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Exploring new alloys with high efficiency in degrading organic pollutants in aqueous solutions is of wide interests. Here, we
report that the nanocrystallized Fes, 6sS14B12Cu, 35 alloy exhibits higher efficiency in decolorizing azo dye solutions compared to its
amorphous counterpart. The increased efficiency is attributed to the formation of numerous microbatteries between the a-Fe(Si)
and Fe,B nanocrystalline phases, which exhibit different corrosion potentials. These results suggest that nanocrystallized Fe-based
amorphous composites hold promising application potential in degrading azo dyes solutions.
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1 Introduction

Due to their far-from-equilibrium nature [1,2], many amor-
phous alloys, such as Fe-based [3-10], Mg-based [11-16],
Al-based [17], and Co-based alloys [18], exhibit advanced
properties in degrading azo dye solutions. Among these al-
loys, Fe-based alloys have attracted wide interests because of
high reaction efficiency and cheap price. The chemical and
physical properties of amorphous crystalline composite ma-
terials can be enhanced greatly via tuning and designing the
type, size, number, and distribution of the crystalline phases
in the amorphous matrix [19-22]. For example, the fine and
uniform distribution of a-Fe in the Fe-based amorphous al-
loys can further enhance the soft magnetic properties, i.e. in-
crease saturation magnetic flux density B [23,24]. It is in-
teresting to check whether the degradation efficiency can be
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further increased by modifying the structure amorphous al-
loys.

In this work, we studied the reactivity of both the
as-quenched (amorphous) and annealed (nanocrystalline)
Feg65S14B12Cu, 35 ribbons in degrading Direct Blue (DB) 2B
azo dye solutions. It is surprising that the reactivity of the
crystallized ribbons is much higher than that of amorphous
ribbons. The reaction mechanism has been studied based on
the potentiodynamic polarization curves in azo dye solutions
and surface morphologies of the reacted ribbons.

2 Experimental

2.1 Fabrication and characterization

The alloy ingots with nominal composition of
Fes,65S14B12Cui 35 (FeSiBCu) were prepared by induction
melting the mixtures of pure Fe, Si, B, Cu under protection
of high purity argon. The FeSiBCu amorphous ribbons with
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width of about 1.0mm and thickness of about 0.02 mm were
fabricated by single roller melt-spinning method under
the protection of high purity argon. The surface speed of
spinning roller is 45m/s. The Curie temperature (7¢) and
crystallization temperature (7. and T,,) were measured
by differential scanning calorimetry (DSC, Netzsch 404C,
Germany) at a heating rate of 0.67K/s. To obtain nanocrys-
tallized samples, the as-quenched ribbons were annealed at
763K for 5min in vacuum (10Pa) using a tube furnace.
The atomic structures of the as-quenched and annealed
ribbons were characterized using X-ray diffraction (XRD,
Bruker D8 Advance, Germany) with Cu Ka radiation. The
fracture morphologies of the ribbons were observed using
scanning electron microscopy (SEM, Hitachi S4800, Japan).

2.2 Reactivity Measurements

Azo dye (Cs2H20N6NasO14S4, direct blue 2B, hereafter named
as DB 2B) powders of high quality were purchased from
Shanghai East Lion Silk Screen Printing Ink Co., Ltd (China).
Dye solution with a concentration of 200mg/L was prepared
by dissolving the azo dye powders with deionized water. For
each time, a volume of 70mL of DB 2B solution was put
into the 100mL beaker for reaction test. The temperature
was controlled at 30°C by water-bath device. The FeSiBCu
metallic ribbons were cut into small parts with a size of
10mmx1.0mmx0.02mm with a specific surface area of
about 0.016m?/g. Then, the ribbons were put into the solu-
tion with a ratio of 10 g/L. The solution was not stirred during
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degradation. 2mL solution was extracted each time for ultra-
violet-visible absorption spectrophotometer (Perkin-Elmer
Lambda 950, USA) test to measure the concentration decay
of solutions.

2.3 Mechanism analysis

Potentiodynamic polarization curves were measured at a
scanning rate of 20mV/s using electrochemical work station
(Zahner Zennium, Germany) in azo dye solution at room
temperature. Three-electrode method was used to measure
the electrochemical properties, with the samples acting
as the working electrode, the saturated calomel electrode
(SCE) as the reference electrode, and a platinum sheet as the
counter electrode. Before electrochemical tests, all samples
were polished with metallographic sandpaper of 1500 grit,
and washed by ethanol. The surface morphologies of the
ribbons after reaction were observed by scanning electron
microscopy (SEM, Hitachi S4800, Japan).

3 Results

3.1 Characterization of the FeSiBCu metallic ribbons

Thermal parameters of as-quenched FeSiBCu ribbons were
measured by DSC. As shown in Figure 1(a), The Curie tem-
perature T, is 598 K. The first crystallization temperature 7%
is 668 K, which is related to the precipitation of a-Fe(Si) [25].

———r—r—T7
v - -Fe(S)

&-Fe,B

nanocrystalline

Intensity (a.u.)

Figure1 (Color online) (a) DSC trace of as-spun FeSiBCu ribbon at a heating rate of 0.67K/s; (b) XRD curves of the FeSiBCu ribbons confirm the nanocrys-
talline structure after being annealed at 763K for Smin; cross section morphologies of amorphous (¢) and nanocrystalline (d) FeSiBCu ribbons.
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The second crystallization temperature T, is 794K, which is
ascribed to the precipitation of Fe,B and other new phases
[26,27]. The annealing temperature 7, is 763 K, right between
T and Ty, much more close to T\.The atomic structure of
as-quenched and annealed FeSiBCu ribbons was investigated
by XRD. As shown in Figure 1(b), for the as-quenched rib-
bons, the XRD curve exhibits broad diffusive diffraction peak
which confirms the amorphous nature of the ribbon. For the
annealed ribbons, Bragg peaks corresponding to nanosized
a-Fe and Fe,B can be found. The grain size of the nanocrys-
talline is about 10nm for Fe,B, 24nm for a-Fe, which is es-
timated by the full width of half maximum of the diffraction
peak at 26=43.0° and 44.8°, respectively. Figure 1(c) and (d)
shows the morphologies of the fracture surface for the two
ribbons. For the as-quenched ribbons, the fracture surface is
very smooth, which demonstrates the amorphous structure of
the as-quenched ribbons, as shown in Figure 1(c). For the an-
nealed ribbons, nano particles that are distributed uniformly
are observed, which confirms the precipitation of nanosized
a-Fe(Si) and Fe,B, as shown in Figure 1(d).

3.2 Decolorization by FeSiBCu ribbons

To evaluate the decolorization efficiency of nanocrystal-
lized Fe-based ribbons, the degradation experiments were
carried out with amorphous and nanocrystallized FeSi-
BCu ribbons, respectively. The UV absorption spectra are
shown in Figure 2(a). The characteristic absorption peak
around 570nm arises from —N=N- of DB 2B dye molecules
[4,6,28]. The intensity of the absorption peak is proportional
to the concentration of azo dye solution. Along with the
degradation of azo dyes, the intensity of the absorption
peak decreases. The change of normalized concentration
of DB 2B solutions is shown in Figure 2(b). It is clear that
the concentration of azo dye solution decays faster when
using nanocrystallized ribbons than amorphous ribbons.
The degradation process is fitted using a pseudo first-order
reaction equation, C = C,exp(—¢/¢,) + C,, where C is the
normalized concentration of solution, C; and C, are fitting
constants, ¢ is reaction time, f is degradation time constant.
The comparison of #, for the amorphous and nanocrystallized
FeSiBCu ribbons is shown in Figure 2(c). For amor-
phous ribbons, #%=142min. For nanocrystallized ribbons,
t7=114min. Thus, the degradation efficiency of nanocrystal-
lized ribbons increases by about 20% (A=28min) than that
of amorphous ribbons.

4 Discussion

4.1 Electrochemical characterization

To distinguish the difference in reaction kinetics between
amorphous and nanocrystallized FeSiBCu ribbons, potentio-
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Figure 2 (Color online) (a) The UV absorption spectra of DB 2B solu-
tion after different reaction time with FeSiBCu amorphous ribbons; (b)
the normalized concentration of DB 2B solution after different degrada-
tion time with FeSiBCu ribbons, the solid curves are fitting results by
C = Cexp(—t/ty) + Cy; (c) the comparison of degradation time constant #
for the amorphous and nanocrystallized FeSiBCu ribbons.

dynamic polarization curves were measured in azo dye so-
lutions, as shown in Figure 3. For the amorphous ribbons,
the corrosion potential is about —0.81V. For the nanocrys-
tallized ribbons, besides the primary corrosion potential at
about —0.87V, there exists another secondary corrosion po-
tential at about —0.62V. The primary corrosion potential at
—0.87V, which is smaller than the amorphous ribbons, is at-
tributed to the corrosion of a-Fe(Si). The corrosion potential
at —0.62'V can be ascribed to the corrosion of Fe,B. The mis-
match in corrosion potentials for different phases will form
microbattery. Thus, due to the micro-battery effect, the zero
valent iron Fe® in a-Fe(Si) becomes more easier to donate its
electrons to N=N bond, and the azo dye solution gets decol-
orized much faster. This is also confirmed by the larger cor-
rosion density for the nanocrystallized sample.
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Figure3 (Color online) Potentiodynamic polarization curves of amorphous
and nanocrystallized FeSiBCu ribbons in azo dye solutions.

It has been widely observed that amorphous alloys exhibit
much higher decolorization efficiency compared to their
crystalline counterparts [3,11,18,29,30], which are attributed
to the metastable nature of amorphous structure. In these
cases, the crystalline alloys were usually prepared by an-
nealing amorphous ribbons at very high temperature for
long time. In such a case, the crystal will grow very large
which will not benefit the reaction with azo dye solution.
The nanocrystallized samples are composed of numerous
microbatteries as active sites for degradation of azo dyes.

4.2 Surface morphology

To further confirm the hypothesis of the formation of mi-
crobatteries, surface morphologies for the two FeSiBCu
ribbons after reaction with DB 2B solutions were observed,
as shown in Figure 4(a) and (b). For the amorphous ribbons,
the number of corrosion pits is small and the corrosion pits
are distributed in network, as shown in Figure 4(a). For
the nanocrystallized ribbons, the number of corrosion pits
is much larger and distributed dispersively and homoge-
neously, as shown in Figure 4(b). This suggests that the
nanosized Fe,B with high corrosion potential and the rest
phases (a-Fe(Si) and amorphous matrix) with low corrosion
potential form many micro-batteries with high reactivity.
According to the above results, a schematic illustration of the
degradation of azo dyes on the surface of nanocrystallized
FeSiBCu ribbons were provided, as shown in Figure 5.

5 Conclusions

Fe-based nanocrystalline composite ribbons were fabricated
by annealing the amorphous FeSiBCu ribbons at medium
temperature. The decolorization efficiency of azo dyes
increases by about 20% for nanocrystalline ribbons than
amorphous ribbons. This is distinct from the conventional
crystallized sample, where the grain size is very large. The
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Figure 4 Surface morphologies of amorphous (a) and nanocrystallized (b)
FeSiBCu ribbons after reaction with DB 2B solutions.
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Figure S (Color online) Schematic illustration of the degradation of azo
dyes on the surface of nanocrystallized FeSiBCu ribbons.

enhanced decolorization efficiency by nanocrystallized sam-
ples is attributed to the formation of numerous microbatter-
ies formed by the different nanocrystals, which is confirmed
by the electrochemical analysis and nanostructure of reacted
sample. These results suggest that nanocrytalline Fe-based
alloys hold promising potential in degrading azo dyes in aque-
ous solutions.
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