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ABSTRACT: In this article, an amorphous Fe rich
amorphous structure designed based on a competitive atomic
cluster model was synthesized and characterized successfully.
The constituent zero-valent iron (ZVI) has excellent activity
and efficiency for decolorization of Orange G (OG) solution at
room temperature. The decolorization is characterized by UV-
vis spectrum and pseudo-first-order kinetics. The X-ray Micro
fluorescence spectrometer, Inductively Coupled Plasma
Optical Emission Spectrometry, and Scanning Electron
Microscope were employed to trace the ZVI. The con-
sumption of ZVI destabilizes the local atomic arrangement and yields the phase separation of Fe at the surface and responds to
the high activity and the catalysis for decolorization. This observation is in accordance with the change of k1 0.011 min−1 to k2
0.047 min−1, which is supported by the cyclic decolorization test. This work provides a new strategy to design multifunctional
metal materials and indicates their brilliant future in practical applications.
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■ INTRODUCTION

The ZVI is prevalent in water remediation since it was proved
to be an efficient reductant to decompose plentiful chemical
hazard such as Nitro aromatic compounds,1 Halogenated
organic compounds,2 and Azo dyes.3,4 The advantage of ZVI
lies at its abundance and nontoxicity. However, it requires very
stringent conditions to keep its high activity and is easy to
oxidize or to form hydroxide over the surface.3,5 Recent studies
indicate that the amorphous ZVI powder has lower activation
energy and thus higher activity than its crystalline counter-
parts.6,7 However, in an amorphous structure, the atomic
environment of ZVI can vary significantly, which implies large
differences in stability, and properties may exist in the system
even with similar compositions.8 Herein, we report a new ZVI
in the form of glassy Fe66.3B16.6Y17.1 structure designed on the
principle of competitive atomic clusters.
The popular opinions9,10 agree that amorphous solid

fabricated from rapid quenching of liquids contains generally
close-packed clusters as the primary units, bridged by glue
atoms or clusters. The bonding between glue atoms/clusters
and the primary units is vulnerable compared with the bonding
in primary units. Thus, these weak bondings are more sensitive
and readily detached. Obviously, ZVI at these sites will be more
ready for the function. In this case, the content of Fe is not the
only factor as the iron could be anchored either in primary
units or glue atoms/clusters. Inspired by the idea, we introduce
a comparable fraction of another Fe-rich cluster to compete
with the well-known Fe8B2 cluster.

11,12 The interaction between

two comparable primary clusters is expected to destabilize each
other and yield weak bonding in these clusters.
The free energy of the system can also rise as a result of the

competition of these clusters and higher entropy. It has been
reported that Yttrium can effectively facilitate the fabrication of
Fe-rich amorphous structures, so we decided to choose another
cluster in the Fe−Y system.13 According to the Fe−Y phase
diagram,14 there are three eutectic reactions on the Fe-rich side.
The eutectic points at 12.9 at% and 23.7 at% show relatively
low melting temperatures, and a compound Fe23Y6 locates
between the two eutectic compositions. Thus, we extracted the
Fe11Y3 as a eutectic cluster from the Fe23Y6 compound. The
Fe8B2 and Fe11Y3 clusters are selected to develop a novel
amorphous structure, in which the competitions between
clusters weaken the bonds per atom and thus destabilize the
atomic structure.15 It can be approached using a cluster line
model,9 and the composition Fe66.3B16.6Y17.1 is located exactly at
the intersection of straight composition lines Fe11Y3−B and
Fe8B2−Y as illustrated in Figure 1. The two composition lines
are defined as cluster lines, which extend from binary clusters
Fe11Y3 and Fe8B2 and point to their respective third elements.
The ZVI in an amorphous structure was successfully

fabricated in a foil form and used to rapidly decolorize OG
with the efficiency of 99.7%. The OG is a common model
selected from Azo dyes that exist in huge amounts in industrial
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wastewater and present a hazard to nature.16−18 The
destabilized structure of Fe66.3B16.6Y17.1 designed on the
principle of competitive atomic clusters gives the ZVI a ten
times higher reaction rate than that in the Fe−Si−B system6,7 at
room temperature (20° ± 2C). It also provides a new strategy
to provide high activity ZVI that is held in an amorphous
structure.

■ EXPERIMENTAL SECTION
All raw metals were commercially available with purity higher than
99.9% and were remelted to minimize the oxygen. The master ingot of
Fe66.3B16.6 Y17.1 was made by arc-melting the Y and Fe−B alloy in ultra-
vacuum under a Ti-gettered Argon atmosphere. The ingot of Fe11Y3
was also made through the same way. The foils were produced by a
single roller melt-spinning apparatus and cut to approximately 2 mm ×
15 mm pieces before use. The Fe79B15Si5 foil in which the Fe8B2
existed as a primary unit19 was purchased from Good Fellow (UK) and
used directly. Pure iron powder and analytical grade Orange G
(C16H10N2Na2O7S2, MW = 452.37g/mol) were purchased from
ALDRICH and used directly.
Typically, the decolorization process was undertaken at room

temperature (20° ± 2C). The foil dosage was set at a ratio 0.47 g/35
mL (foil/OG), and the OG aqueous solution was prepared as 100 mg/
L with pH = 6. The mixed reactant was held in a sealed glass bottle
under continuous stirring. About 1.0 mL of filtrate was taken out at 30
min intervals and diluted to meet the calibration curve.
Phase identification was conducted by X-ray Diffraction (XRD,

Philips X’pert X-ray diffracto meter) with Cu−Kα radiation (0.15406
nm). X-ray photoelectron spectroscopy (XPS, ULVAC-PHI 5802
system) with monochromatized Al Kα radiation (1486.6 eV) was
employed to characterize the valence band structure of the ZVI in
various forms. A UV-vis spectrometer (Perkin Elmer, Lambade2S) was
used to collect absorption spectrum of the filtrates and the Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES, Perki-
nElmer Optima 2100 DV) was employed to identify the elements
leached out into solution. A Scanning Electron Microscope (SEM with

EDX, model No. JEOL JSM 820, JEOL Ltd.) was used for examining
the surface morphologies of the foils after immersion in OG solution.
An X-ray Micro fluorescence spectrometer (XRMF, EDAX Eagle III)
with a 40 W X-ray tube (Mo) and a 1 mm spot aperture was used to
verify the metals in the sediments. Magnetic measurements were
carried out on a vibrating sample magnetometer (Cryogenic, UK) with
a maximum field up to 50 kOe.

The rate of decolorization is defined as

= C
C

Decolorization rate
0 (1)

The kinetic of decolorization is expressed as
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C0 is the initial OG concentration, C is the OG concentration at
time t, kobs is the observed pseudo-first-order decolorization rate
constant, and t is the elapsed time of reaction.
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A0 is the initial absorption, and A is the absorption at time t.

■ RESULTS
Characterization of Foils. As shown in Figure 2, the

Fe79B16Si5 exhibits a diffuse halo peak at 2θ of 45°
corresponding to the amorphous nature, while the halo peak
at 42° is observed in Fe66.3B16.6Y17.1 and Fe11Y3.

According to Figure 3, both samples show high density of
states that belong to Fe-3d in the vicinity of the Fermi level
(EF). The spectrum of Fe79B16Si5 has a hump centered at 8.7
eV, which resulted from the strong hybridization between Fe-
3d and B-2p electrons.20,21 In the Fe66.3B16.6Y17.1, the peak is
shifted to 10.6 eV, which was close to the peak of the B-2p
band.22 The profile of the Fe-3d peak has a shoulder at 2.5−3.5
eV, which was similar to pure iron23 but obviously different
from the single sharp peak of Fe79Y21

24 that has composition
similar to Fe11Y3.

OG Decolorization. OG is a water-soluable salt and
dissolves easily in water at room temperature. The fresh color
of the OG solution originates from the characteristic absorption

Figure 1. Composition chart of Fe66.3 B16.6Y17.1 ternary system and
cluster lines.

Figure 2. The XRD patterns of Fe79B16Si5 (a), Fe66.3B16.6Y17.1 (b), and
Fe11Y3 (c).
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of the “-NN-” bond at 478 nm. The color gradually decayed
with decolorization time after addition of the ZVI foils. The
recorded absorptions at 478 nm at 30 min intervals are used to
plot the decolorization rate (Figure 4). The results indicated

that the decolorization could be fully done in 180 min with
Fe66.3B16.6Y17.1 but not with the Fe79B16Si5. The same data were
also used to plot the observed k by pseudo-first-order
dynamics.25 The results of Fe66.3B16.6Y17.1 showed a two-stages

kinetics with k1 = 0.011 min−1 and k2 = 0.047 min−1 (Figure
5a), while the k of Fe79B16Si5 was 0.0044 min−1 (Figure 5b).
Decolorization of OG with the iron powder and Fe11Y3 were

also done for a fixed duration (Figure 6). The untreated OG

solution has three peaks at 248, 330, and 480 nm and a
shoulder from 370 to 420 nm. The peaks at 248 and 330 nm
were caused by aromatic rings, while the peak at 480 nm and
the shoulder at 370−420 nm were generated by an azo-bond
and its conjugated structure.18 After 180 min, three of the
treated solutions still had the absorption peak at 478 nm except
the colorless one, which was decolorized by Fe66.3B16.6Y17.1. The
colorless solution also had two absorption peaks at 228 and 280
nm, corresponding to aniline.26

SEM observations showed the morphology of the foils after
immersing in the OG solution for 180 min. The Fe79B16Si5 has
only several long and narrow slits (Figure S1a), whereas the
Fe11Y3 exhibits some cracks on the protrusion of the surface
(Figure S1b). However, the Fe66.3B16.6Y17.1 has a porous surface
like a beehive (Figure S1c), which indicates that it had
experienced an intensive reaction. The holes had a diameter of
approximately 10 μm, and one of them (Figure 7a and 7b) was
selected for compositional mapping. As shown in Figure 7c and
7d, the center of the hole was enriched with Fe, while the area
along its edge had a high Y content.
The room temperature magnetization curve (Figure S2)

indicates the soft magnetic property of Fe66.3B16.6Y17.1, which

Figure 3. Valence band XPS spectrum of Fe79B16Si5 (green) and
Fe66.3B16.6Y17.1 (black).

Figure 4. The decolorization of OG over various amorphous ZVI.

Figure 5. Plotted k of Fe66.3B16.6Y17.1 (a) and Fe79B16 Si5 (b).

Figure 6. UV-vis spectrum after 180 min decolorization: initial OG
(1), iron powder (2), Fe79B16Si5 (3), Fe11Y3 (4), Fe66.3B16.6Y17.1 (5).
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affirmed another virtue that it can be easily taken out from the
solution and the sediments by a small external magnetic field.

■ DISCUSSION
According to XRD spectra, the shift of 2θ towards a low angle
was found in Fe66.3B16.6Y17.1, similar to that of Fe11Y3. It is
obvious that the primary bonding associated with strong Fe−B
in Fe8B2 was not dominant in Fe66.3B16.6Y17.1. In XPS spectra,
the strong Fe−B hybridization is characterized by the peak at
8.7 eV in Fe79B16Si5 but that does not exist in Fe66.3B16.6Y17.1.
The detected peak of Fe66.3B16.6Y17.1 was shifted to 10.6 eV,
about 1.9 eV away from the peak corresponding to Fe−B
hybridization and close to the peak of B-2p electron. The
occurrence of the shoulder is a consequence of a majority- and
minority-spin electron band system, separated by the exchange
splitting.22,27 The absence of the shoulder indicated the small
splitting between the majority and minority, and thus more Fe
electrons are paired. Compared with these ZVIs, the ZVI with
more unpaired electrons should be more active, as evidenced by
the fresh iron3,4 and the Fe66.3B16.6Y17.1 studied here. The 3d
electron distribution of ZVI in Fe66.3B16.6Y17.1 is similar to pure
iron, which indicates the interaction between Fe−Y is also

weak. Compared with Fe8B2 and Fe11Y3, the introduction of
Fe11Y3 into an Fe8B2 cluster constructs a metastable atomic
arrangement to dilute the interaction between Fe and its
neighbor atoms, and, as a result, the ZVI could be seen as a
“pseudo-isolated” iron, “frozen” in Fe66.3B16.6Y17.1.
During the decolorization process, the ZVI was oxidized to

generate free electrons while the “-NN-” bond acted as an
acceptor and broke into two amino groups (−NH2) that locate
at their local moiety, respectively3,6,28,29 (Scheme 1). In other
words, the OG was split to aniline and 1-amino-2-naphthol-6,8-
disulfonic acid salt.30 The released Fe2+/Fe3+ in water is 0.0866
mg/L after 180 min for Fe66.3B16.6Y17.1 (Table S1), which means
the deterioration of water quality is ignorable.31 Compared with
77 mg/L Fe2+/Fe3+ released into water after decolorization of
Azo dye by Fe−Si−B−Mo,25 Fe66.3B16.6Y17.1 is substantially
more eco-friendly. The B was also detected in the filtrate, but it
does not contribute to the decolorization (Figure S3). In order
to make a contrast, the pure B powders were stirred with water
and OG solution respectively for a fixed duration. As the
results, the B concentration of the two filtrates is equivalent
(Table S2). No Y ion was detected in the filtrate, so it does not
take part in the decolorization. During the reaction, it was

Figure 7. SEM photos of Fe66.3B16.6Y17.1 (a, b, c: Fe mapping, d: Y mapping) after 180 min.

Scheme 1. Proposed Decolorization Mechanism of OG by Amorphous ZVI
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peeled from the foil and then enclosed in the sediments (Table
S1). The calculated decolorization efficiency of Fe66.3B16.6Y17.1 is
99.7%. It is much higher than other samples (Table S3). The
iron powder is low cost but easy to be oxidized, thus it needs
low pH value and inert gas protection during the reaction. It is
also difficult to reuse.3 The Fe11Y3 has a strong interaction
between Fe-d and Y-d states like the Fe−B interaction in
Fe79B16Si5

32,33 and reported Fe78B14Si8
[7] (Figure S4). With this

strong interaction, the ZVI inside them showed equivalent
performances in decolorization, which were much inferior to
that of Fe66.3B16.6Y17.1. The k value of Fe79B16 Si5 from Figure 5b
is 0.0044 min−1, and the calculated t1/2 is 160 min. This value is
well consistent with the decolorization efficiency of 51.5% after
180 min. The decolorization kinetics plot of Fe66.3B16.6Y17.1
(Figure 5a) exhibits two stages with k values of 0.011 min−1 and
0.047 min−1, respectively. Moreover, the observed t1/2 is 64
min, which is in good accordance with the calculated value 63
min. However, if k1 (0.011 min−1) dominated the total
decolorization process, the expected reaction time of 407 min
(4.48/0.011, 4.48 is highlighted in Figure 5a) will be much
longer than the observed 180 min. This means the existence of
the second, accelerated stage with k2 = 0.047 min−1 and
highlights its contribution to the fast decolorization. After the
first 180 min, the cyclic decolorization experiments were carried
out by refreshing the same OG solution in order to verify the
change of the k value. The reaction time was expected to
decrease to approximately 95 min, which was calculated via
4.48/0.047. The UV-vis spectra are measured after 95 min for
cycle2 and cycle3.34 The detected absorption values equaled to
the one after the first cycle (Figure 8). These evidences

reconfirmed the value of the rate constant of the second stage
k2, and that the two stages of reaction well represented the
course of decolorization. The longtime cyclic test shows the fast
decolorization was conducted up to the 11th cycles (Figure S5).
From SEM examination, only the surface of Fe66.3B16.6Y17.1

had obvious pits. According to the mapping of a selected hole
giving in Figure 7, the ZVI was enriched at the bottom of the
holes. In Figure S6, the change of Fe66.3 B16.6Y17.1 was
monitored with time, and only several small holes were
found within the initial 45 min. The Fe/Y (at %) at the bottom
of the hole was increased to 8.86, while the raw material had an
average Fe/Y ratio of 3.86 (Table S1). After 90 min, the holes
distribution was similar to that after 180 min and Fe/Y changed

to 29.03, which was close to the value of 26.10 after 180 min. At
the same time, the Fe/Y ratio on the flat surface of
Fe66.3B16.6Y17.1 remained at 3.52, and the change could be
neglected. The ZVI at the surface was separated from the
destabilized Fe−B−Y atomic arrangement continuously and
vacancies formed. With more vacancies, the free energy of Fe−
B−Y in the vicinity gradually increased and the atomic
arrangement became less stable. During this process, the ZVI
carrying extra free energy contributed to the fast decolorization
not only as a reducing agent but also a catalyst. Furthermore,
this can also explain the observed transition from slow to fast
kinetics corresponding to the change from k1 to k2. In summary,
the competitive effect between two types of clusters not only
helped to provide ZVI with high activity but also brought a
catalytic effect to assist the reduction of the “-NN-”bond.
The short reaction time and well reusability make it a potential
candidate to replace traditional physical, chemical, and
biological treatments, and the resulting aromatic amine could
be used to fertilize microorganisms and become nontoxic.17

Herein, we provide a feasible strategy to fabricate new highly
active metal materials for converting toxic material to much less
harmful species and highlight the advantages.

■ CONCLUSION
In conclusion, the novel Fe-rich amorphous structure with the
composition of Fe66.3B16.6Y17.1 was designed from the
competitive cluster principle. The model decolorization is
totally finished within 180 min in the first cycle and then
changes to 95 min spontaneously during the consumption of
ZVI until the 11th cycles. Compared with iron powder,
Fe79B16Si5, and Fe11Y3, the new ZVI has advantages as follows:
I) the designed atomic arrangement allows the high active ZVI
to hold in II) the energy released during the separation of ZVI
from the Fe−B−Y arrangement and can catalyze the
decolorization; III) the small amount of the constituent
element is consumed, and no secondary hazard in water is
generated; IV) at last, the rapid decolorization was carried out
at moderate conditions, and the ZVI has good reusability. This
work demonstrates the significance of tuning the atomic
arrangement in the designing of highly active metal materials
and reports for the first time the catalysis effect origins from the
destabilized atomic arrangement. It also indicates a brilliant
future of using highly active metal materials to treat
environmental pollutants practically.
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