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ABSTRACT

The comprehensive utilization of the excellent magnetic properties and advanced catalytic ability of Fe-based
amorphous alloys (FAAs) is reported for the first time. A novel Feg3CrsNb,YsB2, (at%) amorphous alloy that
has ferromagnetic to paramagnetic transition near room temperature and good catalytic performance for meth-
ylene blue degradation is successfully synthesized. The alloy is applicable for automatically recycled dye degra-
dation with its thermal-tuning magnetic behavior. When an external dye wastewater is applied (high
temperature), the FAAs are paramagnetic and disperse into water to participate in degradation. When the waste-
water has been degraded and the temperature drops to room temperature, the FAAs change to ferromagnetic and
the remediated water can be released. This alloy exhibits a low thermal activation energy barrier of 21.8 kJ/mol
due to the reduced atomic bonding forces with Cr addition, and has excellent catalytic performance at high tem-
perature (323-343 K) and in acidic solution (pH = 3). The excellent chemical properties are mainly attributed to
the heterogeneous structure consisting of local Fe-rich and Fe-poor atomic clusters. The present findings not only
provide a new, highly efficient and low cost commercial method for wastewater treatments, but also shed light
on the comprehensive utilization of the magnetic and chemical properties of FAAs.
© 2018 The Authors. 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/).
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1. Introduction

Textile industry consumes a large volume of water and different
kinds of chemicals during the wetting process, which causes not only
environmental but also ecological problems if not well treated before
discharging. Among all the chemicals, dyes are highly visible even
with very low concentration, and have potential carcinogenicity and
teratogenicity [1,2]. Besides, most dyes can't be decomposed by the aer-
obic organisms in nature as they are chemically stable [3,4]. Thus, explo-
ration of the high-efficient treatment of dye wastewater is one of the
most important subjects in pollution controls.

Advanced oxidation processes (AOP) are effective methods to re-
move organic compounds and microorganisms from polluted water
by generating oxidative radicals [5-9]. The high degradation effi-
ciency, low materials cost and sustainability of AOP guarantees
them wide application potential in wastewater remediation. The
Fenton reaction is one of the widely used AOPs to remediate toxic
components in the aqueous matrix through activating the hydrogen
peroxide to produce highly reactive transitory species [10-12]. How-
ever, the Fe ions/salts used as the catalysts in homogeneous Fenton
reaction lead to some disturbance to the industrialization of this
technology: (i) ferric hydroxide sludge is easily produced in alkaline
conditions, which brings in the cost associated with the purification
of the secondary sludge and blocks the UV radiation penetration in
photo-Fenton method [13]; (ii) the iron ions are difficult to be
recycled and reused [14]. To overcome these shortcomings, zero-
valent iron (ZVI) with various dimensions, commonly in granular/
powder form or as nanoscale particles, are employed instead of Fe
ions [15]. However, the large specific surface area of ZVI particles
not only has positive impact as it enhances the generation rate of ox-
idative radicals to accelerate the dye decolorization during the
Fenton process, but also brings negative effect on the storage and
transportation of materials due to their low stability and corrosion
resistance in air, especially in salted and humid atmosphere [3].

Recently, amorphous alloys, especially FAAs produced through
rapid quenching, which successfully solidify the zero-valent state
of iron in the obtained alloy, have been proved to have excellent per-
formance in degrading dyes and other organic toxicants in wastewa-
ter [16-19]. Due to the short-range ordered and long-range
disordered atomic structure, the metastable FAAs have high reactiv-
ity and large amounts of active sites on the surface, thus possess su-
periority in chemical property over traditional ZVI [20-23]. Several
FAAs, including Fe-B [24], Fe-Si-B [25,26], Fe-Mo-Si-B [27], Fe-Si-B-
Cu-Nb [28-30] and Fe-P-C [31] alloys have been reported to have ad-
vanced degrading/catalytic capability and satisfying reusability for
wastewater remediation. The Fe-Si-B-Y powders in amorphous
state presented 1000 times higher reactivity than the commercial
Fe powders for methyl orange degradation, and the reusability of
this alloy achieved 13 cycles [32]. The Fe-Si-B metallic glasses exhib-
ited good reusability of 30 times and superior surface stability when
activating persulfate for MB degradation [33]. The superior soft mag-
netic properties of FAAs make the recycling of the alloys after degra-
dation reactions possible, and the chemical stability brings an
acceptable level of surface decay and convenience for storage and
transportation, both of which would lead to dramatic cost reductions
[28]. Besides, the FAAs with unique mechanical and soft magnetic
properties have been widely used as electronic and magnetic mate-
rials and massively produced in an industrial scale (in tons) by
melt-spinning, providing a mature and stable product supply for ac-
tual industrialization of novel degradation processes [34].

However, there is still a big gap between laboratorial researches
and actual applications of FAAs for wastewater treatment due to sev-
eral unsolved problems. Firstly, although the high temperature
(around 323 K) of the wastewater effluents accelerates the degrada-
tion process [31], it also decreases the chemical stability of most
FAAs, which reduces their service life. Secondly, the magnetic

properties of FAAs have side impacts during the degradation process,
including: (i) FAAs ribbons and/or powders easily aggregate when
the electromagnetic stirring is applied; (ii) the magnetically col-
lected ribbons/powders after each degradation cycle don't disperse
into the wastewater batch automatically due to the residual magne-
tism. The exploration of a specific FAA with thermal-tuned magnetic
properties may solve these problems.

The magnetic transition temperature, which is also called Curie tem-
perature (T¢), is a unique characteristic for magnetic materials. At T,
magnetic materials go through a reversible change from ferromagnetic
to paramagnetic. The design of a degradation system using FAAs with a
Tc below 323 K could be a solution for the two problems discussed
above. It was revealed that the introduction of the antiferromagnetic
metals (such as Cr) can effectively tune the magnetic properties and en-
hance the chemical stability of FAAs [35-37]. Thus, the design of an au-
tomatically recycled dye degradation system using thermal-tuning
FAAs with good chemical stability by Cr addition is possible. Besides, al-
though the applications of FAAs in degrading dyes/hazardous organics,
or in magnetic devices have been widely studied, the design of a waste-
water treatment system using both the degrading and magnetic proper-
ties has rarely been reported.

In this work, a novel Cr containing FAA with a Tc near room temper-
ature and the high dye degradation efficiency is synthesized by minor
addition of Cr in the Fe-B-Y-Nb system, which has the largest glass-
forming ability in the FAAs with soft magnetic properties [38]. An auto-
matically recycled system for dye degradation using the thermal-tuning
Fe-Cr-B-Y-Nb amorphous ribbons as catalysis is designed: when the
container is filled with high-temperature wastewater effluents, the
FAAs become paramagnetic and disperse into the water for degrada-
tion; when the remediation of the wastewater is finished and the tem-
perature decreases, the FAAs recover to ferromagnetic and can be easily
collected by a permanent magnet; then the treated water can be
discharged. Methylene blue (MB), C;¢H;3CiN3S-3H,0, which is one of
the typical synthetic dyes being utilized in biology and medicine as a
photo chromophore to sensitize gelatinous films, is used as the target
dye for degradation in this work [39]. The versatility, simple design,
unique operating mode and high efficiency of the thermal-tuning mate-
rial suggests that the Fe-Cr-Nb-Y-B amorphous alloy not only is a prom-
ising material to be used in the treatment of dye wastewater, but also
has potential for thermal switches and thermal management solutions.
This work takes advantages of the advanced magnetic and degrading
properties of FAAs simultaneously for the first time, which should
shed light on the comprehensive utilization of the physical and chemical
properties of FAAs.

2. Experimental
2.1. Materials and reagents

Alloy ingots with nominal compositions of Fegg_xCryNbsYgB2s (X =
1,3,5,7,and 9 at%) were prepared by arc melting a mixture of pure Fe,
Cr, Nb, Y metals, and pure B crystal in a high-purity argon atmosphere,
which was vacuumed to 5 x 107> Pa first and then filled with purified
argon (99.999%). Each ingot was melted for 3 times to ensure its chem-
ical homogeneity. Ribbons with a thickness of ~25 pum and a width of
~2 mm were prepared in a single roller melt-spinning system, which
was vacuumed to 5 x 107> Pa first and then filled with purified argon
(99.999%). The ribbons were obtained when the roller speed was
about 40 m/s. The ribbons were cut into ~1 cm long for degradation ex-
periments. Commercially available synthetic dye (Methylene blue, AR
grade) was purchased from Xiya Reagent. Sodium hydroxide (NaOH,
AR grade) was purchased from Greagent. Sulphuric acid (H,SO4, AR
grade) was purchased from Chron Chemicals. Hydrogen peroxide
(H20,, AR grade) was purchased from Sinopharm Chemical Reagent
Co., Ltd.
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2.2. Characterization

The amorphous nature of as-quenched ribbons was verified by X-ray
diffraction (XRD, Bruker D8 Discover) with Cu-Ka radiation and differ-
ential scanning calorimetry (DSC, NETZSCH DSC 404 F3) with a heating
rate of 0.67 K/s. The thermal magnetic transitions of the as-quenched
ribbons were measured by a physical property measurement system
(PPMS, Quantum Design Model-9) at a heating/cooling rate of
0.167 K/s. For magnetic properties investigation, M-H hysteresis loops
were measured with a vibrating sample magnetometer (VSM, Lake
Shore 7407) at ambient temperatures. The density of the specimens
was measured using Archimedes' method with the deviation <1%. For
microstructure analysis, the ribbons were thinned carefully by a low-
angle (5°) ion milling (GATAN-691) and then examined with high res-
olution transmission electron microscope (TEM, FEI Tecnai G2 F20).
FTIR spectra of the melt-spun and after-degradation Feg3CrsNb4YsB22
ribbons were recorded on a FTIR spectrometer (Nicolet iS10, Thermo
Scientific) with the baseline subtracted. Raman spectra of the melt-
spun and after-degradation Feg3CrsNb,YeB,o ribbons were recorded
on a Raman Microscope (LabRAM HR UV-Visible, Horiba Jobin Yvon).
The ribbons for FTIR and Raman analyses were washed using DI water
and dried in air before measurements.

2.3. Electrochemical tests

The electrochemical properties were analyzed using an electro-
chemical measuring instrument (Gamry Interface 1000). The measure-
ment was conducted in a three-electrode cell using a platinum counter
electrode and an Ag/AgCl reference electrode. The potential-dynamic
polarization curves were recorded at a potential sweep speed at
4 mV/s after the open circuit potentials was stabilized. The solution
used for the polarization measurements was 50 ml acid MB solution
with H,0, (pH = 3, 1 mM H,0,, 100 mg L~! MB).

2.4. Degradation experiments

250 ml MB solution (100 mg L~ if not noted) was prepared using
deionized (DI) water in a 500 ml beaker. A specific amount of ribbons
(0.5 g L~ if not noted) and H,0, (2 mM if not noted) were added
into the solution, which was mechanically stirred at 400 r/min during
the degradation process. Temperature of the solution was maintained
using a water bath. The initial pH (pH = 3 if not noted) of the solution
was adjusted using 5 vol% H,SO4, as well as 1 M and 0.1 M NaOH. At se-
lected time intervals, 2.5 mL solution was extracted using a syringe and
filtered with a 0.22 mm membrane, then scanned using a UV-vis spec-
trophotometer (Shimadzu UV-1280) to obtain the absorbance spec-
trum of the solution. For cyclic tests, the ribbons were extracted from
the solution after each degradation experiment and stir washed using
DI water for 20 s before put into the next reaction batch.

3. Results and discussion
3.1. Thermal stability and magnetic properties

3.1.1. Amorphous nature and thermal stability of the ribbons

Fig. 1(a) shows the XRD patterns of the melt-spun Fegg_xCryNbsYeBoo
(x=1,3,5,7,and 9 at%) amorphous ribbons. As each pattern contains
only broad maxima without any sharp Bragg peak showing traces of crys-
tallites, the amorphous nature of all the samples can be confirmed. The
TEM images also indicated the Feg3CrsNb4YeB,, ribbons synthesized in
this work are fully amorphous before and after degrading reactions
(Fig. S1 in Supplementary materials). It is found that the diffraction
angle of the principal diffusive peak in XRD pattern doesn't change with
Cr content. The short-range order (SRO) of amorphous alloys is related
to the first coordination shell ry, which corresponds to the position of
the X-ray halo maximum according to the Bragg equation. Based on the

XRD results, the SRO of the obtained Fegg_xCryNb4YsB2, amorphous al-
loys doesn't change with the substitution of Cr for Fe, which is reasonable
as the radius of Cr and Fe atoms are almost the same, being 0.128 nm and
0.126 nm, respectively [40]. Fig. 1(b) shows the DSC curves of the melt-
spun Fegg_xCryNb4YgB2o amorphous ribbons. Each of the DSC curves of
the alloys exhibits a distinct glass transition, followed by a supercooled
liquid region and then crystallization. With the Cr content increasing
from 1 to 9 at%, T, increases gradually from 931 to 952 K, while Ty de-
creases from 999 to 979 K, leading to a decrease in AT from 68 to 27 K.
As the heat of mixing of Cr-Nb pair (—7 kJ/mol) and Cr-Y pair
(411 kJ/mol) are larger than that of Fe-Nb pair (—16 k]/mol) and Fe-Y
pair (—1 kJ/mol), respectively [41], the bonding forces among the constit-
uent elements in the alloys are reduced by partially replacing Fe with Cr,
which results in the decreased thermal stability of the supercooled liquid.

3.1.2. Magnetic properties of the ribbons

The magnetic properties of the obtained Fegg_CryNb4YeBas (X = 1,
3,5,7,and 9 at%) amorphous alloys were thoroughly investigated under
different temperature and applied magnetic fields. The effect of Cr addi-
tion on the T¢ of melt-spun Fegg_,CryNb4Y¢B22 amorphous ribbons was
examined by measuring the temperature dependence of the magnetiza-
tion (M-T curves) at a heating/cooling rate of 0.167 K/s under a low
magnetic field of 0.01 T, as shown in Fig. 1(c). The T, which is the tem-
perature corresponding to the minimum of the dM/dT versus T curves,
shifts toward lower temperature with the increasing of Cr content.
The Tc for the 1 at% Cr alloy is 388 K and drops remarkably to 266 K
by replacing 9 at% Fe with Cr. The drop of T¢ can be explained by the an-
tiferromagnetic exchange interaction between Fe and Cr atoms in amor-
phous alloys [42]. The T¢ values of the amorphous alloys with 3, 5, and 7
at% Cr are 346, 300, and 266 K, all of which are near room temperature.
Thus, Fegg_xCryNb,sYgB22 amorphous alloys with T¢ near room temper-
ature have been successfully prepared by 3-7 at.% Cr addition.

In order to further verify the magnetic properties of the
Fegs_xCryNb4YgB22 amorphous alloys near room temperature, their
M-H hysteresis loops with different Cr contents were measured at
283 K, as shown in Fig. 1(d). The magnetization was calculated by
using the actual density of the obtained mother ingots. With Cr content
increasing from 1 to 5 at%, the alloys are preserved to be ferromagnetic
although the saturation magnetization decreases monotonically from
~1.0Tto 0.25 T. When the Cr content is >5 at%, the alloys turn to be para-
magnetic at 283 K. The results derived from the M-T and M-H curves
confirm that the remarkable magnetism transition from ferromagnetic
to paramagnetic near room temperature of Fegg_xCryNb4YsB2; alloys
can be realized with 5-7% Cr addition. Taking the thermal stability,
materials cost and thermal-magnetic behavior of the amorphous
alloys into account simultaneously, the optimized composition of the
Fegs_xCrxNb4YeB2y alloys is obtained when Cr content is 5 at%. These
specific thermal-magnetic properties make these alloys highly applica-
ble as thermal-tuning materials.

3.1.3. Reliability and sensitivity and of the thermal-tuning magnetic alloy
The working principles of the thermal-tuning magnetic materials
can be readily observed by measuring the magnetization of the alloys
with designed cyclic thermal conditions under an applied constant
field. Fig. 2(a) shows the magnetic evolution with heating and cooling
cycles at low fields (0.02 T) for Feg3CrsNb4YeB;; alloy. During heating
process, the magnetization of the alloy decreases rapidly from
35 emu/g to 0 emu/g when the temperature increases from 250 K to
300K, and stays at 0 emu/g from 300 K to 400 K. During cooling process,
the magnetization stays at 0 emu/g from 400 K to 300 K, then increases
sharply from 0 emu/g to 35 emu/g when the temperature decreases
from 300 K to 250 K. The maximum magnetization change is about
35 emu/g, without any reduction even after 5 cycles, which assures
the reusability and reliability of this alloy. Although the time required
for each test cycle in the M-T curve is about 2000 s, which is determined
by the heating/cooling rate of 0.167 K/s of the PPMS, the magnetization
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Fig. 1. (a) XRD patterns of the melt-spun Fegg_xCryNb4YsB2, (x = 1, 3,5, 7, and 9 at%) amorphous ribbons. (b) DSC curves of the melt-spun amorphous ribbons. (c) Temperature
dependence of the magnetization of the melt-spun Fegg_CryNb4YsB2, (x = 1, 3, 5, 7, and 9 at%) amorphous ribbons under a low magnetic field of 0.01 T. (d) Magnetization curves of

melt-spun amorphous ribbons at 283 K for fieldsup to 5 T.

transition of the actual magnetization response of this thermal-tuning
amorphous alloy finishes within a much less time period. In order to fur-
ther evaluate the magnetic response to temperature change, the dM/dT
was derived for the Feg3CrsNb,YgB,, amorphous alloys through the cy-
cles, as shown in Fig. 2(b). Two states (ferromagnetic and paramag-
netic) of the alloy can be clearly distinguished, with the maximum |
dM/dT]| appearing around 300 K. With these cyclic measurements, it is
proved that the magnetic properties of this material are very sensitive
to the variation of thermal conditions. When the temperature is lower
than 300 K, the Feg3CrsNb,YeB,> amorphous ribbon is ferromagnetic;
when the temperature is higher than 300 K, the ribbon is paramagnetic.

3.1.4. Design of a thermal-tuning device
To verify the adaptability of the thermal-tuning amorphous alloy in
wastewater treatment, a test device was designed using a permanent

I_400 K

-300K

LZSO K
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y t t
4000 6000 8000
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y
2000 10000

Fig. 2. (a) M-T curves and (b) dM/dT vs. time curves during the magnetically actuated
thermal switch operational ON and OFF modes by heating and cooling for 5 cycles.

magnet, a Feg3CrsNb,YeB,, amorphous ribbon and a water tank in sim-
ulation of the working environment for dye degradation. The thermal-
magnetic functionality of the alloy was demonstrated by the heating
and cooling cycles, as shown in Fig. 3(a) and (b) (Videos 1 and 2 are pro-
vided in supplemental materials). When an external dye wastewater is
filled in the tank at high temperature (343 K), the FAAs are paramag-
netic and disperse into water to participate in the chemical reactions
in the solution. When the wastewater is degraded and the temperature
decreases, the FAAs are ferromagnetic and easily separated from the so-
lution due to the strong magnetic force between the magnet and the
amorphous ribbons. Then the degraded water can be released.

3.2. Degradation performance of Feg3CrsNb,YgB2> amorphous ribbons

3.2.1. Degradation performance at different temperatures

Fenton-like reactions were carried out using FegsCrsNb4YgBo, amor-
phous ribbons to verify their applicability for dye degradation. Accord-
ing to previous research carried out by Wang et al. [43], FAAs have the
best performance in decomposing rhodamine B at pH = 3, as Fenton-
like reaction favors acidic solutions. So the MB degrading efficiency of
the Fenton-like reactions using Feg3CrsNb,YsB2, amorphous ribbons
was measured at pH = 3. Our reaction conditions were set as following:
T = 283, 303, 323 and 343 K, initial H,O, concentration (Cyz02) =
2 mM, ribbon dosage = 0.5 g L™!, initial MB concentration (Cyg) =
100 mg L. As an example, typical decolorization phenomenon is ob-
served during the Fenton-like reactions using Feg3CrsNbYgB,, amor-
phous ribbons at 283 and 343 K as shown in Fig. 3(c) and (d),
respectively. No color change of the MB solution with Feg3CrsNb4YgB2o
ribbons at low temperature (283 K) was observed even after 56 min,
while the hot MB solution (343 K) with the same reaction condition
turns clear within 11 min.

To investigate the effect of temperature on the degradation pro-
cess in detail, Fenton-like reactions using Feg3CrsNbsYgB2o
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Fig. 3. Images of the magnetically actuated thermal switch models and corresponding experimental results for applied magnetic fields in the cooling and heating water at (a) 283 K and
(b) 343 K. Visible color change of MB solutions during Fenton-like reactions using Fes3CrsNb,YsB,2 amorphous ribbons at (c) 283 K and (d) 343 K.

amorphous ribbons were carried out at 283, 303, 323 and 343 K, re-
spectively. UV-Vis absorbance spectra of the filtered MB solutions
during these degradation experiments are shown in Fig. 4. Four ad-
sorption peaks are observed for MB solutions at 247, 291, 618 and
653 nm. The peaks at 247 and 291 nm are from thiazine groups,
while the other two peaks at 618 and 653 nm represent auxochrome
and chromophore groups, respectively [44]. All of the four peaks de-
crease slowly at 283 and 303 K, but rapidly at 323 and 343 K,

corresponding to the concentration change of MB solution and the
visualized decolorization phenomenon in Fig. 3(c) and (d). The XPS
spectra in Fig. S2 confirmed that both the metallic and oxidized
states of all the elements, including Fe, Cr, B, Y and Nb, appeared on
the surface of melt-spun Feg3CrsNb4YgB,, ribbons, while only oxi-
dized state of these elements was detected on the ribbons after deg-
radation (323 K) [31,45,46]. This result confirms that chemical the
decolorization involves chemical reactions, not just adsorption. As
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Fig. 4. UV absorption spectra during the Fenton-like reaction process using Fes3CrsNb,YsB, amorphous ribbons at (a) 283 K, (b) 303 K, (c¢) 323 Kand (d) 343 K, respectively.
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shown in Fig. S3, no characteristic absorption peaks appeared on the
FTIR spectrum of melt-spun Feg3CrsNb4YgB,, ribbons, while several
notable absorption from different organic functional groups showed
on the FTIR spectrum of Feg3CrsNb4YgB,; ribbons after degradation
(323 K) [47-50]. All the functional groups detected on the ribbon
after degradation come from methylene blue solution or reaction
products, thus the absorption of methylene blue on the ribbon, as
well as the occurrence of Fenton-like reaction can be further con-
firmed. Raman spectra of the melt-spun and after-degradation
(323 K) FegsCrsNbsYeB,, ribbons were recorded as shown in
Fig. S3. For melt-spun ribbon, the tiny peaks from Fe,03 (237 and
602 cm~ '), CrO;5 (269 and 326 cm™') and Fe;0,4 (627 cm™!) were
detected [51,52], showing that a small amount iron and chromium
were oxidized on the melt-spun ribbons. For the ribbons after degra-
dation, other than the small peaks detected on melt-spun ribbons, a
broad and large peak ranging from 987 to 1700 cm ™! are attributed
to FeOOH, Fe,03 and organic compounds [51,53,54], proving a large
amount of zero-valent iron was fully oxidized to ferric iron and the
organic molecules were adsorbed on the surface of ribbons. The
Raman results further confirm the Fenton-reaction involve chemical
processes, not just physical adsorption.

The normalized concentration of the MB solution during the degra-
dation process at different temperatures was obtained with the peak
values at 653 nm, as shown in Fig. 5. The concentration of the solutions
reacting at different temperatures remains almost unchanged during
the first 3 min, which is believed to be the time required for the gener-
ation of *OH groups and the *OH groups approaching the dye molecules.
According to the data derived from UV-Vis absorbance spectra, no con-
centration change is observed for the reaction at 283 K within 30 min,
which is consistent with the direct visual observation in Fig. 3(c).
There is still 12% MB left in the solution after 30 min for the degradation
experiment at 303 K. In contrast, in hot water, including 323 and 343 K,
it requires 17 and 11 min to reduce C;/Cy to <5%, respectively. C;/Co < 5%
(when 95% of MB is decomposed) is set as the degradation completion
target for instrumental fluctuation in this work. The positive influence of
temperature on the degradation process is verified by the decreased re-
action time with the increased solution temperature. The generation
rate of the *OH group during the Fenton reaction process is accelerated
by the raised temperature, thus the decolorization efficiency is en-
hanced. The high catalytic efficiency of FegsCrsNb,4YgB,, amorphous rib-
bons at high temperatures fits very well with the design principles of
the thermal-tuning wastewater remediation system.

After the first 3 min of the reaction, the degradation kinetics can be
described by the pseudo-first-order equation as given below:

Cr = Co x exp(—kt) (1)

where k is the reaction rate constant (min~'), C; is the concentration of
MB (mgL™!) attime t, Gy is the initial concentration of MB (mg L™ !) and

tis the reaction time (min). Then the degradation reaction rate constant
can be derived as follow:

k= In (%(:) /t (2)

According to the In(Co/C;) vs. t curves plotted in Fig. 5(b), the reac-
tion rate constants of amorphous ribbons in the Fenton-like reactions
are 0,0.088,0.182, and 0.239 min~ ' at 283, 303, 323 and 343 K, respec-
tively. Dramatic improvement of the reaction rate with increased solu-
tion temperature was observed.

As the reaction rate is highly affected by temperature, the thermal
activation energy for the degradation of MB with amorphous ribbons
was derived using the Arrhenius-type equation, as shown below:

AE
Ink = — T InA (3)

where k is the reaction rate constant at different temperatures, AE is the
reaction activation energy, R is the gas constant and A is a constant. The
In k vs. —1/RT plots were generated to get AE, as shown in Fig. 5(c). The
reaction activation energy of amorphous ribbon is 21.8 k] mol/1. The
lower activation energy of Feg3CrsNb,4YsBo2 amorphous ribbons contrib-
utes to their better performance at high temperature in the Fenton-like
reaction. The thermal activation energy barrier of the Feg3CrsNb,YsB2o
in the present study is lower than that previously found for Fe-based
amorphous alloys, as summarized in Table 1. The low thermal activation
energy barrier may come from the decreased thermal stability of the al-
loys with Cr addition as discussed above. With lower thermal stability,
the increased solution temperature lead to a sharper decrease of the
atomic interactions in the alloy and reduce the required energy to
break of the bonding between iron and other elements. As shown in
Table 1, only Feg3CrsNb4YeB2, amorphous ribbon synthesized in this
work present low activation energy barrier and room-temperature Tc
simultaneously, which makes the alloy more suitable as a thermal-
tuning material for dye removal.

3.2.2. Corrosion resistance

The catalytic performance of FAAs at different temperatures in the
Fenton-like reaction is usually related to their corrosion resistance, as
the oxidized layer may impede the electron transfer from Fe° to the so-
lution [44]. To evaluate the effect of temperature on the corrosion be-
havior of Feg3CrsNb,YgB,, amorphous alloys, the potentiodynamic
polarization measurement of the ribbons in the MB solution at 283
and 343 K was performed (Cyz02 = 1 mM, Cyg = 100 mg L™ 1). Fig. 6
shows the polarization curves of the as-quenched Feg3CrsNb,YeB22
ribbons measured at different temperatures. When the solution is
283 K, the FegsCrsNb,YsB,, amorphous alloys passivated with
wide passive regions exceeding 0.55 V, low passive current density
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Fig. 5. (a) Normalized concentration change of MB solutions during the Fenton-like reactions using Feg3CrsNb,4YgB,> amorphous ribbons at different temperatures; (b) the In(C/Co) vs.
time curves for Feg3CrsNb,YgB,, amorphous ribbons at different temperatures; (d) In k vs. —1/RT curves for Feg3CrsNb4YgB,, amorphous ribbons (pH = 3, Cyz02 = 1 mM, ribbon

dosage =05gL !, Cyg = 100 mg L™ 1).
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Table 1
Comparable results of Curie temperature of various Fe-based amorphous alloys and the re-
action activation energy for dye degradation using these alloys.

Compositions Tc Dosage (g Dye AE Ref.
(Ky L™ (kJ/mol)

(Fe71.2B24Y4.8)96Nbs 470 0.2 Methyl orange 22.6 [32,55]
FegoP13C7 579 05 Methyl blue 22.8 [31,58]
FegSigB3 708 0.5 Methyl blue 34.8 [31,59]
(Feo.90M0001)78SigB13 665 0.2 Direct blue 2B 28.4 [27,60]
FegsBi6 590 0.2 Direct blue 6 25.43 [61,62]
Fe;3NbsSi;B;7 560 0.5 Bule azo Dye 78 [20,63]
Feg3CrsNb4YsB2» 300 05 Methyl blue 21.8 This work

3.24 x 107% A-cm™2, and low transpassive potential 0.76 V at 283 K. The
obvious passivation region in the polarization curve reveals that a uni-
form and complete passive film form on the surface of the alloy,
resulting in the excellent corrosion resistance for FegsCrsNb4YsBaa
amorphous ribbons at low temperature. Abrupt changes of the polariza-
tion curves occurred when temperature increased from 283 to 343 K, in-
dicating the dramatic changes of the overall corrosion performance. The
alloy at high temperature suffers from corrosion by an anodic polariza-
tion without passive region. The corrosion potential of the ribbon at
343 Kis —0.34 V, which is much lower than 0.11 V for that at 283 K.
These results indicate that the corrosion resistance of the ribbons at
343 K is much worse than that at 283 K, which may explain the better
degradation performance of the ribbons in hot MB solution.

3.2.3. Surface morphology and elemental information

As the degradation reactions occur on the surface of the ribbons, it is
crucial to understand the structure change of the surface for the
Feg3CrsNb4YsB,, amorphous ribbons during the Fenton-like reaction.
Fig. 7 shows the surface morphologies and elemental composition of
the as-quenched and reacted Feg3CrsNb,YeB, ribbons, respectively.
As seen from Fig. 7(a) and (b), the as-quenched Feg3CrsNb,YsB,, ribbon
surface is practically smooth without any apparent defect. The peaks in
the EDS are identified as Fe, Y, Nb, B and Cr elements. Fig. 7(c) and
(d) show the surface morphology and the corresponding EDS result of
the reacted FegzCrsNb4YsB,o ribbon. The surface of the ribbon after
Fenton-like reaction is severely corroded and porous-like, which is con-
sistent with the result from the electrochemical analysis. The decreased
atomic bonding with Cr addition may promote the escape of some
atoms and the formation of the porous structures. It is found that the
amount of O increases dramatically, indicating the formation of oxidized
layer during the reaction. The amount of Fe reduce sharply after reaction
as Fe is gradually consumed for the generation of *OH, which in turn
causes an efficient degradation of the dye molecules. As the oxidation
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Fig. 6. Potentiodynamic polarization curves of Feg3CrsNb4YsB,, amorphous ribbons in MB
solutions at 283 K and 343 K (pH = 3, G202 = 1 mM, Gyg = 100 mg L™ 1).

films, coming from a series of oxidation reactions of Fe and other ele-
ments, formed on the originally smooth ribbon surface are not densely
packed, the mass and electron transfer channel is clear, leading to the
high degradation efficiency.

3.2.4. Mechanism of the high degrading efficiency

It is interesting to note that even though the amorphous ribbons
contain as much as 20 at.% metalloid elements, they are still efficient ca-
talysis for degrading MB. It indicates that the metastable bonding be-
tween the atoms in Fe-based metallic glasses allows the Fe atoms to
keep high reaction activity in the dye solution. For Feg3CrsNb4YgB,, me-
tallic glass, it is quite reasonable to propose that inhomogeneous struc-
tures of Fe-rich clusters and Fe-poor regions appear in the alloy due to
the existence of the Y atoms with large atomic radius [55]. The inhomo-
geneous amorphous structure may explain the relative high catalytic ef-
ficiency of the Feg3CrsNb4YgB,, amorphous ribbons for degrading MB.
As is well known, a typical redox reaction is responsible for the degrada-
tion of azo dyes using Fenton-like reactions [56]. The ability of the re-
ducing agent to lose electrons partly determines the degradation
efficiency. Compared with the Fe-rich nano-clusters, the Fe-poor re-
gions mainly coordinate with the metalloid elements and exhibit a rel-
atively low electronegativity. Thus, it is easy to envision galvanic cells
between them, which promote the Fe atoms in the Fe-rich clusters to
lose electrons and take part in the degradation reaction. Generally, the
local atomic Fe-rich and Fe-poor clusters are in nanometer scale and as-
sumed to be homogeneously distributing in the amorphous alloys
[34,38,57]. The large quantity of nano-galvanic cells is expected to
have a strong affinity for donating electrons to the reaction [31,32]. Be-
sides, the reduced atomic bonding strength of the alloy due to the intro-
duction of Cr elements also contributes to the high reaction activity of
iron, especially at high temperatures.

3.3. Adaptability of Feg3CrsNb4YsB2, amorphous ribbons

3.3.1. Effects of environmental variables

Other than solution temperature, the experimental parameters of
Fenton-like reactions, including pH, initial HO, concentration (Cy02),
MB concentration (Cyg) and ribbon dosage, also have great impact on
the degradation performance of Fe-based amorphous ribbons. Effect of
pH on the Fenton-like reaction using Feg3CrsNb,YgB,, amorphous rib-
bons was investigated by setting other reaction parameters as con-
stants: T = 323 K, Cyz02 = 2 mM, Cyg = 100 mg L~! and ribbon
dosage = 0.5 g L™!. As shown in Fig. 8(a), MB was completely degraded
after 17 min when pH of the solution equals to 2 and 3, while no MB
concentration change was observed within 60 min for solutions with
pH = 5, 7 and 9. According to the result, Feg3CrsNb,YeB,2 amorphous
ribbons have good MB degrading ability only in strong acidic solutions.
However, the degrading performance of the ribbons didn't increase
with pH decreasing from 3 to 2, which resulted from the promotion of
hydrogen evolution reaction at pH = 2 [31].

Experiments with different initial H0, concentration were carried
out to investigate effect of H,O, on the Fenton-like reactions as
shown in Fig. 8(b), with other experimental parameters set as: T =
323K, pH = 3, Gy = 100 mg L~ and ribbon dosage = 0.5 g L~!. With-
out H,0,, no decrease of MB concentration was detected within
60 min. Although Fe® can decompose organic molecules through
oxidation-reduction reactions, the reaction rate is much slower
than Fenton-like reactions. With 0.5 mM H,0, addition, the MB con-
centration decreases sharply in the first 11 min, then reaches a plat-
form for the rest of time. The normalized concentration change (C/
Co) of MB after 60 min was 35%. This result reveals that a critical
amount of H,05 is required for Fenton-like reactions. After the com-
plete consumption of H,0,, the reaction changed from the rapid
Fenton-like degradation to the slow oxidation-reduction type, thus
MB concentration stayed almost unchanged afterwards. With the
initial H,0, concentration increasing to 2 and 5 mM, the
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Fig. 7. (a) SEM micrographs of as-quenched Feg3CrsNb4YsB2, ribbon, (b) EDS analysis of the as-quenched ribbon, (c) SEM micrographs of the reacted Feg3CrsNb,YgB>, ribbon, (d) EDS

analysis of the reacted ribbons.

decomposition finished within 17 and 8 min, respectively. The
higher concentration of H,0, in solution results in the faster genera-
tion of the oxidative *OH radicals, leading to the acceleration of reac-
tion. However, the Fenton-like reaction was slowed down to 11, 11

and 25 min with further increasing H,0, concentration to 10, 30
and 50 mM, as excessive H,0, can react with the generated -OH to
produce HO,e radicals. Thus, the optimum concentration of H,05 is
5 mM for current reaction settings.
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Fig. 8. Effects of (a) pH, (b) initial H,0, concentration, (c) MB concentration, and (d) ribbon dosage on the normalized concentration of MB solutions during Fenton-like reactions using

Feg3CrsNb,YeB2, amorphous ribbons.
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Fig. 9. Normalized concentration change of MB solutions during Fenton-like reactions
using Feg3CrsNb,YsB2, amorphous ribbons from 1st to 3rd degradation cycles (T =
323 K, pH = 3, G0z = 2 mM, Gy = 100 mg L~ and ribbon dosage = 0.5 gL~ 1).

Effect of MB concentration on the Fenton-like experiments using
Fes3CrsNb4YeB,, amorphous ribbons were investigated with other reac-
tion parameters set as: T = 323 K, pH = 3, G202 = 2 mM and ribbon
dosage = 0.5g L~ ". As expected, the reaction time required for degrada-
tion increased with increasing MB concentration [Fig. 8(c)]. When the
solution was dilute, eg. 10 and 50 mg L™, decolorization processes
finished within 8 min. When MB solution was concentrated
(>200 mg L™1), only a small amount of MB (about 10%) was
decomposed at the beginning of the reaction process, and then no fur-
ther decrease of MB concentration was observed within 60 min. Waste-
water with MB concentration >200 mg L' is beyond the degrading
ability of the current experimental settings.

Materials cost can be reduced with optimized ribbon dosage. Reac-
tion process with different ribbon dosage was carried out with other ex-
perimental parameters set as: T = 323 K, pH = 3, Cy02 = 2 mM and
Cvs = 100mg L™, As shown in Fig. 8(d), no declorization was observed
within 60 min without adding ribbons in MB solution, indicating that
the influence of decolorization caused by H,0; itself can be ignored in
this work. When ribbon dosage = 0.05, 0.3, 0.5, 1 and 3 g L™!, the
time required for complete MB degradation were 50, 17, 17, 5 and
3 min, respectively. The decomposition time decreased almost linearly
with increased dosage of Feg3CrsNb4Ye¢B,, amorphous ribbon, which is
reasonable as more reaction sites are available with larger surface area.
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3.3.2. Stability and reusability

Stability of the designed system depends on the reusability of
Feg3CrsNb4YsB22 amorphous ribbons. Cyclic tests of the Fenton-like re-
actions using Feg3CrsNb,YgB,, amorphous ribbons were carried out at
323 K to investigate the reusability of the ribbons. As shown in Fig. 9,
the degradation time increased from 17 min to 65 and 120 min from
the first cycle to the second and third cycles. The reduced amount of
Fe® and the formed passive films on the surface of ribbons during reac-
tion prolonged the decolorization time in the second and third cycles.
Subsequent work will be carried out to improve the reusability of the
current system.

3.4. lllustration of the working principle

Based on the above analyses, the illustration of the thermally-
controlled cycles of MB degradation process using Feg3CrsNb,YeB22
amorphous alloys can be drawn in Fig. 10. As the Feg3CrsNb4YgBy; rib-
bon is in a nonequilibrium state due to the amorphous structure, it is
thermodynamically less stable and has higher reaction activity than its
crystalline counterparts. Besides, the heterogeneous nature of the
Feg3CrsNb4YeBo, amorphous materials accelerates the electron trans-
portation for the Fenton-like reaction. As a result, the surface-
activated degrading reactions occur more rapidly with the amorphous
ribbons. Changing the temperature of the solution induces the revers-
ible ferromagnetic to paramagnetic transition. In the newly filled waste-
water, usually with a temperature higher than 303 K, the amorphous
ribbons are paramagnetic and automatically disperse in wastewater.
Even under magnetic stirring, the ribbons don't aggregate and their sur-
face can expose to the dye molecules and other pollutants in wastewa-
ter. After the iron-activation of peroxides, these dye molecules are
oxidized by the produced radical species (*OH) near the ribbon surface.
At the same time, the dissociative dye molecules are decomposed by
free radicals in the solution. When the temperature of the wastewater
is reduced to <303 K, the amorphous ribbons are ferromagnetic and
easy to be recycled in the magnetic fields. After the ribbons are magnet-
ically attracted to the magnet, remediated water can be released. It is
worthy to note that, as the high-temperature dye wastewater usually
cool down in the air during the degradation process, there is no need
to change the environment artificially, which saves a considerable
amount of energy for industrial applications.

4. Conclusions

In this work, a novel thermal-tuning Feg3CrsNb4YsB,, amorphous
alloy for automatically recycled dye degradation was designed by

Magnetic moments

Glassy ribbon

agnet

Fig. 10. Illustration of reversible thermal-tuning Fes3CrsNb,YsB,, amorphous alloys for MB degradation during heating and cooling processes.
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comprehensively utilizing the soft-magnetic and catalytic properties of
the alloy. When an external dye wastewater is applied (high tempera-
ture), the FAAs become paramagnetic and disperse into the solution to
participate in degradation process. When the wastewater has been de-
graded and the temperature is reduced, the FAAs change to ferromag-
netic and can be collected magnetically by the permanent magnet,
which makes the discharge of the wastewater easy. It is proposed that
the large amount of nano-sized Fe-rich clusters and Fe-poor regions
may provide numerous nanogalvanic cells to accelerate the electron
transportation from iron to the solution and therefore, decompose or-
ganic chemicals efficiently. The thermal activation energy barrier for
the degradation reaction is as low as 21.8 kJ/mol. These findings not
only provide a new highly-efficient and low cost commercial method
for dye wastewater treatments, but also find a way to use the excellent
magnetic and chemical properties of FAAs simultaneously.
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