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Abstract: Deltamethrin’s global use as a potent insecticide against pests is well-established. However,
the compound’s diverse levels of toxicity are increasingly under scrutiny, drawing significant attention
to treatments of deltamethrin. Transition metal activation of sulfite is a promising technology for
micropollutant degradation. In this study, iron-activated sulfite was used for the degradation of
deltamethrin. The degradation effects and influencing factors and the underlying mechanism of
deltamethrin degradation in the system were investigated. The degradation of deltamethrin was
effectively achieved by the Fe (III)/sulfite system. The optimal reaction conditions at laboratory
scale were determined to be an initial pH of 4, a Fe (III) concentration of 100 µM, and a HSO−3
concentration of 1 mM, where the degradation rate was approximately 69.5%. Dissolved oxygen was
identified as an essential factor in the reaction process, with the degradation rate of deltamethrin
decreasing by up to 22% under anaerobic conditions. The presence of light facilitated the degradation
of deltamethrin within the reaction system, while bicarbonate and natural organic compounds
were found to inhibit its degradation. Quenching experiments verified the presence of hydroxyl
radicals (HO•) and sulfate radicals (SO•−4 ) in the reaction system, with HO• being the predominant
species. This was further confirmed by EPR experiments. Additionally, density functional theory
calculations indicated the propensity for bond breaking between C16 and O21 in deltamethrin
molecules, and the degradation pathway was validated through GC-MS analysis of the products
formed. Moreover, the Fe (III)/sulfite system demonstrated good degradation performance for
deltamethrin in secondary effluent, achieving degradation rates of 46.3%. In particular, the Fe
(III)/sulfite system showed minimal bromate formation, attributed to the capacity of sulfite to reduce
active bromine intermediates into bromine ions.

Keywords: deltamethrin; ferric ion; sulfite; sulfate radical (SO•−4 ); density functional theory

1. Introduction

Synthetic pyrethroids (SPs) are among the most widely used pesticides in the world,
and the application of them has increased significantly in recent decades due to their
efficacy and low toxicity compared to other pesticides [1]. Deltamethrin ((S)-alpha-cyano-
3-phenoxybenzyl-(1R)-cis-3-(2,2-dibromovinyl)-2,2-dimethylcyclopropane carboxylate), a
type II synthetic pyrethroid, has made significant contributions to global agricultural
development [2]. However, the extensive usage of deltamethrin has led to significant
increased concentrations of pesticides in the soil and water, which can enter the food chain,
posing potential threats to human health, food safety, and the ecological environment [1,3].
Toxicokinetic studies of deltamethrin and its metabolites have shown that accumulation of
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deltamethrin and its metabolites increases neurotoxicity and that it is significantly toxic to
vertebrates and invertebrates [3]. Currently, research on deltamethrin removal from the
environment has gained considerable attention [4,5].

Sulfate radicals-based advanced oxidation technologies (SR-AOPs) have demonstrated
exceptional efficacy in the removal of organic pollutants [6,7]. The production method of
SO•−4 is mainly based on the activation of persulfate [8]. However, practical water treatment
applications encounter challenges associated with persulfate, such as high expense and
potential toxicity [9,10]. Sulfite, a byproduct of flue gas desulfurization, presents a cost-
effective and environmentally friendly alternative. After activation, it generates various
active free radicals, including hydroxyl radicals (HO•) and sulfate radicals (SO•−4 ) [10–12].
In recent years, sulfite has garnered recognition as a promising substitute for persulfate,
progressively gaining prominence in the area of pollutant treatment [13,14].

At present, a variety of methods and chemicals have been employed to activate sulfite
and generate SO•−4 , including ultraviolet radiation, low-valence transition metals such as
Fe(II) and Cu(II), oxidizing agents like potassium permanganate and potassium ferrate,
and heterogeneous materials such as zero-valent iron [15–17]. Notably, there is growing
interest in SR-AOPs based on the activation of bisulfite by transition metals [18]. Among
the different transition metals, Fe was considered to be an excellent activator for sulfite due
to its abundance, cost-effectiveness, and non-toxic nature [19]. The mechanisms underlying
the activation of sulfite by transition elements can be categorized into two primary types.
The first theory involves non-free radicals. Taking Fe(III) as an example, it combines with
sulfite and absorbs an oxygen molecule, which then decomposes into sulfite and Fe(II). In
contrast, the free radical theory suggests that during the reaction process, sulfite directly
donates an electron to generate the sulfate radical.

The reaction process can be elucidated through Equations (1)–(12) in Table 1 [20–26].
Initially, Fe (III) reacts with HSO−3 to form FeSO+

3 , subsequently yielding SO•−3 [27]. The
rate-limiting step in the overall reaction happens during the reduction of Fe (III) to Fe
(II). Following this, SO•−3 undergoes oxidation by O2 to generate SO•−5 , with a portion
of SO•−5 participating in further reactions, producing SO−5 , and the other part generating
S2O−8 [28,29]. Subsequently, S2O−8 is activated by Fe (II) to form SO•−4 , which, in turn,
undergoes oxidation to regenerate Fe (III). This cyclic process ensures the continuous
involvement of Fe throughout the reaction [19,30].

Table 1. The potential reactions in Fe(III)/sulfite process.

Fe2+ + HSO−3 
 FeHSO+
3 (log k = 4) (1)

4FeHSO+
3 + O2 → 4FeSO+

3 + 2H2O k = 1.69× 103 M−1s−1 (2)
Fe3+ + HSO−3 
 FeSO+

3 + H+(log k = 2.45) (3)
FeSO+

3 → Fe2+ + SO•−3 k = 0.19 s−1 (4)
SO•−3 + O2 → SO•−5 k = (1.1 − 2.5)× 109 M−1s−1 (5)

SO•−5 + HSO−3 → SO2−
4 + SO•−4 + H+k ≈ 1.2× 104 M−1s−1 (6)

SO•−5 + HSO−3 → HSO−5 + SO•−3 k < 3× 105 M−1s−1 (7)
SO•−5 + SO•−5 → 2SO•−4 + O2 k = 106 − 108 M−1s−1 (8)
SO•−5 + SO•−5 → S2O2−

8 + O2 k = 107 − 108 M−1s−1 (9)
Fe2+ + S2O2−

8 → Fe3+ + SO•−4 + SO2−
4 k= 20 M−1s−1 (10)

SO•−4 + HSO−3 → SO2−
4 + SO•−3 + H+k= 1.3× 108 − 2.5× 109 M−1s−1 (11)

Fe2+ + HSO−3 → Fe3+ + SO•−4 + OH− k = 104 − 107 M−1s−1 (12)

In a study by Chen et al., the degradation of Orange II was compared by activating
sulfites with Fe(II) and Fe(III). Interestingly, the Fe(III) system exhibited a slightly faster
reaction rate than the Fe(II) system [20]. This disparity can be attributed to the fact that
FeSO+

3 can directly participate in the reaction process, whereas FeHSO+
3 necessitates oxi-

dation to become FeSO+
3 before it can contribute to the reaction. The comparable reaction

rates between the Fe(III) and Fe(II) systems indicate that the conversion reaction time from
FeHSO+

3 to FeSO+
3 was extremely short, and Equation (4) is the true rate-limiting step in
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the reaction process. Zhang et al. introduced xenon lamp illumination into the reaction
system, building upon Chen’s research, and observed that xenon lamp irradiation enhanced
the degradation of Orange II while expanding the optimal pH range of the system [31].
The intricate free radical conversion reactions inherent in sulfite AOPs frequently lead to
debates regarding the reaction mechanism within the same sulfite AOP framework [30,32].
Currently, the sulfite auto-oxidation system is still in its nascent stages of development.
It holds promise as a cost-effective and efficient advanced oxidation technology with the
theoretical capability to effectively degrade pyrethroids. However, the research in this field
is currently limited, with insufficient understanding regarding the impact of various factors
on pollutant degradation and identification of active species within sulfite auto-oxidation
systems. Furthermore, it has been reported that bromate was easily formed in traditional
advanced oxidation processes in the presence of Br−. Due to the relative weak oxidative
properties of sulfite, the potential control of bromate formation in a sulfite auto-oxidation
system requires further investigation.

The primary objectives of this study are (1) to conduct a comparative analysis
of deltamethrin degradation by various systems, including Fe0/sulfite, Fe(II)/sulfite,
Fe(III)/sulfite, Fe2O3/sulfite, and Fe3O4/sulfite, with the aim of identifying the most
suitable reaction system for efficient deltamethrin degradation; (2) to investigate the impact
of diverse influencing factors on the degradation efficiency of deltamethrin within the iden-
tified optimal system; (3) to elucidate the active substances responsible for deltamethrin
degradation within the optimal system and unveil the associated degradation mechanism;
(4) to assess the removal efficiency of the Fe (III)/sulfite system on pollutants present in the
effluent of real-world secondary sedimentation tanks, thereby evaluating the engineering
feasibility and practicality of this system; and (5) to evaluate the formation of bromate in
the presence of Br−.

2. Material and Methods
2.1. Materials

Deltamethrin (C22H19Br2NO3, 52918-63-5) was procured from Aladdin Reagent
Company (Shanghai, China). Sodium sulfite (Na2SO3, 7757-83-7), iron sulfate (Fe2(SO4)3,
10028-22-5), ferrous sulfate (FeSO4, 7720-78-7), iron oxide (Fe2O3, 1332-37-2), ferric oxide
(Fe3O4, 12227-89-3), elemental iron (Fe, 7439-89-6), sodium hydroxide (NaOH, 1310-73-2),
sulfuric acid (H2SO4, 7664-93-9), sodium bicarbonate (NaHCO3, 144-55-8), and humic acid
(HA, 308067-45-0) were obtained from China National Pharmaceutical Group Chemical
Reagent Co., Ltd (Shanghai, China). Tert-butanol (TBA, 75-65-0), methanol (MeOH, 170082-
17-4), and ethanol (EtOH, 64-17-5) were acquired from Tedia Chromatographic Reagent
Company (Fairfield, CT, USA). Sodium thiosulfate (Na2S2O6, 7772-98-7), phenanthroline
(C12H8N2·H2O, 66-71-7), hydroxylamine hydrochloride (HONH3Cl, 5470-11-1), acetic acid
(C2H4O2, 64-19-7), ammonium acetate (C2H7O2N, 631-61-8), sodium sulfate (Na2SO4,
7757-82-6), and sodium bromide (NaBr, 7647-15-6) were also sourced from China National
Pharmaceutical Group Chemical Reagent Co., Ltd (Shanghai, China). The secondary efflu-
ent, sourced from a wastewater treatment plant in Wuhan, was collected and transferred to
the laboratory. The water samples underwent filtration using a 0.45 µm membrane and
were subsequently stored at 4 ◦C, shielded from light exposure.

2.2. Experimental Procedure

Throughout the experiment, ultrapure water (250 mL) was accurately measured
and placed in a 250 mL volumetric flask, followed by a 15 min preheating in a constant-
temperature water bath set at 25 ◦C. Subsequently, the preheated solution was transferred
to a beaker or conical flask reactor. The activation of a magnetic stirrer was initiated at
a speed of 400 r/min, and pH monitoring was conducted within the reactor using a pH
meter. Sequentially, a specified volume of deltamethrin solution and iron sulfate stock
solution were introduced into the reactor, followed by the addition of sodium sulfite to
initiate the reaction, with timing initiated concurrently. The initial pH stability of the
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reaction solution was maintained at 4.0 ± 0.2 using a 0.1 M dilute sulfuric acid and 0.1 M
sodium hydroxide solution. Fe(II) in the Fe(II)/sulfite system was derived from a FeSO4
stock solution, and Fe(III) in the Fe(III)/sulfite system was derived from a Fe2(SO4)3 stock
solution. The reaction vessel was shielded using tin foil to explore the influence of light.
A xenon lamp (PL-X300D, Pulinsaisi, Beijing, China) was employed to simulate sunlight
conditions in the experimental setup, and the incident light intensity was measured and
described in Test S1 in the Supplementary Materials.

Sampling occurred at specified intervals of 0, 1, 3, 5, 10, 20, and 30 min. During the
sampling process, 10 mL of the upper reaction solution was aspirated using a pipette and
transferred into a 20 mL brown extraction bottle. To quench the reaction, 200 µL of sodium
thiosulfate stock solution was introduced into the extraction bottle. Following this, 2 mL of
petroleum ether and 4.0 g of anhydrous sodium sulfate were incorporated, and vigorous
shaking was performed using a vortex oscillator for three minutes. During the shaking
procedure, the bottle cap was intermittently opened to release gas, and subsequently, the
mixture was allowed to stand for 10 min. Approximately 1 mL of the upper organic phase
was withdrawn and deposited into a 2 mL brown gas-phase vial for subsequent analysis
and determination. Each experimental group underwent a minimum of two trials, with the
average value serving as the basis for result analysis.

2.3. Analysis

Deltamethrin was determined using a Shimadzu GC-2014C gas chromatograph
(equipped with an ECD detector). During the detection process, the injection port tempera-
ture was set at 280 ◦C, the detector temperature was set at 300 ◦C, and the chromatographic
column was a DB-5MS column (30 m × 0.25 µm × 0.25 µm). The temperature program of
the oven began at 80 ◦C for 1 min and was then ramped up to 280 ◦C at a rate of 40 ◦C/min
and held for 6 min.

Fe (II)/Fe (III) and total iron concentration were detected using the o-phenanthroline
method. Electron paramagnetic resonance spectroscopy (EPR) detection and chemical
reagent quenching were used to identify the primary free radical species involved in the
reaction processes. The GC-MS carried out with a HP-5MS chromatographic column
(30 m × 0.25 µm × 0.25 µm) was used for the analysis of degradation products. The
carrier gas is high-purity He gas (>99.999%), with a flow rate of 1 mL/min and a sample
inlet temperature of 220 ◦C. The temperature program of the oven began at 35 ◦C for
0 min, increased to 240 ◦C at a rate of 8 ◦C/min, and held for 22 min. Br− and BrO3−

were determined using ion chromatography with a Na2CO3/NaHCO3 buffer as the mobile
phase and a flow rate of 1 mL/min [33]. Chemical oxygen demand (COD), ammonia
nitrogen (NH3-N), and total phosphorus (TP) were analyzed by potassium dichromate
digestion, Nessler reagent colorimetry, and ammonium molybdate spectrophotometry,
respectively (China-EPA, 2002) [34]. pH and turbidity were measured by a pH meter
(Starter-3100, Ohaus, Parsippany, NJ, USA) and a turbidity meter (WGZ-2, Ruixin, Shanghai,
China), respectively.

The determination of active sites within the deltamethrin molecules was performed
using Gaussian09 software. Calculations were carried out at the B3LYP level, employing
the 6-31 + G (d, p) basis set. Subsequently, optimized natural space orbit analysis, also
known as NBO charge calculation, was conducted on deltamethrin molecules to pinpoint
their active sites. The Fukui function, a crucial parameter within density functional theory,
provides a direct numerical reflection of active sites during the reaction process. The
calculation formula for the Fukui function is shown in Equation (13) [35].

f0
k =

(qN−1
k − qN+1

k )

2
(13)

where, the f0
k is the Fukui function value, k represents the atomic number in deltamethrin,

N represents the number of electrons outside the nucleus, and qk is the charge symbol.
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3. Results and Discussion
3.1. Degradation of Deltamethrin by Fe(III)-Activated Systems
3.1.1. Comparison of Deltamethrin Degradation in Different Systems

The results of deltamethrin degradation in different systems are shown in Figure 1. It
can be seen that Fe(III)/sulfite, Fe(II)/sulfite, and Fe0/sulfite systems all exhibited com-
mendable performance in the degradation of deltamethrin. Notably, both the Fe(III)/sulfite
and Fe(II)/sulfite systems achieved a degradation rate of 69.5% after 30 min. During
the initial 20 min of the reaction, the degradation rate of the Fe(III)/sulfite system was
slightly higher than that of the Fe(II)/sulfite system, which is consistent with the findings of
Chen et al. [20]. Consequently, the Fe(III)/sulfite system was determined as the main ex-
perimental condition for the reaction. The Fe0/sulfite system also demonstrated relatively
efficient degradation, which can be attributed to the photocatalytic reaction occurring on
the surface of Fe0 in the presence of O2 [36]. During these reaction processes, as seen in
Equations (14)–(16), Fe(II) and Fe(III) could be formed, initiating the sulfur auto-oxidation
system reaction [37].
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= 30 µg/L, [Fe(III)]0 = [Fe(II)]0 = [Fe(0)]0 = 2[Fe2O3]0 = 3[Fe3O4]0 = 100 µM, [HSO3
−]0 = 1 mM,
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A portion of deltamethrin could also be removed by Fe2O3/sulfite and Fe3O4/sulfite
systems, which can be attributed to the generation of Fe(III) and Fe(II). On the one hand,
Fe2O3 and Fe3O4 can gradually react with H+ to produce Fe(III) and Fe(II) with the initial
reaction pH of 4.0. On the other hand, Fe2O3 and Fe3O4 can undergo oxidation reactions
with sulfite, which results in the gradual release of Fe(III) and Fe(II) into the aqueous
solution. The degradation efficiency achieved by the Fe2O3/sulfite and Fe3O4/sulfite
systems displayed a similar tendency during the first 10 min of reaction, but a difference
emerged in the degradation rate during the period from 10 to 30 min. This variation may be
attributed to the consumption of free radicals by Fe(II) generated from Fe3O4, leading to a
relatively lower degradation efficiency compared to Fe2O3. Additionally, previous studies
have also reported that the reaction rate between Fe3O4 and sulfite was lower than that
between Fe2O3 and sulfite in aqueous solutions, which may provide another explanation
for the inhibited degradation of deltamethrin by the Fe3O4/sulfite system [38].

Fe0 + O2 + 2H+ → Fe(II) + H2O2 (14)
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Fe0 + H2O2 + 2H+ → Fe(II) + 2H2O (15)

Fe(II) + H2O2 → Fe(III) + OH− + HO• (16)

3.1.2. Changes of Fe(III)/Fe(II) and Sulfite Species during the Reaction Process

As depicted in Figure 2a, an excess of sulfite led to the rapid reduction of Fe(III) to
Fe(II) within the initial 15 s. As the reaction prolonged, Fe(II) was oxidized by sulfite to
FeSO3

+ in the presence of abundant O2. The conversion from Fe(II) to Fe(III) was quick and
finished after a reaction of approximately 5 min. As shown in Figure 2b, the concentration
of sulfite continuously decreased with prolonged reaction, which was consumed completely
after a reaction of about 20 min. This is attributed to the fact that Equation (4) is the rate-
limiting step of the chain reaction. The consumption tendency of sulfite was similar to the
degradation process of deltamethrin, which demonstrated that the concentration of sulfite
was the key influencing factor during the reaction process.
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3.2. Effect of Initial pH

The pH value plays a significant role in determining the form of iron ions and sulfite
in the reaction system, thereby affecting the degradation of deltamethrin by Fe(III)/sulfite
system. In consideration of the reported self-decomposition of deltamethrin in an alkaline
solution [39], the impact of initial pH values ranging from 3.0 to 7.0 on deltamethrin
degradation in the Fe(III)/sulfite system were evaluated. As shown in Figure 3a, the
degradation of deltamethrin decreased from 76.5% to 38.1% after a 30 min reaction as the
reaction pH increased from 3.0 to 7.0. Additionally, the reaction pH was also monitored
during the reaction in the system (Figure 3b). With the progression of the oxidation
process, the chosen pH (4.0, 5.0 and 6.0) swiftly decreased and eventually stabilized at
around 3.5–4.0. In contrast, the pH remained stable at pH 3.0. As reported in previous
studies [40,41], HSO3

− is the dominant species of sulfite in the pH range of 3.0–6.0, which is
conducive to the generation of FeSO3

+. Furthermore, HSO3
− is an essential component in

reaction Equation (12), promoting the generation of SO4
•− and improving the reaction rate.

However, as the pH gradually increased from 3 to 7, HSO3
− was gradually transformed

into SO3
2−, inhibiting the generation of free radicals and exerting a suppressive effect on

the degradation of deltamethrin.



Water 2024, 16, 8 7 of 15

Water 2024, 15, x FOR PEER REVIEW 7 of 17 
 

 

3.2. Effect of Initial pH 
The pH value plays a significant role in determining the form of iron ions and sulfite 

in the reaction system, thereby affecting the degradation of deltamethrin by Fe(III)/sulfite 
system. In consideration of the reported self-decomposition of deltamethrin in an alkaline 
solution [39], the impact of initial pH values ranging from 3.0 to 7.0 on deltamethrin deg-
radation in the Fe(III)/sulfite system were evaluated. As shown in Figure 3a, the degrada-
tion of deltamethrin decreased from 76.5% to 38.1% after a 30 min reaction as the reaction 
pH increased from 3.0 to 7.0. Additionally, the reaction pH was also monitored during the 
reaction in the system (Figure 3b). With the progression of the oxidation process, the cho-
sen pH (4.0, 5.0 and 6.0) swiftly decreased and eventually stabilized at around 3.5–4.0. In 
contrast, the pH remained stable at pH 3.0. As reported in previous studies [40,41], 
HSO3

ି is the dominant species of sulfite in the pH range of 3.0–6.0, which is conducive 
to the generation of FeSO3

ା. Furthermore, HSO3
ି is an essential component in reaction 

Equation (12), promoting the generation of SO4
•ି and improving the reaction rate. How-

ever, as the pH gradually increased from 3 to 7, HSO3
ି was gradually transformed into 

SO3
ଶି, inhibiting the generation of free radicals and exerting a suppressive effect on the 

degradation of deltamethrin. 

 
Figure 3. Effect of initial pHs on deltamethrin removal in the Fe(III)/sulfite system (a) and the vari-
ation of solution pH during the degradation of deltamethrin (b). Condition: [Deltamethrin]0 = 30 
µg/L, [Fe(III)]0 = 100 µM, [HSO3

ି]0 = 1 mM, temperature = 25 °C. The error bars represent the stand-
ard deviations. 

3.3. Effect of Initial Fe(Ⅲ) Concentration, Initial Sulfite Concentration on Deltamethrin Removal 
The effects of initial Fe(Ⅲ) concentration and initial sulfite concentration on deltame-

thrin degradation within the Fe(III)/sulfite system were also studied, as illustrated in Fig-
ure 4a and b, respectively. Figure 4a shows the effect of Fe(Ⅲ) concentration ranging from 
60 to 150 µM on the degradation of deltamethrin (30 µg/L) with an initial sulfite concen-
tration of 1.0 mM. The removal efficiency of deltamethrin increased from 58.0% to 69.5% 
after a 30 min reaction, while the initial Fe(III) concentration increased from 60 to 100 µM. 
However, the removal of deltamethrin slightly decreased, while the Fe(III) concentration 
was further raised to 120 and 150 µM. This result suggests that the optimal concentration 
of Fe(III) under these conditions is approximately 100 µM, which is consistent with the 
optimal ratio of Fe(III) to sulfite (1:10) reported in previous studies [31]. When the Fe(III) 
concentration exceeds the optimal level, superfluous Fe(III) can consume part of the sul-
fite, which inhibits the degradation of deltamethrin [42]. 

Figure 4b shows the effect of sulfite concentration ranging from 0.25 to 2 mM on the 
degradation of deltamethrin (30 µg/L) with an initial Fe(Ⅲ) concentration of 100 µM. After 

Figure 3. Effect of initial pHs on deltamethrin removal in the Fe(III)/sulfite system (a) and the variation
of solution pH during the degradation of deltamethrin (b). Condition: [Deltamethrin]0 = 30 µg/L,
[Fe(III)]0 = 100 µM, [HSO3

−]0 = 1 mM, temperature = 25 ◦C. The error bars represent the standard
deviations.

3.3. Effect of Initial Fe(III) Concentration, Initial Sulfite Concentration on Deltamethrin Removal

The effects of initial Fe(III) concentration and initial sulfite concentration on deltamethrin
degradation within the Fe(III)/sulfite system were also studied, as illustrated in Figures 4a
and 4b, respectively. Figure 4a shows the effect of Fe(III) concentration ranging from 60 to
150 µM on the degradation of deltamethrin (30 µg/L) with an initial sulfite concentration
of 1.0 mM. The removal efficiency of deltamethrin increased from 58.0% to 69.5% after a
30 min reaction, while the initial Fe(III) concentration increased from 60 to 100 µM. However,
the removal of deltamethrin slightly decreased, while the Fe(III) concentration was further
raised to 120 and 150 µM. This result suggests that the optimal concentration of Fe(III)
under these conditions is approximately 100 µM, which is consistent with the optimal ratio
of Fe(III) to sulfite (1:10) reported in previous studies [31]. When the Fe(III) concentration
exceeds the optimal level, superfluous Fe(III) can consume part of the sulfite, which inhibits
the degradation of deltamethrin [42].
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− system. Condition: [Deltamethrin0 = 30 µg/L, [HSO3
−]0 = 1 mM

for (a), [Fe(III)]0 = 100 µM for (b), pH0 = 4.0 ± 0.2, temperature = 25 ◦C. The error bars represent the
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Figure 4b shows the effect of sulfite concentration ranging from 0.25 to 2 mM on the
degradation of deltamethrin (30 µg/L) with an initial Fe(III) concentration of 100 µM. After
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a 30 min reaction, the degradation rate of deltamethrin increased from 45.2% to 88.0% as the
sulfite concentration increased from 0.25 to 1.5 mM. However, it decreased to 73.5% with
the further increase of sulfite to 2.0 mM. This trend aligns with previous findings [42,43].
The increase of sulfite mainly contributes to the stimulation process for the generation of
FeSO3

+ and SO4
•−, which promote the degradation of deltamethrin. However, sulfite can

also react with SO4
•− with a high reaction rate. Equation (11) shows competition with

deltamethrin for free radicals while excessive sulfite is present in the system.

3.4. Effect of HCO3
−, HA, Dissolved Oxygen and Photo Radiation on Deltamethrin Removal

The effects of HCO3
− and HA on the degradation of deltamethrin are shown in

Figure 5a,b. It can be seen that HCO3
− and HA significantly restrain the removal of

deltamethrin in the Fe(III)/sulfite system, which is consistent with the conclusion reached
in other researches [44,45]. The degradation rate of deltamethrin decreased from 69.5% to
33.1% as the HCO3

− concentration increased from 0 to 1 mM. When the HA concentration
increased to 10 mg/L, the degradation of deltamethrin after a 30 min reaction was reduced
by 45%. Both HCO3

− and HA are common scavengers for reactive radicals, which shows
competition with deltamethrin for free radicals. HCO3

− shows a good buffering capacity,
which hinders the decrease of pH during the reaction process (as shown in Figure S1,
Supplementary Materials), leading to partial sedimentation of Fe(III) and a decrease in
degradation efficiency of deltamethrin.
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Figure 5. (a) the effect of HCO3
− on the degradation of deltamethrin, (b) the effect of HCO3

−

on the degradation of deltamethrin HA, (c) the effect of dissolved oxygen on the degradation of
deltamethrin, and (d) changes in dissolved oxygen during the degradation of deltamethrin. Condition:
[Deltamethrin]0 = 30 µg/L, [Fe(III)]0 = 100 µM, [HSO3

−]0 = 1 mM, pH = 4 ± 0.2. The error bars
represent the standard deviations.
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Dissolved oxygen also plays a crucial role in the Fe(III)/sulfite system, as it participates
in reactions (2) and (5), promoting the generation of reactive oxygen species such as O•−2 and
HO• [46]. In this experiment, the degradation of deltamethrin under anaerobic conditions
was investigated by continuously purging the reaction system with N2, as shown in
Figure 5c. A comparison experiment between N2 purging and continuous stirring revealed
a significant difference in the degradation efficiency of deltamethrin. Under N2 purging
conditions, the degradation efficiency decreased by 22.0%. Additionally, by observing
the changes in dissolved oxygen under only stirring conditions in Figure 5d, it can be
seen that within the initial 5 min of the reaction, the dissolved oxygen in the reaction
system rapidly decreased to 0.778 mg/L. This highlights the essential nature of dissolved
oxygen during this phase of the reaction, aligning with the degradation curve where
the majority of deltamethrin degradation occurs within the first 5 min. As the reaction
progresses, the dissolved oxygen in the reaction system is gradually consumed, resulting
in a reduced demand for oxygen. Simultaneously, oxygen from the air enters the reaction
solution progressively due to stirring, leading to an increase in dissolved oxygen content
in the solution.

Although light is not directly involved in the Fe(III)/sulfite process, relevant study
has shown that light can promote the generation of free radicals in sulfur autoxidation
systems [47]. In this study, xenon lamps were used to simulate natural light and explore
the effect of light on the degradation of deltamethrin by the Fe(III)/sulfite system. From
Figure 6, it can be observed that there was no significant advantage under light conditions
within the first 3 min of the reaction. However, with the reaction prolonging from 5 to
30 min, the degradation efficiency under light conditions began to be better than that under
non-light conditions, with a degradation rate increase of about 10%. This improvement can
be attributed to the promoted reactions of photosensitive sulfite species. Furthermore, light
can promote the decomposition of Fe(III)-sulfite complexes [40], which ultimately leads to
the enhanced degradation of deltamethrin.
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Figure 6. The effect of light on the degradation of deltamethrin. Condition: [Deltamethrin]0 = 30 µg/L,
[Fe(III)]0 = 100 µM, [HSO3

−]0 = 1 mM, pH = 4± 0.2. The error bars represent the standard deviations.

3.5. Identification of the Radicals

To gain insights into the mechanism of the Fe(III)/sulfite system, EtOH and TBA
were selected as radical scavengers. EtOH is effective for quenching both SO4

•− and HO•,
while TBA is usually considered more effective at quenching HO• than SO4

•− [48,49].
As shown in Figure 7a, the removal of deltamethrin decreased from 69.5% to 53% with
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the addition of EtOH (1.2 mM) and TBA (1.2 mM), respectively. This indicated that HO•

more than SO4
•− may take part in the reaction, and HO• was the dominant oxidant. The

potential free radicals in the Fe(III)/sulfite system after a 5 min reaction were also measured
by EPR spectrum with the addition of DMPO. Figure 7b shows that only typical signals
of DMPO-HO• adduct were gained in both control sample and the TBA-added sample,
further confirming the presence of HO• in the Fe(III)/sulfite system. The typical signals of
DMPO-SO4

•− adduct was not found in either sample. This absence may be attributed to
the limited generation of SO4

•− and rapid conversion of SO4
•− to HO•.
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3.6. Deltamethrin Degradation Pathways

The geometric optimization and NBO charge calculations of deltamethrin molecules
were conducted using the B3LYP and M06 methods within the density functional theory
framework, employing the 6-31G+ (d, p) basis set (Figure 8). The optimized molecular
structure of deltamethrin is illustrated in Figure S2 in Supplementary Materials, and the
NBO charge calculation results are presented in Table S1 in Supplementary Materials.
Notably, the findings indicate that bond-breaking reactions are prone to occur at C16-O21
and C31-O36, while C38 and C39 are inclined towards substitution reactions.
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As highlighted in Table S2, it is evident that the results derived from both the M06
and B3LYP methods exhibit substantial similarity. It is essential to note that a higher Fukui
function value corresponds to an increased susceptibility of a specific point to attack. In
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the case of the deltamethrin molecule, the most vulnerable sites are Br18 and Br19, while
those susceptible to attack by HO• are C14, C27, C31, and O36. It is of particular interest
that the bond between C31 and O36 is susceptible to breakage through free radical attack.
The potential degradation pathways of deltamethrin were hypothesized by integrating
the NBO charge calculations with the outcomes of Fukui function calculations. Firstly,
C16-O21 is attacked by free radicals in a bond-breaking reaction. The resulting product,
P1, may further undergo hydrolysis, giving rise to P3, as Cyano is unstable under acidic
conditions and susceptible to hydrolysis. Secondly, free radicals attack C31-O36, leading
to a bond-breaking reaction and yielding P4 and P5. P4 may undergo further oxidation
by -OH during degradation, leading to another bond-breaking reaction at C16-O21, produc-
ing P6. Thirdly, radicals attack one or more of C14, C27, C38, C39, undergoing a substitution
reaction and resulting in P7, P8, P9, P10, P11, P12, P13, P14, and P15.

To further clarify the degradation pathway of deltamethrin, the degradation
products after 30 min were analyzed by GC-MS. The results are presented in Table S3
(Supplementary Materials). Only P1 and P3 were detected in the degradation products
at 30 min, which aligns with the products in step 1. Notably, P4 was not detected after
30 min of reaction, while P1 was detected. This suggests that C16-O21 is more susceptible
to fracture compared to C31-O36, which deviates slightly from the results obtained from
NBO charge calculations. The proposed pathways of deltamethrin in the Fe(III)/sulfite
system are shown in Figure 9.

Water 2024, 15, x FOR PEER REVIEW 12 of 17 
 

 

-OH during degradation, leading to another bond-breaking reaction at C16-O21, produc-
ing P6. Thirdly, radicals attack one or more of C14, C27, C38, C39, undergoing a substitu-
tion reaction and resulting in P7, P8, P9, P10, P11, P12, P13, P14, and P15. 

To further clarify the degradation pathway of deltamethrin, the degradation prod-
ucts after 30 min were analyzed by GC-MS. The results are presented in Table S3 (Supple-
mentary Materials). Only P1 and P3 were detected in the degradation products at 30 min, 
which aligns with the products in step 1. Notably, P4 was not detected after 30 min of 
reaction, while P1 was detected. This suggests that C16-O21 is more susceptible to fracture 
compared to C31-O36, which deviates slightly from the results obtained from NBO charge 
calculations. The proposed pathways of deltamethrin in the Fe(III)/sulfite system are 
shown in Figure 9. 

 
Figure 9. Proposed pathways of deltamethrin in the Fe(III)/sulfite system. 

3.7. The Degradation Efficiency in Secondary Effluent 
Figure 5a,b indicate that the degradation of deltamethrin would be inhibited by HA 

and HCO3
ି, which is widely present in nature water matrices. Therefore, the degradation 

efficiency of pollutants by Fe(Ⅲ)/sulfite in a secondary effluent was further evaluated. The 
characteristics of the secondary effluent used in this experiment are detailed in Table S4 
(Supplementary Materials). As depicted in Figure 10, the degradation rate of deltamethrin 
was 47.3%, representing a decrease of 22.4% compared with the control sample. This re-
duction indicates the presence of free radical inhibitors in the secondary effluent, which 
could compete with deltamethrin and react with free radicals. However, despite this par-
tial inhibition, the Fe(Ⅲ)/sulfite system still demonstrated a noticeable degradation per-
formance. This indicates that the Fe(Ⅲ)/sulfite system could be applied in the treatment 
of refractory organics during the advanced stages of sewage treatment. 

H
O

·

SO
4·−

H
O

·

H
O

·

H
hydrolysis

P3 P1 P2
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3.7. The Degradation Efficiency in Secondary Effluent

Figure 5a,b indicate that the degradation of deltamethrin would be inhibited by HA
and HCO3

−, which is widely present in nature water matrices. Therefore, the degradation
efficiency of pollutants by Fe(III)/sulfite in a secondary effluent was further evaluated. The
characteristics of the secondary effluent used in this experiment are detailed in Table S4
(Supplementary Materials). As depicted in Figure 10, the degradation rate of deltamethrin
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was 47.3%, representing a decrease of 22.4% compared with the control sample. This
reduction indicates the presence of free radical inhibitors in the secondary effluent, which
could compete with deltamethrin and react with free radicals. However, despite this
partial inhibition, the Fe(III)/sulfite system still demonstrated a noticeable degradation
performance. This indicates that the Fe(III)/sulfite system could be applied in the treatment
of refractory organics during the advanced stages of sewage treatment.
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Figure 10. The degradation efficiency of deltamethrin in a secondary effluent. Condition:
[Deltamethrin]0 = 30 µg/L, [Fe(III)]0 = 100 µM, [HSO3

−]0 = 1 mM, pH = 4 ± 0.2. The error bars
represent the standard deviations.

As shown in Figure S5 in Supplementary Materials, the COD of the solution reduced
by 40%, meeting the first-class standard of A in the “Discharge Standard of Pollutants for
Municipal Wastewater Treatment Plant”[50]. However, with the development of urban
areas, the existing treatment process is no longer sufficient to meet the growing demand
and requires retrofitting. Therefore, it is worth considering the addition of an advanced
treatment process at the end to facilitate the degradation of micropollutants and achieve a
substantial reduction in the COD value of the effluent. The utilization of transition metal
activation of sulfite in the water treatment process is easily attainable. This is due to the
fact that during water treatment, flocculants such as iron salts are added in the flocculation
stage. These iron salts can subsequently serve as a catalyst for the sulfur (IV) auto-oxidation
system, producing HO• and SO4

•−.

3.8. Control of BrO3
− Formation

BrO3
− is a common inorganic byproduct with strong carcinogenicity and genetic

toxicity in drinking water treatment and was classified as a potential carcinogen at the level
of 2B by many international research institutions [51]. In traditional advanced oxidation
processes, it has been reported that Br− undergoes a series of transformation and is oxidized
to BrO3

− by SO4
•− and HO•. During the ozonation disinfection process, ozone promotes

the conversion of Br− to BrO3
−, and the formation of BrO3

− is enhanced by increased
ozone concentration and reaction time [52]. Additionally, research has shown that the
reaction between Br− and SO4

•− can form BrO3
− in the Co(II)/PMS system [53]. Therefore,

it is important to evaluate the formation of BrO3
− during the degradation of organic

pollutants by AOPs. The change of Br− concentration and the formation of BrO3
− during

the degradation of deltamethrin by the Fe(III)/sulfite system in the presence of Br− (20 µM)
were studied. As shown in Figure S6, there was no production of BrO3

− during the reaction
process, and the content of Br− remained relatively unchanged. This could be attributed
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to the strong reductive properties of sulfite, which rapidly consumes bromine-containing
oxidants and inhibits the generation of BrO3

−. Thus, the proposed Fe(III)/sulfite system
would be a favorable choice for the degradation of organic pollutants in the presence of
Br−, allowing for effective control of BrO3

−, as opposed to traditional AOPs.

4. Conclusions

In this study, a high degradation efficiency of deltamethrin was achieved using the
sulfur autoxidation system of Fe(III)/sulfite. It was observed that pH levels ranging
from 3 to 7 hindered the degradation of deltamethrin. However, increasing the Fe(III)
concentration from 60 to 100 µM and sulfite concentration from 0.25 to 1.5 mM enhanced
the degradation of deltamethrin. Both bicarbonate and HA were found to inhibit the
degradation of deltamethrin in this system, with the removal of deltamethrin decreasing by
22% in the absence of oxygen. HO• and SO4

•− participated in the oxidation of deltamethrin,
with HO• being the dominant free radical in the Fe(III)/sulfite system. Additionally, density
functional theory analysis revealed that the bond-breaking reaction between C16 and
O21 in deltamethrin easily occurred, and this degradation pathway was confirmed through
GC-MS analysis. Noticeable degradation performance was achieved by Fe(III)/sulfite
during secondary effluent treatment, and the Fe(III)/sulfite system exhibited excellent
performance in the formation of BrO3

− in the presence of Br−.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/w16010008/s1: Text S1. Method for the incident light intensity
measure. Figure S1. Variation of pH values in systems under different concentrations of HCO3

−;
Figure S2. Molecular structure diagram of deltamethrin; Figure S3. Bitmap of vulnerable points
of deltamethrin molecules; Figure S4. Inferred degradation pathway of deltamethrin; Figure S5.
Variation of COD concentration during reaction in secondary effluent; Figure S6. The change of
Br− and formation of BrO3

− during the degradation of deltamethrin by Fe(III)/sulfite system in
the presence of Br− (20 µM); Table S1. NBO charge calculation of deltamethrin molecules; Table S2.
Fukui function table of deltamethrin molecules; Table S3. Degradation products detected by GC-MS;
Table S4. The characteristics of the secondary effluent used in this experiment. References [54–56] are
cited in the supplementary materials.
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