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(RhB) dyes, and the color removal reach nearly 100% within 11 min for both the dyes. Compared with the Fe80 Si10 B10 amorphous ribbon, the Fe83 Si5 B8 P4 ribbon showed higher degra-
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dation efficiency due to its lower reaction activation energy, higher electron transfer ability

Metallic glasses

and higher Fe content, and the formation of the galvanic cell between the strong Fe–P bonds

Azo dyes

and the weak Fe–B bonds. It also exhibited high stability and reusability. The degradation ef-

Advanced oxidation processes

ficiency was improved when the appropriate concentration of H2 O2 is added. As regards the

Decolorization

pH, high degradation efficiency was observed in acidic MB solution, but it decreased as the

Stability

pH increased up to pH 7. The application of the electro–Fenton–like process is discussed,
which can effectively improve the degradation performance in a nearly natural solution.
This study presents a high efficiency low-cost catalyst for synthetic dye degradation and
expands the functional applications of Fe-based amorphous alloys.
© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
Amorphous alloys, which have a unique disordered atomic
packing arrangement and a thermodynamically metastable
nature, have been attracting tremendous attention in the
applied research field (Li and Zheng, 2016; Li et al., 2019;
Tan et al., 2017; Wang et al., 2017; Zhang et al., 2017b, 2019;
Zhou et al., 2016). Over the past few decades, they have exhibited many excellent properties as functional and structural materials, such as Co-based amorphous alloys with high
strength (Inoue et al., 2004), Zr-based amorphous alloys with

∗

superior plasticity (Liu et al., 2007), Fe-based amorphous alloys with enhanced soft magnetic properties (Meng et al.,
2014; Zuo et al., 2017), Ca/Ti-based amorphous alloys with
good biocompatibility (Cao et al., 2012; Wang et al., 2013), Nibased amorphous coating with outstanding corrosion resistance (Bahrami et al., 2017). Therefore, the exploration and
development of novel practical applications of amorphous alloys is an active topic in materials science; for examples, Fe(Deng et al., 2017; Jia et al., 2016a), MgZn- (Ramya et al., 2017;
Wang et al., 2012a), and Co-based (Qin et al., 2015) amorphous
ribbons and powders have shown satisfactory catalytic performance in wastewater remediation. In any investigation of
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Table 1 – Results of reaction rate by using conventional crystalline catalysts and various Fe-based amorphous ribbons.
Materials

Mass
dosage
(g/L)

Specific
surface area
(m2 /g)

Surface area
concentration
(m2 /L)

Dye

kobs
(min–1 )

kSA
(L/(m2 •min))

References

Pure Fe powder

0.5
0.5
0.5
0.5
0.5
0.5
1.0

0.347
0.347
0.013
0.013
0.013
0.013

0.1735
0.1735
0.0065
0.0065
0.0065
0.0065
0.0067

Methyl Blue
Rhodamine B
Methyl Blue
Rhodamine B
Methyl Blue
Rhodamine B
Malachite Green

0.073
0.047
0.376
0.233
0.514
0.364
0.118

0.421
0.271
57.846
35.846
79.077
56.000
17.612

This work

0.06
0.06
0.0833

Methyl Orange
Methyl Blue
Acid Orange II

0.152
0.201
0.173

2.53
3.35
2.077

Jia et al., 2017
Jia et al., 2017
Zhang et al., 2017a

Direct Blue 2

0.136

Rose Bengal
Methylene Blue
Orange I

0.0265
0.160
0.0172

Amorphous Fe80 Si10 B10
Amorphous Fe83 Si5 B8 P4
Amorphous
Fe73.5 Si13.5 B9 Cu1 Nb3

0.5
0.5
Amorphous
Fe68 Co10 Si8 B14
Amorphous
(Fe0.99 Mo0.01 )78 Si9 B13
α-Fe2 O3 nanoparticles
Fe3 O4 nanoparticles
γ -FeOOH

13.3
0.375
0.5
0.5

79.2
52.89
130.53

29.7
26.445
261.06

This work
This work
Liang et al., 2017

Zhang et al., 2010
0.0009
0.006
0.00007

Maji et al., 2012
Wei et al., 2020
Lei et al., 2006

Surface area concentration (ρ a ) is calculated by ρ a = S/V, where S is total surface area of ribbon and V is the volume of the dye aqueous solution.
kobs : reaction rate constant; kSA : surface area normalized reaction rate constant.

amorphous alloys for dye degradation, Fe-based amorphous
alloys have attracted the most attention due to their low materials cost and efficient degradation performance.
Heterogeneous Fenton/Fenton–like processes have been
the focus of extensive research. In the traditional Fenton method, iron ions/salts, as the catalysts to activate
H2 O2 , are used to eliminate organic maters from wastewater (Neyens and Baeyens, 2003). Although iron ions/salts can
rapidly degrade organic pollutants at mild reaction temperatures, they produce a large volume of iron sludge and are difficult to be recycled (Pariente et al., 2008). Zero-valent iron (ZVI)
particles (Cao et al., 1999; Nam and Tratnyek, 2000; Ruiz et al.,
2000) and iron-based catalysts (Fe2 O3 , FeOOH (Bandara et al.,
2001) and Fe3 O4 (Costa et al., 2006; Wei et al., 2020)) were used
in powder form for the Fenton–like processes. However, they
exhibited relatively low efficiency under low pH value conditions. The ZVI and iron-based catalysts tend to lose reactivity
once the active sites are occupied by oxidants. The comparable results of the dye degradation ability of iron-based catalysts are presented in Table 1. The conventional Fenton–like
catalysts increase the working cost due to their low degradation efficiency, poor stability and reusability.
Fe-based amorphous alloys have large amounts of active sites attributed to their unique metastable structure and
chemical homogeneity exhibiting superior reactivity to their
crystalline counterparts or traditional ZVI (Tang et al., 2015a;
Wang et al., 2012b). Therefore, a series of Fe-based amorphous alloys have been studied for dye degradation. FeSiB
amorphous alloys originally developed as soft magnetic alloys (Luborsky et al., 1979) have been studied as heterogeneous Fenton–like catalysts for dye degradation. For instance,
it was reported that FeSiB amorphous ribbons could efficiently
degrade Rhodamine B and Cibacron Brilliant Red 3B-A dye
(Jia et al., 2016b; Wang et al., 2014). The degradation efficiency of FeMoSiB amorphous alloys for Direct Blue 2B dye

was four times higher than that of FeMoSiB crystalline alloys (Zhang et al., 2010). Minor Y additions to FeSiB amorphous alloys resulted in the formation of local galvanic cells
between Fe–rich and Fe–poor regions accelerating dye degradation (Xie et al., 2016). However, FeSiBCuNb amorphous ribbons exhibited a significant decrease in the dye degradation
efficiency and poor reusability (Jia et al., 2017). It was also reported that the catalytic stability of FeSiB amorphous alloys
could be significantly improved by minor additions of transition metals such as Co, Ni or Cr. However, the degradation efficiency of FeSiB (Co, Ni or Cr) was not satisfactory (Zhang et al.,
2017a). Therefore, systematic investigations on the dye degradation efficiency attributed to the minor non-noble alloying
elements are required for the development of Fe-based amorphous alloys with excellent degradation performance, costeffectiveness and reusability.
In the present work, we focused on the degradation efficiency and reusability of Fe-based amorphous alloys under
different conditions. Fe80 Si10 B10 and Fe83 Si5 B8 P4 amorphous
ribbons were prepared by using only inexpensive raw materials, which greatly reduces their production cost. The P addition improved glass forming ability and the catalytic effect.
The alloying element Si can be oxidized to form a SiO2 layer
on the amorphous ribbon improving the stability and reusability of the amorphous ribbon. Besides, the Fe atoms are the
catalytic active sites of the reaction process, which is essential for Fenton and Fenton–like reaction. So it should improve
the catalytic effect when increasing the Fe content. Therefore,
we systematically studied the degradation efficiency of these
Fe80 Si10 B10 and Fe83 Si5 B8 P4 amorphous ribbons for Methyl
Blue (MB) and Rhodamine B (RhB) dyes. This study also investigated the effects of temperature, initial pH, and H2 O2 concentration on the MB degradation efficiency by Fe83 Si5 B8 P4
ribbons, the reusability of both amorphous ribbons was evaluated. Finally, in order to further improve the degradation
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efficiency of amorphous ribbons for the low acidic (pH 5) solution, the electro–Fenton–like process was adopted, and the
effect of applied current on the degradation performance was
analyzed.

1.

Material and methods

1.1.

Materials and instruments

Alloy ingots with the nominal compositions of Fe80 Si10 B10
and Fe83 Si5 B8 P4 (at.%) were prepared by arc-melting of mixtures comprising Fe powders (99.9 wt.%), Si pieces (99.9 wt.%),
B pieces (99.9 wt.%) and Fe3 P pieces (99.9 wt.%) under a
high-purity argon atmosphere. Amorphous alloy ribbons having 20–25 μm thickness, ˜1 mm width were obtained from
these ingots via single-roller melt-spinning process under a
high-purity argon atmosphere (roller speed 40 m/sec); the
as–quenched ribbons were cut into 2 cm long strips for the
degradation experiments. MB and RhB were supplied by Kanto
Chemicals Co. (Japan) and Thermo Fisher Scientific Inc., respectively. The chemicals used, such as H2 O2 (30 wt.%), NaOH,
HCl and Milli-Q water, were all at the analytical grades.
The ribbon structure was identified by X-ray diffraction
(XRD, Rigaku D/Max–2500, Rigaku, Japan) with Cu–Kα radiation. The thermal behavior was examined with a differential
scanning calorimetry (DSC, PYRIS Diamond DSC, PerkinElmer,
USA) at a heating rate of 0.67 K/sec under argon atmosphere.
The surface morphology and elemental distribution were observed by using a scanning electron microscope (SEM, SU8220,
Hitachi, Japan) equipped with an energy dispersive X-ray spectrometer (EDS) and operated at an accelerating voltage of
15 kV. A Brunauer–Emmett–Teller (BET, QuadraSorb SI, Quantachrome Instruments, USA) surface area analyzer was used
to determine the BET surface area via the nitrogen method.

1.2.

20 mg/L and a catalytic dosage of 100 mg (0.5 g/L) were used
and a specific concentration of H2 O2 was added to the dye solution at the beginning of the experiment. The temperature
of the solution was measured in the water bath and the pH
of the solution was adjusted by using 37% HCl solution. Portions (3 mL) of the aqueous dye solutions were taken out and
filtered with a 0.45 μm filter at selected time intervals. The
absorption spectra of collected solutions were obtained with
an ultraviolet-visible (UV–Vis) spectrophotometry (Shimadzu
UV–2600, Shimadzu, Japan). For the reusability experiment,
each ribbon was washed with Milli-Q water before the new
immersion into the fresh dye solution. The leached Fe ions
were analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES, Avio 200, PerkinElmer, USA). The
mineralization was measured by a total organic carbon (TOC)
analyzer (TOC-LCPH, Shimadzu, Japan).
The degradation of RhB by electro–Fenton–like process was
shown in Fig. 7a, which was containing 150 mL of 20 mg/L RhB
solution at pH 5. A 0.1 mol/L of Na2 SO4 aqueous solution was
used as the electrolyte to increase the conductivity. The external current of the electrolysis cell was supplied to the regulated DC power. Agitation was provided by mechanical stirring to promote the mass transition. The solution kept room
temperature during the electro–Fenton–like degradation process. The Pt mesh (2.5 cm × 2.5 cm) and graphite rod (6.5 cm2 )
were used as the anode and cathode electrode, respectively,
and the gap between the electrodes was 6.0 cm. A steady flow
of air was injected into the reactor by an air pump. The as–
quenched ribbons (0.2 g/L) were fixed on the blades of stirring
and 1 mmol/L H2 O2 was added to the solution. Portions of the
aqueous dye solutions were taken out and filtered with a 0.45
μm filter. The absorption spectra were obtained with an UV–
Vis spectrophotometry.

2.

Results and discussion

2.1.

Characterizations

Electrochemical tests

The electrochemical properties of the ribbons were analyzed
with an electrochemical station (Parstat 2273, Princeton Applied Research, USA); the measurements were conducted in a
three-electrode cell using a platinum counter electrode, a saturated calomel electrode (SCE, sat’d KCl) as a reference electrode and the ribbon as the working electrode. The potential
dynamic polarization test was performed at a potential sweep
rate of 1 mV/sec after immersing the samples in an electrolyte
for 30–60 min. The electrochemical impedance spectroscopy
(EIS) analysis was conducted under the stabilized open circuit
potential with scanning frequencies between 100 kHz to 0.01
Hz and an amplitude alternate current (AC) voltage of 5 mV.
An acid MB solution (pH 3, 1 mmol/L H2 O2 , 20 mg/L MB) was
used for both the polarization and the EIS measurements.

1.3.
Degradation experiments and electrochemical
degradation experiment
The degradation performance of the as–quenched ribbons
was evaluated by using 200 mL MB and RhB solutions in a
500 mL beaker, under stirring at a fixed speed. Unless otherwise specified, in each catalytic test, a dye concentration of

The XRD patterns (Fig. 1a) of the as–prepared ribbons exhibit
a halo diffraction peak around 2θ = 45°, which is typical of
an amorphous structure. The DSC thermal curves of the as–
prepared ribbons showed two exothermic peaks, indicating
that the crystallization occurred through two stages (Fig. 1b).
For as-prepared Fe80 Si10 B10 and Fe83 Si5 B8 P4 amorphous ribbons, the Curie temperature (Tc ) was 673 and 607 K, respectively, and the onset crystallization temperature (Tx ) was 770
and 726 K, respectively. It is indicated that both Tc and Tx decreased as the Fe content increased. The reduced distance between Fe atoms will result in the weakening of the exchange
interaction between Fe atoms. Therefore, a high Fe content
would decrease Tc since Tc is proportional to the exchange
integral between magnetic atoms (Cullity and Graham, 2011).
Pure Fe powders with the average diameter of the 300 mesh
were used to compare with the ribbons for the degradation
experiment. The BET analysis of the pure Fe powder revealed
a specific surface area of 0.347 m2 /g. However, the surface area
value of the ribbon was too small and, thus, out of the range
of the BET analysis with nitrogen. Since the ribbon surfaces
were quite smooth, the ribbons are assumed as cuboids, as
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Fig. 1 – (a) X-ray diffraction (XRD) patterns and (b) differential scanning calorimetry (DSC) thermal curves of the as–prepared
Fe80 Si10 B10 and Fe83 Si5 B8 P4 ribbons. Tc : the Curie temperature; Tx : the onset crystallization temperature.

done in previous studies (Tang et al., 2015a, 2015b). Based on
this assumption, the specific surface area of the two ribbons
was calculated to be around 0.013 m2 /g.

2.2.

Catalytic performance

The MB and RhB degradation efficiency of the as–quenched
Fe80 Si10 B10 and Fe83 Si5 B8 P4 amorphous ribbons and the pure
Fe powder were compared (Fig. 2). Fig. 2a and b shows the
UV–Vis absorbance spectra of the MB and RhB solutions after immersing the Fe83 Si5 B8 P4 ribbons for various time intervals; the absorbance peaks of both dyes became gradually invisible suggesting complete decolorized. Based on the UV–Vis
spectroscopy results, Fig. 2c compares the dye color removal
by Fe80 Si10 B10 , Fe83 Si5 B8 P4 ribbons and pure Fe powders. All
the amorphous ribbon samples decomposed nearly 95% of MB
and RhB within 11 min, and had a higher removal rate for MB
solution. However, the color removal of pure Fe powders with
the same mass dosage was only 75% and 62% within 20 min
for MB and RhB solution, respectively. To further analyze the
mineralization of MB and RhB, the TOC removals and leached
Fe concentration by using Fe80 Si10 B10 , Fe83 Si5 B8 P4 ribbons and
pure Fe powders are shown in Fig. 2e and f, respectively. The
results indicate that TOC of MB and RhB dye can be removed
nearly 60% and 30% by Fe83 Si5 B8 P4 ribbon within 20 min, respectively.
Typically, the value of reaction rate (k) reflects the dye
degradation efficiency, which is commonly described by the
following pseudo-first-order kinetic model (Nam and Tratnyek, 2000):
Ct = C0 exp (−kobs t )

(1)

where kobs (min−1 ) is the reaction rate constant, t (min) is
the reaction time, C0 (mg/L) is the initial dye concentration,
and Ct (mg/L) is the dye concentration at time t. Fig. 2d
and Table 1 present results of the dye solution ability of
the Fe80 Si10 B10 , Fe83 Si5 B8 P4 ribbons, and pure Fe powders. As

shown in Fig. 2d, Fe83 Si5 B8 P4 ribbons exhibited rapid degradation for MB and RhB, i.e., kobs of 0.514 and 0.364 min–1 , respectively, larger than those of the Fe80 Si10 B10 ribbons (0.376 and
0.233 min–1 , correspondingly). Compared with them, the kobs
values of pure Fe powders for the MB and RhB solution were
very low (0.073 and 0.047 min–1 ).
It is indicated that the MB and RhB degradation efficiency
of the Fe83 Si5 B8 P4 amorphous ribbon for both MB and RhB solutions is better than that of the Fe80 Si10 B10 amorphous ribbon. Researchers (Cheng and Ma, 2011; Miracle, 2006) suggest that the dominant short-range order unit for Fe-metalloid
amorphous alloys can be characterized as solution-centered
atomic clusters, in which Fe atoms locate on the shell and
metalloid atoms locate in the center. The first-principle simulation result of Fe-(P, C, B) amorphous alloys indicates that
the bonding strength of Fe–P is stronger than that of Fe–
B (Zhang et al., 2015). The mixing enthalpy is –39.5 and –
26 kJ/mol for the Fe–P and Fe–B atomic pairs, respectively
(Takeuchi and Inoue, 2005), it also indicates that Fe–P has a
stronger bonding strength. In Fe83 Si5 B8 P4 amorphous ribbon,
the differences in bonding strength among atomic bonds (Fe–P
and Fe–B atom bonds) can facilitate galvanic cells, enhancing
the degradation efficiency. However, the simulations results
have demonstrated the formation of solute–solute contacts in
Fe78 Si9 B13 amorphous alloys (Zhou et al., 2012), which is not in
favor of the formation of galvanic cells; this may explain the
relatively poor degradation performance of Fe–Si–B ribbons.
Additionally, the investigated Fe83 Si5 B8 P4 ribbons had a high
Fe content compared with the Fe80 Si10 B10 ribbon, which provides more Fe active sites on the same surface area and thus
results in better degradation efficiency.
Although pure Fe powders have a larger specific surface
area than those of the Fe-based amorphous ribbons, much
lower kobs values of pure Fe powders for the MB and RhB degradation were obtained. Since this reaction mainly occurs on
the surface, the degradation ability can be better described
by the surface area normalized reaction rate constant (kSA ).
kSA (L/(m2 •min)) can be derived from kSA = kobs /ρa , where ρ a

120

journal of environmental sciences 105 (2021) 116–127

Fig. 2 – (a) Ultraviolet-visible (UV–Vis) absorbance spectra of Methly Blue (MB) dye solution by using Fe83 Si5 B8 P4 ribbons; (b)
Rhodamine B (RhB) dye solution using Fe83 Si5 B8 P4 ribbons; (c) comparable results of color removals for MB and RhB by using
Fe80 Si10 B10 , Fe83 Si5 B8 P4 ribbons and pure Fe powder. (d) MB and RhB dye degradation reaction rate (k) of Fe80 Si10 B10 ,
Fe83 Si5 B8 P4 ribbons and pure Fe powder; total organic carbon (TOC) removals and leached Fe concentrations of (e) MB and (f)
RhB dye solution. Reaction conditions: T = 298 K, pH 3, H2 O2 concentration: 1 mmol/L, dye concentration: 20 mg/L.

(m2 /L) is the surface area concentration. As shown in Table 1,
the kSA of amorphous ribbons was far greater than that of
the pure Fe powder and other iron-based catalysts, suggesting
that the amorphous ribbons would receive much larger degradation potential with the same catalyst dosage. Not only that,
the large specific surface area of the Fe powder not only has a
positive impact accelerate the dye degradation in the Fenton
process but also has a negative effect on the storage and trans-

portation of materials due to its low stability and corrosion resistance in air, especially in the salted and humid atmosphere
(Kuo, 1992; Yang et al., 2019).
In addition, Liang et al. (2017) reported a rapid degradation of malachite green dyes by Fe73.5 Si13.5 B9 Cu1 Nb3 ribbon,
but the degradation efficiency is too low and they are less
reusable than Fe-based amorphous ribbons containing no noble element. The addition of heavy metal elements decreases
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Fig. 3 – Comparable results of color removals for MB by using (a) Fe80 Si10 B10 and (b) Fe83 Si5 B8 P4 ribbons at different
temperature; (c) derived reaction rate k at different temperature; (d) ln k as a function of –1/(RT) curves for Fe80 Si10 B10 and
Fe83 Si5 B8 P4 ribbons. Reaction conditions: pH 3, H2 O2 concentration: 1 mmol/L, MB concentration: 20 mg/L. ࢞E: the reaction
activation energy; R: the gas constant.

the degradation efficiency and cost-effectiveness of Fe-based
amorphous ribbons. Also, poisonous heavy metal ions can be
eluted into wastewater leading to secondary water pollution
(Zhang et al., 2017a). Therefore, in this work, the present Fe–
metalloid amorphous alloys exhibit excellent degradation efficiency, low cost (non-noble elements), and environmentally
friendly nature, which are preferable materials for wastewater
treatment.

2.3.

Reaction activation energy

Fig. 3 shows the reaction activation energy (Ea ) of MB degradation process at different temperatures. Note that the degradation rate increased along with the temperature; the MB solution was completely decolorized after 3 min of immersion of
the Fe80 Si10 B10 and Fe83 Si5 B8 P4 ribbons at 318 and 328 K, respectively. The two amorphous ribbons exhibited similar kobs
at high temperatures, this may be due to the huge enhancement of the • OH generation rate when raising the reaction
temperature, eliminating the difference in the reaction rates
between them (Wang et al., 2018).

Ea can be derived from the Arrhenius equation:
ln kobs = −Ea /RT + ln A

(2)

where kobs (min−1 ) is the reaction rate at different temperatures T, R (J/(mol•K)) is the gas constant, and A is the preexponential factor. Fig. 3d shows the ln kobs as a function of
–1/(RT). The calculated Ea for the Fe80 Si10 B10 and Fe83 Si5 B8 P4
ribbons was 32.4 and 21.8 kJ/mol, respectively; the lower
Ea of Fe83 Si5 B8 P4 ribbon explains its better degradation performance. Note that crystalline metal-based catalysts usually have higher activation energy (60–250 kJ/mol) (Chen and
Zhu, 2007). Amorphous alloys with a metastable nature always have higher Gibbs free energy compared with crystalline
counterparts, and thus amorphous alloys are prone to chemical reactions.

2.4.

Corrosion properties

Fig. 4a shows the polarization curves of the Fe80 Si10 B10 and
Fe83 Si5 B8 P4 ribbons in a MB solution, which revealed their
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Fig. 4 – Electrochemical properties of Fe80 Si10 B10 and Fe83 Si5 B8 P4 ribbons in MB solution: (a) polarization curves and (b)
Nyquist plots obtain from the electrochemical impedance spectroscopy (EIS) measurements (inset is the equivalent circuit
model diagram); (c) and (d) reusability of Fe83 Si5 B8 P4 ribbons in MB solution. Reaction conditions: pH 3, H2 O2 concentration:
1 mmol/L, MB concentration: 20 mg/L. SCE: the saturated calomel electrode; Z’: the imaginary part of impedance; Z”: the real
part of impedance; Rs : the solution resistance; Rf : the oxide film resistance; Rct : the charge transfer resistance; CPE1 and
CPE2 : the constant phase element.

similar passive potential values of about –0.61 V. However, the
passive current density of Fe83 Si5 B8 P4 (1.35 × 10–5 A/cm2 ) was
slightly larger than that of Fe80 Si10 B10 (9.72 × 10–6 A/cm2 ). Due
to the microstructure and chemical homogeneity of amorphous alloys, they tend to readily form a uniform passivation
layer. Consequently, amorphous alloys have superior corrosion resistance compared with crystalline alloy counterparts,
exhibiting high reaction rate and reusability.
The Nyquist plots derived from the electrochemical
impedance spectroscopy (EIS) measurements showed a
smaller diameter for the Fe83 Si5 B8 P4 ribbon, along with a lower
charge transfer resistance (103 •cm2 ), implying a faster surface reaction rate with effective charge transfer of Fe83 Si5 B8 P4
ribbon than Fe80 Si10 B10 ribbon (126 •cm2 ). The element P
with appropriate electronegativity improved the conductivity
and the electron transfer ability of Fe-based amorphous alloys
(Hu et al., 2017; Jia et al., 2019). These results further confirm
to accelerate the Fenton activity of the Fe83 Si5 B8 P4 ribbon.

2.5.

Reusability

In the reuse experiment, the performance of the Fe80 Si10 B10
ribbon was not satisfactory; only 90% of MB solution was degraded in the first 7 cycles within 20 min and the degradation efficiency further decreased during the successive cycles. Thus, Fig. 4c and d shows only the results for the
Fe83 Si5 B8 P4 ribbons that can maintain good degradation efficiency (95% MB degraded within 20 min) for about 26
cycles. When increasing the reuse cycles, the degradation
efficiency decreased at 3 and 5 min, which may be due
to the formation of iron oxides on the ribbon surface, its
degradation efficiency is less than that of elemental Fe,
thus, leading to the low degradation efficiency at 3 and
5 min.
With respect to the investigated Fe-based amorphous
ribbons, traditional Fe-based catalysts (such as nanoscale
zero-valent iron, iron oxides, and crystalline Fe-based cata-

journal of environmental sciences 105 (2021) 116–127

123

Fig. 5 – Scanning electron microscopy images of the surface of Fe80 Si10 B10 and Fe83 Si5 B8 P4 ribbons after their (a, d) 3rd and
(b, e) 7th time of uses, along with the corresponding X-ray diffraction patterns (insets), respectively; (c) Energy dispersive
spectra of (b); (f) Energy dispersive spectra of (e).

lysts) generally have good efficiency but poor reusability and
stability. For example, the number of reusable cycles of crystalline Fe-based catalysts is less than 10 and their degradation efficiency significantly decreases due to structural defects
of the crystal during their reuse, which limits their reliability (Jaafarzadeh et al., 2015; Kakavandi and Babaei, 2016). The
proposed Fe-based amorphous catalysts present higher catalytic ability and stability for dye degradation; the Fe83 Si5 B8 P4
ribbon surprisingly exhibits not only superior degradation performance but also excellent reusability (for nearly
30 cycles).

Fig. 5 displays the SEM images, EDS and XRD spectra of the
ribbons after the reaction. The XRD results for the Fe80 Si10 B10
ribbon showed that the ribbon retained amorphous structure
even after the 7th reuse cycle. After the 3rd cycle, the surface
morphology did not significantly change (Fig. 5a). After the 7th
cycle, however, a layer partially covered the surface formed
(Fig. 5b). Based on the elemental content information obtained
by EDS spectrum of the layer (Fig. 5c), the layer is proposed to
be a (Si, Fe)-oxide layer, which leads to the decrease of the dye
degradation reaction rate and thus limits the reusability of the
Fe80 Si10 B10 ribbon.
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Fig. 6 – Effect of (a) H2 O2 concentration and (b) pH on MB degradation by using the Fe83 Si5 B8 P4 ribbons.

The XRD results of the Fe83 Si5 B8 P4 ribbons showed that
they also retained their amorphous structure after being
reused for the degradation reactions. The small reaction pits
were uniformly distributed on the surface after the 3rd cycle (Fig. 5d). As in the case of Fe80 Si10 B10 ribbon, after the
7th cycle, a layer partially formed on the surface. However,
the composition obtained by EDS spectrum of the layer is
quite different from that of the Fe80 Si10 B10 ribbon. The layer
is considered to be a Fe-oxide layer with a small amount
of P and Si. It should be noted that amorphous alloys with
high Fe contents exhibit high degradation efficiency. However, as the Fe content increases, the glass forming ability
tends to decreases and thus, optimization of glass forming
element contents is crucial for high glass forming ability.
Through a proper replacement of Si by P, the Fe83 Si5 B8 P4 ribbons with high Fe content can maintain high glass forming
ability. Moreover, the layer formed during degradation experiment cycles can be changed from Si-rich oxide layer to Ferich oxide layer, which enhances degradation efficiency and
reusability.

2.6.
Effect of H2 O2 concentration and pH on degradation
performance
The initial concentration of H2 O2 is a key parameter on the
reaction efficiency for Fenton and Fenton–like reactions. Its
effect on the MB degradation by the Fe83 Si5 B8 P4 ribbons was
initially investigated at 298 K, pH of 3, and dye concentration
of 20 mg/L as shown in Fig. 6a. Without H2 O2 , the degradation process barely took place. When increasing the H2 O2 concentration from 1 to 5 mmol/L, the color removal rate was accordingly improved; however, when further increasing it to 10
mmol/L, the time required for complete degradation was similar to 5 mmol/L.
Although H2 O2 is one of the oxidants and cannot effectively degrade a dye solution alone (Matilainen and Sillanpää,
2010), it plays a key role in Fenton or Fenton–like reaction. The
mechanism of Fenton–like degradation of dyes by Fe-based

amorphous alloys is as follows.
Fe0 + H2 O2 → Fe2+ + 2OH− or Fe0 + 2H+ → Fe2+ + H2

(3)

Fe2+ + H2 O2 → Fe3+ +• OH + OH−

(4)

•

(5)

OH + organics → products

The hydroxyl radical (• OH) is the primary oxidant employed
in dye degradation. The H2 O2 concentration can control the
• OH generation rate. The previous results indicate that an appropriate increase in the H2 O2 concentration can effectively
improve the degradation rate by enhancing the • OH generation rate. However, excess H2 O2 does not promote the degradation process due to the • OH scavenging effect (De Laat and
Le, 2006; Ramirez et al., 2007):
H2 O2 +• OH → H2 O + HO2 •

(6)

HO2 • is another radicals product, but its oxidation potential
is much smaller than that of • OH, which decreases the degradation rate (Bigda, 1995).
Fig. 6b illustrates the effect of the solution pH on the MB
color removal by the Fe83 Si5 B8 P4 ribbon in a pH range of 3–7
at 298 K, H2 O2 concentration of 1 mmol/L, and MB concentration of 20 mg/L. The MB solution was effectively degraded (>
95%) within 11 min under a strongly acidic condition (pH 3).
When the pH increased to 5, nearly 45% of MB was decomposed within 20 min. In the neutral (pH 7) solution, however,
the degradation reaction barely occurred within the first 11
min and only 17% of MB was degraded after 20 min; this was
due to the precipitation of iron oxides or hydroxides (such as
Fe2 O3 , FeOOH, Fe(OH)2 , and Fe(OH)3 ) in the solution, which
tended to coat the ribbon surface, reducing the contact area
between Fe and H2 O2 (Cremaschi et al., 2002; Müller et al.,
2014). Therefore, the degradation rate is slower in neutral and
alkaline solutions.
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Fig. 7 – (a) Schematic illustration of electro–Fenton–like process degradation of RhB dyes using Fe83 Si5 B8 P4 ribbons; (b) effect
of applied current on degradation efficiency of the electro–Fenton–like process. Inset: RhB dye degradation reaction rate.
Reaction conditions: pH 5, H2 O2 concentration: 1 mmol/L, MB concentration: 20 mg/L, ribbon dosage: 0.2 g/L.

2.7.
Effect of the applied current of electro-Fenton-like
process on degradation performance
Electro–Fenton–like process is an efficient method combining electrochemical methods and Fenton reaction, which has
unique advantage characteristics compared with traditional
Fenton reaction. To evaluate the catalytic performance of
electro–Fenton–like, an electro–Fenton–like system was fabricated (Fig. 7a). The effect of operation current was investigated
at 298 K, pH of 5, ribbon dosage of 0.2 g/L, H2 O2 concentration
of 1 mmol/L, and dye concentration of 20 mg/L as shown in
Fig. 7b. It can be clearly seen that the degradation efficiency
is promoted with increasing applied current from 0 to 50 mA.
When the absence of applied current (0 mA), nearly 41% of RhB
was decomposed within 60 min. At an applied current of 50
mA, the degradation efficiency was nearly 88% within 60 min,
which has a significant improvement of twice times over the
traditional Fenton–like reaction. It indicates that the electro–
Fenton–like process can effectively improve the efficiency of
Fenton–like reaction at the low acidic pH value.
Besides the Fenton–like reaction mechanism, the mechanism of the electro–Fenton–like process should be mentioned
as follows.
(Acidic with O2 ) O2 + 2H+ + 2e− → H2 O2

(7)

Fe3+ +e− → Fe2+

(8)

These reaction equations could happen at the cathode of
the electrochemical cell. The in-situ production of H2 O2 by
2e– reduction of dissolved oxygen at the cathode in acidic
solution, which can produce hydroxyl radicals with Fe2+ to
the degradation of pollutants and further improve degradation efficiency. Moreover, the Fe2+ is regenerated by electro–
reduction of Fe3+ on the surface of the cathode, which reduces or even avoids the production of iron sludge (PozaNogueiras et al., 2018). Nevertheless, the reduction of dissolved oxygen can’t produce H2 O2 to improve effect due to
the inability to provide H+ in neutral and alkaline solution

(Ruan et al., 2010). In the degradation experiment of the
electro–Fenton–like process, a low acidic solution (pH 5) was
used, the degradation efficiency has obviously an improvement.

3.

Conclusions

The MB and RhB degradation efficiency, as well as the stability, of the Fe80 Si10 B10 and Fe83 Si5 B8 P4 amorphous ribbons
were investigated. Both these alloys containing non-noble elements exhibited excellent catalytic degradation performance
and stability when used as catalysts in a Fenton–like reaction.
The measurements showed that the Fe83 Si5 B8 P4 ribbon had
higher catalytic efficiency because of the lower reaction activation energy and higher electron transfer ability, and high
Fe content. In addition, the reuse experiments revealed their
higher stability and reusability; they could be reused up to 26
times without clear catalytic efficiency losses. Then, the H2 O2
concentration and pH effects on the MB degradation efficiency
of the Fe83 Si5 B8 P4 ribbon were also investigated. The degradation efficiency was improved by appropriately increasing
the H2 O2 concentration, but its excess hindered the degradation process. Acidic conditions enhanced the degradation efficiency, while a neutral pH resulted in the formation of ferrous
and ferric hydroxide, which sedimented on the ribbon surface and thus reduced its catalytic efficiency. Electro–Fenton–
like process can effectively improve the degradation performance in a nearly natural solution. The present work not only
presents a higher efficiency and low cost catalyst for synthetic
dye degradation but also expands the functional application of
Fe-based amorphous alloys comprising non-noble elements.
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