts [12,30]. Thus, different conditions
including different initial pH, powders dosage, and working tempera-
tures are selected to investigate their effects on the decomposition capa-
bility in MB by using 750 ] ultrasonic-vibrated powders, see details in
Supporting Material Fig. S2. Since the Fe;5SigB;3 amorphous powders
show the best degradation performance towards MB at pH = 3 [28]
with the dosage of 0.4 g L™ !, the degradation behavior of original and
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Fig. 1. UV-Vis absorbance spectra of MB solutions during the Fenton-like reaction: (a) original (0 J) and (b) ultrasonic-vibrated (750 J) powders. The insets in (a) and (b) show a visible
color change of MB solutions. (c) The normalized concentration change of MB solutions during reactions. (d) The In(Cyp/C;) vs. time curves for Fe;gSigB;3 powders with different applied

ultrasonic energy. The solid lines in (d) are the linear fits to the experimental data.
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750 J ultrasonic-vibrated Fe;5SigB3 amorphous powders are compared
under the following reaction condition: pH = 3, Cij202 = 1 mM, pow-
ders dosage = 0.4 gL, and Gy = 100 mg L.

According to the reaction rate at different temperatures, the thermal
activation energy can be derived from the Arrhenius equation [41]:

Inkr = —AE/(RT) + InA (5)

As shown in Fig. 2(a) and (b), the AE of MB degradations calculated
by plotting -In kr vs 1/RT is reduced significantly upon ultrasonic vibra-
tion. The AE of 0 ] powders to degrade MB is 53 & 3 k] mol ™!, while that
of 750 ] powders is only 19 + 1 k] mol~'. Moreover, the reaction activa-
tion energy of the ultrasonic-vibrated sample with the applied energy of
750 ] is almost twice lower as compared with the reported value of
34.8 k] mol ! for Fe;gSioB;5 ribbons produced in the laboratory [14].

3.2. Morphologies of the powders

Since the degradation of dye is a surface-mediated process, the
changes in the surface morphology of the powders during degradation
is examined carefully by SEM. Fig. 3 shows the powder size distribution
and the morphology on the surface of Fe;gSioB,3 powders. The powder
size is estimated to be less than 50 pm. Its distribution is non-uniform.
The particles exhibit an irregular-sphere shape with plenty of corruga-
tions, which are the typical characteristics of ball-milling powders
[10,42]. Fig. 3(a-f) present SEM images of 0 ] powders before and after
reactions. There is no significant change on the surface of 0 ] powders
during degradation. A dense oxide layer is attached to the outside sur-
face of powders with O of 16.45 at. % obtained by EDS (see Table S2),

298 K k=0.36%0.03

e 318 K k=0.63%0.09
v 328 K k=0.77+0.14
4 338 K k=0.89%0.20
0 5 10 15 20
Time (min)
(b)2.5 - o= 0J
o 750J AE,,=53.39+3.08 kJ/mol
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'c
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£
x 1.0}
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0.36 0.38 0.40
1000/RT (K™)

Fig. 2. (a) The In(Co/C,) vs. time curves for 750 ] powders at different temperatures. (b) The
- In kr vs. 1/RT curves for 0 J and 750 ] powders.

which blocks the mass transport between the solution and the alloying
catalyst.

Fig. 3(g-i) show SEM images of the 0 ] and 750 ] ultrasonic-vibrated
powders before the reaction. A thick oxide film on the surface of the
non-ultrasonic-vibration treated powders is also observed in 750 ] pow-
ders. However, many nanoscale cracks are found after ultrasonic vibra-
tion, see the yellow lines in Fig. 3(i). Fig. 3(j-1) show SEM images of the
750 ] powders after the reaction. It is seen in Fig. 3(k) that the passiv-
ation layer with O of 32.11 at. % (marked as Region A) (Table S2) is
falling-off due to the microcracks on the oxide layer. The fresh
Fe,gSigB 3 underneath the surface then seizes the chance to react with
MB. Three-dimension (3D) flowerlike nanostructures, consistent with
that reported for the reacted Fe;5SigB;3 and FeSiB-based alloys [12],
are observed on the surface of reacted 750 ] powders (Region B in
Fig. 3(1)). The entire structure of the flowerlike architecture is built
from several dozens of nanopetals with a smooth surface. Such structure
can provide abundant microscopic channels for the diffusion and ab-
sorption of the dye molecule, H,0,, and -OH during the decomposition
process [43].

Although the passivation film on the surface of powders makes the
reaction difficult, a large number of nanoscale cracks generated under
ultrasonic-vibration treatment can lead to a fast mass transfer. Besides,
the interconnection of cracks during reaction also stimulates the exfoli-
ation of the surface passivation layer. The appearance of microcracks,
the generation of 3D nanostructures, and peeling off of the passivation
layer during the reaction, thereby accelerate the delivery of substances
during degradation.

3.3. Electronic structure of the powders

The chemical effect always has a strong impact on the functionality
of MGs [44]. Chemical states of iron can control the generation rate of
-OH, which plays a dominant role in determining the degradation pro-
cess (Eq. (1-3)), more than the surface/inner morphology [14]. There-
fore, XPS is used to comprehend the electronic structural change
caused by ultrasonic vibration to understand the underlying mechanism
of the improved degradation capability. As shown in Fig. S3, compared
with 0 ] powders, the XPS spectrum of the 750 ] powders shows more
0 accompanied by the decrease of Fe content (Table S2). It implies
that the high energy state of MG powders originating from the struc-
tural rejuvenation under ultrasonic vibration [45] may promote the ox-
idation process, which makes the decomposition easier in virtue of the
lower energy barrier of degradation.

3.4. Local densities of the powders

To further explore the structural evolution of powders after ultrasonic
vibration, we perform nano-CT experiments to detect the local density of
Fe,sSigB13 particles. Fig. 4(a) and (b) show the 3D structure of the typical
original and 750 J Fe;gSigB;3 amorphous particles with diameters of sev-
eral microns reconstructed by nano-CT. In these two figures, the red re-
gion with a large gray value (g) possesses a higher local density as more
X-ray is absorbed in the region in the nano-CT experiment [38,39]; the
dark blue region with a small g possesses a lower local density. It can be
seen that a low-density rugged layer appears on the original Fe;gSigB 3
particle with its interior denser. After ultrasonic vibration, the rugged
layer that stands for the oxide layer on the surface is fragmented and its
density becomes smaller, which is consistent with SEM results.

The cross-sections of the reconstructed 3D structure of the
Fe;5SigB13 particles before and after ultrasonic vibration are displayed
in Fig. 4(c) and (d), respectively, to present the inner structure of the
particles more clearly. Apparently, the local density fluctuates inside
particles. After ultrasonic vibration, the overall density of the particle in-
cluding the outer oxide layer seems to become lower, suggesting a
higher potential energy state. Interestingly, differ from the untreated
particle, a large area in the center of the ultrasonic-vibrated particle
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Fig. 3. SEM micrographs of Fe;gSigB;3 amorphous powders: 0 ] powders (a)-(c) before and (d)-(f) after degradation; 750 ] powders before (g)-(i) and after (j-1) degradation.

even possesses a lower packing density than the region near the oxide
layer, which could be associated with the high-energy state of atoms.
It benefits the propagation of cracks from the surface to the inside, as
shown by the white arrows in Fig. 4(d). We find that all Fe;gSigB13 par-
ticles show a similar change of the local density after ultrasonic vibra-
tion. Thus, the reduction and redistribution of the local density as a
result of the structural rejuvenation [34,35] during high-frequency vi-
bration is the main reason that contributes to the high reaction activity
of the treated MG powders, which eventually leads to the low AE during
the degradation process as shown in Fig. 1.

3.5. Pathway of the degradation process

To better understand the process of MB degradation, FTIR analysis
was performed, which shows all of the functional groups on the surface

of after-degradation Fe;gSigB;3 amorphous powders coming from the
MB solution or reaction products, see details in Fig. S4. Based on the
thorough analyses of the surface/inner morphology and the FTIR spec-
trum of Fe,gSigB3 powders, the pathway of the degradation reaction
of MB can be drawn, as shown in Fig. 5. Metallic iron from Fe;gSigB3
amorphous powders reacts with H,O, in the acidic MB solution and gen-
erates the strong oxidizing - OH. Then, MB molecules undergo redox re-
action and are decomposed into small molecules including H,0, CO,,
NOs3, and SO7~ by cleavage of interlinkage. The reaction pathway of
Fe,gSigB13 amorphous powders in this work agrees well with the previ-
ously studied Fe-based MGs [9-18]. However, unlike the samples re-
ported in the literature [9-18], Fe;5SigB;3 amorphous powders used in
this study are industrial powders with a dense oxide film on the surface.
The reaction activation energy of industrial powders is about 50% higher
than that of the laboratory ribbons produced under the protection of a
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Fig. 4. The structure reconstructed with nano-CT. (a) 0] and (b) 750] ultrasonic-vibrated Fe;gSigB;3 amorphous particles. The cross-section of the Fe;gSigB;3 amorphous particles (c) before
and (d) after ultrasonic vibration.

high-purity argon atmosphere [14], see in Fig. 2 (b). As indicated in SEM [34,35], i.e. a low density and high potential energy state, as well as
and nano-CT experiments, ultrasonic vibration can induce the fresh and the formation of microcracks/channels with lifting up of passivation
reactive Fe;gSigB;3 interface resulting from the structural rejuvenation film. On the other hand, it has been reported that MGs also undergo a
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Fig. 5. The pathway of MB degradation by using the original and ultrasonic-vibrated industrial Fe;sSigB;3 powders as catalysts.
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severe plastic deformation during ultrasonic vibration [46], which re-
sults in the large residual stress inside each particle. All of these factors
contribute to the highly effective reaction of metallic iron with hydrogen
peroxide that occurs on the surface of the loose-packed high-energy
powders.

Fig. 6 shows a schematic illustration of the energy landscape in
Fe;sSigB13. The energy landscape known as a topographic viewpoint of
condensed phases was proposed by Golstein more than 50 years ago
[47]. In an N-body material system with a fixed volume, the landscape
can be drawn by the manner of a material system. It can provide a con-
venient framework for interpreting the complex phenomenology [48],
for instance, the dynamic behavior under different shear stress [49] or
temperatures in glass-forming liquids [50] or proteins [51]. The number
of basins, i.e. potential energy minima, and the nature of the saddle
points separating neighboring basins vary during mechanical deforma-
tion [52] or structural transformation [53,54]. As presented in Fig. 6, the
activated configurations jump out the saddle point into neighboring ba-
sins with a low/high potential energy. The rearrangement of the config-
uration space during ultrasonic vibration leads to a substantial variation
in the depth of basins. Therefore, the potential energy of the glassy sys-
tem is highly dependent on the vibration energy, see the sketch in the
inset of Fig. 6.

When an ultrasound with extremely low energy is applied, struc-
tural relaxation of the glass may lead to a series of crystallization behav-
iors, for instance, the nanocrystalline can be found in the vibrated
sample in the work of Pol et al. [55]. Thus, by this technique, we can
tune the relaxation process of the glass to obtain different kinds of
nanocrystal materials by changing its crystallization route/kinetics. On
the other hand, the long-time relaxation also results in the ultrastable
state of glass [56], i.e., ideal glass. As reported in both nanoindentation
and compression/tension [57,58], a cycling loading within elastic limi-
tation can relax the sample into more stable states like the annealing
process [59] and induces hardening either locally or globally. The me-
chanical vibration, thereby, can be used as an effective method to
achieve the ideal state of the glass. More interestingly, when a high-
energy vibration is applied, for example in the case of Fe;gSigB;3 amor-
phous powders, a rejuvenation behavior occurs. As illustrated in Fig. 5,
the glass transforms from a high atomic-packing density and low-
energy state into a metastable state with higher energy and lower den-
sity. Such structural rejuvenation due to the injection of the high energy
into MGs is also found during the process of severe plastic deformation
[60], where more extensive atomic rearrangements accompanied by
the creation of excess free volume take place. With further increasing
the vibration energy (e.g. to higher than 2000 ] in this case), the MG

sample starts to melt or goes through the glass transition [61]. The de-
vitrification/crystallization then may occur simultaneously, which
leads to a slightly worsened degradation efficiency as shown in Fig. 1
(c) and (d). Our studies show that the energy state of glass can be ma-
nipulated in a wide potential energy range by using an ultrasonic vibra-
tion technique. Thus, we can produce various alloying catalysts with
different energy states to satisfy the requirements of most industrial ap-
plications. This work demonstrates that the potential energy state of
MGs can be easily tuned based on the mechanical vibration technique,
which may promote the application of MGs in many fields and also
help us better understand the nature of glass.

4. Conclusion

In conclusion, ultrasonic vibration effectively enhances the inner
stored energy of MG powders through a structural rejuvenation,
which improves the degradation capability by reducing AE of the reac-
tion. In addition to the change of the potential energy state, a variety
of morphologies of powders' surface were observed, which leads to an
accelerating degradation capability as well. The microcracks produced
on the surface and inside the powders during the ultrasonic vibration
process provide a shortcut for mass transfer and promote the exfoliation
of the passivation layer on the surface of the ultrasonic-vibrated pow-
ders during the reaction. It breaks through the protection of the passiv-
ation film on the surface of industrial powders and supplies “fresh”
Fe,5SigB13 with more reaction sites. Meanwhile, 3D flowerlike nano-
structure generated during the degradation process also offers massive
channels for mass transfer. The pathway of the reaction is sketched
based on the above analyses. Our work provides an alternative way
for the reuse of wasted Fe-based MGs as an effective catalyst for dye
degradation at an extremely low cost. Moreover, a broad picture of
controllably tuning the potential energy state of the glass by using the
ultrasonic vibration technique has also been drawn, which not only ex-
pends industrial applications of MGs but also provides a new perspec-
tive on the structural evolution of disordered systems.
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