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Water disinfection would result in unintended formation of halogenated disinfection by-products (DBPs) which
pose potential harm to human health. In present work, Fe78Si9B13 amorphous ribbons (Fe-Si-BAR) showed
excellent catalytic degradation performance towards an aromatic DBP, 3,5-dichlorosalicylic acid (3,5-DiClSA) by
Fenton-like reaction. The catalytic degradation performances of Fe-Si-BAR, Fe78Si9B13 crystalline ribbons (Fe-SiBCR) and iron powders towards 3,5-DiClSA were compared, and Fe-Si-BAR (0.0166 min− 1) showed the fastest
degradation rate. The faster surface mobility of Fe-Si-BAR, which made it easy for Fe2+ to be oxidized by H2O2,
facilitated the degradation process. High-valent iron of FeIV could be generated which accounted for degradation
of 3,5-DiClSA. The Fe-Si-BAR also showed better and better catalytic performance in 10 reuse cycles. Besides, the
cytotoxicity tests indicated that the overall toxicity level of 3,5-DiClSA was declined by 88.1 % after degradation
by Fe-Si-BAR. Our results showed that Fe-Si-BAR is a promising catalyst for the degradation of aromatic DBPs.

1. Introduction
In the field of water treatment, drinking water increasingly becomes
a hot topic since it directly relates to human health. As the greatest
public health triumph, drinking water disinfection plays an important
role in reducing the occurrence and death of infectious diseases caused
by pathogenic microorganisms [1]. However, when disinfectant (chlo
rine) reacts with natural organic matter and/or bromine ion/iodine ion
in water, disinfection by-products (DBPs) which pose potential harm to
human health will be generated in drinking water [2]. Epidemiological
studies have illustrated that DBPs exposure potentially raises health
risks, e.g., colorectal/bladder cancer and adverse birth outcomes [3].
Since trichloromethane was firstly detected in chlorinated drinking
water in 1974, more than 700 kinds of DBPs have been identified suc
cessively [4]. Therefore, how to effectively control the generation of
DBPs while at the same time ensuring disinfection became a challenging
topic during drinking water treatment process. In recent years, new
treatment processes such as ozone-activated carbon, membrane tech
nology, zero-valent iron (ZVI), as well as advanced oxidation processes
(AOPs) were proposed for advanced treatments [5]. AOPs including
UV/O3, UV/H2O2, ZVI/persulfate received more attention due to their

broad-spectrum and high-efficiency removal effect, especially for the
treatment of some recalcitrant pollutants [6]. As can be employed in
multiple treatment choices, ZVI seems to become an ideal catalyst
because of its reducibility, good environmental compatibility, low cost,
and various degradation applications (dehalogenation reduc
tion/combined with AOPs) [7–9]. However, due to the poor stability of
iron powder itself, which make it easy to agglomerate, and the gradual
accumulation of surface oxide layer during the reaction reduced the
degradation efficiency, which largely limited its application in the
removal of DBPs [10]. Through the modification of ordinary iron pow
der, such as the use of smaller size of nano ZVI, the specific surface area
can be increased, which can greatly improve its ability of adsorption,
reduction and degradation of pollutants. Unfortunately, the high cost
and certain biological toxicity of nano ZVI will bring new environmental
risks, which hindered its practical application as well [11]. As a special
ZVI material with corrosion resistance, high catalytic activity, environ
mental friendliness and low cost, Fe-based amorphous alloys are ex
pected to effectively solve this problem.
Amorphous alloys are new types of metal materials with short-range
ordered and long-range disordered atomic structures [12]. They have
attracted extensive attentions both in scientific and industrial areas
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owing to their unique physical, chemical and mechanical properties
[13–18]. In recent years, amorphous alloys have been used as
environmental-friendly catalysts [19] in degradation of dye wastewater
in water treatment field. Being employed in AOPs, e.g. Fenton-like re
action, the metastable nature of amorphous alloys brings them advanced
catalytic and chemical properties which are unachievable for their
crystalline counterparts [20,21]. Besides, the generation of reactive
•
species such as hydroxyl radical ( OH) with relatively high redox po
◦
tential (E = 2.7–2.8 V) could effectively oxidize almost all kinds of
organic pollutants including direct blue 6, methylene blue, acid orange
II and convert them into CO2, H2O and small inorganic molecules
without discrimination [22]. Numerous works have been published
regarding the degradation of dye wastewater by using amorphous alloys
during the past decades [23–33]. In recent years, non-free radical
high-valent iron such as FeIV can be found generated in some analogous
Fenton-like reactions [34–38], which attracted much attention in the
field of advanced oxidation considering that FeIV is capable of allowing
•
selective oxidation whereas OH engages in uncontrolled oxidation [39].
Compared with the complex and huge amounts of chemical pollution
problems in water environment, the catalytic degradation application of
amorphous alloys is far from being fully developed.
Based on the above discussion, we propose to apply Fe-based
amorphous alloys – Fe78Si9B13 amorphous ribbons (Fe-Si-BAR) into the
degradation of one kind of aromatic halogenated DBPs – 3,5-dichlorosa
licylic acid (3,5-DiClSA) since it has been frequently detected in drinking
water with higher developmental toxicity than regulated aliphatic DBPs
[40–42]. As it’s been widely acknowledged that pH in real drinking
water is almost from 6.5 to 8.5 [43]. Thus, the drinking water treatment
normally carried out in neutral condition. The objects of this work are
(1) to evaluate the catalytic degradation property and durability of
Fe-Si-BAR for 3,5-DiClSA by using Fenton-like reaction under neutral
condition, Fe78Si9B13 crystalline ribbons (Fe-Si-BCR) and Fe powder
were also selected to compare degradation performance and analyze the
possible reasons; (2) to test whether toxicity level reduction coincide
with chemical degradation; (3) to investigate surface property changes
of Fe-Si-BAR during degradation, as well as the mechanisms for degra
dation. The results of the present work are expected to provide an
alternative advanced treatment for drinking water treatment under
neutral condition, and to expand the functional application of Fe-based
amorphous alloys.

using a scanning electron microscope (SEM, FEI Quanta 450FEG)
equipped with an energy dispersive spectrometer (EDS). X-ray photo
electron spectroscopy (XPS, Thermo Escalab 250XI) was used to further
confirm the chemical status and composition of Fe-Si-BAR before and
after degradation.
2.3. General process of degradation experiments
Catalytic degradation experiments for 3,5-DiClSA by using Fe-Si-BAR,
Fe-Si-BCR and Fe powder were conducted. The initial pH of 3,5-DiClSA
solution was measured by a digital pH meter (Mettler Toledo FE28).
In a typical experiment, solutions of 3,5-DiClSA (1.2 μmol L− 1) were
prepared by serial dilution from stock solution (20 mg L− 1), some spe
cific amount of H2O2 (w/w, 30 %) were then added into a 250 ml sample
bottle and diluted to a total volume of 200 mL, after which some specific
amount of ribbons/Fe powders were added into the solution as a cata
lyst. Then the solution was placed in a water bath for constant tem
perature during the reaction. Every 20 min, 3 ml 3,5-DiClSA solution
was removed and filtered with 0.22 μm polyether sulfone (PES) mem
brane (Bojin, Tianjin) for measurement by using synchronous fluores
cence spectroscopy [44] on a fluorescence spectrophotometer
(PerkinElmer FL8500). The concentration of 3,5-DiClSA was directly
calculated from synchronous fluorescence spectrums by selecting
Δλ = 111 nm as optimal condition (Fig. 1). Standard curve of 3,5-DiClSA
with different concentrations (0.2, 0.4, 0.8, 1.2, 1.6, 2.0, 2.4 μmol L− 1)
were established (Fig. 1a) and linearity relationships could be found
between concentration and the relative fluorescence intensity, as shown
in Fig. 1b. For 3,5-DiClSA solution with an unknown concentration, its
actual concentration can be calculated from its fluorescence intensity
through the standard curve. As displayed in Fig. 1c–1f, the control and
experimental group for chemical degradation processes of 3,5-DiClSA
can be successfully monitored by using synchronous fluorescence
spectroscopy. More details about the synchronous fluorescence method
can be found in Figs. S1–S3, and Tables S1–S2 in Supporting Information
(SI).
2.4. Analysis of reactive species by electron paramagnetic resonance
(EPR)
EPR combined with spin trapping technology can be used for qual
itative and quantitative detection of unpaired electrons in atoms or
molecules, so as to detect reactive species [45]. EPR spectrometry was
performed by using a Bruker EPR-E500 (Germany) instrument and 5,
5-dimethyl-1-pyrroline N-oxide (DMPO) was selected as a
spin-trapping reagent for reactive species. The detailed procedures for
detection of real-time spin adducts are as follows: 1380 μl DMPO solu
tion (145 mmol L− 1) and 16 μl H2O2 (30 %, w/w) were sequentially
added to a 30 ml sample bottle. Then ultrapure water was added and
diluted to 20 mL, and mixed solutions of DMPO (10 mmol/L) and H2O2
(8 mmol/L) were obtained. Next, 0.08 g Fe-Si-BAR were added into the
solution and shaken slightly for 20 s to initiate the reaction. After being
reacted for 5 min, 1 ml reaction solution was extracted into a 20 ml
sample bottle and the bottle was shaken slightly for 2 min for full
combination of DMPO and reactive species. A small amount of reaction
solution was taken by a capillary tube, which was sealed at one end by
vacuum grease and inserted into the EPR cavity for analysis. EPR
detection was conducted at room temperature under the following
detection parameters: center field of 3500 G, sweep width of 100 G,
sweep time of 60 s, modulation frequency of 100 kHz, modulation
amplitude of 1 G, microwave frequency of 9.63 GHz, and microwave
power of 6.325 mW.

2. Experimental
2.1. Materials
3,5-Dichlorosalicylic acid (3,5-DiClSA, >99 %) and H2O2 (30 %, w/
w) were purchased from Sigma-Aldrich. 5,5-dimethyl-1-pyrroline Noxide (97 %), isopropanol (99.5 %), methyl phenyl sulfoxide (98 %),
methyl phenyl sulfone (98 %), and Na2S2O3 (99 %) was bought from
Aladdin. They were analytical grade and used as received without
further purification. Preparation of Fe78Si9B13 amorphous ribbons (FeSi-BAR): The Fe78Si9B13 master ingot was synthesized by arc melting of
mix of pure Fe, Si and B elements (>99.9 %) under Ti-gettered argon
atmosphere. Then the master ingot was remelted in quartz tube by in
duction melting, followed by single-roller melt spinning to obtain Fe-SiBAR with thickness of 26 ± 1 μm. Fe-Si-BAR were vacuum-annealed at
873 K for 30 min to obtain Fe78Si9B13 crystalline ribbons (Fe-Si-BCR). Fe
powder (1600 mesh, 99.9 % pure) was obtained from ZhongNuo
Advanced Material (Beijing, China). Ultrapure water was used
throughout the catalytic degradation experiments.
2.2. Characterization

2.5. Mammalian cell cytotoxicity assay

X-ray diffraction analysis (XRD, Rigaku MiniFlex600) was performed
to identify structure of the three materials. Their surface morphology
and element information before and after degradation were observed

Chinese hamster ovary (CHO)-K1 cells [46] were acquired from the
American Type Culture Collection. Cells were grown in Ham’s F12-K
2

L. Zhang et al.

Applied Catalysis B: Environmental 294 (2021) 120258

Fig. 1. (a) Fluorescence intensity of 3,5-DiClSA
standard solution with different concentration;
(b) Standard curve of 3,5-DiClSA solution; (c)
Fluorescence intensity change of control group
for degradation of 3,5-DiClSA; (d) Concentra
tion change of 3,5-DiClSA in control group; (e)
Fluorescence intensity change of 3,5-DiClSA
during degradation process by Fe-Si-BAR ; (f)
Concentration change of 3,5-DiClSA during
degradation process by Fe-Si-BAR (Ribbon
dosage = 4 g L− 1, pH = 7.0, T = 298 K, C3,5− 1
− 1
DiClSA = 1.2 μmol L , CH2 O2 = 4 mmol L ).

medium (Hyclone) containing 5% fetal bovine serum (FBS, Hyclone)
and 1% antibiotics (100 U/mL sodium penicillin G, 100 μg/mL strep
tomycin sulfate, 0.25 μg/mL amphotericin B, 0.85 % saline) at 37℃ in a
humidified atmosphere of 5% CO2. Detailed information for cytotoxicity
measurement can be found in SI.

and then held for additional 2.9 min for re-equilibration. The parameters
of ESI-tqMS were set as: cone voltage, 20 V; capillary voltage, 2.8 kV;
collision energy, 15 V; source temperature, 150 ℃; desolvation tem
perature, 400 ◦ C; desolvation gas flow, 800 L/h; cone gas flow, 50 L/h;
and collision gas (Ar) flow, 0.25 mL/min. Standard compounds of PMSO
and PMSO2 were used for structure confirmation and concentration
calculation by using product ion scan (PIS) and multiple reaction
monitoring (MRM).

2.6. UPLC-ESI-tqMS analysis of PMSO and PMSO2
Whether high-valent iron such as FeIV was generated in the degra
dation system can be tested by using methyl phenyl sulfoxide (PMSO) as
the probe to see if it can be oxidized to methyl phenyl sulfone (PMSO2)
through oxygen transfer reaction [34]. The concentration change of
PMSO and PMSO2 was measured by using ultra pressure liquid chro
matography (UPLC) – electrospray ionization (ESI) – triple quadrupole
mass spectrometry (tqMS) on a UPLC (Acquity I-class, Waters) coupled
with ESI-tqMS (Xevo TQ-S micro, Waters) system in positive ionization
mode. A BEH C18 (1.7 μm, 2.1 × 100 mm, Waters) at a column tem
perature of 35 ℃ was selected for UPLC separation. The mobile phase
composed of water and methanol was set at a flow rate of 0.40 ml/min.
The gradient was set at 5 % methanol and 95 % water initially and
linearly changed to 90 % methanol and 10 % water in the first 8 min,
followed by a quickly return in 0.1 min to 5 % methanol and 95 % water,

2.7. DFT calculation
The adsorption energies (Eads) for three materials Fe-Si-BAR, Fe-SiBCR, and Fe powder towards H2O2 were calculated by using density
functional theory (DFT) performed by Vienna Ab Initio Simulation
Package (VASP) [47], based on the projector augmented wave (PAW)
method within the generalized gradient approximation (GGA) [48]. The
configurations of three kinds of materials were fully optimized. The
exchange correlation potential was calculated by using revised
Perdew-Burke-Ernzerhof (PBE) function [49,50] for solid systems
(PBEsol) [51,52] in order to improve the equilibrium properties of solids
[53]. PAW pseudopotentials were adopted for valence-core interactions
calculation [54]. The Monkhorst-Pack grids of (3 × 3 × 1) were applied
3
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for Brillouin zone sampling [48]. The parameters for cut off energy was
set as 300 eV, the maximum force was set as 0.002 eV Å¡1, the
convergence tolerance of energy was set as 1 × 10¡6 eV, and the
maximum displacement was set as 0.002 Å [48], respectively.

processes followed the pseudo-first-order kinetic model:
Ct/C0 = exp(− kt)

(1)

where k is the reaction rate constant and t is the degradation time.
Exponential model was applied to fit the data. Fitting results showed
that reaction rate constant of Fe-Si-BAR was 0.0166 min− 1, which was
higher than 0.0040 min− 1 for Fe-Si-BCR and significantly higher than
0.0006 min− 1 for Fe powder, indicating that the homogeneous amor
phous structure benefited to the catalytic degradation performance of
the ZVI. The comparison of degradation processes by Fe-Si-BAR and FeSi-BCR can be observed more directly from 3D fluorescence spectra in
Figs. S4a, and S4b, respectively. The specific fluorescence peak of 3,5DiClSA appeared at the excitation wavelength of 314 nm and emission
wavelength of 425 nm, whose color was yellow at 0 min. As time
advanced, the peak’s color changed to dark blue, indicating that 3,5DiClSA was almost completely degraded after 120 min. In contrast,
the color change of the peak of 3,5-DiClSA degraded by Fe-Si-BCR was
much slower (Fig. S4b). These results demonstrated that Fe-Si-BAR had
the best catalytic degradation performance for 3,5-DiClSA among the
three materials under neutral condition.

3. Results and discussion
3.1. Catalytic degradation performance of Fe-Si-BAR compared with FeSi-BCR and Fe powder
Fe-Si-BAR, Fe-Si-BCR and Fe powder (1600 mesh, 99.9 % pure) were
selected to degrade 3,5-DiClSA (Fig. 2a) in order to compare their cat
alytic degradation performance under neutral condition. Their X-ray
diffraction (XRD) patterns were shown in Fig. 2b. The degradation
processes were non-destructively monitored by using synchronous
fluorescence spectroscopy. In addition, 3D fluorescence spectrums of
3,5-DiClSA during the catalytic degradation by Fe-Si-BAR and Fe-Si-BCR
were scanned for more visualized comparison and displayed in Fig. S4 in
SI.
The reaction conditions were: ribbon/powder dosage = 4 g L− 1, C3,5− 1
− 1
DiClSA = 1.2 μmol L , pH = 7.0, T = 298 K, and CH2 O2 = 4 mmol L .
According to Fig. 2c, the residual concentration percentage of 3,5DiClSA by Fe-Si-BAR, Fe-Si-BCR and Fe powder reached 5.0 %, 48.9 %
and 95.9 % after 160 min of catalytic degradation process, respectively.
The average values were presented and error bars represent the range of
three replicate samples. Almost no 3,5-DiClSA degradation occurred in
the experimental group added with Fe powder. All the degradation

3.2. Cytotoxicity analysis of 3,5-DiClSA solution before and after
degradation
Fe-Si-BAR showed best performance among the three materials for
chemical degradation, while the question raised up as whether toxicity
level decreased or not after degradation? In case the toxicity level did

Fig. 2. (a) Degradation target in this work; (b) XRD patterns of original Fe-Si-BAR, Fe-Si-BCR and Fe powder; (c) Normalized concentration change of 3,5-DiClSA
during degradation process by Fe-Si-BAR, Fe-Si-BCR and Fe powder and fitting curves (Ribbon/Powder dosage = 4 g L− 1, pH = 7.0, T = 298 K, C3,5− 1
− 1
DiClSA = 1.2 μmol L , CH2 O2 = 4 mmol L .
4
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not show the performance as good as for chemical degradation, e.g.
some of the metabolites had relatively higher toxic potency, the prac
tical application of the catalysts have to be reassessed. Cytotoxicity assay
by using Chinese Hamster Ovary (CHO)-K1 cells [46,55], which has
been successfully used to measure toxicity level of individual DBP or
overall toxicity level of water samples was adopted to test toxicity
changes of 3,5-DiClSA before and after degradation. The lethal con
centration 50 value (LC50), which is the concentration of a toxic that will
lead to the 50 % deaths of the cells tested, is a factor that can be used to
indicate toxic potency [55]. For overall cytotoxicity measurement of
water samples, concentration processes were normally needed before
exposure. Thus, concentration factor was frequently used as the unit to
indicate LC50 [56]. In the present study, the initial degradation con
centration for 3,5-DiClSA is 1.2 μmol L− 1, as displayed in Fig. 3, the
results showed that the calculated LC50 before and after degradation by
Fe-Si-BAR was 397 times and 3350 times of initial degradation concen
tration. The latter value was 8.4 times as high as the former, indicating
the cytotoxicity level in the 3,5-DiClSA solution after degradation by
Fe-Si-BAR decreased by 88.1 % compared with the original solution.

showed the energy dispersive spectrometer (EDS) results of original FeSi-BAR and pit-shaped reaction area on Fe-Si-BAR after degradation by
one and ten reuse cycles. It can be calculated that the atom ratio of Fe to
Si was 8.38:1 for original Fe-Si-BAR, which was very close to the nominal
value expected for Fe-Si-BAR, in which the ratio was 78:9. After one and
ten reuse cycles, the ratio decreased from 8.38:1 to 5.40:1 and contin
uously decrease to 3.48: 1. In addition, EDS mappings of the pit reaction
area and the intact area on Fe-Si-BAR after degradation process were
shown in Fig. 5c and 5d, indicating that the Fe content in the pit area was
significantly lower than that in the intact area. These results indicated
that the content of Fe atom on the surface of Fe-Si-BAR decreased
gradually, proving that Fe plays an important role in the catalytic
degradation process.
To further understand the surface property changes, X-ray photo
electron spectroscopy (XPS) analysis was carried out for original and
reused Fe-Si-BAR after one or ten degradation cycles, and the results were
shown in Figs. 5e and 6. XPS peak at 710.2 eV represented Fe2+, and the
summit of Fe2+ peak increased after Ar etching by 2 nm. The proportion
of the area for Fe2+ peak to the total area of Fe 2p peak is 23 %, indi
cating the presence of a large amount of Fe2+ in the original Fe-Si-BAR
(Fig. 5e). After degradation, the ratio for peak Fe2+ (710.2 eV) and Fe3+
(711.7 eV) changed, showing that Fe2+ and Fe3+ played important roles
during catalytic degradation process. For O 1s (Fig. 6a–6c), it was
inferred that iron oxides and hydroxyl oxidize iron were formed. These
results were consistent with the study of Jia et al. [58]. From the XPS
results of Si 2p (Fig. 6d–6f), it can be seen that the proportion of the area
for Si-Si peak to the total area of Si 2p peak decreased from 25.0 %
(original Fe-Si-BAR) to 12.1 % (Fe-Si-BAR after one reuse cycle), and
continuously declined to 5.7 % (Fe-Si-BAR after ten reuse cycles), while
the proportion of the area for Si-O peak to the total area increased from
75.0 % (original Fe-Si-BAR) to 87.9 % (Fe-Si-BAR after one reuse cycle),
and 87.9 % (Fe-Si-BAR after ten reuse cycles) which indicated that the Si
atoms were oxidized to the Si oxides in the catalytic degradation pro
cess. A similar phenomenon occurred for B (Fig. 6g–6i), where the
proportion of the area for B-B peak to the total area of B 1s peak
decreased from 24.7 % for original Fe-Si-BAR to 0% for Fe-Si-BAR after
one and ten reuse cycles. These results indicated that amorphous
structured B atoms (B–B bond) in the ribbon after one and ten reuse
cycles were much lower than in the original Fe-Si-BAR, and were grad
ually converted into B oxides (B–O bond). Compared with Fe powders,
amorphous and crystallized Fe-Si-B ribbon had excellent catalytic
degradation performance, which indicated that the addition of Si and B
elements can improve the catalytic performance. The XRD results for
original and Fe-Si-BAR after one or ten degradation reuse cycles also
showed that Fe-Si-BAR kept amorphous status throughout the degrada
tion processes (Fig. 7).

3.3. Characterization of materials before and after degradation
The surface morphology changes of the three materials before and
after the degradation process were carried out to confirm how active
they participated in the catalytic degradation. Fig. 4a–4f showed surface
morphology of three materials before and after degradation process. The
surface of Fe-Si-BAR and Fe-Si-BCR before degradation process were
nearly perfectly smooth with no apparent defects as well as the Fe
spherical particles. After degradation process, the surface morphologies
of the three materials showed obvious differences to varying degrees,
among which a layer of sediments was attached to the Fe-Si-BAR surface.
After removing the sediments, a pit-shaped reaction area could be
clearly seen in Fig. 5a. Such pits were also found in study of Chen et al.
on degradation of azo dye by Fe-based amorphous alloy [57]. There
were slight changes on the surface of Fe-Si-BCR, with no sediments as
attachment and only a few micropores. The surface of Fe powder
remained smooth and had no obvious changes compared with that
before degradation process, as can be seen in Fig. 4c and 4f. The surface
morphology changes reflected that Fe-Si-BAR took the most active
participation in the degradation process, which also explained why
Fe-Si-BAR had the best catalytic performance in degradation of 3,
5-DiClSA.
Besides the changes of surface morphology, the change of Fe atom
content in Fe-Si-BAR also attracted our attention. Fig. 5b and Table 1

3.4. Catalytic degradation mechanism of Fe-Si-BAR
In order to further understand the excellent catalytic degradation
performance of Fe-Si-BAR, influence of different reaction conditions,
generation of reactive species, its activation energy, surface atomic ac
tivity and its adsorption ability for H2O2 were conducted for mechanism
study. Influence of different reaction conditions including H2O2 con
centration, ribbon dosage, initial concentration of 3,5-DiClSA for
degradation was carried out and the results were shown in Fig. 8.
3.4.1. Effect of H2O2 concentration
The effect of H2O2 concentration on the degradation efficiency of
3,5-DiClSA using Fe-Si-BAR was displayed in Fig. 8a. The concentration
of H2O2 in experimental group was set as 0, 2, 4, 6, 8 and 16 mmol L− 1,
while keeping other reaction conditions constant: T = 298 K, pH = 7.0,
ribbon dosage = 4 g L− 1, and concentration of 3,5-DiClSA = 1.2 μmol
L− 1. According to the degradation curve (Fig. 8a) and the histogram of
reaction rate constant (Fig. 8e), the reaction rate constant firstly
increased and then decreased with the increase of H2O2 concentration.

Fig. 3. Mammalian cell cytotoxicity assay: concentration-response curves of
cytotoxicity of 3,5-DiClSA before and after degradation by Fe-Si-BAR (Ribbon
dosage = 4 g L− 1, pH = 7.0, T = 298 K, C3,5-DiClSA = 1.2 μmol L− 1,
CH2 O2 = 4 mmol L− 1).
5
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Fig. 4. SEM patterns of original (a) Fe-Si-BAR (the inset graph shows the XRD pattern), (b) Fe-Si-BCR (the inset graph shows the XRD pattern) and (c) Fe powders; SEM
patterns of (d) Fe-Si-BAR after degradation (keep surface sediments), (e) Fe-Si-BCR after degradation, and (f) Fe powder after degradation.

Fig. 5. (a) SEM pattern of Fe-Si-BAR after degradation (after removing of surface sediments); (b) EDS results of original Fe-Si-BAR and Fe-Si-BAR after one and ten
reuse cycles; (c) EDS mapping in corrosion pit of (a); (d) EDS mapping in intact region on the surface of Fe-Si-BAR after degradation; (e) XPS spectra for Fe 2p of
original Fe-Si-BAR, original Fe-Si-BAR after Ar sputting 2 nm and original Fe-Si-BAR after degradation.

When H2O2 reached 4 mmol L− 1, the reaction rate constant reached
maximum (0.0164 min− 1).

Table 1
EDS analysis of original Fe-Si-BAR, Fe-Si-BAR after one and ten reuse cycles.
Element

Original
Fe-Si-BAR (Atom
%)

Fe-Si-BAR
after 1 cycle (Atom
%)

Fe-Si-BAR
after 10 cycles (Atom
%)

Fe K
Si K
OK
CK

76.32
9.10
–
14.58

65.41
12.11
18.56
3.92

41.82
12.01
35.33
10.84

3.4.2. Effect of ribbon dosage of Fe-Si-BAR
The effect of ribbon dosage of Fe-Si-BAR on the degradation efficiency
of 3,5-DiClSA was shown in Fig. 8b. The ribbon dosage of Fe-Si-BAR in
was set as 0, 2, 4, 6, 8 and 12 g/L, while keeping other reaction condi
tions constant: T = 298 K, pH = 7.0, CH2 O2 = 4 mmol L− 1, and con
centration of 3,5-DiClSA = 1.2 μmol L− 1. According to the degradation
curve (Fig. 8b) and the histogram of reaction rate constant (Fig. 8f), their
reaction rate constants can be obtained to be 0.0049, 0.0115, 0.0158,
0.0207 and 0.0269 min− 1 for ribbon dosage = 2, 4, 6, 8 and 12 g L− 1,
respectively. These results indicated that the degradation rate of 3,5DiClSA accelerated with the increment of ribbon dosage owing to
6
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Fig. 6. High resolution XPS spectra of (a-c) O 1s, (d-f) Si 2p, and (g-i) B 1s for the original and reused Fe-Si-BAR after degradation by one or ten reuse cycles.

1.8 and 2.4 μmol L− 1 and other reaction conditions were kept constant:
T = 298 K, pH = 7.0, ribbon dosage = 4 g L− 1, and CH2 O2 = 4 mmol L− 1.
As can be seen from Fig. 8g, their reaction rate constants can be obtained
to be 0.0137, 0.0171, 0.0170 and 0.0188 min− 1 for C3,5-DiClSA = 0.6, 1.2,
1.8 and 2.4 μmol L− 1, respectively, suggesting that available reaction
sites for degradation 3,5-DiClSA were not saturated below concentration
of 2.4 μmol L− 1.
3.4.4. Generation of reactive species
•
To test whether reactive species such as hydroxyl radical ( OH) or
FeIV was generated by the degradation system, DMPO was selected as a
spin-trapping reagent for reactive species and the results are shown in
Fig. 9. Compared with control group (8 mmol L− 1 H2O2), characteristic
signals of DMPO-OH (1:2:2:1, four lines) appeared in EPR spectrums of
experimental group (red line). By using a higher concentration of DMPO
(30 mmol L− 1) compared to relatively lower concentration (10 mmol
L− 1), more reactive species could be spin trapped as a result of higher
EPR intensity (blue lines). Even after the addition of 3,5-DiClSA
(1.2 μmol L− 1) to the experimental group and reacted for several mi
nutes, signals of DMPO-OH could still be detected (blue line). As DMPO•
OH adduct could be formed between OH and DMPO or being directly
IV
oxidized by Fe [37], these results indicated that reactive species such
•
as OH or FeIV was existed in the degradation system. To test whether the
•
reactive species were OH or high-valent iron, isopropanol was selected
•
•
as OH scavenger to prove the existence of OH in the degradation sys
tem. As can be seen from Fig. S5, the results showed that the degradation
process of 3,5-DiClSA was not influenced by addition of isopropanol
(6 mmol/L). Considering that isopropanol is a strong scavenger towards

Fig. 7. XRD patterns of original and reused Fe-Si-BAR after degradation by one
or ten reuse cycles.

more available reaction sites being provided.
3.4.3. Effect of initial concentration of 3,5-DiClSA
Effect of initial concentration of 3,5-DiClSA on its degradation effi
ciency using Fe-Si-BAR was displayed in Fig. 8c. Different initial con
centrations of 3,5-DiClSA in experimental groups were set as 0.6, 1.2,
7
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Fig. 8. Effects of different conditions (a) concentration of H2O2, (b) ribbon dosage, (c) initial concentration on the catalytic degradation behavior of 3,5-DiClSA by
Fe-Si-BAR. (d) Effect of temperature on the catalytic degradation behavior of 3,5-DiClSA by Fe-Si-BAR and Fe-Si-BCR; (e-h) Histograms of reaction rate constants for
degradation of 3,5-DiClSA by Fe-Si-BAR and Fe-Si-BCR under different conditions.
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0.0060 min− 1, 0.0071 min− 1 for Fe-Si-BCR at 298 K, 308 K, 318 K and
328 K (Fig. 8h), respectively, according to their fitting results. The
activation energy of the reaction can be obtained according to Arrhenius
equation:
(2)

ln kT = − Ea/RT + ln A

where kT, Ea, R, T and A represent reaction rate constant at different
temperature, the activation energy, the gas constant, temperature and a
constant, respectively. The results of ln kT vs. − 1/RT were plotted in
Fig. 11a and fitted linearly. The slope of the fitted line was the activation
energy. The activation energy of Fe-Si-BAR and Fe-Si-BCR in this degra
dation process was obtained to be 1.62 kJ mol− 1 and 14.76 kJ mol− 1,
respectively. Activation energy of the former was approximately only 1/
9 of the latter. The lower activation energy made the degradation re
action easier to undertake, which also explains why the catalytic
degradation rate of 3,5-DiClSA by Fe-Si-BAR was faster than by Fe-Si-BCR.
3.4.6. Surface atomic activity and adsorption ability for H2O2
The excellent catalytic degradation of Fe-Si-BAR can be ascribed to its
fast surface mobility owing to the unique amorphous structures. Re
searchers have suggested that the surface diffusion rate of amorphous
alloy was much higher than its crystalline counterpart [14,60–62],
which indicated that there was an active "liquid like" layer on the surface
of amorphous alloy. The dynamic modulus mapping (DMM, in Fig. 11b)
of Fe-Si-BAR and Fe-Si-BCR was conducted, and the modulus distribution
histograms (Fig. 11c) indicated that the former had lower modulus
distribution on its surface than the latter. This means Fe-Si-BAR had
active kinetic behavior, showing an active "liquid like" layer on Fe-Si-
BAR. Fe2+ in the active "liquid like" layer had excellent reactivity and was
easy to be oxidized by H2O2, leading to the production of FeIV. Thus, it’s
speculated that the three materials Fe-Si-BAR, Fe-Si-BCR, and Fe powder
had different ability to adsorb H2O2, which resulted in different effi
ciencies in FeIV production. To verify this, the adsorption energies (Eads)
for three materials Fe-Si-BAR, Fe-Si-BCR, and Fe powder towards H2O2
were calculated by using density functional theory (DFT) method and
the results are shown in Fig. 11d. It is noted that Eads followed the order
of Fe-Si-BAR < Fe-Si-BCR < Fe powder, among which Fe-Si-BAR had more
negative Eads than others, indicating that the unique structure of Fe-S
i-BAR made itself easier to adsorb H2O2 than other two materials, and
more adsorptions of H2O2 were conducive to the reaction between Fe2+
and H2O2 to produce FeIV, which facilitated the Fenton-like reaction and
accelerated the degradation process.
Based on the above discussion, pretty low activation energy of Fe-SiBAR (only 1/9 of that of Fe-Si-BCR), active Fe2+ in active "liquid like"
layer and stronger adsorption ability for H2O2 endowed Fe-Si-BAR with
better catalytic degradation performance for 3,5-DiClSA. Combined
with the fact that the ratio of Fe2+ and Fe3+ changed during the
degradation process and the generation of FeIV, it is reasonable to sug
gest a mechanism of catalytic degradation of 3,5-DiClSA using Fe-Si-B
ribbons by Fenton-like reaction (Fig. 11e). The process can be
described as the following steps:

Fig. 9. EPR spectra of DMPO-OH generated from H2O2 activation by Fe-Si-BAR
(Fe-Si-BAR dosage: 4 g/L, CH2 O2 = 8 mmol/L, C3,5-DiClSA = 1.2 μmol/L).

OH with a high reaction rate constant (k = 9.7 × 108 M− 1 s− 1) [59], it
•
was proved that OH was not existed in the degradation system in neutral
condition.
Besides, methyl phenyl sulfoxide (PMSO) was also selected as a
probe to see whether it can be oxidized to methyl phenyl sulfone
(PMSO2) to prove the existence of FeIV [34–37] by using UPLC-ESI-tqMS
in positive ionization mode. The product ion scan of mixed standards of
PMSO (0.1 mmol/L) and PMSO2 (0.1 mmol/L) dissolved in 1/1 (v/v)
acetonitrile/water were shown in Fig. S6. By applying the multiple re
action monitoring (MRM) of (141→124) for PMSO with RT of 2.85 min
and (157→79) for PMSO2 with RT of 3.11 min (Fig. S7), the concen
tration changes of PMSO and PMSO2 can be sensitively measured.
Oxidation process of PMSO in the Fe-Si-BAR based degradation system
was set as: PMSO (0.1 mmol/L) in the presence of Fe-Si-BAR ribbon
(4 g/L), and H2O2 (4 mmol/L) at pH = 7.0. After PMSO was oxidized for
10 min, 450 μL reaction solution was withdrawn, quenched with 50 μl
Na2S2O3 (0.1 mol/L), and analyzed by UPLC-ESI-tqMS for PMSO and
PMSO2. Interestingly, after reaction for 10 min, generation of PMSO2
(RT = 3.09 min), which corresponding to the standard peak of PMSO2
(RT = 3.11 min) can be found in the Fe-Si-BAR based degradation system
under neutral condition, accompanying with slight decrease of PMSO
•
(RT = 2.85 min), indicating that FeIV rather than OH was formed which
accounted for degradation of 3,5-DiClSA (Fig. 10). The transformation
rate of PMSO to PMSO2 was relatively low because FeIV reacted slug
gishly with PMSO at pH = 7.0 with a reported rate constant of lower
than 1.5 × 10− 2 M− 1 s− 1 [36]. These results were in accordance with
recent study from Wang et al. (2020) [34] and Huang et al. (2021) [36],
which also supported the idea that FeIV is capable of allowing selective
oxidation. As far as we know, this is the first time that the generation of
FeIV by using Fe-Si-B amorphous catalyst has been proved by using
PMSO as the probe.
•

Fe2+ + H2O2 → FeIV + H2O

(3)

FeIV + H2O2 → Fe2+ + O2

(4)

2Fe

3.4.5. Activation energy
Degradations of 3,5-DiClSA at T = 298 K, 308 K, 318 K and 328 K
using Fe-Si-BAR and Fe-Si-BCR were performed to analyze and compare
their activation energy difference, the reaction conditions were: ribbon
dosage = 4 g L− 1, pH = 7.0, C3,5-DiClSA = 1.2 μmol L− 1, and
CH2 O2 = 4 mmol L− 1. Normalized concentration changes of degradation
processes using Fe-Si-BAR and Fe-Si-BCR at different temperatures and
their fitting curves are shown in Fig. 8d. Reaction rate constants can be
measured and calculated as 0.0166 min− 1, 0.0184 min− 1, 0.0170 min− 1
and 0.0182 min− 1 for Fe-Si-BAR and 0.0040 min− 1, 0.0055 min− 1,

IV

+ 2H2O → 2Fe

3+

2+

(5)

+ H2O2
IV

Oxidation of Fe by H2O2 produced Fe under neutral condition,
which accounted for the degradation of 3,5DiClSA. The FeIV could be
further oxidized by H2O2, and produced Fe2+. After H2O2 was consumed
in the degradation system, FeIV could reacted with H2O to produce Fe3+.
Thus, the reaction between Fe2+ and H2O2 is important for the degra
dation of the pollutant. Fe2+ in Fe-Si-BAR was easier to be oxidized by
H2O2 than crystalline counterpart for the above-mentioned reasons.
Adsorption of H2O2 onto the ribbon surface could be crucial for the
catalytic reaction.
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Fig. 10. UPLC/ESI-tqMS MRM spectra of oxidation process of PMSO (141→124) and formation of PMSO2 (157→79) by Fe-Si-BAR based degradation system: (a)
MRM spectra of PMSO at t = 0 min; (b) MRM spectra of PMSO at t = 10 min; (c) MRM spectra of PMSO2 at t = 0 min ; (d) MRM spectra of PMSO2 at t = 10 min
(Ribbon dosage = 4 g L− 1, pH = 7.0, CH2 O2 = 4 mmol L− 1, CPMSO = 0.1 mmol L− 1).

follows: T = 298 K, pH = 7.0, ribbon dosage = 8 g L− 1, C3,5− 1
− 1
DiClSA = 1.2 μmol L , CH2 O2 = 4 mmol L , and the results were shown in
Fig. 12a. It can be seen that the degradation efficiency of 3,5-DiClSA
reached 95 % in 120 min in each of ten degradation cycles. In terms
of reaction rate, the overall trend of reaction rate increased with reused
cycles (Fig. 12b). It’s worth noting that the reaction rate constant in the
10th degradation cycle by Fe-Si-BAR (0.0453 min− 1) was more than
twice of that in the 1st degradation cycle (0.0224 min− 1). Thus, Fe-Si-

3.5. Reusability and renewable catalytic degradation performance
Reusability is a key parameter for catalysis in terms of practical
application. Here, reusability of Fe-Si-BAR in degradation of 3,5-DiClSA
ranging from one to ten reuse cycles under neutral condition was
investigated. After each degradation cycle, the ribbons after degradation
process were removed of sediments on the surface by ultrasonic cleaning
and rinsed well with ultrapure water. The reaction conditions were set as
10
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Fig. 11. Mechanism study for excellent catalytic degradation performance of Fe-Si-BAR. (a) The Arrhenius plot for degradation process of 3,5-DiClSA by Fe-Si-BAR
and Fe-Si-BCR (Ribbon dosage = 4 g L− 1, pH = 7.0, C3,5-DiClSA = 1.2 μmol L− 1, CH2 O2 = 4 mmol L− 1); (b) Dynamic modulus mapping of Fe-Si-BAR and Fe-Si-BCR; (c)
Modulus distribution histogram of two materials; (d) DFT calculation results; (e) Mechanism of catalytic degradation for 3,5-DiClSA by Fe-Si-BAR and Fe-Si-BCR.

BAR was not only durable but showed better and better catalytic
degradation performance in reuse processes when applied in degrada
tion of 3,5-DiClSA under neutral condition.
The surface morphologies of the Fe-Si-BAR after one and ten degra
dation cycles were also compared. After 1st degradation cycle, a pit
shaped reaction area appeared on the surface of Fe-Si-BAR, but the sur
rounding pit remained complete with only a few cracks (Fig. 12c). The
surface of Fe-Si-BAR after 10 degradation cycles was broken like a
cracked land (Fig. 12d), and the old fragile surface peeled off, revealing

"fresh" rough pits below. These fresh pits were more active than the
exfoliated area, and the cracks and pits would continuously form during
the catalytic reaction process, which provided more active sites. These
phenomena were in accordance with study from Wang et al. [63], that
the FePC amorphous ribbon had self-renewing behavior for highly
efficient decolorization of methylene blue. After several cycles, most of
Fe2+ on the ribbon surface were consumed and then the fragile layer
peeled off, exposing the deep and fresh surface, which renewed the
catalytic performance of the ribbon.
11
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Fig. 12. Durability study for catalytic degradation performance of Fe-Si-BAR. (a) Catalytic degradation behavior of Fe-Si-BAR used in degradation of 3,5-DiClSA from
1st to 10th cycle (T = 298 K, pH = 7.0, ribbon dosage = 8 g L− 1, C3,5-DiClSA = 1.2 μmol L− 1, CH2 O2 = 4 mmol L− 1); (b) Reaction rate constants for each reuse cycle by
Fe-Si-BAR; SEM micrographs of ribbons after (c) one, and (d) ten reuse cycles; (e) Schematic diagram of excellent durability mechanism of Fe-Si-BAR.

From the above analysis, it’s reasonable to propose a mechanism to
explain the excellent durability and “better and better” catalytic
degradation performance of Fe-Si-BAR, as shown in the Fig. 12e. It is well
known that the internal stress distribution of amorphous alloy is very
uneven compared with their crystallized counterpart [57,64,65]. Based
on the EDS results above (Fe:Si changed from 8.38 for original Fe-Si-BAR
to 3.48 for Fe-Si-BAR after ten reuse cycles), a large amount of Fe2+ were
detached from Fe-Si-BAR surface in the catalytic degradation process,
which broke local stress balance and cracks were formed. As more and
more Fe2+ detached, the cracks extended to form the morphology
similar to the cracked land. Then the old fragile surfaces would break
away, exposing the fresh pits in deep surface. On one hand, these fresh
surfaces were more active than those detached surfaces, which was
equivalent to self-renewing Fe-Si-BAR. On the other hand, the increasing

cracks and rough pits increased the active sites for reaction, making the
reaction faster.
4. Conclusions
In summary, the catalytic degradation performances of Fe-Si-BAR, FeSi-BCR and Fe powder in degradation of 3,5-DiClSA under neutral con
dition were compared. The degradation rate by Fe-Si-BAR was faster than
by Fe-Si-BCR, while degradation by Fe powder almost did not occur. The
reaction rate constant of Fe-Si-BAR was 0.0166 min− 1, which was more
than four times as high as that of Fe-Si-BCR (0.0040 min− 1). High-valent
iron of FeIV could be generated which accounted for degradation of 3,5DiClSA. The characteristics of lower activation energy, faster surface
mobility and higher adsorption ability towards H2O2 for Fe-Si-BAR were
12
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the main reasons that accounted for its highest catalytic degradation
efficiency towards 3,5-DiClSA among three materials. The durability test
of Fe-Si-BAR also showed that the catalytic degradation performance of
Fe-Si-BAR became better and better with rate constant increased from
0.0224 min− 1 (1st degradation) to 0.0453 min-1 (10th degradation)
during 10 degradation cycles under neutral condition. The present study
showed that Fe-Si-BAR could potentially become a promising catalyst for
the degradation of 3,5-DiClSA or other DBPs by Fenton-like reaction
without adjusting pH in control of DBPs in drinking water. The appli
cation of other type of AOPs such as sulfate radical based AOPs, which
could also be activated by Fe-based catalyst, in water treatment process
worth further investigation.
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