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HIGHLIGHTS

e The Fe(VI)/perborate system is pro-
posed for the first time.

e The borate produced by sodium perbo-
rate acts as a buffer for Fe(VI).

e The Fenton reaction between H,0,, Fe
(I) and Fe(IIl) produced in the Fe(VI)/
perborate system.

o Fe(VI)/perborate system maintained
efficient degradation of SMX in WWTP
secondary effluent.

e Fe(VI)/perborate system has high
degradation  ability for different
antibiotics.
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ABSTRACT

Ferrate(VI) is prone to self-decomposition in water, leading to the loss of active substances Fe(V) and Fe(IV).
Therefore, the use of Fe(VI) alone has limited practical applicability in municipal wastewater and industrial
wastewater treatment scenarios due to its insufficient pollutant removal efficiency. This study discussed the
removal efficiency of the Fe(VI)/perborate system for sulfamethoxazole and other 6 drugs in pure water within
5 minutes, and the removal efficiency of the Fe(VI)/perborate system for sulfamethoxazole in effluent and
secondary effluent in a wastewater treatment plant (WWTP) within 5 minutes. Results show that the sulfa-
methoxazole removal efficiency reached 88.63 % in the influent of Lijiang B WWTP and 79 % in the secondary
effluent of Wuhan WWTP. The removal efficiency of sulfamethoxazole in pure water reached 25.8 % in 5 mi-
nutes. This finding is explained by the buffering with the borate produced by the hydrolysis of Fe(VI)/perborate,
which maintains the pH around 9 and, in turn, inhibits the reduction of active species. Moreover, HyO2, 102, and
0% radicals generated by Fe(VI)/perborate accelerate the activation of Fe(VI), and the Fe?* produced in the
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system participates in Fenton reactions with HyO,. This study offers a novel approach for using ferrate in

practical water treatment.

1. Introduction

In the post-pandemic era of COVID-19, sulfamethoxazole, a sulfon-
amide antibiotic, has been widely utilized in combating the pandemic
[4]. sulfamethoxazole is discharged into aquatic environments through
pharmaceutical wastewater, hospital effluents, and domestic sewage,
leading to its widespread detection in various natural water bodies [35].
Conventional wastewater treatment processes in sewage treatment
plants achieve only about 20 % removal efficiency for sulfonamide an-
tibiotics [36]. Due to its chemically stable structure and resistance to
photodegradation, sulfamethoxazole persists in aqueous matrices for
extended periods [9]. Therefore, an effective water treatment technol-
ogy is required to efficiently remove sulfamethoxazole from contami-
nated water.

In recent years, research on ferrate has focused on the combined use
of Fe(VI) with peracetic acid, persulfates, percarbonate, and other per-
oxides to degrade emerging contaminants [28]. However, persulfates
are not widely applicable in practical water treatment due to their high
cost [45]. Peracetic acid, when its concentration exceeds 40 %, poses an
explosion risk, making it difficult to store and transport. Furthermore,
contact with peracetic acid can cause damage to human skin and mucous
membranes, posing safety concerns [21]. Previous studies have shown
that systems coupling Fe(VI) with other oxidants are often susceptible to
interference from external factors. For instance, in the Fe(VI)/PAA sys-
tem, the pH of the reaction mixture significantly varies with different
ferrate concentrations [23]. The coupling of Fe(VI) with H20: in water
treatment applications faces practical challenges, such as the inconve-
nience of H20: transportation. Sodium perborate is a novel solid powder
oxidant widely used in products for cleaning and laundry, such as bleach
[29]. Sodium perborate is characterized by its high oxygen content, low
solubility in water, and strong oxidative properties. It can be stored at
room temperature, making it convenient for transportation and
handling [55]. Sodium perborate is a mild pH modifier that enhances
the efficiency of iron ion utilization in aqueous solutions [54]. Upon
hydrolysis, sodium perborate generates hydrogen peroxide (H3O-),
which reacts with the Fe* ions produced by the activation of ferrate,
facilitating the Fenton reaction and increase the removal rate of pol-
lutants [40]. When dissolved in water, sodium perborate continuously
releases hydrogen peroxide, contributing to its bleaching effect. Addi-
tionally, sodium perborate undergoes hydrolysis to form sodium
metaborate (NaBOy), which further hydrolyzes to produce HsBO3 and B
(OH)4™ (pKa = 9.2), maintaining a pH around 9. This pH buffering ca-
pacity helps the system resist external pH fluctuations [17]. Currently,
no studies have reported on the coupled oxidation system of sodium
perborate and Fe(VI). Previous research on Fe(VI)-based water treat-
ment typically involved dissolving Fe(VI) in a borate solution before
mixing it with the pollutant-containing aqueous solution [46]. This
approach aims to maintain an alkaline environment to preserve Fe(VI)
activity, suppress its self-decomposition, and ensure its high oxidation
efficiency [53]. Therefore, these characteristics make sodium perborate
a promising candidate for water treatment applications, and thus, the Fe
(VI)/perborate system has been investigated for its potential in water
purification.

Ferrate is commonly utilized in water treatment processes [6]. With
an oxidation potential of 2.20 eV, ferrate is capable of efficiently
degrading persistent organic pollutants, heavy metals, and micro-
pollutants, while also being environmentally friendly [6,26]. The final
products of ferrate are Fe(II) and Fe(II). In most studies involving fer-
rate, sodium borate is commonly used to prepare ferrate stock solutions,
as ferrate tends to decompose rapidly in water, leading to the loss of
active species like Fe(V) and Fe(IV) [10]. However, in borate solution,

the self-decomposition rate of ferrate is significantly slowed, thus pre-
serving the concentration of active species, Fe(V) and Fe(IV) [43]. Based
on these findings, this study hypothesizes that when ferrate is combined
with sodium perborate, the H,O5 generated by the hydrolysis of sodium
perborate will not only activate Fe(VI) to convert to Fe(V) and Fe(IV),
but also generate singlet oxygen (102) and superoxide anion (0%) [55].
Moreover, Fe(VI) and H3BO3/B(OH)4 will further produce HOOBO/-
HOOB(OH)3, continuously generating reactive oxygen species such as
0%, 10,5, *OH. Simultaneously, the borate solution formed will help
maintain the pH of the system around 9, minimizing the loss of active
species and enabling sustained, efficilent degradation of
sulfamethoxazole.

The objectives of this study were to: (1) examine the removal effi-
ciency of the Fe(VI)/perborate system on sulfamethoxazole under
various influencing factors, (2) investigate its effects on the degradation
of different pollutants, (3) analyze the types of reactive species present
in the system and the mechanisms behind their formation, (4) analyze
the effectiveness of the Fe(VI)/perborate system in degrading sulfa-
methoxazole in real wastewater treatment processes, (5) conduct DFT
simulations and degradation pathway analysis for sulfamethoxazole,
and (6) assess the toxicity changes during the degradation process.

2. Materials and methods
2.1. Materials

The chemical reagents used in this experiment are detailed in Text
S1. Tables S1 and S2 shown the WWTP influent and secondary effluent
water quality indicators in Lijiang (A, B, C) and Dali, Qujing, Baoshan,
Yunan province, and Wuhan, Hubei province.

In this experiment, Fe(VI) was prepared using a wet method. First,
potassium permanganate, concentrated hydrochloric acid, potassium
hydroxide, and ferric nitrate nonahydrate were used to synthesize the Fe
(VD) sample. The obtained sample was washed with organic reagents
such as n-pentane, methanol, and ether to obtain high-purity Fe(VI)
(>95 %), based on previous methods for Fe(VI) synthesis, an optimized
approach was developed using hypochlorite-driven oxidative conver-
sion of Fe(NOs)s [13]. Finally, the solid KoFeO4 was multilayered with
glass filter paper and stored in a sealed condition under low-temperature
drying.

2.2. Experimental procedures

The experiment utilized the equal-volume reaction method [7].
0.1 mol/L NaOH and HCI solutions were used to regulate the reaction
mixture’s initial pH. The experiment was carried out in pure water. In
the experimental section on SMX degradation efficiency in influent and
effluent from a wastewater treatment plant, 5 mL of 0.2 mM SMX was
added to 45 mL of influent and effluent, respectively, resulting in a final
SMX concentration of 0.02 mM. This setup was used to investigate the
degradation behavior of sulfamethoxazole in real wastewater. The Fe
(VI)/perborate system took place in a 100 mL beaker, with a reaction
volume of 50 mL. The Fe(VI) and sodium perborate were added stepwise
in concentration gradients [32]. Fe(VI) and sodium perborate were
directly added to the reaction mixture at O minutes, with solid Fe(VI)
and sodium perborate being simultaneously introduced into the solution
to initiate the SMX degradation process. Both systems were stirred at
300 rpm utilizing a magnetic stirrer to guarantee sufficient interaction
between the contaminants and oxidants. At the beginning of the
experiment, At specified intervals, 1 mL samples were taken. These
samples were then added to centrifuge tubes containing 300 pL of
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Fig. 1. Removal efficiency of sulfamethoxazole at (a) different sodium perborate concentrations and (b) different Fe (VI) concentrations, (c) Effects of sodium
perborate with different concentrations on SMX removal rate at 5 min. (d) Effects of Fe(VI) with different concentrations on SMX removal rate at 5 min. Conditions:
[sulfamethoxazole] = 0.02 mM, [Fe(VI)] = 0.1-1.6 mM, [NaBO3] = 0.2-1.0 mM, pHy = 9.2, T = 25°C. "*" represents significant differences in the one-way ANOVA,

where "*" means p < 0.05, "**" means p < 0.01, and "***" means p < 0.001.

1 mol/L sodium thiosulfate quenching agent to stop the reaction. After
quenching, the samples were filtered through a 0.25 pm hydrophilic
polyethersulfone syringe filter (Shanghai ANPEL, China) and transferred
to sample vials. Finally, the concentration of sulfamethoxazole was
analyzed using High-Performance Liquid Chromatography (HPLC). Each
experimental group was repeated three times to minimize errors. The
details of the quenching agents used in the experiments are provided in
Table S3.

The removal efficiency of drugs was evaluated based on removal
efficiency and rate constants. The removal of drugs follows a pseudo-
first-order kinetic model:
ln9 = — kobst (@D)]

Co

The concentrations of drugs at time t and time O are denoted as C;

and Cy, respectively, while kops represents the removal rate constant.

2.3. Analytical methods

The concentrations of sulfamethoxazole, ciprofloxacin, carbamaze-
pine, amoxicillin, ibuprofen, tetracycline, and metronidazole before and

after the reaction were quantified using HPLC (Shimadzu HPLC-2030,
Japan). The system was set up with a UV detector, and Chromato-
graphic separation was performed with a 150 mm x 4.6 mm C18 col-
umn. Detailed analytical procedures are outlined in Table S4. Reactive
species (10, *OH) were detected by Electron Paramagnetic Resonance
(EPR) spectroscopy, with the analysis method provided in Text S2. The
concentration of Fe(VI) was measured using UV-Visible spectropho-
tometry (Shimadzu, Japan) at 510 nm, as described in Text S3. Sulfa-
methoxazole degradation products were examined using an ultra-high-
performance liquid chromatography-quadrupole time-of-flight mass
spectrometer (UPLC-QTOF-MS/MS, Agilent 6500), with further details
in Text S4 and Table S6. The geometry of pollutants was optimized using
Density Functional Theory (DFT) with the Gaussian09 (G09) package at
the B3LYP level. The HOMO and LUMO energies were computed
employing the 6-311 G(d,p) basis set. Additionally, the 6-31 +G (d,p)
basis set was used for further optimization, and the DFT Fukui Function
was employed to predict sulfamethoxazole’s reactive sites. The analysis
of FeZ* concentration in the reaction system and the standard calibra-
tion curve are presented in Text S5 and Fig. S1. Methods for monitoring
hydrogen peroxide concentration changes are shown in Text S6 and
Fig. S2.
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Fig. 2. (a) Removal efficiency of sulfamethoxazole at different pH (b) changes of solution pH before and after sulfamethoxazole removal reaction. (c) Effects of
different pH on SMX removal rate at 5 min. (d) Effects of different temperature on SMX removal rate at 5 min. Conditions: [sulfamethoxazole] = 0.02 mM, [Fe(VI)]
= 0.4 mM, [NaBO3] = 0.4 mM, pH, = 3-11, T = 25°C. "*" represents significant differences in the one-way ANOVA, where "*" means p < 0.05, "**" means p < 0.01,

and "***" means p < 0.001.
2.4. Statistical analysis

Analysis of variance (ANOVA) was employed to evaluate the sig-
nificance of individual factors including ferrate concentration, sodium
perborate dosage, pH, and temperature on the degradation efficiency of
SMX. A full factorial design was used to systematically investigate both
the main effects and potential interactions among the variables. The
statistical analysis was conducted using Origin 2024, and a p-value less
than 0.05 was considered statistically significant.

2.5. Phytotoxicity test

The phytotoxicity of Trigonella foenum-graecum L. (fenugreek) and
Vigna radiata L. (mung bean) was evaluated through seed germination
tests. Ten seeds of fenugreek and mung bean were placed on filter paper,
and all petri dishes were kept in the dark at 28°C. A seed germination
test was conducted in triplicate for each test solution. The test was
divided into three groups, with Group A being cultivated using pure
water [33]. Group B was cultivated using Fe(VI)/perborate-treated
water containing SMX pollutants, while Group C was cultivated using
untreated water containing SMX pollutants. After 2 days, the

germination rates of fenugreek and mung bean were measured. Seven
days after germination, the seedlings were harvested, and the total
length was measured [12]. The toxicity risk of SMX degradation prod-
ucts was assessed based on the germination rates of fenugreek and mung
bean, as well as the seedling length.

3. Results and discussion
3.1. The study of Fe(VI)/perborate system removal

3.1.1. Removal of Fe(VI)/perborate system for different pollutants

In this study, we initially investigated the degradation of SMX by the
Fe(VI)/perborate system, the Fe(VI) system, and the perborate system.
Asillustrated in Fig. S5, the Fe(VI)/perborate system achieved a removal
rate of 74.2 % for SMX within 5 minutes, whereas the addition of Fe(VI)
alone resulted in only a 36.25 % removal rate, and the use of perborate
alone was almost ineffective in removing SMX. Consequently, the Fe
(VI)/perborate system demonstrated a significant advantage over the
individual application of Fe(VI) and perborate in degrading SMX. To
further explore the degradation capabilities of the Fe(VI)/perborate
system on various pollutants, additional experiments were conducted.
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Fig. 3. (a) Removal efficiency of sulfamethoxazole at different temperature, (b) surfaces corresponding to the interaction between temperature and pH. Conditions:
[sulfamethoxazole] = 0.02 mM, [Fe(V)] = 0.4 mM, [NaBO3] = 0.4 mM, pHy = 9.2, T = 15-45°C.

This study investigated the removal performance of the Fe(VI)/perbo-
rate system for various contaminants, including carbamazepine, cipro-
floxacin, tetracycline, amoxicillin, ibuprofen, and metronidazole in the
pure water. As shown in Fig. S6, tetracycline achieved a removal rate of
97.34 % within 1 minute, while carbamazepine and amoxicillin reached
100 % removal within 3 minutes. Ciprofloxacin and metronidazole
showed removal rates of 89.23 % and 91.67 %, respectively, within
5 minutes. In contrast to the Fe(VI) system by itself, the removal rates of
these pollutants were significantly enhanced. However, ibuprofen
exhibited a relatively low removal rate of only 13.89 % after 5 minutes.
This is likely due to the molecular structure of ibuprofen, which contains
an aromatic ring and a carboxyl group [25]. These structural features
confer a certain degree of stability in water, and the lack of highly
reactive functional groups in ibuprofen contributes to its lower removal
efficiency [38].

3.1.2. The concentrations of Fe(VI) and sodium perborate

As shown in Fig. 1a, To investigate the optimal concentrations of Fe
(VD) and sodium perborate in the Fe(VI)/perborate, at 0.4 mM, the Fe
(VD) concentration was set up. while the sodium perborate concentra-
tions ranged from 0.2 mM to 1.0 mM, with increments of 0.2 mM.

As shown in Fig. 1c and d, Through one-way ANOVA, p < 0.05
indicated that perborate and Fe(VI) had significant effects on the
removal rate of SMX. With the increase of ferrate and perborate con-
centration, SMX degradation rate increased significantly, which may be
attributed to the enhanced concentration dependence of Fe(VI)
oxidizing species, which promoted the direct oxidation of sulfanilamide
pollutants or indirect free radical generation. The corresponding
removal rates within 5 minutes were 36.01 %, 25.8 %, 43.16 %,
23.76 %, and 44.17 %, respectively. Typically, an increase in activator
concentration leads to Fe(VI) changed into Fe(V) and Fe(IV), resulting in
higher concentrations of reactive species such as O3, 10,, and *OH in the
system. Therefore, the removal rate of sulfamethoxazole increased as the
concentration of sodium perborate rose from 0.2 mM to 0.8 mM. How-
ever, when the sodium perborate concentration reached 1.0 mM, the
removal rate of sulfamethoxazole decreased. This decrease is explained
by the fact that with greater concentrations of sodium perborate,
although Fe(VI) is more efficiently activated, more amorphous Fe(IIl) is
produced, which reduces the overall removal efficiency of Fe(VI) and
sodium perborate towards sulfamethoxazole [2]. As the concentration of
sodium perborate in the system increased, the removal rate of sulfa-
methoxazole rose at the beginning and then fell. Although the removal
rate of sulfamethoxazole increased with an increase in sodium perborate
concentration from 0.2 mM to 0.8 mM, the difference in the final

sulfamethoxazole removal rate after 5 minutes was not significant.
Additionally, considering that the removal rate was too high at 0.8 mM
sodium perborate, making sampling difficult in the short term and
hindering mechanistic studies, the sodium perborate concentration of
0.4mM was selected for further removal experiments
sulfamethoxazole.

As shown in Fig. 1b and Fig. S7, when the sodium perborate con-
centration was set at 0.4 mM, the Fe(VI) concentrations were varied at
0.1 mM, 0.2 mM, 0.4 mM, 0.6 mM, and 1.6 mM. It was observed that as
an increase in Fe(VI) concentration, the removal rate of sulfamethoxa-
zole gradually increased. Although the removal rate reached 77.86 %
within 1 minute at an Fe(VI) concentration of 1.6 mM, the final removal
rate after 5 minutes did not show significant improvement. At an Fe(VI)
concentration of 0.6 mM, despite a higher reaction rate (7.3159 x 10°
M’ls’l), the removal rate of sulfamethoxazole after 2 minutes
(23.06 %) was not significantly different from that at 0.4 mM Fe(VI)
(25.8 %). Therefore, the Fe(VI) concentration of 0.4 mM was selected
for further investigation in the reaction system.

on

3.1.3. Change of initial pH

As shown in Fig. 2c, the ANOVA results indicated that the removal
efficiencies of SMX differed significantly under various pH conditions,
demonstrating that pH had a statistically significant effect on SMX
removal rate. As shown in Fig. 2a, the removal rates of sulfamethoxazole
reached 83.9 % and 74.2 % under initial pH conditions of 3 and 9,
respectively. This difference in removal efficiency can be clarified by
that Fe(VI) exists in the forms of HyFeOy4, HFeO,4, H3FeO,*, and FeO7,
and the redox potential of these species varies under different pH con-
ditions [42]. Density functional theory (DFT) calculations on the Fe(VI)
reactive ability with organic compounds indicated that the density of
spin charges in oxoligands was higher in HFeOy than in FeOF [37].
Therefore, under acidic conditions, Fe(VI) exhibited a higher removal
efficiency for sulfamethoxazole, while the removal rates at pH 5 and pH
7 were 31.5 % and 21.5 %, respectively, lower than the rate at pH 9.
This is likely because under neutral and slightly acidic conditions, Fe(VI)
is highly unstable and undergoes rapid self-decomposition in the solu-
tion, leading to a rapid decrease in the concentrations of the reactive Fe
(V)/Fe(1V) species [11]. It is reported that Fe(VI) exhibits excellent
oxidation performance in both municipal and industrial wastewater at
pH 8-10. When Fe(VI) was applied under alkaline conditions, the
removal efficiency of BPA in municipal wastewater reached 90 % [44].
Additionally, after Fe(VI) treatment of medical wastewater under alka-
line conditions, the COD value decreased to 21.3 % (Li, J. et al.[14]. A
pilot-scale experiment on Fe(VI) treatment of wastewater indicated that
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Fig. 4. (a) Effect of quenching experiment on sulfamethoxazole removal; (b) Pseudo-first-order kinetic constant of sulfamethoxazole removal in quenching test; (c)
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the COD value decreased as the initial pH increased, while the pollutant
removal rate increased [24]. This is most likely due to acidic conditions,
which can lead to the self-decomposition of Fe(VI) [39]. Therefore,
under alkaline conditions, the oxidizing power of the Fe(VI)/perborate
system can be maximized. Following five minutes of reaction as seen in
Fig. 2c¢, the reaction solution’s pH stabilized around 9, which is within
the optimal pH range for Fe(VI) degradation. This is ascribed to the
buffering effect of H3BO3 and B(OH)4, which are generated during the
activation of Fe(VI) and the hydrolysis of sodium perborate [15]. This
buffering capacity helps maintain the oxidative strength of Fe(VI) and
facilitates the efficient removal of sulfamethoxazole [5].

3.1.4. Change of temperature

Fig. 3a illustrates the removal rates of sulfamethoxazole were
49.58 %, 81.57 %, and 68.9 % at reaction temperatures of 15°C, 35°C,
and 45°C, respectively. As seen in Fig. S8b, the kops value increased from
0.1993 min! at 15°C to 0.4543 min~' at 35°C. This increase is due to the
accelerated hydrolysis of sodium perborate as the temperature in-
creases, promoting the dissociation of the O-O bonds in HOOBO and
HOOB(OH)3, which results in the generation of reactive species such as

10, and O% Li, S. et al.[16]. This accelerates the activation of Fe(VI) and
its transformation into Fe(V)/Fe(IV), thereby improving the removal
rate of sulfamethoxazole [52]. However, the removal rate of sulfa-
methoxazole showed no significant improvement at 45°C. This could be
because at higher temperatures, the stability of Fe(V)/Fe(IV) species is
compromised, leading to the formation of more amorphous Fe(IIl),
which in turn suppresses sulfamethoxazole degradation [2]. As shown in
Fig. 2d, ANOVA analysis demonstrated a significant variation in SMX
removal efficiencies across different temperatures. Nevertheless, the
difference between 15 °C and 35 °C was comparatively less pronounced,
possibly due to the dual regulatory role of temperature in the oxidation
process. As shown in Fig. 3b, In this study 3d surface diagram was uti-
lized to analyze and determine the optimal pH and temperature for SMX
degradation in the Fe(VI)/perborate system. The results indicated that
the highest degradation efficiency was achieved at approximately pH 9
and pH 3, as well as around 25°C, which was consistent with the
experimental findings. However, considering that a pH of 3 does not
align with most real-world wastewater treatment conditions, pH 9 is
more practical for application. Therefore, for subsequent studies, the
conditions of pH 9.2 and a temperature of 25°C were chosen to evaluate
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the Fe(VI)/perborate system’s removal efficiency for sulfamethoxazole.

3.2. Study on reaction mechanism of Fe(VI)/perborate system

3.2.1. The determination of active substance

It’s reported that after the hydrolysis of sodium perborate, the
peroxide O-O bonds in sodium perborate break, resulting in the forma-
tion of O3 [49]. The sufficient amount of O3 generated by the hydrolysis
of sodium perborate ensures the enhanced activation of Fe(VI), accel-
erating its conversion to Fe(V) and Fe(IV). To determine the contribu-
tion of reactive species in the Fe(VI)/perborate system, p-Benzoquinone
(p-BQ), L-Histidine (L-His), and Tert-butanol (TBA) were used to quench
the reactive species O3, 10,, and *OH. The reaction rate constant has
been found that between p-BQ and O3 is as high as 1.0 x 10° M-'s! [8].
The reaction rate constant for L-His and 104 is 3.2 x 107 M-1s™! [3]. The
rate constant for TBA and eOH ranges from (3.8-7.6) x 108 M-1s1 [19].
When 10 mM p-BQ, L-His, and 100 mM TBA were incorporated into the
solution, the sulfamethoxazole removal rates decreased to 38.73 %,
49.9 %, and 51.91 %, respectively, as shown in Fig. 4b, indicating
substantial suppression of sulfamethoxazole removal. As shown in
Fig. 4c, the reaction rate constants dropped from 0.36530 M~'s™! in the
control group to 0.11329M7's!, 0.18049 M's!, and
0.17115 M-'s™! with the addition of the quenching agents. This decrease
suggests that the system’s reactive species was effectively suppressed by
the quenching agents. These results provide preliminary evidence for the
involvement of 0%, 10, and *OH in the Fe(VI)/perborate system.

PMSO is a probe contaminant used to detect the presence of Fe(IV)/
Fe(V) [56]. The reaction between Fe(V)/Fe(IV) and PMSO proceeds via
a 2e” transfer mechanism, ultimately resulting in PMSO conversion to
PMSO,. The reaction rate between PMSO and Fe(IV)/Fe(V) has been
reported to be 2.58 x 10 * M's™! [27,56]. This confirms Fe(IV)/Fe(V) in
the Fe(VI)/perborate system and their role in sulfamethoxazole removal.
As shown in Fig. 4a and b, the sulfamethoxazole removal rate reduced
from 74.2 % to 21.67 % after the PMSO addition and the rate of reaction
dropped from 0.3653 to 0.0652. The preferential reaction between Fe
(V)/Fe(IV) and PMSO leads to the inhibition of sulfamethoxazole
removal [51]. As shown in Fig. 4c, after the addition of PMSO, the
conversion rate of PMSO to PMSO; reached nearly 100 %. This indicates
that the influence of other reactive species in the system can be
neglected and confirms that Fe(IV)/Fe(V) is the dominant reactive
species responsible for sulfamethoxazole removal.

Reactive oxygen species were identified using EPR in the Fe(VI)/
perborate system, with DMPO and TEMP serving as spin traps for *OH
and '0,, respectively. Fig. 4d shows the successful detection of typical
signals for TEMPO-102 adducts (1:1:1) in the Fe(VI)/perborate system

(Fig. 4a), confirming the generation of 102. Additionally, The DMPO--
°*OH signal was observed, confirming the presence of both of these
reactive species.

3.2.2. Mechanism of reaction in the Fe(VI)/perborate system

The Fe(VI)/perborate system consists of two main components: (1)
NaBOj3 accelerates Fe(VI) activation, and (2) the fenton reaction and
subsequent continuous activation processes. Studies have shown that
NaBOs, when dissolved in water, hydrolyzes to produce 0%, BO5~, and
H20; [17,54]. As shown in Fig. 5, BOy™ further hydrolyzes to form B
(OH)4™. The species B(OH)4, Hy09, and BO,™ can interact with Fe(V) and
Fe(IV) to generate 'O,, thereby increasing the number of system’s
reactive oxygen species. As shown in Eq. 22-24, B(OH)4~ and BO,™ can
accelerate the Fe(VI) reduction to Fe(V) and Fe(IV), ensuring the rapid
activation of Fe(VI) in a short time and significantly enhancing the
oxidative power of the system. Ultimately, Fe(VI) is converted to Fe(III),
and under the combined effect of HyO5 produced during the initial hy-
drolysis of NaBO3 and the self-decomposition of ferrate, as shown in Eq.
20, Fe(IID) reacts with HO2 to generate *OH and Fe(II). The resulting Fe
(II) can then undergo the Fenton reaction with HyO», ensuring the sus-
tained oxidative capacity of the system [41]. This is also the reason why
the Fe(VI)/perborate system significantly improves the sulfamethoxa-
zole removal efficiency compared to using ferrate alone. As shown in Eq.
16, the HO2™ produced from the hydrolysis of HyO4 reacts with the
generated *OH to form O3, enriching the system with various reactive
oxygen species and enhancing its oxidative power. Additionally, as
shown in Eq. 14, Hy05 reacts with Fe(II) to reduce it to Fe(IV), ensuring
that Fe(IV) and Fe(V) are present in sufficient concentrations within the
system. This is consistent with Fig. S2, where Fe(IIl) interacts with HyO4
to raise the concentration of Fe(II). Later, with the occurrence of the
Fenton reaction and the reaction between Fe(II) and Fe(VI), part of Fe(II)
is converted to Fe(IIl), leading to a brief drop in the concentration of Fe
(II). The acceleration of Fe(VI) activation to Fe(V) and Fe(IV) by NaBOs
hydrolysis products, along with the Fenton reaction mechanisms in the
second phase, significantly enhances the oxidative capacity of the so-
lution within a certain period, ensuring the efficient removal of
sulfamethoxazole.

3.3. Study on anti-interference ability of Fe(VI)/perborate system

3.3.1. Effects of inorganic anions and humic acids

To assess the Fe(VI)/perborate system’s ability to withstand inter-
ference, the effects of various concentrations (1 mM and 5 mM) of CI-,
C0%, HCO3", SO, as well as humic acid (HA) concentrations of 10 mg/
L and 40 mg/L, on the impact of sulfamethoxazole removal was studied.



Z. Chen et al.

Journal of Hazardous Materials 492 (2025) 138261

(a)IOO —=— Control (b)1 00 —#— Control
T . 1 —o— 1.4mM CO}
—d—5.0mM CI —4—5.0mM COY
80 80
= 60+ < 60
< J
o &)
40 40 4
20 4 20
0 T T T T M T T T O 1 T T T T 1
0 2 3 4 S 0 1 2 3 4 5
Time (min) Time (min)
(c) (d)
100 1 —m=Comfrul. 100 4 —=—Control
—2—1.0mM HCO; 1.0mM SOZ
—&—5,0mM HCO; o 5.0mM SO%
80 + 80
60 = 60
o S
&) @]
40 4 40 -
20 20 -
0 1 1 " 1 = T 4 1 0 T T T T T T
0 2 3 4 S 0 1 2 3 4 5
Time (min) Time (min)
(e) e
100 100
80 80
= 60 4 o 604
O J
@) o
—&— Control —&— Control
40 b i 40
—&— LijiangA B £ = -4 —— LijiangA
LijiangB LijiangB
—¥— LijiangC —v— LijiangC
20 - Dali 20 Dali
—4— Baoshan —&— Baoshan
Qujing Qujing
—®— Wuhan —&— Wuhan
0 1 T 1 T T 0 T 1 I I T T
4] 2 3 4 S 0 1 2 3 4 S

Time (min)

Time (min)

Fig. 6. Experimental effect of inorganic anion on sulfamethoxazole removal (a) Cl, and (b) C0%, and (c) HCO3, and (d) SOF; Removal efficiency of sulfamethoxazole
in actual WWTP water treatment (e) influent, and (f) effluent. Conditions: [sulfamethoxazole] = 0.02 mM, [Fe(VD)] = 0.4 mM, [NaBOs] = 0.4 mM, [C]] = [CO%‘]
= [HCO3] = [SO3] = 1 mM, 5 mM, pHp = 9.2, T = 25°C.



Z. Chen et al.

(b)

LUMO
& 3
\ B #}a
3 \ @ 9
9 b
HOMO
(c)
19.61 33 5592

17.9

ESP(kcal/mol)
56.00
34.43
12.86
-8.71

-30.28

-51.85 , 26.58

44.83

Journal of Hazardous Materials 492 (2025) 138261

-0.5034eV

-

-5.9320eV

-13.92

ESP(keal/mol)
56.00
34.43
12.86
-8.71

-30.28
-51.85

-50.48
-51.86

Fig. 7. (a) The electrostatic potential energy diagram of sulfamethoxazole. (b) LUMO and HOMO orbit of sulfamethoxazole. (c) SMX molecular surface electrostatic

potential and the distribution of the extreme value point.

As shown in Fig. 6d, SO7~ had minimal impact on the Fe(VI)/perborate
system. In fact, at a SO%‘ concentration of 1 mM, the sulfamethoxazole
removal rate (88.41 %) was higher than that observed without SO%~
(74.2 %), demonstrating that the Fe(VI)/perborate system has good
tolerance to SO~ in aqueous solutions. In contrast, the addition of 5 mM
CO% and HCOs3" greatly reduced sulfamethoxazole removal, with
removal rates dropping to 21.2 % and 50.64 %, respectively. The CO%
and HCOj3 hydrolysis may be the cause of this phenomenon, leading to a
slightly alkaline aqueous solution and thereby suppressing the genera-
tion of active substances. However, when 1 mM CO%- and HCO3™ were
added, the impact on sulfamethoxazole removal was less significant,
with removal rates of 61.58 % and 74.9 %, respectively. This phenom-
enon can be clarified by the buffering effect of borates generated in the
Fe(VI)/perborate system, which helps maintain the pH stability of the
reaction solution, ensuring efficient sulfamethoxazole removal. The
addition of 5 mM Cl- also inhibited the removal of sulfamethoxazole,
reducing the reaction rate constant Kgps from 0.3650 min~' to
0.2461 min™' . As shown in Fig. S11, HA caused significant interference
in the Fe(VI)/perborate system, with the sulfamethoxazole removal rate
dropping to 42.75 % and 38.75 % after 5 minutes, and ks decreasing to
0.1425 min"! and 0.1160 min™, respectively. Previous studies have
indicated that HA can scavenge active radicals in the reaction system,
competing with sulfamethoxazole for these radicals, thereby inhibiting
sulfamethoxazole removal [22].

3.3.2. Study on actual sewage treatment

Fe(VI) is unstable in water and tends to decompose rapidly, which
poses a challenge for its practical application in wastewater treatment.
Since Fe(VI) is typically introduced during the pretreatment and
advanced treatment stages of actual wastewater treatment, the Fe(VI)/
perborate system’s sulfamethoxazole removal effectiveness was assessed
in WWTP influent and secondary effluent. As shown in Fig. 6e, the
sulfamethoxazole removal rate in the influent of the WWTPs ranged

from 13.85 % to 88.63 %, with the exception of Lijiang B, where the
removal rate was lower than that observed in pure water. The removal
rates in Lijiang A, Lijiang C, Dali, Baoshan, Qujing, and Wuhan were
53.24 %, 55.05 %, 63.89 %, 61.65 %, 13.85 %, and 35.52 %, respec-
tively. The removal efficiency of SMX in sewage is lower than that in
pure water, probably because the actual sewage contains rich organic
substances and ions, which consumes part of active free radicals,
resulting in insufficient overall oxidation [47]. As shown in Table S1, the
lowest removal rate was observed at Qujing WWTP, likely due to the
significantly higher COD and NH3-N content in the influent, which may
compete with sulfamethoxazole for active radicals. In this case, appro-
priately increasing the ratio of Fe(VI) to perborate will enhance the
removal efficiency of SMX [48]. In the WWTP effluent, the sulfameth-
oxazole removal rates for Lijiang A, Lijiang B, Lijiang C, Dali, Baoshan,
Qujing, and Wuhan were 69.17 %, 52.08 %, 60.69 %, 28.53 %,
54.58 %, 69.28 %, and 79 %, respectively. The low removal rate in Dali
WWTP may be attributed to the higher T-N content (12.1 mg/L) in the
water compared to Wuhan WWTP (8.2 mg/L), which could interfere
with the active radicals in the reaction system. As shown in Fig. S13, the
removal rate constants Kqps for sulfamethoxazole in Lijiang A, Lijiang B,
Lijiang C, Dali, Baoshan, Qujing, and Wuhan were 0.4427 min™,
0.2298 min™, 0.3209 min™!, 0.1487 min™, 0.2706 min™!,
0.2558 min™ , and 0.6642 min™" , respectively. Despite the variations in
water quality, sulfamethoxazole was still effectively removed in these
real-world wastewater samples, indicating that the Fe(VI)/perborate
system demonstrates excellent interference resistance and holds great
potential for practical applications in advanced wastewater treatment.

3.4. Sulfamethoxazole degradation toxicity analysis

As shown in Fig. 7c, the distribution of the extreme points of the SMX
molecule is presented, along with a visual analysis of its electrostatic
potential. The molecule’s central and upper regions appear in red,
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indicating areas with high negative charge density, with the minimum
negative charge of —51.86 kcal/mol, while the blue regions represent
areas with positive charge density with the maximum negative charge of
55.92 kcal/mol. Fe(VI) typically attacks regions with high negative
charge density, suggesting that SMX degradation initiates in the regions
of higher negative charge density where bond cleavage occurs. The re-
gions of high positive charge density, due to their low electron density,
are generally not preferred attack sites for active free radicals. However,
as the degradation process progresses and the SMX structure breaks
down, the resulting small molecules, being unstable, may become sus-
ceptible to attacks by *OH and Fe(VI).

As shown in Fig. 8b, and Table S6, The HOMO of SMX is primarily
located on the benzene ring, nitrogen atom, and sulfur atom. It is re-
ported that the oxidation of SMX by Fe(VI) mainly occurs at the iso-
xazole and aniline moieties [34]. DFT calculations revealed that the f-
values for 11(N) and 14(S) are 0.1081 and 0.0923, respectively, with fO
for 11(N) being 0.0827, all of which are at their highest values. This
indicates that 11(N) and 14(S) are highly susceptible to attack by
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reactive oxygen species. As shown in Fig. 8a, SMX exhibit a high nega-
tive charge density in their central regions and a high positive charge
density in their peripheral regions. The C=0 group, with an electron
density of —2.30 eV, acts as a Lewis basic site due to its lone electron
pairs. This indicates that the enhanced electron density of the C=0
group and its surrounding regions facilitates electron transfer to Fe(VI),
thereby promoting the generation of reactive species. LC-MS analysis of
the degradation products of sulfamethoxazole identified possible
degradation pathways and corresponding products. Products of degra-
dation with values of m/z greater than 254 are primarily composed of
the sulfamethoxazole molecule and its by-products, as depicted in
degradation pathways C [31]. Reactive oxygen species typically attack
regions with negatively charged groups, high HOMO orbitals, and
elevated fO and f- values. In the case of sulfamethoxazole, the amine
group is targeted, resulting in the generation of degradation products
TP-520 through re-association. Concurrently, electrophilic substitution
takes place on the aromatic ring, resulting in the formation of
ortho-hydroxy TP-430. Subsequent cleavage products undergo
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Fig. 10. On day 0, (a) Fe(VI)/perborate treatment hydroponics, (b) 0.02 mM SMX hydroponics, (c) pure water hydroponics (Control); on day 7, (a) Fe(VI)/perborate
treatment hydroponics, (b) 0.02 mM SMX hydroponics, (c) pure water hydroponics (Control).

dehydroxylation, yielding TP-396. In degradation pathway B, *OH at-
tacks the carbon atom adjacent to the amine group, leading to hydrox-
ylation of sulfamethoxazole, producing TP-248, which is further
oxidized to form TP-202 [18]. This cleavage site is also consistent with
the vulnerable sites predicted by DFT calculations, and the degradation
product analysis by LC-MS confirmed the previous predictions from DFT
calculations. Subsequently, the S-N bond breaks, leading to the creation
of the sulfonic acid byproduct TP-158, which is eventually oxidized to
TP-128 [30]. In degradation pathway A, the reactive oxygen species 10y
attacks the S=O bond in TP-179, undergoing an aminolysis reaction to
form TP-132 [1]. Ultimately, all degradation products continue to
oxidize, breaking down into smaller fragments, which are mineralized to
generate HoO and CO5 [20].

3.5. Toxicity assessment of SMX degradation products

As shown in Table S8 and Fig. 9, to further assess the level of toxicity
of the degradation products during sulfamethoxazole removal. The
study applied ECOSAR v2.2 to forecast both acute and chronic toxicity of
sulfamethoxazole and its byproducts to fish, water fleas, and algae. The
results confirmed that, except for the macromolecular degradation
products such as TP-520, TP-430, the acute toxicity of other small
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molecule degradation products generally decreased. Notably, both the
acute and chronic toxicity level of TP-128 and TP-239 were lower than
that of the parent sulfamethoxazole. Studies have reported that TP-179
and TP-239 have no inhibitory effect on the growth of Escherichia coli
[1]. The oxidation products of SMX, TP-254 and TP-225, have a pro-
motive effect on wheat growth. Within 7 days, the wheat length
increased by 2.1 cm compared to those grown in SMX aqueous solution
[50]. However, the presence of certain macromolecular products led to
an increase in the toxicity of the degradation mixture. Future studies
should pay more attention to the toxicity changes associated with these
large molecular degradation products.

As shown in Table S9 and Fig. 10, fenugreek and mung bean were
cultivated with Fe(VI)/perborate-treated water, 0.02 mM SMX aqueous
solution, and pure water, respectively. On the second day, the germi-
nation rate of fenugreek in Group A was 100 %, while the germination
rate of mung bean was 10 %. In Group B, the germination rate of
fenugreek was 90 %, and that of mung bean was 20 %. In Group C, the
germination rate of fenugreek was 90 %, and that of mung bean was
20 %. This may be due to the toxicity inherent in SMX, which caused the
low germination rate of mung bean. On day 7, the average seedling
length of mung bean and fenugreek in Group A was 1.45 cm and 4.1 cm,
respectively. On day 7, the average seedling length of mung bean and
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fenugreek in Group B was 1.86 cm and 4.2 cm, respectively. On day 7,
the average seedling length of mung bean and fenugreek in Group C was
0.83 cm and 2.19 cm, respectively. The untreated SMX-containing
aqueous solution significantly inhibited the growth of mung bean and
fenugreek. However, the average seedling length of mung bean and
fenugreek cultivated with Fe(VI)/perborate-treated water even sur-
passed that of the pure water-grown mung bean and fenugreek, which is
consistent with the predicted reduction in toxicity of SMX degradation
products. This may be due to the promoting effect of SMX degradation
products TP-254 and TP-225 on the growth of fenugreek and mung bean
[50].

4. Conclusion

This study was the first to propose the Fe(VI)/perborate oxidation
technique for water treatment.

The Fe(VI)/perborate system is enhanced by borate radicals pro-
duced by sodium perborate hydrolysis, which accelerates the activation
of Fe(VI) and leads to the formation of large amounts of Fe(V) and Fe
(IV). In contrast to Fe(VI) alone to degrade sulfamethoxazole, the Fe
(VI)/perborate system generates Fe2", which further participates in a
Fenton reaction with the HyO, produced by perborate, enhancing the
system’s oxidative capacity. It has been confirmed that the continuous
production of borates in the Fe(VI)/perborate system maintains the re-
action environment at approximately pH 9, allowing for the best
possible oxidation capacity of Fe(VI). Moreover, the HoOy generated
within the Fe(VI)/perborate system ensures the sustained oxidative
performance of the system. In wastewater from seven different regional
treatment plants, both influent and secondary effluent, the Fe(VI)/
perborate system demonstrated high efficiency in removing sulfameth-
oxazole, highlighting its significant potential for practical applications
in wastewater treatment. The Fe(VI)/perborate system also demon-
strated strong removal efficiency for various pollutants such as tetra-
cycline, carbamazepine, ciprofloxacin, amoxicillin, and metronidazole,
offering promising potential for the removal of other contaminants as
well.

Environmental implication

This study investigates the degradation of the antibiotic sulfameth-
oxazole using a ferrate(VI)/perborate system, and evaluates the degra-
dation efficiency of sulfamethoxazole in the influent and secondary
effluent of seven wastewater treatment plants. Notably, the ferrate(VI)/
perborate system achieves significantly higher removal efficiency for
sulfamethoxazole compared to ferrate alone. Additionally, the buffering
effect of sodium perborate greatly suppresses the self-decomposition of
ferrate, thus preserving the system’s oxidation capacity. This study aims
to provide a new perspective on antibiotic degradation and the appli-
cation of ferrate in water treatment, with the goal of further advancing
the use of ferrate in water treatment processes.
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