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This study presents a novel approach utilizing Fe-Si-B metallic glass-based advanced oxidation processes (AOPs)
with peracetic acid (PAA) exposure to mitigate disinfection by-products (DBPs) formation in drinking water
treatment. Under optimal conditions, it achieved a 98.21% removal of natural organic matter (NOM) and an
80.64% reduction in DBPs formation. The efficacy is attributed to the galvanic cell effect induced by nanoflower
structures on the ribbon surface, produced via PAA exposure, thereby enhancing degradation efficiency. High-

valent iron Fe(IV) was identified as the primary reactive species, showing robust cycling efficiency under
near-neutral conditions. Continuous flow experiments and toxicity assessments using luminescent bacteria
further validated the method, demonstrating minimal metal leaching (<0.146 mg/L) and reduced biotoxicity
with a 37.68% inhibition rate decrease in 24 h. These findings underscore the promising potential of PAA-
integrated Fe-based amorphous alloys for comprehensive water disinfection and purification.

1. Introduction

Since the 1970s, the acceleration of industrial processes has led to a
continuous increase in environmental pollution, with water pollution
becoming a critical issue. Water pollution is negatively correlated with
human health, making it essential to ensure the safety of drinking water
[1]. The disinfection of drinking water to reduce waterborne diseases
has been one of the significant achievements in public health in the 20th
century [2]. During the process of converting surface water into drink-
ing water, natural organic matter (NOM) emerges as a major source of
pollution, primarily originating from humic substances such as decaying
leaves and deceased organisms [3]. Chlorine-based disinfectants, which
have been widely employed in drinking water treatment, could react
with NOM and/or halide ions (bromide/iodide), giving rise to a series of
disinfection by-products (DBPs) that pose a significant potential risk to
human health [4]. Epidemiological studies have established a correla-
tion between DBPs and various reproductive diseases, including adverse
pregnancy outcomes and bladder cancer [5].

Since the first detection of trichloromethane in chlorinated drinking
water in 1974, more than 800 DBPs have been identified successively
[6]. Consequently, in the realm of drinking water treatment, there exists
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a formidable challenge: maintaining disinfection efficacy while mini-
mizing the generation of DBPs. Over the years, efforts have been dedi-
cated to finding alternatives to chlorine disinfection to curtail the
formation of halogenated DBPs. Peracetic acid (PAA), a chlorine-free
disinfectant, has been integrated into drinking water disinfection due
to its remarkable capacity to annihilate viruses and microorganisms [7,
8], while simultaneously averting the creation of chlorinated DBPs
(Cl-DBPs) [9]. Nevertheless, recent work has brought to light the po-
tential of PAA to oxidize bromide ions into hypobromous acid, thus
giving rise to brominated DBPs (Br-DBPs) [10]. Consequently, the issue
of generating DBPs when employing PAA for drinking water disinfection
warrants further elucidation.

Fe-based materials have received extensive attention in the field of
water treatment due to their affordability and superior treatment effi-
ciency. Zero-valent iron (ZVI), iron oxides (FeO), bimetallic Fe-Cu cat-
alysts, and Fe3O4/PMS/HA system based on the Fe(III)/Fe(II) cycle and
the metal-free activation have been proved to effectively remove pol-
lutants [11-14]. These Fe-based materials are crystalline in nature,
while Fe-based amorphous alloys have received relatively less attention.
Fe-based amorphous alloys are a unique type of ZVI material, obtained
by rapidly cooling alloy atoms in a molten state, resulting in a
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structurally disordered amorphous material [15]. Their special
short-range ordered, long-range disordered atomic structure, and
unique atomic coordination-induced electron transfer reactions enable
them to maintain high activity in catalytic reactions by providing a
stable catalytic environment [16,17]. Simultaneously, the residual
stress, relaxation phenomena, and metastable characteristics that persist
during the preparation of amorphous alloys bestow upon them a supe-
rior catalytic performance when compared to their crystalline counter-
parts [18,19]. The application of Fe-based amorphous alloys in water
treatment has primarily focused on the activation of hydrogen peroxide
or persulfate as oxidants for the degradation of dye wastewater and
pollutants [20]. In contrast, PAA, as a crucial oxidant in advanced
oxidation processes (AOPs), has been significantly underestimated.

PAA, with its excellent disinfection capabilities, deserves further
investigation in conjunction with Fe-based amorphous alloys known for
their catalytic performance in the context of drinking water treatment.
In this study, Fe;¢SigB13 glassy ribbons were selected as the Fe-based
amorphous material, with Fe;gSigB13 crystalline ribbons and ZVI
serving as comparisons. The study aims to investigate (1) their ability to
remove NOM (humic acid) as precursors of DBPs, (2) their ability to
control the generation of DBPs, (3) changes in the material’s surface
physicochemical properties, and (4) the generation of reactive species
and mechanisms. The results obtained in this study are expected to
further expand the application of Fe-based amorphous alloys in drinking
water treatment and provide new strategies for controlling and
removing DBPs, thus offering a novel candidate material for drinking
water treatment.

2. Materials and methods
2.1. Materials

The hydrogen peroxide (H202, 30% w/w), humic acid (HA), aceto-
nitrile (ACN), and methyl tert-butyl ether (MTBE) were purchased from
Sigma-Aldrich. The acetic acid (99.8%), sodium chloride (NaCl, 98%),
sodium bicarbonate (NaHCO3), sodium bromide (NaBr), sodium thio-
sulfate (NaS203), sodium sulfate (NapSO4), methyl phenyl sulfoxide
(PMSO, 98%), methyl phenyl sulfone (PMSO3, 98%), sodium hypo-
chlorite (NaClO, with 6-14% active chlorine), isopropanol (IPA, 99.5%),
tert-butanol (TBA, 99.5%), methanol (MeOH, 99.5%), L-histidine (L-His,
99.5%), p-benzoquinone (p-BQ, 99%) and 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) were obtained from Macklin (Shanghai, China). The
sulfuric acid (HpSO4, 98%) was purchased from Xilong Chemical Co.,
Ltd. (Guangdong, China). The catalytic degradation experiments were
carried out by using ultrapure water.

The preparation methods for the Fe-Si-B glassy ribbon and Fe-Si-B
crystalline ribbon are detailed in Text S1 of Supplementary material.
The Fe ribbon (99.995%) with a thickness of 0.25 mm was obtained
from Energy Chemical (Anhui, China). The Fe powder (99%, 100 mesh)
was bought from Macklin (Shanghai, China).

2.2. Characterization of metal materials

The amorphous/crystalline structure of the surface of the Fe-Si-B
glassy ribbon, crystalline ribbon and Fe ribbon was observed by X-ray
diffraction analysis (XRD, Rigaku MiniFlex600) with Cu Ko radiation.
Nanoindentation (Bruker Hysitron TI980) was employed to measure the
surface modulus distribution of the three materials. The surface
composition and valence states of the different elements in the
FeygSigBi 3 glassy ribbons before and after the reaction were analyzed by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha).
Scanning electron microscopy (SEM, FEI QUANTA FEG 650) equipped
with an energy dispersive spectrometer (EDS) was used to determine the
surface morphology and elemental information of the Fe-Si-B glassy
ribbon under different reaction conditions. Inductively coupled plasma-
Optical Emission spectroscopy (ICP-OES, Agilent 720ES) was employed
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to quantify the leaching of Fe and Si during the catalysis reaction.
Detailed information can be found in Text S2 of the Supplementary
material.

2.3. Preparation of simulated drinking water

The simulated raw water was prepared based on literature [21]. With
the addition of humic acid at a concentration of 3 mg/L as C. To simulate
the presence of CaCO3, NaHCO3; was added at a concentration of
90 mg/L. NaBr was also added at a concentration of 0 or 2 mg/L to
create a bromine-containing environment for the detection of Br-DBPs.
The simulated raw water with a pH value of 7.4 was chlorinated to
prepare simulated drinking water with chlorine doses of 5 mg/L Cl, and
contact time of 2 h. NaClO (Macklin, 6-14% active chlorine basis, the
stock solution concentration was measured by 4500-Cl F.DPD ferrous
titration method) was used as the source of Cl, for disinfection. PAA was
used as an oxidant for Fe-Si-B glassy ribbon-based AOPs. The detailed
process for preparing the humic acid stock solution and PAA reagent can
be found in Text S3 and S4 in the Supplementary material.

The halogenated DBPs generated from chlorination/PAA oxidation
of raw water in the presence of bromide were pre-concentrated by using
liquid-liquid extraction (LLE) and analyzed by ultra pressure liquid
chromatography - electrospray ionization — triple quadrupole mass
spectrometry (UPLC-ESI-tqMS, Waters Xevo TQ-S). The detailed infor-
mation for preparation, pretreatment of simulated drinking water and
instrumental analysis can be found in Text S5 and S6 in the Supple-
mentary material.

2.4. Degradation of humic acid monitored by fluorimetry

To testify whether humic acid can be degraded by Fe-Si-B amorphous
alloy-based AOPs (Fe-Si-B glassy ribbon + PAA), excitation-emission
matrix (EEM) fluorescence spectroscopy was applied to monitor the
concentration changes of humic acid during catalysis reaction. The ex-
periments to study the degradation of humic acid were divided into two
main groups and carried out under near neutral conditions. The first set
of experiments was as follows: 300 pmol/L PAA and 2 g/L Fe-Si-B glassy
ribbon was sequentially added to 1 L of simulated drinking water, and
reaction samples (2 mL) at different time intervals (0, 30, 60, 90, 120,
and 150 min) were taken to obtain the fluorescence spectra. The solution
needed to be filtered through a 0.22 pm polyether sulfone (PES) mem-
brane (Bojin, Tianjin) before measurement, after which it was placed on
a fluorescence spectrophotometer (PerkinElmer FL8500) for EEM fluo-
rescence measurement. The excitation spectrum (Ex) range was set from
240 to 650 nm and the emission spectrum (Em) range was set from 250
to 525 nm, respectively.

The effects of different dose of chlorination and PAA oxidation of
humic acid were also investigated by EEM fluorescence as the second
group of experiments. The simulated raw water (1 L) was chlorinated
with Cl concentrations of 0, 5, 10, and 20 mg/L for 12 h, respectively.
Besides, the simulated raw water (1 L) was disinfected with PAA con-
centrations of 0, 5, 10, and 20 mg/L with and without the presence of
2 g/L of Fe-Si-B glassy ribbon for 12 h. The fluorescence measurement
conditions are the same as the first set of fluorescence experiments.

2.5. Electron paramagnetic resonance (EPR) analysis of reactive species

The identification of reactive species was performed by using elec-
tron paramagnetic resonance (EPR) which utilizes spin trapping tech-
nology to allow for the detection of reactive free radicals by converting
short-lived free radicals into longer-lasting paramagnetic groups [22].
The BRUKER EMX plus X-band spectrometer (Germany) was used for the
detection of reactive species. The reaction samples of EPR experiments
are generated by PAA and Fe-Si-B glassy ribbon exposure for some time,
and then DMPO is added to trap reactive species. Then, a small amount
of the solution is aspirated using a capillary and moved to the middle of
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the tubing, where the end of the tubing is dipped in vacuum grease and
sealed, and then placed in the EPR chamber for testing. The EPR
detection parameters are: Center Field of 3500.00 G, Delay of 0.0 s,
Static Field Mon of 3450.000 G, Sweep Width of 100.0 G, Width TM of
200.0 G, Frequency Mon of 9.818587 GHz, Power of 2.000 mW, Power
Atten of 20.0 dB, Sweep Time of 60.00 s, Mod Freq of 100.00 kHz. The
detailed procedures for EPR experiments can be found in Text S7 of the
Supplementary material.

2.6. Detection of PMSO and PMSO2

PMSO was selected as the chemical reagent to verify the existence of
high-valent-iron Fe(IV). The experiments were performed as follows:
PMSO (0.1 mmol/L), Fe-Si-B glassy ribbon (2 g/L), and PAA (10 mg/L)
were sequentially added to initiate the reaction. At 0 min and 10 min of
the reaction, 450 pL of the reaction solution was taken to mix with 50 pL
of NayS;03 (0.1 mmol/L) for quenching, and then 500 pL of ultrapure
water was added to mix uniformly and filtered with 0.22 pm PTFE
membrane before instrumental analysis. The detection of PMSO and
PMSO; was performed by multiple reaction monitoring (MRM) mode in
positive ion mode using UPLC-ESI-tqMS. BEH C18 (1.7 pm, 2.1 x
100 mm, Waters) column with a temperature of 35 °C was selected for
UPLC separation. The mobile phases were water and methanol at a flow
rate of 0.25 mL/min. The mobile phase was initially set to 0% methanol
and 100% water, which was changed to 95% methanol and 5% water
with the same gradient for the first 8 min, followed by a rapid return to
5% methanol and 95% water within 0.1 min, and then held for another
2.9 min. Product ion scanning (PIS) and multiple reaction monitoring
(MRM) were used for structural confirmation and concentration
calculations.

2.7. DFT calculation

The adsorption energies between PAA and three different materials
were calculated based on density functional theory (DFT). The structural
optimizations and electronic structure calculations are performed in the
Vienna Ab Initio Simulation Package (VASP) code [23], based on the
projector augmented wave (PAW) method with a cutoff energy of
300 eV [24]. All of configurations of FAPbI3 based materials were fully
optimized [23]. The generalized gradient form (GGA) of the
exchange-correlation functional (Perdew-Burke-Ernzerhof 96, PBE) was
adopted [25,26]. A revised Perdew-Burke-Ernzerhof generalized
gradient approximation (PBEsol) [27,28] was wused for the
exchange-correlation. PBEsol functional has been introduced to improve
the equilibrium properties of solids [29]. Valence-core interactions were
described by projector-augmented-wave (PAW) pseudopotentials [30].
The Brillouin zone sampling is carried out using the (3 x 3 x 1)
Monkhorst-Pack grids for surface and Gamma for the structure [24]. The
convergence tolerance of energy is 1 x 107® eV, maximum force is
0.002 eV A‘l, and maximum displacement is 0.002 A [24].

2.8. Overall toxicity evaluation

Luminescent bacteria (Vibrio fischeri) was selected to evaluate the
overall toxicity of the samples during catalysis degradation [31]. The
toxicity assessment experiment proceeded as follows: a bottle of
lyophilized luminescent bacteria powder (Microtox® SOLO reagent)
was quickly reconstituted with 2 mL of Microtox dilution solution,
shaken to ensure even mixing, and then stored at 2—4 °C for 15 min until
fully rehydrated. From various time intervals during catalytic degrada-
tion, 2 mL of sample solutions (pH 6-8) were collected. These samples
were then filtered through a 0.22 pm polyether sulfone (PES) membrane
(Bojin, Tianjin). Subsequently, 50 pL of NasS;03 (0.01 mmol/L) was
added to 1 mL of the filtered samples to neutralize any oxidants present.
For the toxicity measurement, 100 pL of the treated sample, 900 pL of
2% (w/w) NacCl and 50 pL of the bacterial solution were combined in a
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cuvette. The mixture was shaken thoroughtly and allowed to stands for
15 min before measuring on a TX-1315 toxicity analyzer (HACH). The
results of the overall toxicity value for sample solutions acquired from
different time intervals were expressed as the relative inhibitory rate (T
%) of luminescent bacteria.

3. Results and discussion
3.1. Exposure to PAA results in the formation of nanostructures

The surface morphology of Fe-Si-B glassy ribbon exposed to PAA
(5-20 mg/L) for 2 h was observed and analyzed by scanning electron
microscopy (SEM). As shown in Fig. 1a, the original Fe-Si-B glassy rib-
bon sample (Control) had a predominantly smooth surface upon
magnification. However, as depicted in Fig. 1b, exposure to 5 mg/L PAA
transformed the ribbon’s surface, making it rougher, and leading to the
development of ductile cracks. Additionally, this concentration induced
the formation of very fine nanoflowers on the surface due to oxidative
erosion. In Fig. 1c, the exposure of 10 mg/L PAA resulted in the for-
mation of large reaction pit prototypes (indicated by a yellow dotted
line) and larger oxides with diameters around 2-3 pm. These larger
volumes of oxides arise from micro-galvanic cell reactions initiated by
the nanoflowers, with corrosion products continuously adsorbing and
accumulating. This phenomenon is indicative of the intensification of
reactions with increasing PAA concentration. At a higher concentration
of 20 mg/L PAA (Fig. 1d), a significant large pit formed on the ribbon’s
surface, surrounded by extensive oxides. This reaction process involves
the growth and detachment of oxides, continuously exposing unreacted
areas and creating new reaction sites, thus leading to the formation of
surface pits and enhanced nanoflower production. These newly formed
pits and nanostructures like nanoflowers could possibly contribute to
improved catalysis degradation efficiency of humic acid. Further in-
vestigations into the structural origins of the Fe-Si-B glassy ribbon’s high
catalytic activity were conducted by measuring the water contact angles
under the four different PAA exposure concentrations after 12 h
(Fig. 1e). The original glassy ribbon exhibited a contact angle of 58.9°,
whereas the ribbons treated with 5 mg/L, 10 mg/L, and 20 mg/L PAA
displayed contact angles of 5.5°, 4.8°, and 4.1°, respectively. To inves-
tigate the reasons for the enhanced hydrophilicity of the Fe-Si-B glassy
ribbon upon exposure to PAA, changes in the contact angle of the Fe-Si-B
crystalline ribbon in relation to their morphological changes observed
by SEM were also examined and the results are presented in Fig. S1. The
water contact angle of the original glassy ribbon was 60.2°. After a 30-
minute exposure to 10 mg/L PAA, the contact angle decreased sharply to
5.2°, which corroborated the aforementioned measurements. In
contrast, the water contact angle of the original crystalline ribbon
changed from 62.8° to 40.7° under the same conditions. The respective
SEM images confirmed that the crystalline ribbon only exhibited
increased grain precipitation after the reaction, with no formation of
nanoflowers on the surface (Fig. S1). These findings suggest that the
nanostructures formed by the glassy ribbon (i.e., nanoflower) funda-
mentally alter surface roughness, rendering the glassy ribbon highly
hydrophilic. Importantly, the formation of nano-patterns on the Fe-Si-B
glassy ribbon’s surface during the reaction generates a potential differ-
ence, which facilitates the formation of galvanic cells, which will be
discussed later. This enhanced hydrophilicity facilitates more effective
contact between the solution and active sites within the reaction system,
fostering a galvanic cell effect. This effect could potentially accelerate
the catalytic degradation rate, establishing the Fe-Si-B glassy ribbon as
an efficient catalyst.

3.2. The degradation of humic acid
EEM fluorescence was applied to monitor the concentration changes

of humic acid during catalysis degradation by Fe-Si-B amorphous alloys-
based AOPs. As shown in Fig. 2a, the fluorescence intensity of humic
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Fig. 1. (a) The SEM image of the as-received Fe-Si-B glassy ribbon, (b-d) The SEM images of Fe-Si-B glassy ribbon (Fe-Si-B = 2 g/L) exposure to PAA by doses of 5,
10, and 20 mg/L, (e) Contact angle of water droplets of Fe-Si-B glassy ribbon exposure to four doses of PAA (0, 5, 10, and 20 mg/L).

acid which appeared at the wavelength of Ex = 250 nm, Em = 450 nm
(region V) [32] continuously decayed during the reaction process. At
time of 0 min, the color chart of the fluorescence spectrum was dark red,
with a fluorescence signal intensity of about 21009. After 30 min of
reaction, the signal intensity of humic acid in simulated raw water was
about 5045, and the degradation efficiency was up to 75.99%, with the
fluorescence spectrum turning light blue. After 150 min of reaction, the
signal intensity of humic acid in the same region dropped to about 1320,
and the degradation efficiency reached 93.71%, with the fluorescence
spectrum turning blue. The results showed that the Fe-Si-B glassy ribbon
combined with system could rapidly degrade humic acid.

Since PAA itself can react with humic acid, the decay of humic acid
by PAA alone was investigated to measure its contribution to the

deduction of humic acid. Besides, Cl, disinfection (used as NaClO), as a
drinking water disinfectant required in daily life, has high disinfection
efficiency and is a common method for treating drinking water. The
decay of humic acid by Cl; disinfection (used as NaClO) was applied as a
comparison. By comparing the disinfection performance of PAA and Cl,,
it has been proved that one dose of Cl; is equivalent to two doses of PAA
[33], so two doses of PAA were chosen to be compared with one dose of
Cl,. The degradation processes of humic acid by chlorination disinfec-
tion, PAA disinfection and PAA combined with Fe-Si-B glassy ribbon are
shown in Fig. 2b and Fig. S2 in the Supplementary material. The
experimental results showed that the Cly disinfection (Fig. S2a) could
reduce the humic acid as the Cl, concentration increased, but the
degradation effect was not strong enough. The PAA alone (Fig. S2b)
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Fig. 2. (a) Fluorescence EEM spectra of humic acid in the presence of PAA ([PAA], = 300 pmol/L) and Fe-Si-B glassy ribbon (ribbon dosage 2 g/L) at 0, 30, 60, 90,
120, and 150 min, (b) Fluorescence EEM spectra of humic acid with the addition of the same dose (10 mg/L) of oxidants (the addition of Fe-Si-B ribbon is 2 g/L), (c)

Histogram of the fluorescence intensity by different oxidation treatment processes.

could reduce the humic acid signal intensity as the PAA concentration
increased, with a stronger degradation effect than the Cly system
(Fig. S2a). As shown in Fig. S2¢, The PAA combined with Fe-Si-B glassy
ribbon significantly reduced the humic acid signal intensity as the PAA
concentration increased, with the fluorescence spectrum turning blue
overall at PAA concentration of 5 mg/L and almost completely blue at
PAA concentration of 20 mg/L. The effectiveness of the catalysis
degradation reaction was shown in Fig. 2c. The average initial humic
acid fluorescence signal intensity of the simulated raw water uniformly
configured was about 18,335. When measured with chlorination dose of
20 mg/L, after 12 h of reaction, the humic acid fluorescence signal in-
tensity was about 11,850, with a residual degradation content of about
35.37%. The humic acid fluorescence signal intensity by PAA alone was
about 3793, with a degradation effect of about 79.31%. The humic acid
fluorescence signal intensity in the PAA combined with Fe-Si-B glassy
ribbon was about 328, with a degradation effect of about 98.21%. These
results indicated that the combination of PAA with the Fe-Si-B glassy
ribbon system exhibited superior degradation effects on humic acid
compared to the use of PAA or Cl, alone, demonstrating remarkable
efficacy.

3.3. Formation control of DBPs by three materials

The EEM fluorescence results have demonstrated the excellent

performance of PAA combined with the Fe-Si-B glassy ribbon in degra-
dation of humic acid. The formation control of DBPs were investigated
by using UPLC-ESI-tqMS. By conducting precursor ion scan mode of m/z
= 79/81 (natural isotopes of Br), all polar brominated DBPs can be
measured in one scan [34]. As a chlorine-free disinfection reagent, the
different types of generated DBPs between PAA disinfection and Cl,
disinfection of simulated raw water was firstly compared. The results
indicated that the generation of DBP types changed dramatically from
Cl, to PAA. Fig. 3 illustrates a comparative analysis of the DBP types
generated by Cl, and PAA disinfection. Through Cl, disinfection,
chlorobromoacetic acid (171/173/175), 2-bromobutenedioic acid
(193/195), dichlorobromoacetic acid (205/207,/209/211), dibromo-
acetic acid (215/217/219), 3,3-dibromopropenoic acid (227/229/231)
and 3,5-dibromosalicylic acid (293/295/297) were formed (Fig. 3a). By
contrast, 2-bromobutenedioic acid (193/195), dichlorobromoacetic
acid (205/207/209/211), dibromoacetic acid (215/217/219), 3,
3-dibromopropenoic acid (227/229/231), bromo-propyl-benzenediol
(229/231), and dibromo-2,4-hexadienoic acid (267/269/271) were
formed by PAA disinfection (Fig. 3b). It can be also seen from Fig. 3c that
PAA disinfection generated relatively less DBPs compared to Cl, disin-
fection calculated by the total ion intensity (TII) of m/z = 79/81.
Detailed information, including retention time, and m/z value of the
DBPs, are provided in Tables S1-S2.

The formation control performance of DBPs catalyzed by PAA
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Fig. 3. The UPLC-MS/MS PIS spectra of (a) m/z = 79 and m/z = 81 of simulated raw water by Cl, disinfection (5 mg/L) in the presence of Br™ (2 mg/L), (b) m/z =79
and m/z = 81 of simulated raw water by PAA disinfection (10 mg/L) in the presence of Br (2 mg/L), (c) Comparison of the TII level of the PIS m/z = 79/81 of (a)

and (b).

combined with Fe-Si-B glassy ribbon was investigated based on com-
parison with DBPs formed by PAA disinfection of simulated raw water.
As the TII level accumulated from precursor ion scans of m/z = 79 can
reflect the total amount of DBPs in the water sample, the formation
control efficiency was calculated based on TII level. Besides, Fe-Si-B

crystalline ribbon and ZVI powder was also selected to test their con-
trol performance of DBPs as comparisons with the aim to offer critical
insights into the effectiveness and potential benefits of Fe-Si-B glassy
ribbon. As shown in Fig. 4, the PAA combined with Fe-Si-B glassy ribbon
exhibited superior performance over Fe-Si-B crystalline ribbon and ZVI
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Fig. 4. The UPLC-MS/MS PIS spectra of m/z = 79 of (a) simulated raw water by PAA disinfection (10 mg/L) in the presence of Br~ (2 mg/L), (b) glassy ribbon
treatment group (10 mg/L PAA + 2 g/L Fe-Si-B glassy ribbon), (c¢) crystalline ribbon treatment (10 mg/L PAA + 2 g/L Fe-Si-B crystalline ribbon), (d) Fe powder

treatment (10 mg/L PAA + 2 g/L Fe powder), (e) glassy ribbon (10th reuse cycle) treatment (10 mg/L PAA + 2 g/L Fe-Si-B glassy ribbon at 10th reuse cycles), (f) TII
level of (a-e).
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powder, with their TII level ranked as follows: Fe-Si-B glassy ribbon <
Fe-Si-B crystalline ribbon < ZVI powder (Fig. 4f). This hierarchy un-
derscores the reduced DBP formation by PAA disinfection compared to
Cl, disinfection and indicates that adding different catalysts variably
enhances degradation capabilities. Notably, Fe-Si-B glassy ribbon also
demonstrated improvement in degradation performance after ten reac-
tion cycles, highlighting the system’s effectiveness and reusability.

To delve deeper into the underlying mechanisms behind the excep-
tional performance of Fe-Si-B glassy ribbon, a comprehensive exami-
nation of the changes in the surface physicochemical properties of the
three materials involved was conducted by using surface morphology,
nanoindentation, and electrochemical analysis. Regarding the surface
morphology, as shown in Fig. 5a, the Fe-Si-B glassy ribbon exhibits a
very smooth texture prior to the reaction. Post-reaction, however, the
surface undergoes significant changes, characterized by the formation of
cracks and pits. Furthermore, the surface is embellished with an array of
nano-patterns, a transformation that significantly expands the specific
surface area, as evidenced by the results of the contact angle measure-
ments in the previous discussion. In the case of the Fe-Si-B crystalline
ribbon, post-reaction observations revealed an increase in the number of
precipitated grains on the surface. However, unlike its glassy counter-
part, the crystalline ribbon did not exhibit the formation of nano-
structures on its surface. In contrast, for ZVI powder, there is little to no
observable change in the surface morphology following the reaction.

Given that the catalytic reaction occurs on the surface of the ribbon,
the adsorption energy between the material and PAA could be a sig-
nificant factor influencing the degradation performance. The adsorption
energy (E,q) between each material and PAA was calculated and
compared based on density functional theory (DFT). As shown in Fig. 5b,
Eqq of Fe-Si-B amorphous alloy, crystalline alloy and pure Fe towards
PAA are —2.251, —2.193 and —2.029 eV, respectively. The order of
magnitude for the Eqq follows the order: Fe-Si-B amorphous alloy > Fe-
Si-B crystalline alloy > pure Fe. This indicates that the unique structure
of Fe-Si-B amorphous alloy facilitates more efficient adsorption of PAA
compared to the other materials. Enhanced adsorption of PAA is
conducive to the reaction between Fe?* and PAA, leading to the for-
mation of reactive species Fe(IV), as discussed later. The XRD spectra of
the three materials before and after reaction are presented in Fig. 5c and
Fig. 5d, respectively. The results demonstrate that the Fe-Si-B glassy
ribbon maintains its amorphous characteristics post-reaction, while the
properties of Fe-Si-B crystalline ribbon and Fe powder remain un-
changed as well. Regarding the atom activity of the three materials, their
modulus distribution were further investigated by nanoindentation and
the results show that the modulus distribution on the surface of Fe-Si-B
glassy ribbon has the narrowest modulus distribution, following the
order: Fe-Si-B glassy ribbon < Fe-Si-B crystalline ribbon < Fe ribbon
(Fig. 5e), which calculated from the modulus mapping of Fe-Si-B glassy
ribbon (Fig. 5f), Fe-Si-B crystalline ribbon (Fig. 5g), and Fe ribbon
(Fig. 5h). This suggests that the Fe-Si-B glassy ribbon exhibits active
dynamic behavior. Notably, its surface features an active "liquid-like"
layer, within which Fe>* demonstrates remarkable reactivity. This Fe>*
is readily oxidized by PAA to form reactive species, indicating a high
potential for catalytic activity.

Electrochemical tests were conducted to analyze the electron trans-
fer state of the three materials during the catalytic reaction. Analysis of
the cyclic voltammetry (CV) curves for the three materials (Fig. 5i) re-
veals that initially, the Fe ribbon is the most prone to oxidation owing to
its strong reducing ability. However, as the reaction progresses, the
oxidation potential of the Fe-Si-B glassy ribbon at —0.35 V surpasses that
of the Fe ribbon possibly result from the generation of nanostructures on
Fe-Si-B glassy ribbon during catalysis reaction. Electrochemical imped-
ance spectroscopy data (Fig. 5j) shows that in the high-frequency region,
the resistance values follow the order: Rpe.si.B glassy ribbon < RFe-Si-B crys-
talline ribbon < RFe ribbon- This suggests that the amorphous alloys exhibit
the highest charge transfer efficiency in PAA-catalyzed oxidation re-
actions, likely due to increased surface area from micro-nano structures
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and the galvanic cell effect. Additionally, Tafel curve analysis (Fig. 5k)
indicates a corrosion current order of Fe-Si-B glassy ribbon < Fe-Si-B
crystalline ribbon < Fe ribbon, highlighting the superior corrosion
resistance and recyclability of the Fe-Si-B glassy ribbon as a catalytic
material. The galvanic cell effect describes a phenomenon wherein the
formation of micro-nanostructures on the surface of Fe-based amor-
phous alloys induces localized potential differences, leading to electron
flow between different regions of the material. This effect can boost
degradation efficiency by facilitating redox reactions. Electrochemical
analysis of the Fe-Si-B glassy ribbon revealed it exhibited the highest
charge transfer efficiency (as shown in Fig. 5i-k) and the most
straightforward adsorption in the PAA-catalyzed oxidation reaction. In
these electrochemical cells, Fe serves as the more reactive cathode,
donating electrons, while the less reactive Si acts as the anode, accepting
electrons. This configuration establishes a galvanic cell, allowing Fe to
continuously release a significant number of electrons at a much faster
rate than in reactions involving only Fe’. As a result, this mechanism
enhances the degradation efficiency. These findings suggest that the Fe-
Si-B glassy ribbon exhibits a higher affinity for binding and reacting with
PAA. This enhanced interaction facilitates the formation of micro-
nanostructures which induces galvanic cell effect, thereby improving
the degradation efficiency and exerting more effective control over the
formation of DBPs.

3.4. Characterization of metal materials before and after catalysis
reaction

To gain a more comprehensive understanding of the good catalytic
performance of the Fe-Si-B glassy ribbon, energy dispersive spectrom-
eter (EDS) and X-ray photoelectron spectroscopy (XPS) are conducted to
analyze changes in the surface physicochemical properties.

3.4.1. EDS analysis

Given the observed alterations in the surface morphology of the Fe-
Si-B glassy ribbon, it becomes imperative to examine the changes in its
elemental composition before and after the catalysis reaction. Therefore,
employing an EDS to scrutinize areas of interest such as pits and cracks
on the ribbon’s surface is essential for a thorough and detailed under-
standing. As shown in Fig. 6 and Table 1, the analysis of the Fe-Si-B
glassy ribbon reveals interesting changes in the elemental composition
due to the reaction with PAA at different concentrations. Initially, the
Fe-Si-B glassy ribbon has a smooth surface, with the Fe content (81.71%)
significantly higher than Si (8.31%), closely matching its designed
atomic ratio (78: 9). Upon reaction with PAA at 5 mg/L, both Fe and Si
contents decrease, with Fe dropping to 73.41% and Si to 8.09%, while O
content increases to 12.56%. This suggests that the reaction leads to
some leaching of Fe and Si atoms, and the formation of surface deposits
that increase the oxygen content. As the concentration of PAA increases
to 10 mg/L, the leaching effect becomes more pronounced. The Fe
content further decreases to 71.74% and Si to 7.42%, while O content
rises to 13.37%. This trend continues with PAA at 15 mg/L, leading to Fe
content dropping to 67.54%, Si to 6.87%, and an increase in O content to
16.23%. Despite these changes, the atomic ratio of Fe to Si remains
roughly around the initial ratio, indicating that both elements are
leaching at a similar rate. These results demonstrate that the Fe-Si-B
glassy ribbon’s elemental composition is affected by the concentration
of PAA, with higher concentrations leading to increased leaching of Fe
and Si and more oxygen deposition. This highlights the ability of PAA to
activate and affect the Fe-Si-B glassy ribbon, potentially impacting its
catalytic properties in water treatment applications.

3.4.2. XPS analysis

As displayed in Fig. 7, the XPS analysis of the Fe-Si-B glassy ribbon
provides detailed insight into how its surface chemistry changes in
response to the addition of PAA at varying concentrations. Initially, the
pristine Fe-Si-B glassy ribbon shows characteristic peaks for B-B
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Fig. 5. (a) SEM images of Fe-Si-B glassy ribbon, Fe-Si-B crystalline ribbon and Fe powder before and after exposure to PAA (10 mg/L) for 2 h, (b) DFT calculation
results of adsorption energy of Fe-Si-B amorphous alloy, Fe-Si-B crystalline alloy and pure Fe over PAA, (c-d) XRD results of Fe-Si-B glassy ribbon, Fe-Si-B crystalline
ribbon and Fe powder before and after catalysis reaction, (e¢) Modulus distribution histogram of Fe-Si-B glassy ribbon, Fe-Si-B crystalline ribbon and Fe ribbon, (f-h)
The dynamic modulus mapping of Fe-Si-B glassy ribbon, Fe-Si-B crystalline ribbon and Fe ribbon, (i-k) CV curves, Nyquist plots and Tafel curves of Fe-Si-B glassy
ribbon, Fe-Si-B crystalline ribbon and Fe ribbon ([Na,SO4 electrolyte]o = 0.05 M).
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Fig. 6. (a-d) The EDS spectra of the as-received Fe-Si-B glassy ribbon and the elemental distribution of Fe, O, and Si, (e-h) The EDS spectra of the Fe-Si-B glassy
ribbon with addition of 5 mg/L PAA and the elemental distribution of Fe, O, and Si, (i-]) The EDS spectra of the Fe-Si-B glassy ribbon with addition of 10 mg/L PAA
and the elemental distribution of Fe, O, and Si, (m-p) The EDS spectra of the Fe-Si-B glassy ribbon with addition of 20 mg/L PAA and the elemental distribution of Fe,

O, and Si.

Table 1
EDS analysis of Fe-Si-B glassy ribbon reacting with different doses of PAA.

Element Fe-Si- 5 mg/L 10 mg/L PAA + Fe- 20 mg/L PAA + Fe-
(Atom B PAA Si-B Si-B

%) + Fe-Si-B

CK 03.27 05.94 07.47 09.35

OK 06.71 12.56 13.37 16.23

SiK 08.31 08.09 07.42 06.87

FeK 81.71 73.41 71.74 67.54

(186.38 eV), B-O (190.68 eV), Si-Si (97.98 eV), Si-O (100.88 eV), Fe-O
(528.48 eV), C-O (530.18 eV), and different oxidation states of iron
[Fe’(705.68 eV, 28.09%), Fe®"(709.08 eV, 44.45%), Fe>'(711.18 eV,
27.46%)]. This initial composition sets the baseline for observing
changes post-reaction. Fig. 7e-h shows the received XPS results of B 1 s,
Si 2p, O 15, Fe 2p after addition of 5 mg/L PAA reacted with Fe-Si-B
glassy ribbon. The results show that the relative contents of B-O and
B-B bonds decreased by about 35.27%, and the total contents of Si-O and
Si-Si decreased by about 54.86%, indicating some Si atoms exuded
which possibly helps the formation of nanoflower structure. The
participation of Fe-Si-B glassy ribbon in the reaction results in the for-
mation of hydroxylated iron oxides (FeOOH), and the ratio of the C-O
peak area decreased dramatically. The original content of Fe® became
0% after reaction, while the peak areas of both Fe?* and Fe3* increased
to different degrees, but the total amount of Fe decreased by 21.20%,
indicating a significant amount of Fe leaching involved in the reaction.
Fig. 7i-1 gives the received XPS results of B 1 s, Si 2p, O 1 s, Fe 2p after
the addition of 10 mg/L PAA reacted with Fe-Si-B glassy ribbon. The
results showed that the total content of B-O and B-B bonds decreased by
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about 54.45%, the number of amorphous structures of B atoms
destroyed was very high, and the total content of Si-O and Si-Si
decreased by about 58.57%. Fe atoms were involved in the generation
of hydroxylated iron oxide (FeOOH), and the originally contained Fe®
completely disappeared with the total amount of Fe decreased by
22.64%. Fig. 7m-p gives the received XPS results of B1s, Si 2p, O 15,
and Fe 2p after the addition of 20 mg/L PAA reacted with Fe-Si-B glassy
ribbon are given. The results showed a decrease of about 38.12% in the
total amount of B-O and B-B bonds, and a decrease of about 57.31% in
the total amount of Si-O and Si-Si, proving that the Si leaching almost
stabilizes around 10 mg/L PAA exposure. Fe® also completely dis-
appeared, and the total amount of Fe decreased by 28.31%, and the Fe
leaching increases with the increase of the PAA concentration. These
results demonstrate that the reaction with PAA not only affects the
surface chemistry of the Fe-Si-B glassy ribbon but also leads to sub-
stantial changes in the elemental composition, particularly in the iron
content and oxidation state. The disappearance of Fe® and the formation
of Fe oxides and FeOOH suggest that the amorphous matrix of the ribbon
serves as an electron supplier during the catalytic process. It is note-
worthy that the total amount of B-O and B-B bonds decreased after the
addition of different doses of PAA. As a crucial component of the Fe-Si-B
glassy ribbon, boron warrants particular attention. Due to its low stan-
dard potential (E0 = -0.87 V vs SHE), boron plays a central role in the
corrosive behavior and the addition of boron will inhibit the formation
of a dense oxide layer at the metal-water interface [35,36]. The formed
incompact oxide layer would decrease the obstacle of the electron
transfer from the metal to the pollutant. Besides, a recent study by Zhou
et al. also demonstrated that boron as a green electron-sacrificer is an
ideal and promising metal-free sacrificer to indirectly accelerate Fe(III)
reduction for sustainable regeneration of Fe(II) in Fenton-like chemistry



Y. Li et al.

Applied Catalysis B: Environment and Energy 355 (2024) 124161

Fig. 7. The XPS spectra of (a-d) B 1 s, Si 2p, O 1 s, and Fe 2p for the as-received Fe-Si-B glassy ribbon, (e-h) B 1 s, Si 2p, O 1 s, and Fe 2p for the Fe-Si-B glassy ribbon
with addition of 5 mg/L PAA, (i-1) B 1 s, Si 2p, O 1 s, and Fe 2p for the Fe-Si-B glassy ribbon with addition of 10 mg/L PAA, (m-p) B 1 s, Si 2p, O 1 s, and Fe 2p for the

Fe-Si-B glassy ribbon with addition of 20 mg/L PAA.

[37]. The increasing leaching of Fe and Si with higher PAA concentra-
tions indicates that the ribbon’s catalytic properties are closely tied to
these compositional changes.

3.5. Identification of reactive species

The reactive species responsible for the catalysis reaction are iden-
tified by EPR. As shown in Fig. 8a, the characteristic signals of DMPO-
OH (blue circle) and HDMPO-OH (red square), with peak ratios of 1:
2: 2: 1 and 1: 1: 1 (green line), respectively can be produced after
3 minutes reaction of Fe-Si-B glassy ribbon with PAA. From Fig. S3, it’s
inferred that DMPO-OH interacts with Fe™, releases H, adds electrons
to Fe™* to form Fe™ D%, and separates from Fe®™ 1+, and then forms
HDMPO-OH. The above two sets of experiments showed that there were
reactive species such as ¢OH or Fe(IV) in the Fe-Si-B glassy ribbon-based
AOPs to convert DMPO-OH to HDMPO-OH. IPA could act as a strong
scavenger of eOH and has a high reaction rate with eOH (k = 9.7 x 108
M~ ™) [38,39]. In order to explore whether eOH or Fe(IV) was
involved in the degradation reaction, IPA was introduced to do
quenching experiments. In Fig. 8a, the blue line indicates the reaction
with addition of IPA, which still yields the same ratio of DMPO-OH (blue
circle) and HDMPO-OH (red square) characteristic signals. The orange
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line indicates that the characteristic signals of DMPO-OH (blue circle)
and HDMPO-OH (red square) are still generated after 10 minutes of
reaction, which proves that Fe(IV) was more likely the main reactive
species generated during the catalysis reaction. In order to further
confirm the involvement of Fe(IV) participation in the reaction, DMPO
was used as a spin trap agent and the oxygen transfer reaction of PMSO
to PMSO; [40,41] was studied by using UPLC-ESI-tqMS. The reaction
results of PMSO are represented by Fig. 8c-f, which correspond to the
spectra of PMSO (0.1 mmol/L) before reaction, the spectra of PMSO
(0.1 mmol/L) after 10 min reaction with the reactive species generated
by Fe-Si-B glassy ribbon and PAA, the monitoring of PMSO, before re-
action, and the monitoring of PMSO, after 10 min reaction with the
reactive species generated by Fe-Si-B glassy ribbon and PAA, respec-
tively. From Fig. 8c-d, the retention time of PMSO was 4.0 min, while
the peak area of PMSO (0.1 mmol/L) decreased by about 76.16% after
reaction, which proved that most of the PMSO was consumed in the
process of participating in the reaction. In Fig. 8e-f, there was no PMSO,
existed before the reaction of PMSO, and after 10 min of reaction, a
signal peak of PMSO, appeared at 4.1 min, which was consistent with
the standard signal of PMSO,, proving that Fe(IV) existed in the reaction
system.

Previous studies [42-44] have identified various reactive species
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Fig. 8. (a) EPR spectra of DMPO-OH and HDMPO-OH generated by PAA activated Fe-Si-B glassy ribbon (PAA = 0.64 mmol/L, Fe-Si-B = 2 g/L, IPA = 13.04 mol/L),
(b) Effect of different quenching agents on the catalysis degradation of humic acid by Fe-Si-B glassy ribbon treatment ([TBA]y, = [MeOH]o = 100 mM, [L-His]p = [p-
BQlo = 20 mM, [PMSO], = 5 mM), (c-f) UPLC-MS/MS MRM spectra of oxidation of PMSO (141—124) and the generation of PMSO, (157—79) by Fe-Si-B glassy
ribbon-based AOPs (PAA = 10 mg/L, Fe-Si-B = 2 g/L), (c) MRM spectra of PMSO at time = 0 min; (d) MRM spectra of PMSO at time = 10 min, (¢) MRM spectra of
PMSO, at time = 0 min, (f) MRM spectra of PMSO, at time = 10 min.
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involved in PAA-based AOPs, including free radicals such as ¢OH, R-Ce
(CH3C(0)0°®, CH3C(0)00®, CH300°* and *CHj), 10, and 03, To gain
deeper insights into the degradation mechanisms in Fe-Si-B glassy
ribbon-based AOPs catalyzed by PAA, radical quenching experiments
were conducted, as illustrated in Fig. 8b and Fig. S4. The addition of TBA
which acts as a scavenger for ¢OH (with a rate constant of k.on, A =
(3.8 —-7.6) x 108 M's™!) and MeOH (a scavenger for both ¢OH and
R-Ce) resulted in NOM degradation contents of 98.0% and 99.5%,
respectively. This suggests that ¢OH and R-Ce are not major contributors
to the degradation process. When p-BQ (a scavenger for O3~) was added,
the NOM degradation content reached 93.6%. However, the addition of
L-His (a scavenger for 10y) led to degradation content of only 78.0%.
Interestingly, when PMSO (a scavenger for Fe(IV)) was introduced, the
NOM degradation content dropped to 49.7%. These results indicate that
Fe(IV) is the main reactive species involved in Fe-Si-B glassy
ribbon-based AOPs, followed by 0, and 03",

As a pre-oxidation method, the mechanism of NOM degradation in
the Fe-Si-B glassy ribbon-based AOPs can be clarified after fluorescence
analysis, material characterization, UPLC-MS analysis, and verification
of Fe(IV), which is represented by Fig. 9a-b. NOM, as a ubiquitous
substance in nature, can follow rainwater into or infiltrate into rivers
and lakes. When water from these rivers and lakes are used as raw water,
treatment procedures such as sedimentation, filtration, and disinfection
are needed. In this paper, a pre-oxidation process for the degradation of
NOM based on Fe-based amorphous alloys (Fig. 9a) is proposed along
with the mechanism of NOM degradation (Fig. 9b).

3.6. Reusability of Fe-Si-B glassy ribbon

The reusability of a catalyst is indeed a crucial factor in evaluating its
potential for practical applications. Fig. 10 illustrates the alterations in
surface morphology and physicochemical properties of the Fe-Si-B
glassy ribbon after undergoing 1 and 10 cycles of reuse. As depicts in
Fig. 10a, it is evident that the pits on the surface of the Fe-Si-B glassy
ribbon become more pronounced with each successive cycle. Notably,
the amorphous characteristics of the Fe-Si-B glassy ribbon remain

Fig. 9. (a) Schematic graph of pre-oxidation water treatment equipment based
on Fe-Si-B glassy ribbon, (b) Mechanism of Fe-Si-B glassy ribbon-based AOPs.
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unchanged, regardless of the number of reaction cycles, thereby pre-
serving the advantageous properties of the amorphous alloy. Signifi-
cantly, Fig. 10b reveals that extensive flaking occurs on the surface of
the Fe-Si-B glassy ribbon during experiment. This flaking intensifies
uneven stress across the surface, leading to the continuous detachment
of Fe(Il) and the extension of surface cracks, ultimately resulting in a
cracked appearance. These fragments continually expose fresh contact
surfaces, enhancing the interaction area with reactants. Concurrently,
unique nano-patterns forming within these cracks expand the reactive
surface area, thereby sustaining or potentially augmenting the effec-
tiveness of humic acid degradation. Additionally, EDS analysis (as
illustrated in Fig. 10c) indicates that after multiple recycling processes,
the atomic ratio of Fe to Si in the Fe-Si-B glassy ribbon remains relatively
consistent. Specifically, post-cycling, this ratio stands at Fe: Si = 35.55:
3.91, which, even after 10 cycles, closely aligns with the pre-reaction
atomic ratio of Fe: Si = 81.71: 8.31. This consistency underscores the
robust recyclability of the Fe component in the material. The pivotal
question is whether the Fe-Si-B glassy ribbon can maintain its Fe(Il)
content across multiple uses, as Fe(Il) is the primary valence state that
predominantly generates Fe(IV). The XPS results after 10 reuse cycles
reveal that the original sample of Fe-Si-B glassy ribbon exhibited three
valence states: Fe® (705.38 eV, 16.06%), Fe?™ (709.18 eV, 55.25%), and
Fe3T (711.38 eV, 28.69%). At the completion of the first cycle, Fe® had
entirely vanished, with an increase in the percentages of Fe?" (64.03%)
and Fe3' (35.97%). After 10 reuse cycles, Fe® remained absent, and
there was a conversion between Fe?t (64.64%) and Fe®t (35.36%),
corroborating the previous findings (Fig. 10d).

The results clearly demonstrate the recyclability of Fe-Si-B glassy
ribbon, affirming its potential for repeated use not only in terms of the
reaction contact area on its surface but also considering the conditions
for elemental conversion. This recyclability significantly enhances the
practical applicability of Fe-Si-B glassy ribbon and reduces operational
costs, reinforcing its suitability as a catalyst in water treatment
applications.

3.7. Effect of Fe-Si-B glassy ribbon and Br~ dosage

In the Fe-Si-B glassy ribbon-based AOPs, PAA reacts with Br~ in
simulated drinking water to form the secondary oxidant HOBr (k = 0.24
+0.02 M~ ! s1), and the secondary oxidant exhibits high reactivity with
phenolic organic compounds (k = 102 —10°M ! s’l) [45]. At the same
time, PAA activates Fe-Si-B glassy ribbon and reacts with Fe(II) to form
Fe(IV) (k =63 — 76 ML s_l) [46]. In order to explore the competition
between Fe-Si-B glassy ribbon and Br~ for PAA, the dosage of Fe-Si-B
glassy ribbon and Br~ was changed, and the results were shown in
Fig. 11. No brominated-DBPs can be produced without the presence of
Br~ (Fig. 11a). The level of TII PIS m/z = 79 increases with the increase
of Br~ (Fig. 11c), and the production of DBPs also increased. For
example, BroCHCOOH (m/z = 215/217/219) was undetectable before
the reaction, and a peak signal was generated with the addition of Br™,
and the peak area also increased after the Br~ dose was increased. With
the participation of Br~, the dose of Fe-Si-B glassy ribbon will also affect
the production of DBPs. Fig. 11b shows that the peak area of DBPs
decrease with the increase of Fe-Si-B glassy ribbon, and the level of TII
PIS m/z = 79 shows a decreasing trend (Fig. 11d). In this process, the
increase of Br~ dose will react with PAA to produce more secondary
oxidants, which in turn react with humic acid to produce more DBPs.
The increase in the dosage of Fe-Si-B glassy ribbon, when reacted with
PAA, leads to the production of a greater amount of Fe(IV). This, in turn,
results in a more comprehensive degradation of humic acid. In sum-
mary, there is competition between the reaction of Br~ to produce sec-
ondary oxidant and Fe-Si-B glassy ribbon to Fe(IV) in the system, and the
formation of secondary oxidant and Fe(IV) will affect the formation of
DBPs.
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Fig. 10. (a) The SEM image of the as-received Fe-Si-B glassy ribbon, and Fe-Si-B glassy ribbon after catalysis reaction with PAA (10 mg/L) after once and 10th
reaction cycle, (b) The enlarged SEM image of Fe-Si-B glassy ribbon after catalysis reaction with PAA (10 mg/L) after 10th reaction cycle, (c) The EDS mapping result
of Fe-Si-B glassy ribbon after catalysis reaction with PAA (10 mg/L) after 10th reaction cycle, (d) The XPS spectra of Fe 2p for the as-received Fe-Si-B glassy ribbon,
and Fe-Si-B glassy ribbon after catalysis reaction with PAA (10 mg/L) after once and 10th reaction cycle.

3.8. Continuous flow experiments and overall toxicity evaluations

For practical applications of Fe-Si-B glassy ribbon-based AOPs,
continuous flow experiments were conducted to assess both humic acid
degradation and the control of DBPs formation. Additionally, overall
toxicity evaluations were performed using luminescent bacteria. The
continuous flow experiments were set up using a peristaltic pump
(Fig. 12a) to circulate the treated water at a flow rate of 2 mL/s. Fig. 12b
illustrates the degradation process of NOM under both motionless
(normal exposure) and continuous flow conditions. The results reveal a
consistent degradation rate of humic acid across both experimental
setups. Regarding the control of DBPs, the levels of DBPs produced in the
continuous flow experiments were significantly lower than those
generated by PAA disinfection without Fe-Si-B glassy ribbon treatment
(Fig. S5). After a 2-hour treatment, only 4.60% of residual DBPs
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remained (Fig. 12c), indicating that Fe-Si-B glassy ribbon-based AOPs
hold promise for effective DBPs formation control.

To determine if the toxicity aligned with the chemical degradation
process, the overall toxicity of the reaction solution was assessed by
using luminescent bacteria Vibrio fischeri (Fig. 12d). As depicted in
Fig. 12e, when luminescent bacteria were exposed to the initial simu-
lated drinking water sample containing 3 mg/L humic acid, 2 mg/L Br’,
and 10 mg/L PAA disinfectant, an inhibition rate of 38.72% was
observed. As degradation progressed, the inhibition rate of the lumi-
nescent bacteria gradually decreased. After 2.5 h of reaction time, the
inhibition rate of Vibrio fischeri dropped to 21.64%, indicating a reduc-
tion in overall toxicity during the degradation process. By the time the
reaction had reached 24 h and 36 h, the inhibition rate had significantly
declined to 1.04% and 0.26%, respectively, virtually eliminating the
toxicity to bacteria. It’s noteworthy that the biotoxicity degradation
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Fig. 11. (a) UPLC-MS/MS PIS spectra of m/z = 79 of simulated raw water by PAA disinfection (10 mg/L) in the presence of 2 g/L Fe-Si-B glassy ribbon and Br~ (0, 2,
and 4 mg/L), (b) UPLC-MS/MS PIS spectra of m/z = 79 of simulated raw water by PAA disinfection (10 mg/L) in the presence of Br~ (2 mg/L) and Fe-Si-B glassy
ribbon (0, 2, and 4 g/L Fe-Si-B glassy ribbon), (c) the TII level of (a), (d) the TII level of (b).

process is slower than the chemical degradation process. Furthermore,
the quantification of Fe and Si leaching from the Fe-based amorphous
alloys was conducted using ICP-OES, and the results are presented in
Table 2. To provide a basis for comparison, Fe powder was used as a
homogeneous system. The results revealed that the concentration of Fe
in the reaction solution following treatment with the Fe-Si-B glassy
ribbon was 0.146 mg/L, which is lower than that observed with the
homogeneous Fe powder (0.304 mg/L). Additionally, the concentration
of Si leached from the Fe-Si-B glassy ribbon was relatively low, at
0.128 mg/L.

In summary, the continuous flow experiments and toxicity evalua-
tions of Fe-Si-B glassy ribbon-based AOPs demonstrate promising per-
formance in both chemical degradation and biotoxicity reduction,
accompanied by lower levels of metal leaching, highlighting their
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potential for practical applications.
4. Conclusions

In conclusion, the use of PAA as an oxidant in conjunction with Fe-Si-
B glassy ribbon has proven to be highly effective in inducing the for-
mation of fine nanoflower structures, significantly enhancing the
catalysis efficiency. Fluorescence experiments conducted to examine the
degradation trends of humic acid by Fe-Si-B glassy ribbon-based AOPs
revealed their ability to rapidly degrade humic acid within 30 minutes.
Comparative fluorescence experiments assessing the degradation of
humic acid using Cly, PAA, and Fe-Si-B glassy ribbon-based AOPs indi-
cated that the latter exhibited markedly superior degradation perfor-
mance, achieving a degradation rate of 98.21%. This superiority was
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Fig. 12. (a) Schematic diagram of continuous flow test of Fe-Si-B glassy ribbon-based AOPs (10 mg/L PAA, 2 g/L Fe-Si-B glassy ribbon, flow rate of 2 mL/s), (b)
Comparison of humic acid degradation by motionless and continuous flow of Fe-Si-B glassy ribbon-based AOPs, (c) TIlpis 79 and TIlpis g1 of DBPs generated before and
after glassy ribbon treatment, (d) Schematic diagram of overall toxicity evaluation, (e) Inhibition of luminescent bacteria (Vibrio fischeri) at different time intervals of

glassy ribbon treatment process.

further underscored by UPLC-MS analysis of DBPs, showing that Fe-Si-B
glassy ribbon-based AOPs produced fewer DBPs under identical condi-
tions that 80.64% generated DBPs can be removed compared with no
treatment. Material characterization involving EDS and XPS after
treating Fe-Si-B glassy ribbon with varying doses of PAA revealed
notable changes in elemental composition, particularly in iron, which
was predominantly converted into Fe(IV). This conversion, confirmed
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through EPR experiments and PMSO oxygen exchange reactions, facil-
itated the accelerated degradation of humic acid. The cycling perfor-
mance of Fe-Si-B glassy ribbon as a catalyst was evaluated,
demonstrating its good recyclability. Notably, after 10 cycles, the for-
mation of nanoflower structures and the galvanic cell effect in Fe-Si-B
glassy ribbon-based AOPs resulted in more thorough degradation of
humic acid. However, a competitive reaction involving the formation of
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Table 2
The amount of Fe and Si leached from Fe-Si-B glassy ribbon and Fe powder
treatment.

Element Fe-Si-B glassy ribbon Fe powder treatment (mg/L)
treatment (mg/L)

Fe 0.146 0.304

Si 0.128 -

secondary oxidants from Br™ and the generation of Fe(IV) for humic acid
degradation was observed. The balance between the dosages of Br~ and
Fe-Si-B glassy ribbon is crucial for optimizing degradation efficiency.
The continuous flow experiments and toxicity evaluations of Fe-Si-B
glassy ribbon-based AOPs demonstrate promising performance in both
chemical degradation and biotoxicity reduction, accompanied by lower
levels of metal leaching. Overall, Fe-Si-B glassy ribbon combined with
PAA represents a highly effective nanoengineered system for the
degradation of humic acid, offering a promising alternative solution for
drinking water treatment.
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