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A B S T R A C T   

Sulfite has attracted increasing attention as a precursor to produce highly reactive species to eliminate pollutants 
from water due to the merits of abundant sources, low cost and low eco-toxicity. The systems can be cataloged 
into advanced oxidation processes (AOPs) and advanced reduction processes (ARPs) according to the redox 
characteristics of reactive species produced by sulfite activation, thus broadening the scope of application. 
Herein, this critical review provides a fundamental aspect of sulfite-based AOPs/ARPs and their state-of-the-art 
developments in water purification. Oxidative species can be generated via sulfite activation using homogenous 
or heterogeneous transition metals (e.g., zero-valent metals, metal oxides, metal sulfides and supported metals), 
and the corresponding activation mechanisms are discussed in detail. More importantly, sulfite can be activated 
by UV irradiation to produce reductive species (including hydrated electrons, hydrogen radicals and sulfite 
radicals), with emphasis on their chemical properties, reaction mechanisms and improved strategies. In addition, 
the key factors affecting the removal performance of sulfite-based AOPs/ARPs are also highlighted, such as 
dissolved oxygen, pH, sulfite concentration and water constituents. The reactive species produced are identified 
in quantitative and qualitative ways, and their roles in destructing pollutants are analyzed. Furthermore, key 
knowledge gaps are identified and future research directions are proposed to address the application challenges. 
This review article aims to advance our understanding and consequent applications of sulfite-based AOPs/ARPs 
in water treatment.   

1. Introduction 

With the rapid development of urbanization and industrialization, 
problems such as water shortage and water pollution have become 
increasingly prominent. Various compounds are released into the 
aquatic environment at relatively high exposure concentrations, posing 
a potential threat to humans and ecosystems [1,2]. Especially, con
taminants of emerging concern (CECs) including pharmaceuticals, per
sonal care products, hormones, and antibiotics have been frequently 
detected in effluents of wastewater treatment plants (WWTPs) at trace 
levels (ng/L to μg/L), indicating that WWTPs have become a major 
release point of CECs [3–5]. Consequently, the development of cost- 
effective and high-performance approaches for water purification has 

become a priority [6–9]. 
Over the past two decades, sulfate radicals-based advanced oxidation 

processes (SO4
•− -based AOPs) have attracted widespread attention and 

have been demonstrated to be an effective technology for removing a 
wide range of contaminants [10–14]. Compared with hydroxyl radicals 
(•OH), SO4

•− have higher oxidation and mineralization abilities and 
selectivity for organics degradation [15–19]. Most commonly, the gen
eration of SO4

•− can be realized via activation of persulfate [11,20–22]. 
Various strategies have been developed for activating persulfate to 
produce SO4

•− , including radiation, ultrasound, heat, alkaline, transition 
metals, and carbonaceous materials [20,23–26]. However, the cost of 
persulfate is relatively high and the residual persulfate in the treated 
system has an acute toxicity due to durable stability (Table 1), which 
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may hamper its widespread use to some extent. Therefore, new attempts 
should be made to seek greener and more cost-effective SO4

•− precursors. 
To this end, sulfite has emerged as a promising alternative to per

sulfate [27], and comparisons of their activation process are summa
rized in Table 1. In addition to commercial purchases, considering that 
sulfur dioxide (SO2) is a major air pollutant and sulfite is a common 
industrial by-product, its use is expected to achieve the purpose of waste 
control by waste. Initially, some researchers discovered that the Fe(III)- 
catalyzed autoxidation of SO2 in tropospheric clouds was crucial to the 
formation of acid rain [28–32]. Subsequently, Lee and Rochelle [33] 
investigated the degradation of organic acid conjugated with sulfite 
oxidation during flue gas desulfurization processes. They stated that 
certain transition metals (e.g., Fe, Ni, Co and Cu) could enhance the 
oxidative degradation rate and SO4

•− were generated as the primary 
species causing degradation. Moreover, the residual sulfite in water can 
be removed by aeration, leading to the formation of non-toxic sulfate 
[34,35]. Consequently, SO4

•− generated by sulfite activation are pro
gressively applied to eliminate pollutants in water. More excitingly, 
sulfite-based AOPs are also suitable for treating bromine-containing 
organic wastewater, without the formation of bromate [36,37]. Zhou 
et al. [38] summarized SO4

•− -based AOPs for water purification via ho
mogenous transition metal-catalyzed auto-oxidation of sulfite. Howev
er, metal ions in solution have some inherent drawbacks, such as narrow 
pH working range, difficulties in recovery and potential secondary 
pollution. Aiming at these issues, heterogeneous catalysts have been 
recently exploited to activate sulfite, such as zero-valent metals [39], 
metal oxides [40] supported metals [41] and bimetallic oxides [42,43]. 
Besides, a novel visible light-driven photocatalysis is used to activate 
sulfite, which is expected to expand the utilization efficiency of sunlight 
[36,44]. 

In addition, sulfite has a strong ultraviolet (UV) absorption. Under 
UV irradiation, sulfite can be stimulated to produce reductive species 
including sulfite radicals (SO3

•− ), hydrated electrons (eaq
− ) and hydrogen 

radicals (•H), which essentially differs from UV/persulfate system that 

produces the dominant SO4
•− [45]. Based on those powerful reductive 

species (Table 2), the combination of sulfite and UV irradiation is 
considered as a promising advanced reduction processes (ARPs) for the 
destruction of contaminants. For example, UV/sulfite process is effective 
in removing halogenated organic compounds [46,47], heavy metals 
[48–50], bromate [51] and perchlorate [52]. More interestingly, eaq

−

generated by UV/sulfite process can not only effectively degrade per- 
and polyfluoroalkyl substances, but also cleave the carbon–fluorine 
bond to achieve efficient defluorination, which is difficult for SO4

•− - 
based AOPs [45,53,54]. To improve the yield of eaq

− in UV/sulfite pro
cess, some chemical reagents including iodide [46,55] and bismuth 
oxyiodide [56] are added. 

Therefore, employing sulfite as a precursor is fascinating and various 
activation methods can be customized to achieve oxidative or reductive 
removal of contaminants. Nevertheless, the systematic review regarding 
sulfite as a precursor to drive AOPs/ARPs has not been reported yet. To 
fulfill this knowledge gap, the present review provides the latest pro
gresses on sulfite-based AOPs/ARPs for the abatement of contaminants 
in water, with emphasis on the methods and mechanisms of sulfite 
activation, key factors influencing the removal performance and 
detection technology for the reactive species. Furthermore, key knowl
edge gaps are identified and future research directions are proposed. 

2. Overview of recent progresses in sulfite-based AOPs 

For sulfite-based ARPs/AOPs, it is highly dependent on activation 
methods. So far, metal activation methods have been reported to induce 
the generation of oxidative radicals such as SO4

•− , SO5
•− and •OH (Fig. 1), 

while UV-activated method has been shown to produce reductive spe
cies (SO3

•− , eaq
− and •H). It is significant to understand and control the 

fundamental activation process, since the degradation of contaminants 
is greatly affected by the types of reactive species generated. 

2.1. Homogenous transition metals for sulfite activation 

2.1.1. Iron-based activators 
The Fe-catalyzed SO2 oxidation by oxygen (Fe-SO2-O2) has always 

been an important research subject in atmospheric chemistry because of 
its significance in sulfur transformation, aerosol nucleation and acid 
precipitation [57]. Despite the quite complicated reactions of Fe-SO2-O2 
system, free radical chain reactions have been proposed as a widely 
accepted mechanism [58,59]. Due to the low-cost and environmental- 
friendliness of Fe-based species, they have been used to activate sulfite 
for the remediation of contaminated water [27,60–62]. 

Both Fe(II) and Fe(III) can activate sulfite to produce SO4
•− , as 

described in Eqs.(1–10) [38,60]. More specifically, the initiation step is 
to form Fe(III)-sulfito complexes, which can spontaneously decompose 
into SO3

•− and Fe(II) (Eqs. (1, 2)) [63]. The generated SO3
•− react rapidly 

with O2 to produce SO5
•− (Eq. (3)), which is a diffusion-controlled re

action [64]. Subsequently, a series of chain reactions are initiated, 
resulting in the generation of SO4

•− (Eqs. (4–10)) [33,65]. There are two 
pathways for generating SO4

•− , among which the reaction of SO5
•− and 

HSO3
− contributes more. Furthermore, SO4

•− can be converted to •OH by 
reaction with water (Eq. (11)). Zhou et al. [38] speculated that most 
metal ions existed as metal-sulfite complexes in the presence of excess 

Table 1 
Comparisons of the properties of precursors and their activation processes.  

Properties Sulfite Persulfate Peroxymonosulfate 

CAS number 7757- 
83-7 

7727-21- 
1 

37222-66-5 

Formula Na2SO3 K2S2O8 H3K5O18S4 

Molecule weight 
(g/mol) 

126.04 270.31 614.74 

Solubility in water 
(20 ◦C) (g/L) 

126 549 250 

Toxicity (LD50; 
Oral, Rat) (mg/ 
kg) 

3560 825 2000 

Price ($ per kg) 0.35 1.83 3.11 
Redox potential 

(V) 
− 0.93 2.01 1.82 

Comparison of 
activation 
process 

Sulfite activation Persulfate/peroxymonosulfate 
activation 

Disadvantages 1. Little research in 
other environmental 
media, besides water 
matrix2. Low 
activation efficiency 

1. High price and eco-toxicity of 
persulfates2. Low utilization 
efficiency of persulfates due to its 
direct oxidation with water matrix 

Advantages 1. Achieving 
reduction and 
dehalogenation of 
pollutants, besides 
oxidation2. Low price, 
eco-toxicity, and 
abundant source of 
sulfite 

1. High degradation efficiency and 
reactive species yield2. Various 
activation methods3. Diverse 
activation mechanisms, including 
radical and non-radical pathways, 
suiting for various environmental 
condition and matrix 

Challenges Seen in Section 6 1. Uncertainty of toxicity in 
degradation2. Metal leaching and 
reusability3. Practice application  

Table 2 
The common reactive species involved in the activated sulfite system.  

Reactive species Redox potentials (V) References 

SO4
•− 2.5–3.1 [196] 

•OH 2.8 
SO5

•− 0.81–1.1  

eaq
− − 2.9 [164] 
•H − 2.3 
SO3

•− 0.63  
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sulfite, rather than as free metal ions with a reduced state. It is note
worthy that the contributions of each oxysulfur radicals on contami
nants degradation varies significantly in the Fe(III)/sulfite system 
(Table 3). In particular, the contribution of SO5

•– in the Fe(III)/sulfite 
system is related to the types of target pollutants, ranging from 10.3% to 
60.0%, even exceeding that of SO4

•–. Despite the low oxidative capability 
of SO5

•– with a low redox potential (Table 2), its generation rate is much 
higher than conversion rate, which may result in the concentration of 
remaining SO5

•– being sufficient to oxidize some pollutants. Especially, 
SO5

•– can show moderate reactivity toward aromatic amines, hydroqui
none and other hydroxyphenols via one-electron redox reactions [66]. 
To date, the role of SO5

•– in most of the oxidation processes that may be 
involved, including peroxomonosulfate activation, is unclear, so more 
attention is needed. Because the formation of SO5

•– is an oxygen- 
consuming process, the presence of dissolved oxygen and its concen
tration played a key role in regulating the conversion between oxysulfur 
radicals. In future studies, experiments should be performed on quan
titatively controlling the concentration of dissolved oxygen to better 
understand the exact role of oxysulfur radicals in the Fe(III)/sulfite 
system. 

Fe3+ +HSO−
3 ↔ FeSO+

3 +H+(k = 600) (1)  

FeSO+
3 ↔ SO∙−3 +Fe2+(k = 0.19s− 1) (2)  

SO∙−3 +O2→SO∙−5 (k = (1.0 − 2.5) × 109M− 1s− 1) (3)  

SO∙−5 +HSO−
3 →HSO−

5 + SO∙−3 (k = 8.6 × 103 − 3.0 × 105M− 1s− 1) (4)  

SO∙−5 +HSO−
3 →SO2−

4 + SO∙−4 +H+(k = 3.6 × 103 − 3.0 × 105M− 1s− 1) (5)  

HSO−
5 +HSO−

3 →2SO2−
4 + 2H + (k = 1.0 × 103M− 1s− 1) (6)  

SO∙−4 +HSO−
3 →SO2−

4 + SO∙−3 +H+(k > 2.0 × 109M− 1s− 1) (7)  

Fe2+ + SO∙−5 +H+→Fe3+ +HSO−
5 (k = (4.3 ± 2.4) × 107M− 1s− 1) (8)  

Fe2+ +HSO−
5 →Fe3+ + SO∙−4 +OH− (k = 1.0 × 103M− 1s− 1) (9)  

Fe2+ + SO∙−4 →Fe3+ + SO2−
4 (k = 8.6 × 108M− 1s− 1) (10)  

SO∙−4 +H2O→SO2−
4 +∙OH +H+(k = (0.1 − 1.0) × 104M− 1s− 1) (11) 

The production efficiency of SO4
•− depends largely on the redox cycle 

of Fe(II)/Fe(III) [68,69]. Interestingly, when Fe(II) or Fe(III) is used as 

sulfite activator, the degradation efficiency of pollutants is almost 
comparable [27,70]. This phenomenon can be explained as the 
decomposition of Fe(III)-sulfto complexes is a rate-determining step in 
the generation of SO4

•− [71,72]. Additionally, Fe(III)/sulfite process only 
works effectively at pH < 4.0, because Fe(III) is prone to precipitate at 
pH > 4.0 [73]. To broaden the pH working range and degradation ef
ficiency of the system, photo irradiation (e.g., UV light, visible light, 
UV–Vis light and sunlight) is introduced into the Fe(III)/sulfite process 
[70,73–75]. For example, the presence of UV irradiation greatly en
hances the degradation efficiency of 2,4,6-trichlirophenol from 15% to 
90% at pH 4.0 [73]. The authors explained that the introduction of UV 
irradiation can accelerate the decomposition of Fe(III)-sulfto complexes 
to generate SO4

•− as well as the transformation of Fe(III)-sulfito to Fe(III)- 
hydroxo complexes for •OH generation, because Fe(III)-sulfito com
plexes have a strong and wide light absorption range (290–575 nm) 
[76]. 

In addition, high-valent iron species (ferrate(VI), Fe(VI)) have 
attracted much attention due to the following advantages. (1) Fe(VI) 
itself can function as oxidants, coagulants, adsorbents and disinfectants 
[77–79]. (2) A broad spectrum of contaminants can be rapidly degraded 
within 30 s in the Fe(VI)/sulfite process [80]. (3) Fe(VI)/sulfite system 
has a wider pH working range than Fe(III)/sulfite system [81]. Acosta- 
Rangel et al. [82] evaluated the effectiveness of iron species with 
different oxidation states on sulfite activation through the degradation 
of sulfamethazine. The results suggested that the presence of iron species 
could accelerate the degradation and its effectiveness followed Fe(VI) >
Fe(0) > Fe(II) > Fe(III). However, the reaction mechanism for Fe(VI)/ 
sulfite process is still unclear and under debate. For example, some re
searchers proposed that the reaction of Fe(VI) and sulfite could produce 
more SO3

•− through one-electron transfer (Eq. (12)), and then partici
pated in the generation of dominant SO4

•− via Eqs. (3, 5) [83–85]. Multi- 
oxidizing species (including (Fe(V)/Fe(IV)), SO3

•− , SO4
•− and •OH) may 

coexist in the Fe(VI)/sulfite process [86]. In addition, Shao et al. [87] 
investigated the performance and mechanism of Fe(VI)/sulfite process 
by using sparingly soluble CaSO3 as the slow release source of SO3

2–. The 
result verified that Fe(V)/Fe(IV) were the main oxidants responsible for 
degradation, as described in Eqs. (12–17). Feng et al. [80] also specu
lated Fe(V) as primary reactive species, which caused an accelerated 
oxidation of trimethoprim. As reported, Fe(V) are more reactive than Fe 
(VI) by 3–5 orders of magnitude [88]. Moreover, the molar ratio of 
sulfite to Fe(VI) is a key factor in regulating the conversion of reactive 
species [89]. Specifically, Fe(V) will become the main oxidant when the 
molar ratio is in the range of 0.1–0.3, and increasing the molar ratio will 
lead to the coexistence of Fe(V) and SO4

•− /•OH. Once the molar ratio is 

Fig. 1. The activation of sulfite by homogenous and heterogeneous metal catalysts.  
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beyond 1.5, SO4
•− /•OH will become exclusive oxidants. Therefore, the 

reaction conditions (such as Fe(VI)/PMS molar ratio, pH and the con
centration of dissolved oxygen) should be strictly controlled to further 
explore the reaction mechanisms of Fe(VI)/sulfite system. Meanwhile, 
sulfite activation also changes the features of Fe(VI) resultant particles, 
making them less magnetic, less crystalline and more polydisperse [90]. 

Fe(VI)+ SO2−
3 →Fe(V)+ SO∙−3 (12)  

Fe(VI)+ SO∙−3 →Fe(V)+ SO3 (13) 

Table 3 
Summary of homogenous transition metals-activated sulfite for the abatement of 
contaminants.  

Activators Contaminants Reaction 
condition 

Reactive 
species 

Refs. 

Fe(II) Orange II [Fe(II)] = 100 
μM, [sulfite] =
1.0 mM, 
[Cont] = 10 
mg/L, pH 4.0, 
about 80% in 
120 min 

SO4
•−

(74.8%), 
SO5

•− (11.3%) 
and•OH 
(13.9%) 

[27] 

Fe(III) Carbamazepine [Fe(III)] = 100 
μM, [sulfite] =
0.5 mM, 
[Cont] = 5.0 
μM, pH 
4.0–6.0, 
88–90% in 60 
min 

SO4
•−

(65.75%), 
SO5

•−

(10.96%) 
and•OH 
(23.29%) 

[60] 

Fe(III) Bisphenol A [Fe(III)] = 100 
μM, [sulfite] =
1.0 mM, 
[Cont] = 1.0 
mg/L, pH 6.0, 
about 70% in 
60 min 

SO4
•−

(47.7%), 
SO5

•− (37.3%) 
and•OH 
(15.0%) 

[70] 

Fe(III) Aniline [Fe(III)] = 100 
μM, [sulfite] =
1.0 mM, 
[Cont] = 10.0 
μM, pH 4.0, 
about 70% in 
80 min 

SO4
•− (35.9 ±

1.0%), SO5
•−

(~60.0%) 
and•OH (2.5 
± 4.9%) 

[67] 

Fe(III) Tetrabromobisphenol A [Fe(III)] = 40 
μM, [sulfite] =
0.4 mM, 
[Cont] = 10.0 
μM, pH 4.0, 
about 73.4% in 
30 min 

SO4
•− and•OH 

(main) 
[212] 

Fe (VI) N,N-diethyl-3- 
toluamide 

[Fe(VI)] = 100 
μM, [sulfite] =
0.4 mM, 
[Cont] = 10.0 
μM, pH 8.0, 
about 78% in 
10 s 

SO4
•− [83] 

Fe(VI) Trimethoprim [Fe(VI)] = 100 
μM, [sulfite] =
0.4 mM, 
[Cont] = 5.0 
μM, pH 8.0, 
~100% in 30 s 

Fe(V) [80] 

Fe(VI) Phenol, methyl blue, 
rhodamine B, 
ciprofloxacin, 

[Fe(VI)] = 50 
μM, [sulfite] =
0.25 mM, 
[Cont] = 5.0 
μM, pH 9.0, 
greater than 
90% in 30 s 

SO4
•− and 

•OH 
[81] 

Fe(VI) Trimethoprim [Fe(VI)] = 100 
μM, [sulfite] =
0.15–0.4 mM, 
[Cont] = 20.0 
μM, pH 9.0, 
about 45% in 
15 s 

Fe(V)/Fe(IV), 
SO4

•− , SO3
•−

and•OH 

[86] 

Co(II) Iohexol [Co(II)] = 10 
μM, [sulfite] =
0.5 mM, 
[Cont] = 10.0 
μM, pH 8.0, 
almost 100% 
in 20 min 

SO4
•− (main) 

and •OH 
[91] 

Co(II) Paracetamol [Co(II)] = 100 
μM, [sulfite] =

[92]  

Table 3 (continued ) 

Activators Contaminants Reaction 
condition 

Reactive 
species 

Refs. 

1.0 mM, 
[Cont] = 10.0 
μM, pH 8.0, 
almost 82% in 
10 min 

SO4
•− (main) 

and SO5
•−

(possible) 

Cu(II) Iohexol [Cu(II)] = 10 
μM, [sulfite] =
0.5 mM, 
[Cont] = 10.0 
μM, pH 8.0, 
almost 100% 
in 40 min 

SO4
•− and 

•OH 
[91] 

Cu(II) Glyphosate [Cu(II)] = 25 
μM, [sulfite] =
0.25 mM, 
[Cont] = 6.0 
μM, pH 9.0, 
about 81.0% in 
30 min 

SO4
•− (53.0%) 

and•OH 
(47.0%) 

[94] 

Mn(II) Atrazine [Mn(II)] = [Fe 
(II)] = 10 μM, 
[Cont] = 6.0 
μM, [sulfite] =
0.5 mM, pH 
6.0, 98.31% in 
180 s 

Mn(III) [97] 

Mn(VII) Arsanilic acid [Mn(VII)] =
50 μM, 
[sulfite] =
0.25 mM, 
[Cont] = 5.0 
μM, pH 5.0, 
about 71.0% in 
300 s 

Mn(III), SO4
•−

(main) and 
•OH 

[103] 

Cr(VI) As(III) [Cr(VI)] = 50 
μM, [sulfite] =
0.4 mM, 
[Cont] = 50.0 
μM, pH 3.5, 
64.0% 
oxidation in 
60 min 

SO4
•− and 

•OH 
[107] 

Cr(VI) Orange II [Cr(VI)] = 100 
μM, [sulfite] =
0.55 mM, 
[Cont] = 29.0 
μM, pH 3.0, 
57.7% in 30 
min 

SO4
•− + SO5

•−

(72.5%) 
and•OH 
(21.7%) 

[108] 

Cr(VI) 4-chlorophenol [Cr(VI)] = 100 
μM, [sulfite] =
1.0 mM, 
[Cont] = 5.0 
μM, pH 4.0, 
100% in 450 s 

SO4
•− [111] 

Cr(VI) Methyl phenyl sulfoxide [Cr(VI)] = 100 
μM, [sulfite] =
0.5 mM, 
[Cont] = 20.0 
μM, pH 4.0, 
over 80% in 
20 min 

Cr(V) [109]  
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Fe(V)+ SO∙−3 →Fe(IV)+ SO3 (14)  

Fe(V)+H2O+H+→Fe(OH)3 +H2O2 (15)  

2Fe(V)→1/3H2O2 + 2Fe(III)+ 1/3O2 (16)  

Fe(V)+Fe(OH)2 +H2O→Fe(VI)+Fe(OH)3 (17)  

2.1.2. Cobalt-based activators 
In comparison with Fe(III) ions (pH < 4.0), Co(II) ions can effectively 

activate sulfite to degrade organic pollutants under neutral and alkaline 
condition [91,92]. This is due to the fact that Co(II) ions can form Co(II)– 
OH complexes by reacting with H2O under alkaline conditions (Eq. (18)) 
[91]. Co(II)–OH complexes are more reactive toward SO3

2- than HSO3
- , 

thus leading to the formation of Co(II)-sulfite complexes (Eq. (19)) [34]. 
When dissolved oxygen is present, Co(II)-sulfite complexes can be 
transformed into CoSO3

+ and then reacts with sulfite to produce SO3
•−

(Eqs. (20, 21)) [93]. Furthermore, SO3
•− can be oxidized by O2 to SO5

•−

(Eq. (3)), which can further react with SO3
2− /HSO3

− to produce SO4
•− / 

SO3
•− at different reaction rates (Eqs. (4, 5, 22, 23)). The detailed 

mechanism has been proposed by Yuan et al. [92]. 

Co(II)+H2O→Co(II) − OH(alkaline) (18)  

Co(II) − OH + SO2−
3 →Co(II) − SO3 +H2O (19)  

Co(II) − SO3 +O2→Co(II) − SO+
3 (20)  

Co(II) − SO+
3 + SO2−

3 →Co(II) − SO3 + SO∙−3 (21)  

SO∙−5 + SO2−
3 →HSO−

4 + SO∙−4 (k = (5.5 − 9.0) × 106M− 1s− 1) (22)  

SO∙−5 + SO2−
3 →HSO−

5 + SO∙−3 (k = (3.0 − 3.8) × 106M− 1s− 1) (23)  

2.1.3. Copper-based activators 
Similar to Co(II) ions, Cu(II) ions also exhibit effective sulfite acti

vation over a wide pH range [91]. Moreover, Cu(II)/Cu(I) cycle is 
responsible for generating SO3

•− in the Cu(II)/sulfite system (Eqs. 
(24–26)) [91,94]. Subsequently, the generated SO3

•− are involved in the 
chain reactions, resulting in the formation of SO4

•− and •OH. 

Cu(II)+ SO2−
3 →Cu(II) − SO2−

3 (24)  

Cu(II) − SO2−
3 +O2→Cu(I) − SO2−

3 +O−
2 (25)  

Cu(I) − SO2−
3 →Cu(II)+ SO∙−3 (26)  

2.1.4. Manganese-based activators 
Mn(II)/sulfite process is ineffective in dye removal and bacterial 

inactivation as a result of narrow pH working range, and its reaction 
mechanism is analogous to Fe(II)/sulfite process [95]. To improve the 
oxidation ability of Mn(II)/sulfite process under neutral conditions, 
several strategies have been proposed, such as electrolysis assistance 
[96] and Fe(II) addition [97]. The main difference between the two 
activation strategies lies in the reactive species and reaction mechanisms 
involved. SO4

•− are the main reactive species in the electro/Mn(II)/sul
fite system and their generation is promoted by the anode reaction, 
including the oxygen from water electrolysis, direct sulfite oxidation and 
local acidic pH [96]. In contrast, highly reactive Mn(III) is recognized as 
the major oxidant rather than SO4

•− in the Fe(II)/Mn(II)/sulfite system 
[97]. The generation of Mn(III) is attributed to the reaction between Mn 
(II) and SO5

•− supplied by the Fe(II)/sulfite system (Eqs. (27, 28)) [98]. 
Moreover, the system is also an effective approach to remove Mn(II) 
from water via adsorption and oxidation [99]. In addition, Mn(III) can 
be produced by Mn(VII)/sulfite system, resulting in the rapid oxidation 
of various contaminants [84,100–102]. However, recent studies have 

showed that Mn intermediates, SO4
•− and •OH are produced, among 

which SO4
•− are the major contributor [103,104]. Comparing these 

studies, the differences in reaction mechanism in Mn(VII)/sulfite system 
are due to the presence of dissolved oxygen in the solution. The gener
ated Mn(III) can produce the first radical SO3

•− via Eq. (28), which can 
further evolve into secondary radicals (including SO4

•− , SO5
•− and •OH) 

in the presence of dissolved oxygen. Meanwhile, Mn(III) itself is unsta
ble, and can be quickly and spontaneously decomposed into MnO2 and 
Mn(II) [100]. In view of this, when exploring the reaction mechanism of 
the system, the reaction conditions should be declared under anaerobic 
or aerobic environments. 

Mn(II)+ SO∙−5 +H+→Mn(III)+HSO−
5 (k ≈ 108M− 1s− 1, pH = 1 − 4) (27)  

Mn(III)+MnHSO+
3 →2Mn(II)+ SO∙−3 +H+(k = 1.3 ± 0.6 × 106M− 1s− 1, pH

= 2.4)
(28)  

2.1.5. Chromium-based activators 
Hexavalent chromium (Cr(VI)) is frequently detected at relative high 

concentrations in the environment due to its wide use in industrial 
processes [105,106]. Moreover, Cr(VI) has been registered as a priority 
pollutant by the U.S. Environmental Protection Agency owing to its 
toxicity and carcinogenicity. Generally, reducing Cr(VI) to Cr(III) with 
sulfite is a feasible approach to reduce its toxicity and mobility. More 
excitingly, this system can also produce highly reactive species to 
remove other contaminants, e.g., As(III) [107], phenolic-, amino-, and 
dye compounds [108,109]. Therefore, Cr(VI)/sulfite system is a prom
ising strategy to achieve a win–win goal for environmental remediation. 
The mechanism of Cr(VI) reduction by sulfite is that the continuous 
condensation of Cr(VI) with sulfite leads to the formation of activated 
complexes (CrSO6

2– and CrO2(SO3)2
2–) (Eqs. (29, 30)). Subsequently, 

CrO2(SO3)2
2– can be spontaneously decomposed into SO3

•− via an inter
molecular electron-transfer reaction (Eq. (31)) [110]. The generated 
SO3

•− are further involved in the formation of SO4
•− , SO5

•− and •OH, of 
which SO4

•− are the key oxidants responsible for contaminants removal 
[108,111]. Besides SO4

•− , recent studies have also identified the non- 
negligible role of high-valent Cr intermediates (Cr(V)/Cr(IV)) during 
the Cr(VI)/sulfite system (Eqs. (32–34)) [109,112]. For example, Dong 
et al. [109] revealed that both Cr(V) and SO4

•− were the main reactive 
species contributing to the degradation of organic contaminants under 
oxygenated conditions and their relative contributions largely depended 
on the chemical structures of contaminants and solution pH. In addition, 
the addition of citric acid or thiocyanate into Cr(VI)/sulfite system can 
enhance the reduction of Cr(VI) and decrease the consumption of sulfite 
[113,114]. 

HCrO−
4 +HSO−

3 →CrSO2−
6 +H2O (29)  

CrSO2−
6 +H+ +HSO−

3 →CrO2(SO3)
2−
2 +H2O (30)  

CrO2(SO3)
2−
2 + 2H+ + 4H2O→SO4Cr(H2O)

+

5 + SO∙−3 (31)  

Cr(VI)+HSO−
3 →Cr(V)+ SO∙−3 +H+(k < 8.3 × 106M− 1s− 1) (32)  

Cr(V)+HSO−
3 →Cr(IV)+ SO∙−3 +H+(k = 8.3 × 106M− 1s− 1) (33)  

Cr(IV)+HSO−
3 →Cr(III)+ SO∙−3 +H+(k < 2.38 × 105M− 1s− 1) (34) 

Some researchers compared the performance of transition metals 
ions on sulfite activation. For example, sulfite can be rapidly activated 
by metals ions, generating free radicals that can cause DNA damage, and 
the effectiveness is as follows: Fe(III) > Co(II) > Cu(II) > Cr(VI) > Mn(II) 
[115]. Chen et al. [95] reported that homogenous metal/sulfite systems 
could effectively kill Escherichia coli via SO4

•− oxidation and the inacti
vation rate followed Cu(II) > Fe(II) > Co(II) > Mn(II). Zhao et al. [91] 
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found that the activity order of metal ions for sulfite activation to 
degrade iohexol at pH 8.0 was Co(II) > Cu(II) > Mn(II) > Fe(II) > Fe(III) 
≈ Ce(III) ≈ Ag(I). Of note, the performance of metal ions is not neces
sarily related to their redox potential. 

2.2. Heterogeneous metal catalysts for sulfite activation 

Despite some progress has been made in homogenous activated 
systems, the toxicity of transition metals ions and potential secondary 
treatment costs may impede large-scale applications. Moreover, the 
activity of transition metals ions (e.g., Fe(II), Fe(III), Mn(II) and Cr(VI)) 
for sulfite activation is highly dependent on acid pH. In view of this, 
heterogeneous catalysts, which are characterized as excellent reactivity 
and stability, easy separation and low metal leaching, have been 
developed to activate sulfite (Table 4, Fig. 1). So far, the heterogeneous 
catalysts involved in sulfite activation mainly include zero-valent 
metals, metal oxides, metal sulfides and their supported metals. 

2.2.1. Zero-valent metals 
Zero-valent metals, have been widely applied to the remediation of 

contaminants in soils, groundwater and surface water because of high 
reactivity [23,116–118]. Xie et al. [39] established a novel AOPs system 
through the activation of sulfite using zero-valent iron. Zero-valent iron 
can slowly and continuously release Fe(II) ions, thus easing the con
sumption of SO4

•− by excess Fe(II) and improving the removal of con
taminants [119]. Moreover, the performance of zero-valent iron on 
sulfite activation is superior to that of Fe(II) and Fe(III) [39,82]. 
Differently, Du et al. [120] showed that •OH instead of SO4

•− are main 

radicals responsible for sulfamethoxazole degradation. In addition, the 
reactivity of zero-valent iron can be further enhanced. For example, 
Fe@Fe2O3 core shell nanoparticles obtained by aging of zero-valent iron 
can cause Orange II to degrade by more than 99% at pH 3.0 within 30 s 
[121]. The authors deeply confirmed that transferring electrons from Fe 
core to Fe2O3 shell promoted Fe(III)/Fe(II) cycle, thereby accelerating 
the generation of SO4

•− /•OH. Compared to zero-valent iron, the incor
poration of mesoporous carbon can enhance the activation efficiency of 
sulfite [122]. Furthermore, the introduction of simulated sunlight into 
zero-valent iron/sulfite system can enhance the decomposition of FeSO3

+

to produce more SO3
•− and SO4

•− [36]. Besides, zero-valent copper can 
activate sulfite to generate SO4

•− and its reactivity outperforms zero- 
valent iron [123]. 

2.2.2. Metal oxides 
Metal oxides can be prepared to activate sulfite for the destruction of 

organic contaminants. For example, Mei et al. [124] found that Fe2O3 
was capable of activating sulfite to achieve efficient degradation of 
Orange II without Fe leaching. This observation indicated that sulfite 
activation occurred at the catalyst surface rather than free Fe(III) ions in 
aqueous solution, and the activation mechanism was described in Eqs. 
(3, 5, 35, 36). Wu et al. [40] showed that copper oxides including Cu2O 
and CuO had excellent catalytic activity toward sulfite activation, and 
the reactivity of CuO was higher. Note that the Cu leaching amount from 
CuO/sulfite system is relatively higher, accounting for 0.72% of the total 
CuO, which can be explained by the strong inner-sphere interaction 
between sulfite and CuO. In addition, sulfite can be effectively activated 
by cobalt oxides (e.g., Co3O4 and CoO) [34,40]. Interestingly, Zhu et al. 

Table 4 
Summary of heterogeneous catalysts-activated sulfite for the abatement of contaminants.  

Activators Synthetic methods Contaminants Reaction conditions Reactive species Refs. 

Zero-valent iron Commercial use Reactive brilliant red [Cata] = 0.2 mM, [sulfite] = 1.0 mM, [Cont] =
20 mg/L, pH 6.0, 69.5% in 90 min 

SO4
•− (main) and 

•OH 
[39] 

Zero-valent iron Commercial use Sulfamethoxazole [Cata] = 1.0 mM, [sulfite] = 1.0 mM, [Cont] =
5.0 μM, pH 4.0, about 80% in 60 min 

SO4
•− and •OH 

(main) 
[120] 

Core shell Fe@Fe2O3 Borohydride reduction and 
aging 

Orange II [Cata] = 1.0 g/L, [sulfite] = 50 mM, [Cont] =
200.0 μM, pH 8.0, 99% in 5 min 

SO4
•− and•OH [121] 

Zero-valent iron/mesoporous 
carbon 

Soft template method and 
carbonization 

Reactive brilliant red [Cata] = 0.3 g/L, [sulfite] = 5.0 mM, [Cont] =
20 mg/L, pH 6.0, about 95% in 60 min 

SO4
•− and •OH [122] 

Zero-valent copper Commercial use Iohexol and atrazine [Cata] = 0.5 g/L, [sulfite] = 0.5 mM, [Cont] =
10.0 μM, pH 8.0, over 90% in 30 min 

SO4
•− [123] 

Fe2O3 Precipitation and calcination Orange II [Cata] = 0.25 g/L, [sulfite] = 1.0 mM, [Cont] =
20.0 μM, pH 8–10, over 90% in 20 min 

SO4
•− and •OH [124] 

LiCoO2 Calcination Rhodamine B [Cata] = 4.0 g/L, [sulfite] = 1.0 g/L, [Cont] =
5.0 mg/L, pH 8–10, ~ 100% in 20 min 

SO3
•− [125] 

Copper oxides Commercial use Iohexol [Cata] = 0.5 g/L, [sulfite] = 0.5 mM, [Cont] =
10.0 μM, pH 8.0, 92.9% in 30 min 

SO4
•− [40] 

FeS Grinding Propranolol [Cata] = 0.02 g/L, [sulfite] = 1.0 mM, [Cont] =
10.0 μM, pH 6.0, 95% in 20 min 

SO4
•− (main) and 

•OH 
[131] 

FexMo1-xS2 One-pot hydrothermal 
method 

Propranolol [Cata] = 0.1 g/L, [sulfite] = 1.0 mM, [Cont] =
10.0 μM, pH 4.0, 90% in 30 min 

SO5
•− and SO4

•− [43] 

CuFe2O4 MOF-templated method and 
calcination 

P-acetamidophenol, iohexol, 
benzoic acid 

[Cata] = 0.1 g/L, [sulfite] = 0.5 mM, [Cont] =
10.0 μM, pH 8.0, over 80% in 30 min 

SO4
•− (main) and 

•OH 
[42] 

CuFe2O4 Commercial use Metoprolol [Cata] = 0.1 g/L, [sulfite] = 0.5 mM, [Cont] =
10.0 μM, pH 8.0, over 80% in 30 min 

SO4
•− [127] 

CoFe2O4 Commercial use Metoprolol [Cata] = 0.5 g/L, [sulfite] = 2.0 mM, [Cont] =
10.0 μM, pH 10.0, 80.3% in 40 min 

SO4
•− and •OH [34] 

NiFe2O4 Commercial use Estriol [Cata] = 0.1 g/L, [sulfite] = 0.1 mM, [Cont] =
10.0 μM, pH 9.0, 87.6% in 60 min 

SO5
•− (main), SO3

•−

and •OH 
[128] 

CoMn0.2Fe1.8O4 Sol-gel auto- combustion 
route 

Orange II [Cata] = 0.6 g/L, [sulfite] = 9.62 mM, [Cont] =
60 mg/L, pH 8–10, 85.4% in 120 min 

Mn(III), SO4
•− and 

•OH 
[130] 

Co embedded in N-doped 
carbon nanotubes 

Thermal process Methyl orange [Cata] = 0.5 mM, [sulfite] = 5.0 mM, [Cont] =
20 mg/L, 96% in 20 min 

SO4
•− and •OH [189] 

Cu(OH)2 Commercial use N-acetyl-para-aminophenol [Cata] = 0.01 mM, [sulfite] = 1.0 mM, [Cont] =
10.0 μM, pH 10.0, 80.3% in 40 min 

SO5
•− (main), SO4

•−

and •OH 
[200] 

Silica-supported copper Complexation-adsorption- 
combustion method 

As(III) [Cata] = 0.1 g/L, [sulfite] = 0.1 mM, [Cont] =
5.0 μM, pH 8.0, ~90% in 60 min 

SO5
•− , SO4

•− (main) 
and •OH 

[41] 

Silica-supported cobalt Complexation-calcination 
process 

Orange II [Cata] = 0.25 g/L, [sulfite] = 1.0 mM, [Cont] =
20.0 μM, pH 9.0, 79.4% in 20 min 

surface-bound and 
free SO4

•−

[123] 

Rectorite(containing 4.21% 
Fe) 

Commercial use Methyl orange [Cata] = 2.0 g/L, [sulfite] = 5.0 mM, [Cont] =
20 mg/L, pH 3.5, 79.4% in 180 min 

SO4
•− (main) and 

•OH 
[213]  
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[125] investigated the activation of sulfite using synthetic lithium cobalt 
oxide and found that oxygen vacancies in the catalyst drove sulfite 
activation to generate SO3

•− . Besides, the use of supports (e.g., silica) is 
also a feasible strategy to enhance the catalytic activity and stability of 
metal oxides [41,126]. 

≡ Fe3+ +HSO−
3 +OH− → ≡ Fe2+ + SO∙−3 +H2O (35)  

2 ≡ Fe2+ +HSO−
3 +H2O→2 ≡ Fe3+ + SO∙−4 +OH− (36) 

Spinel ferrites (MFe2O4, M = Zn, Co, Cu and Ni) are also employed 
for sulfite activation due to their low cost, easy preparation, excellent 
activity, magnetic property, high stability and reusability [34,127–129]. 
Among them, the formation of M− OH complexes on the catalyst surface 
is essential to enhance the catalytic activity. Compared to conventional 
hydrothermal and sol–gel combustion methods, CuFe2O4 derived from 
metal-organic frameworks-templated method has outstanding advan
tage in accelerating sulfite activation due to the increased active sites 
induced by large surface area and pore volume [42]. Additionally, 
doping Mn into CuFe2O4 can further improve the catalytic performance 
and doping level is a crucial factor [130]. 

2.2.3. Metal sulfides 
Similar to metal oxides, metal sulfides have been investigated in 

activating sulfite [43,131]. Excitingly, the performance of FeS/sulfite 
system (95.0%) for propranolol degradation is much higher than that of 
FeS/peroxydisulfate (36.0%) and FeS/peroxymonosulfate (35.0%) sys
tems, signifying that sulfite is a good substitute for persulfate to generate 
SO4

•− [131]. However, although FeS/sulfite system can efficiently 
degrade propranolol, iron ions from FeS leaching actually accounts for 
sulfite activation, namely “homogenous activation”. In the future 
research, the difference in contaminant removal between sulfite acti
vation and persulfate activation should be compared from multiple 
perspectives, including removal efficiency, chemical dosage, sulfite/ 
persulfate decomposition and product toxicity, to thoroughly evaluate 
the feasibility of replacing persulfate with sulfite. 

Inspired by sulfite oxidation catalyzed by sulfite oxidase enzyme, 
single Fe atoms confined in two-dimensional MoS2 are constructed via 
one-pot hydrothermal method [43]. The catalysts with dual Fe-Mo 
active sites drive the efficient activation of sulfite and SO5

•− are identi
fied as the major contributor to propranolol degradation. Fan et al. 
[132] reported in-situ photoelectrochemical activation of sulfite with 
MoS2 photoanode to produce oxysulfur radicals for the conversion of 
ammonia to nitrogen. Moreover, the conversion efficiency can be further 
improved by using MoS2/WS2 hybrid photoanode [133]. It is worth 
noting that sulfite also acts as a hole scavenger in the photo
electrocatalytic system. 

2.3. Photocatalytic activation of sulfite 

Recently, the photocatalytic activation of sulfite under visible light 
or simulated sunlight irradiation has received increasing attention in 
order to expand the utilization of solar energy. In this regard, photo
electrons and holes can be produced from photocatalysts under visible 
light irradiation, such as nitrogen vacancy doped carbon nitride [134], 
bismuth oxybromide [135,136] and bismuth vanadate [44,137]. The 
generated holes can activate sulfite to form SO3

•− and the detailed 
mechanisms are expressed as Fig. 2. Meanwhile, due to its hole- 
scavenging capability, the introduction of sulfite can enhance the sep
aration efficiency of photogenerated electron/hole pairs in photo
catalysts, leading to the improved effectiveness in pollutant elimination 
[137–139]. Nevertheless, some different voices regarding the role of 
SO3

•− appear [140]. Specifically, the generated SO3
•− are unstable and 

can further react with dissolved oxygen to produce SO5
•− and SO4

•− , and 
consequently SO4

•− , O2
•− and •OH work together to degrade contami

nants [141–143]. Besides, some metal-based photocatalysts including 
ZnxCu1− xFe2O4 and Fe(III)-impregnated N-doped TiO2 have a dual 
functionality in providing holes and acting as catalysts for sulfite acti
vation, leading to the generation of dominant SO4

•− [129,144]. There
fore, selecting a suitable catalyst is the key to the photocatalytic 
activation of sulfite, which is closely related to the reaction mechanism 
of the synergistic effects. 

At present, a large number of sulfite-based AOPs have been con
structed and investigated, mainly focusing on the activation of sulfite 
with metal-based catalysts. Heterogeneous catalysts can significantly 
reduce the leaching of metal ions but inevitable, thereby limiting their 
practical application in water treatment. Based on this, the activation of 
sulfite using non-metallic catalysts such as carbon nanotube, graphene 
and biochar is very appealing and worthy of research, which is expected 
to fundamentally solve the problem of metal leaching. In addition, few 
studies have evaluated the toxicity changes during the degradation 
using sulfite-based AOPs, despite degradation intermediates and path
ways involved have been proposed. As known, degradation process is 
uncertain and may produce more toxic by-products, posing a threat to 
the environment. Accordingly, the toxicity assessment of organics 
degradation by sulfite-based AOPs needs to be concerned. 

3. Overview of recent progresses in sulfite-based ARPs 

In order to overcome the leaching of metal ions, radiation technology 
has also been explored for sulfite activation. Light sources for sulfite 
activation can be classified as UV light, visible light, UV–Vis light and 
simulated sunlight. Due to the complicated chemical properties of sul
fite, each of light sources mentioned above leads to varied reaction 
mechanisms (Fig. 2). Especially, sulfite can be photolyzed by UV irra
diation to produce reductive species, namely “ARPs” [45,56,145], which 
are basically different from sulfite-based AOPs in Section 2. Collectively, 

Fig. 2. The mechanism for the photocatalytic activation of sulfite.  
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ARPs decompose contaminants directly via in-situ generated reductive 
species, which can be converted into simple and biodegradable in
termediates instead of transferring them to another phase or producing 
more toxic intermediates [146]. 

3.1. Characteristic and mechanism of reductive species generated during 
UV/sulfite process 

Although sulfite shows a certain efficacy in directly removing halo
genated disinfection by-products, improvement performance is still 
needed [147,148]. As reported, sulfite has a strong UV absorption ca
pacity [149] and its maximum absorption wavelength locates at 275 nm 
[52,150]. Consequently, sulfite can be photoionized under UV irradia
tion to generate •H, SO3

•− and eaq
− (Eqs. (37), 38) [146], and its ionization 

efficiency is much better than other sulfur-containing reducing agents 
(e.g., sulphide and dithionite) [151]. Moreover, the quantum yields of 
eaq
− in UV/sulfite process are as high as 0.108–0.391 [152]. It is argued 

that the shorter the UV wavelength, the higher the energy, and thus 
exciting molecules stronger. Consequently, water can be photolyzed 
directly by UV185 (main UV wavelength locates 185 nm) to generate •H, 
•OH and eaq

− (Eqs. (39, 40)) [153], while this unique phenomenon 
cannot be observed at UV254 [154]. In recent years, UV/sulfite process 
has been regarded as a novel ARPs for the elimination of contaminants 
from water [155–159]. 

SO2−
3 + hv→SO∙−3 + e−aq (37)  

HSO−
3 + hv→SO∙−3 +∙H(k = 2.0 × 107M− 1s− 1) (38)  

H2O+ hv185→H+ +∙OH + e−aq,ϕ(+e−aq) = 0.045 (39)  

H2O+ hv185→∙H +∙OH,ϕ(+∙OH) = 0.33 (40) 

Among the reductive species generated from UV/sulfite process, eaq
−

have the strongest reducing ability (standard redox potential, − 2.9 V). 
Due to the unique chemical structure of eaq

− (a cavity structure formed by 
bare electrons surrounding water molecules), its diffusion coefficient 
and mobility in aqueous solution is relatively high, which is favorable 
for removing contaminants [160]. In general, eaq

− have the following 
characteristics: (1) acting as a nucleophile to attack organics with a low 
electron cloud density; (2) exhibiting high reactivity toward organics 
with electron-withdrawing groups; (3) dehalogenating when it reacts 
with halogenated organics (Eq. (41)) [161]. As a conjugate acid of eaq

− , 
•H are often present in the aqueous solution along with eaq

− . The stan
dard redox potential of •H is − 2.3 V, so it has a strong reducing ability, 
especially for inorganic compounds [162,163]. Taking monochloro
acetic acid as an example, eaq

− and •H can lead to totally different 
reductive degradation pathways (Eqs. (42, 43)) [149]. Therefore, 
monochloroacetic acid has been well established as a probe compound 
to identify the generation and contribution of eaq

− . When solution pH is 
3.0, •H dominate in the system via transformation of eaq

− at excessive H+

(Eq. (44)) [51]. Meanwhile, •H can undergo H-abstraction reactions 
with saturated molecules or addition reactions with unsaturated mole
cules (Eqs. (45, 46)) [164]. Besides, SO3

•− can also be produced with a 
redox potential of 0.63 V, thereby showing both oxidation and reduction 
capabilities [164]. When dissolved oxygen and other scavengers (e.g., 
inorganic ions and dissolved organic matters) are absent, SO3

•− can react 
with eaq

− to regenerate sulfite or recombine to form sulfate (Eqs. (47, 48)) 
[51,52]. Moreover, SO3

•− have the highest reactivity under strongly 
alkaline conditions (pH > 12.0). 

e−aq +RX→RX− →∙R+X− (41)  

∙H +ClCH2CO2H→∙CHClCO2H +H2 (42)  

e−aq +ClCH2CO2H→∙CHCO2H +Cl− (43)  

e−aq +H+→∙H(k = 2.3 × 1010M− 1s− 1) (44)  

∙H +CH3OH→∙CH2OH +H2 (45)  

∙H +CH2 = CH2→∙CH2CH3 (46)  

SO∙−3 + e−aq→SO2−
3 (47)  

SO∙−3 + SO∙−3 +H2O→SO2−
4 + SO2−

3 + 2H+ (48) 

However, some organic pollutants are difficult to degrade by UV/ 
sulfite process. For example, when UV/sulfite process encounters urea 
from swimming pool, it exhibits extremely poor performance, much 
lower than UV/peroxydisulfite and UV/H2O2 processes [165], which 
can be interpreted as the low reactivity of eaq

− /•H and urea (k1(•H) < 3.0 
× 104 M− 1s− 1, k2(eaq

− ) = 3.0 × 105 M− 1s− 1) [166,167]. 
Currently, conventional low-pressure mercury lamps are used as the 

major UV source to drive sulfite-based ARPs [47,149,168]. Neverthe
less, several application challenges are faced, such as low energy effi
ciency and high cost. As an alternative UV source, UV-light emitting 
diodes (UV-LEDs) have become a research hotspot, mainly because they 
have the merits of environmental friendliness, low cost, less energy 
consumption and long lifetime [169]. To date, less information is known 
about the effectiveness and mechanisms of the UV-LEDs/sulfite ARPs on 
the degradation of organic pollutants. The only existing research 
involving the activation of sulfite with UV-LEDs is the reduction of 
graphene oxide by eaq

− [170]. 
The reaction mechanisms for UV/sulfite process have been widely 

explored. For example, eaq
− are identified as the dominated species under 

alkaline conditions for contaminants elimination [49,50]. Jung et al. 
[171] found that the removal mechanism of bromate in the UV/sulfite 
process showed a remarkable dependence on sulfite concentration. 
Specifically, direct photolysis dominates at low concentrations, while 
eaq
− /•H can play a leading role at high concentrations. Xie et al. [172] 

reported that both direct photolysis and eaq
− contributed to the debro

mination of 4-bromophenol. The introduction of sulfite also transforms 
the degradation pathway of atrazine under UV irradiation, from direct 
hydroxylated dechlorination to indirect eaq

− /•H-mediated reduction 
[173]. Among, UV photolysis and eaq

− mainly contribute dechlorination, 
while •H are crucial for the hydrogenation and ring cleavage of atrazine. 
In addition, Xiao et al. [174,175] explored the removal of bromate by 
UV/sulfite process in lab and pilot studies. They showed that eaq

− , •H and 
both of them were main reactive species responsible for bromate 
removal under alkaline conditions (pH > 9.0), acidic conditions (pH 4.0) 
and neutral conditions (pH 7.0), respectively. Similar conclusion is also 
obtained during the degradation of diclofenac by UV/sulfite process 
[145]. It can be seen from the above studies that the reaction mechanism 
in the UV/sulfite process includes direct UV photolysis and indirect 
sulfite photolysis (ie, the production of reductive species), and their 
contribution is mainly determined by the relative adsorption of con
taminants and sulfite under UV irradiation. In particular, UV photolysis 
can easily decompose some organic contaminants (e.g., 2, 4, 6-trichlor
ophenol) and plays a leading role even in the presence of sulfite. At the 
same time, environmental conditions such as solution pH, sulfite con
centration, dissolved oxygen concentration, UV intensity and wave
length will also affect the reaction mechanism. 

3.2. Enhanced strategies for UV/sulfite process 

In general, eaq
− generated by photoionization of sulfite require a large 

amount of sulfite and high pH due to the protonation of sulfite and the 
scavenging effects of coexisting species (such as H+, HSO3

− , dissolved 
oxygen) [176]. To improve the yield and availability of eaq

− in UV/sulfite 
process, some efforts have been made. For example, UV lamp with a high 
photon flux is employed to promote eaq

− yield [35,161]. The addition of 
iodide into UV/sulfite process can greatly enhance contaminant removal 
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[46,55]. This can be explained by the fact that both sulfite and iodide act 
as eaq

− precursors and sulfite can reduce the eaq
− scavenging by reactive 

iodine species. Bismuth oxyiodide is also used as a sustainable source of 
I− , thereby accelerating eaq

− yield [56]. Besides, it is meaningful to 
investigate the effect of UV light at different wavelengths on sulfite 
activation, possibly leading to different behaviors of organics 
degradation. 

UV/sulfite process can also be served as a pretreatment to integrate 
other techniques for the synergistic removal of contaminants, including 
biological process, Fe(III) coagulation and electrochemical deposition 
[50,177,178]. For example, during the UV/sulfite-coupled electro
chemical deposition system, the eaq

− produced from UV/sulfite process 
can reduce Sb(V) to Sb(III) and then further reduce it to metal Sb by 
cathodic reduction, thus achieving Sb recovery [178]. 

The introduction of semiconductor photocatalysts (e.g., ZnO and 
TiO2) into UV/sulfite process is an effective method to simultaneously 
produce oxidative and reductive species (Fig. 2) (Eqs. (37, 38, 49–52)) 
[179,180]. Such technique can achieve the complete degradation of 
halogenated organic compounds as much as possible. 

semiconductor + hv→h+
VB + e−CB (49)  

h+
VB +H2O→∙OH +H+ (50)  

h+
VB +OH− →∙OH (51)  

e−CB +O2→O∙−2 (52)  

4. Key factors affecting the removal performance in sulfite- 
based AOPs/ARPs 

As discussed above, sulfite can be activated to produce highly reac
tive species and the types of reactive species generated are highly 
dependent on activation methods. According to the redox characteristics 
of reactive species, activated sulfite systems can be classified into AOPs, 
ARPs and AOPs/ARPs. In previously reported literatures, these processes 
are mostly used in the removal of contaminants, such as phenolic 
compounds [73,108], dyes [27,39,135], perfluoroalkyl substances 
[35,45,53], pesticides/herbicides [94,129], bromate [156,175], phar
maceutical and personal care products [36,80,81]. It should be 
emphasized that sulfite-based ARPs can not only effectively decompose 
halogenated organic compounds, but also can achieve dehalogenation 
releasing halogen ions, thereby greatly reducing their toxicity, espe
cially for perfluoroalkyl substances. In addition, activated systems are 
also applied in metals detoxification [48–50,74,108] and bacterial 
inactivation [95]. In these processes, some key factors affecting the 
removal performance including dissolved oxygen, sulfite dosage, pH and 
water matrix are discussed as follows. 

4.1. Dissolved oxygen 

Dissolved oxygen is ubiquitous in aquatic environment, which plays 
an important role in sulfite activation. Especially, dissolved oxygen is 
engaged in the formation of metal-sulfite complexes and subsequent 
oxysulfur radicals, markedly affecting the removal performance. For 
example, the degradation efficiency of aniline is greatly decreased from 
70.0% to 10.0% without dissolved oxygen, which is limited by the cycle 
of Fe(II)/Fe(III) and the conversion of SO3

•− to SO5
•− [67]. Similarly, 

Wang et al. [62] showed that the degradation of diclofenac could be 
completely inhibited under purging nitrogen. Chen et al. [68] proposed 
an aeration-assisted Fe(II)/sulfite process for chloramphenicol degra
dation. They found that the pseudo first-order rate constant increased 
from 6.0 × 10− 4 to 1.38 × 10− 2 min− 1 as the concentration of dissolved 
oxygen increased within the range of 0–6.0 mg/L, and then remained 
almost unchanged as further increasing its concentration, which was 
due to the rate-determining step of SO3

•− formation and the principle of 

oxygen compensation. In addition, during sulfite activation, dissolved 
oxygen in water is rapidly consumed in the initial stage and then 
gradually returns to the initial level [74,128], which also confirms its 
key role. Interestingly, the absence of dissolved oxygen can completely 
inhibit the degradation of 4-chlorophenol in Cr(VI)/sulfite system, but 
almost does not affect the reduction of Cr(VI) [111]. 

Chen et al. [131] investigated the effect of the generation method of 
dissolved oxygen on FeS/sulfite process and found that the degradation 
of propranolol under purging oxygen was inhibited compared to me
chanical stirring. The authors explained as three aspects. 1) Dissolved 
oxygen under mechanical stirring was sufficient to achieve sulfite acti
vation. 2) The structural Fe(II) in FeS would be converted to Fe(III) 
under aerobic conditions, thus changing the dissolution. 3) Large bub
bles generated by purge might delay the transport of electrons between 
reactive species. 

Qiao et al. [181] examined the kinetics and mechanisms of bromate 
removal by sulfite in the absence and presence of oxygen. The results 
showed that the presence of oxygen would lead to the over- 
stoichiometric sulfite consumption (− Δ[sulfite]/Δ[bromate] were 
3.33 and 15.63 without and with oxygen, respectively). The authors 
proposed that SO3

•− were produced through reducing bromate by H2SO3 
and were responsible for bromate removal under anaerobic conditions, 
while the generated SO3

•− under aerobic conditions would react with 
oxygen and eventually be converted into dominant SO4

•− . 
In addition, dissolved oxygen is of great concern in sulfite-based 

ARPs due to its scavenging effect, as described in Eqs. (53, 54). For 
example, the removal efficiency of bromate in UV/sulfite process after 
reaction (20) min decreases from 95% to 82% when dissolved oxygen is 
absent [175]. Significant inhibitory effect also occurs in the degradation 
of 4-bromophenol [172]. Excitingly, the scavenging effect of dissolved 
oxygen toward eaq

− can be minimized up to certain extent by the chain 
reactions involving SO3

•− oxidation (Eqs. (3–7)). Besides, Xie et al. [49] 
found that dissolved oxygen (about 8.0 mg/L) exhibited a negligible 
effect on Cr(VI) reduction by UV/sulfite process, which might be due to 
the consumption of dissolved oxygen by excess sulfite (5.0 mM). Similar 
result is reported in the degradation of per- and polyfluoroalkyl sub
stances by high photon flux UV/sulfite process [35,161]. Under the 
circumstances, more than 94.0% of perfluorooctane sulfonate can be 
decomposed even if 5.0 mg/L of dissolved oxygen is presented. Very 
recently, some studies reported that the presence of dissolved oxygen in 
UV/sulfite process could transform the reaction pathway from eaq

−

reduction to oxysulfur radicals oxidation [182–184]. 
In general, the role of dissolved oxygen on sulfite-based AOPs/ARPs 

is unclear and warrants further investigation. Due to its high reaction 
rate with reactive species (SO3

•− and eaq
− ) generated from sulfite-based 

AOPs/ARPs, it not only affects the degradation behavior of contami
nants, but also changes the reaction mechanisms. Especially, contra
dictory results can also occur in the same constructed system, many of 
which may be due to the fact that the degradation experiments is not 
strictly controlled under anaerobic conditions, and the concentration of 
dissolved oxygen is not quantitatively identified and monitored. 
Therefore, more research should be conducted to explore the degrada
tion performance and mechanisms of contaminants by sulfite-based 
AOPs/ARPs in the presence and absence of oxygen. 

e−aq +O2→O∙−2 (k = 1.9 × 1010M− 1s− 1) (53)  

∙H +O2→HO∙2 ↔ H+ +O∙−2 (k = 1.2 × 1010M− 1s− 1) (54)  

4.2. Sulfite concentration 

The concentration of sulfite is crucial to the oxidative/reductive 
degradation of contaminants during sulfite activation, which is closely 
related to the amounts and types of reactive species generated. In most 
sulfite-based AOPs, sulfite concentration shows a volcanic pattern in 
removing contaminants. For example, Chen et al. [131] reported that 
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the degradation rate of propranolol in the FeS/sulfite system increased 
from 0.009 to 0.184 min− 1 as increasing sulfite concentration from 0.1 
to 1.0 mM, and then decreased to 0.106 min− 1 as it further increased to 
2.0 mM because of the depletion of SO4

•− by excess sulfite. In sulfite- 
based ARPs, the degradation rate of contaminants is linearly related to 
sulfite concentration within an appropriate range, and the molar ratio of 
sulfite to contaminants is as high as 530 [27,47,185]. However, Yu et al. 
[145] presented that the degradation rate of diclofenac decreased from 
0.1541 to 0.1449 min− 1 when sulfite concentration further increased 
from 8 to 32 mM. As a result, the use of excess sulfite should be avoided. 

4.3. pH 

Solution pH is considered to be a key parameter in sulfite activation, 
which can affects the interaction between the catalysts, sulfite and target 
pollutants as well as the yield of reactive species, thereby affecting the 
degradation efficiency of contaminants. As shown in Fig. 3a, b, the 
distribution of sulfite species is pH-dependent. Since the pKa of sulfite is 
7.2, HSO3

− dominates when the pH is 4.0–7.0 and SO3
2− dominates when 

the pH is greater than 9.0. 
In UV/sulfite-based ARPs, the optimum pH for contaminant removal 

is about 8–10, and further increasing pH only slightly affects the 
degradation rate [168,186]. On one hand, the significant increase in 
degradation rate with pH is highly related to the fraction of SO3

2− . As 
reported, SO3

2− has a higher molar absorption coefficient and quantum 
yield than HSO3

− under UV irradiation [65,149], and thus can be easily 
photolyzed to produce high reduction potential of eaq

− under alkaline 
conditions. On the other hand, the protonation of SO3

2− can occur at low 
pH, so the amount of eaq

− will be decreased due to the scavenging effects 
of H+ and HSO3

− [175]. Differently, Yu et al. [145] reported that the 
degradation rate of diclofenac decreased with increasing pH within pH 
range of 6.0–10.0. In addition, pH can play an important role in inter
conversion between •H and eaq

− . For example, Xiao et al. [175] reported 
the reductive species that responded to bromate removal in the UV/ 
sulfite process were •H at pH 4.0, eaq

− at pH greater than 9.0 and their 

coexistence at pH 7.0. 
By comparison, the role of pH is complicated in sulfite-based AOPs. 

Firstly, pH can affect the species distribution of metal ions in homoge
nous metal/sulfite process (Fig. 3c, d). For example, the effective 
working pH for Fe(III)/Fe(II) or Mn(II) is lower than 4.0 [27], while that 
for Cu(II) or Co(II) is under alkaline conditions [91,95]. For heteroge
neous catalysts, pH also has an effect on its surface charge, thus affecting 
the interaction with sulfite [34,42,128,144]. The surface charge of 
catalyst is negative when the solution pH value is over the pH at zero 
point of charge, which leads to the generation of electrostatic repulsion 
between the negatively charged surface of catalysts and sulfite, thereby 
causing the decline of degradation efficiency. Secondly, solution pH 
influences the speciation of contaminants and its deprotonation gener
ally is conducive to the electrophilic attack of reactive species [128]. As 
last, pH can also adjust the generation and transformation of reactive 
species in activated sulfite process. For instance, alkaline pH can 
accelerate the transformation of SO5

•− to SO4
•− [34] and SO4

•− to •OH (Eq. 
(55)) [124]. Hence, an appropriate pH for contaminant removal should 
be selected based on the activated sulfite process. 

SO∙−4 +OH− →SO2−
4 + ∙OH(pH > 8) (55)  

4.4. Water constituents 

Inorganic anions (e.g., chloride, bicarbonate, phosphate, nitrate and 
nitrite) and natural organic matters are common constituents in actual 
water. Their effects have been widely examined to assess the application 
potential of sulfite-based AOPs/ARPs. As reported in most literatures 
[40,78,131,187,188], the presence of chloride, bicarbonate or phos
phate exhibited inhibitory effects on contaminants removal because 
they can react with SO4

•− /•OH to produce less reactive radicals. For 
example, the degradation efficiency of iohexol in CuFe2O4/sulfite sys
tem is reduced by about 50% at 2.0 mM chloride ions, due to the for
mation of chlorine radicals via the reaction of SO4

•− with chloride ions 
[42]. Chen et al. [68] investigated the effect of halogen ions on 

Fig. 3. Species distributions of sulfite in Fe(II)/sulfite (a) and Fe(III)/sulfite (b) systems [27], and species distributions of metal ions in Co(II)/sulfite (c) and Cu(II)/ 
sulfite (d) systems [91]. 
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chloramphenicol degradation in Fe(II)/sulfite system. The result showed 
that the inhibitory effect followed iodide > bromide > chloride, which 
corresponded to their reactivity with SO4

•− . In addition, the presence of 
phosphate and bicarbonate makes the catalyst surface complex, 
retarding the interaction between catalytic sites and sulfite [126]. 
Differently, Wu et al. [189] reported that the addition of bicarbonate 
could significantly accelerate the degradation of methyl orange. The 
authors revealed that bicarbonate could complex with structural Co(II) 
in catalysts and thus promote the oxidation of Co(II) to Co(III), resulting 
in the formation of high-valent cobalt species. 

Compared with nitrate, nitrite has a more significant inhibition on 
chloramphenicol degradation, and the degradation rate decreases from 
9.4 × 10− 3 to 9.2 × 10− 3 and 5.2 × 10− 3 min− 1 in the presence of nitrate 
and nitrite, respectively [68]. It should be highlighted that nitrate/ni
trite are not only common water components affecting the removal 
performance, but also are widely used as scavengers for eaq

− and •H 
because of their distinct second-rate constants (Eqs. (56–59)) [164]. 

e−aq +NO−
2 →(NO∙2)

2−
(k = 4.1 × 109M− 1s− 1) (56)  

e−aq +NO−
3 →(NO∙3)

2−
(k = 9.7 × 109M− 1s− 1) (57)  

∙H +NO−
2 →NO∙+OH− (k = 7.1 × 108M− 1s− 1) (58)  

∙H +NO−
3 →(NO3H∙)−

(
k = 1.4 × 106M− 1s− 1) (59) 

Humic acid is a main constituent of natural organic matters and its 
reaction rates with •OH and SO4

•− are 1.4 × 104 and 6.8 × 103 L mgC− 1 

s− 1, respectively, so it can compete with target pollutants for SO4
•− /•OH 

oxidation [190,191]. Xiao et al. [174] indicated that high concentra
tions of humic acid significantly inhibited the removal of bromate dur
ing UV/sulfite process in a pilot study. Likewise, humic acid can 
interface with the photolysis of sulfite, which leads to the decrease in the 
yield of reductive species [157]. Jung et al. [192] reported that the 
removal of bromate was promoted by humic acid at low concentrations, 
but that was inhibited at concentrations higher than 5.0 mg/L. In 
addition to its scavenging effect, humic acid can also act as a complexing 
agent to complex with metal ions or heterogeneous metal catalysts, thus 
indirectly affecting the removal performance of contaminants [42,131]. 

5. Identification of reactive species and determination methods 

In section 2 and 3, we have summarized the activation methods of 
sulfite and the reactive species (including SO3

•− , SO4
•− , SO5

•− , •OH, high- 
valent metals, eaq

− and •H) involved are highly dependent on activation 
methods. Identifying reactive species are essential because it helps to 
explore the degradation behavior, mechanisms and pathways of con
taminants in-depth. Till now, the main technologies for detection of 
reactive species in sulfite-based AOPs/APRs include quenching studies, 
chemical probe methods, and electron spin resonance techniques. 

5.1. Quenching studies and chemical probe method 

Quenching studies refers to the use of specific chemical probes/re
agents to directionally eliminate the reactive species generated in the 
system, so as to distinguish the relative contributions of each reactive 
species according to the inhibition degrees of target pollutants. Table 5 
lists the reaction second-order rate constants between the selected probe 
compounds/quenchers and the corresponding reactive species. 

Alcohols are generally regarded as scavengers to identify the relative 
contributions of SO4

•− and •OH [24,193–195]. Specifically, alcohols 
containing α-hydrogen (e.g., ethanol and methanol) can effectively 
quench both SO4

•− and •OH, while alcohols without α-hydrogen (e.g., 
tert-butanol) only capture •OH due to distinct second-order rate con
stants [196]. In contrast, the reactivity of other oxysulfur radicals 
including SO3

•− and SO5
•− is low toward alcohols (<103 M− 1 s− 1) 

[196,197]. In addition, atrazine, nitrobenzene and benzoic acid are also 
used as chemical probes or scavengers for SO4

•− and •OH (for atrazine, 
k1(SO4

•− ) = 4.2 × 109 M− 1 s− 1, k2(•OH) = 2.4–3.0 × 109 M− 1 s− 1; for 
benzoic acid, k3(SO4

•− ) = 1.2 × 109 M− 1 s− 1, k4(•OH) = 4.2 × 109 M− 1 

s− 1; for nitrobenzene, k5(SO4
•− ) = 8.4 × 105 M− 1 s− 1, k6(•OH) = 3.9 ×

109 M− 1 s− 1) [24,190,196]. Moreover, SO4
•− and •OH can be quantified 

by chemical competition kinetic experiments with radical scavengers. Of 
note, the concentration of selected quenching agents is critical due to the 
involvement of multi-reactive species during sulfite activation. Tert- 
butanol at excess dosage can also quench SO4

•− , besides •OH. For 
example, Dong et al. [60] firstly selected 250 mM methanol to 
completely quench SO4

•− and •OH, obtaining the total contributions of 
89.04%, and then 10 mM tert-butanol was selected to discern the relative 
contributions of SO4

•− and •OH, accounting for 23.29% and 65.75%, 
respectively. However, some studies stated that hydrophilic alcohols (e. 
g., methanol and tert-butanol) were difficult to approach the surface of 
heterogeneous catalysts, making it difficult to quench surface-bound 
radicals [13,24,126]. 

For SO3
•− , its role must be determined in an oxygen-free conditions 

due to its high reactivity with oxygen (1.0–2.5 × 109 M− 1 s− 1) 
[44,64,196]. Besides, SO3

•− has a high reaction rate with crocin (1.0 ×
109 M− 1 s− 1) [198], which has been used as a chemical probe to measure 
the yield of SO3

•− [134]. 
As for SO5

•− , Yuan et al. [67] determined the second-order rate 
constants between SO5

•− and aniline, about 5.8 ± 0.6 × 106 M− 1 s− 1. 
Subsequently, they employed diphenylamine and ethanol as scavengers 
to ascertain the relative contributions of SO4

•− and SO5
•− on the degra

dation of aniline in the Fe(III)/sulfite system. Based on its reactivity, 
aniline is also used as an effective scavenger for SO5

•− [43,199,200]. For 
example, the addition of aniline can markedly inhibit the degradation of 
propranolol and the degradation efficiency is decreased from 90.0% to 
10.8% at 10 mM aniline, indicating that SO5

•− are the main oxidants 
causing degradation in the Fe0.36Mo0.64S2/sulfite system [43]. 

In addition to the above-mentioned radicals, high-valent metal spe
cies are also identified in sulfite-based AOPs, such as Fe(V)/Fe(IV) 
[80,87,89], Mn(III) [97] and Cr(V) [109]. Furthermore, their 

Table 5 
Second-order rate constants of the selected probe compounds/quenchers with different reactive species.  

Quenching agents Second-order rate constants (M− 1 s− 1) Ref. 

SO3
•− SO4

•− SO5
•− •OH eaq

− •H 

Methanol / 0.9–1.3 × 107 / 0.8–1.0 × 109 / / [164,214] 
Ethanol < 2.0 × 103 1.6 × 107 < 1.0 × 103 1.9 × 109 / / [197] 
Tert-butanol < 1.0 × 103 4.0–9.1 × 105 < 1.0 × 103 3.8–7.6 × 108 / / [197,214] 
Aniline < 1.0 × 106 7.7 ± 0.5 × 109 5.8 ± 0.6 × 106 1.7 × 1010 / / [67] 
Diphenylamine < 1.0 × 107 / 5.0 × 107 / / / [199] 
Crocin 1.0 × 109 / / / / / [198] 
Nitrate / / 0.05–2.1 × 106 / 9.7 × 109 1.4 × 106 [164,215] 
Nitrite / 9.8 × 108 / 1.0 × 1010 4.1 × 109 7.1 × 108 [164,196] 
Nitrous oxide / / / / 9.1 × 109 2.1 × 106 [166] 

/: No reported or used as the related chemical probes/quenchers. 
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contributions can be confirmed through the inhibitory effects of sulf
oxides and the degradation products of sulfoxides [87,201]. As reported, 
Fe(V)/Fe(IV) can oxidize sulfoxides (e.g., dimethyl sulfoxide and methyl 
phenyl sulfoxide) into sulfones (e.g., dimethyl sulfone and methyl 
phenyl sulfone) via oxygen-atom transfer mechanism, respectively, 
which is essentially different the reaction of free radicals and sulfoxides, 
thereby discriminating their roles and contributions (Eqs. (60, 61)) 
[202–204]. 

Fe(IV) = O+(CH3)2SO→(CH3)2SO2 (60)  

2∙OH + 2(CH3)2SO+O2→2(CH3)2SO2H +HCHO+CH3OH (61) 

Originating from the photolysis of sulfite, reductive species are 
produced, including SO3

•− , eaq
− and •H. It was reported that nitrite was 

capable of quenching both eaq
− and •H, but nitrate could only scavenger 

eaq
− [153,164], leading to a clear role of eaq

− and •H. Moreover, consid
ering that saturated nitrous oxide in the solution will double the yield of 
SO3

•− and react rapidly with eaq
− [149], it can be employed to distinguish 

the contributions of SO3
•− and eaq

− [49,172]. In addition, the steady-state 
concentration of eaq

− can be estimated using monochloroacetic acid as a 
chemical probe [149,176]. Likewise, nitrobenzene is also used to 
determine the steady-state concentration of eaq

− , because it exhibits high 
reactivity towards eaq

− (3.7 × 1010 M− 1 s− 1) [170]. 

5.2. Electron spin resonance spectroscopy 

Electron spin or paramagnetic resonance spectroscopy is a powerful 
and sensitive technique for detecting free radicals generated in chemical 
or biological processes [205,206]. Due to their short lifetime (e.g., 
30–40 μs for SO4

•− and 20 ns for •OH), spin-trapping agents are required 
to capture free radicals to form stable and clear spin adducts. The 

common used radical-trapping agent is 5,5-Dimethyl-1-pyrroline N- 
oxide (DMPO). As reported, the signals of DMPO-SO4

•− adducts (aN =
13.7 G, aH = 10.0 G, aH = 1.41 G and aH = 0.78 G) and DMPO-•OH 
adducts (aN = 14.9 G and aH = 15.0 G) are observed through their 
typical hyperfine splitting constants (Fig. 4a, c), which are derived from 
the nucleophilic addition reaction of SO4

•− /•OH with DMPO [24,133]. 
Moreover, the evolution of SO4

•− /•OH with reaction times can also be 
obtained according to the ESR peak intensity (Fig. 4b) [24]. Of note, the 
reaction second-order rate constants between DMPO and SO4

•− is low 
and the generated DMPO-SO4

•− adducts are unstable, which makes it 
difficult to perform quantitative analysis [14]. Meanwhile, DMPO-SO4

•−

adducts can be converted into DMPO-•OH adducts at a considerably 
reaction rate through reacting with H2O/OH− , namely nucleophilic 
substitution reaction. Except for DMPO, 5-tert-Butoxycarbonyl-5- 
methyl-1-pyrroline-N-oxide is also utilized as a spin trapping agent for 
SO4

•− and •OH. In addition, the signal of DMPO-SO3
•− adducts (aH =

15.9 G and aN = 14.7 G) is identified and their signal intensities increase 
as the reaction proceeded (Fig. 4d) [137]. On the contrary, DMPO 
cannot trap SO5

•− to produce the corresponding adduct signals even if 
SO5

•− exists in the system [197]. 
As present, due to the diversity of the types and amounts of the 

reactive species generated from sulfite activation, the detection tech
nologies of existing studies are difficult to precisely determining the 
contributions of reactive species. In the future research, more advanced 
technologies for identifying reactive species in a quantitative and 
qualitative way should be developed to gain an in-depth understanding 
about their respective contributions and reaction mechanisms. 

6. Concluding remarks and future perspectives 

In summary, this review presents the state-of-the-art development of 

Fig. 4. ESR spectra of DMPO-•OH and DMPO-SO4
•− adducts (a) and their intensity variations as a function of time (b) [24], and ESR spectra of DMPO-•OH (c) and 

DMPO-SO3
•− (d) adducts in BiVO4/sulfite/vis system [137]. 
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sulfite-based AOPs/APRs to eliminate contaminants from water, with 
particular emphasis on the generation mechanisms and identification 
technologies of reactive species (including oxidative and reductive 
species) under different activation strategies, and key factors influencing 
the removal performance. Despite current researches have suggested the 
potential application of sulfite-based AOPs/ARPs in water treatment, 
further investigations are still required. Moreover, most researches still 
stay in laboratory exploration and are carried out in ultrapure water, so 
there is still a long way to go before practical application. Based on our 
review, several key points are proposed as follow: 

(1) The concentration of sulfate ions generated during sulfite acti
vation should be concerned, especially at photo/sulfite process. For 
example, the dosages of sulfite used in some studies are as high as 5–20 
mM [44,49,168,207], which leads to the concentration of the generated 
sulfate higher than the Standards for Drinking Water Quality of China 
(250 mg/L, ~2.61 mM). 

(2) The productivity of eaq
− in the UV/sulfite process needs to be 

improved. Since eaq
− have high reactivity with coexisting scavenger 

species (e.g., H+, H2O, dissolved oxygen and nitrate/nitrite), the amount 
of eaq

− that can be used to degrade target pollutants is significantly 
reduced. 

(3) In homogenous systems, how to accelerate the redox cycle of 
metal ions and the decomposition of metal-sulfito complexes is essential 
to increase the yield of SO4

•− in the overall reaction. Moreover, the 
generation of metal sludge will increase the cost of secondary treatment, 
so how to reduce the dosage of metal ions or avoid the production of 
metal sludge are worthy of investigation. 

(4) The development of environment-benign, cost-effective and high- 
performance heterogeneous catalysts with rational design has never 
stopped. Although heterogeneous metal catalysts can reduce the leach
ing of toxic metal ions to a certain extent and increase its reusability, 
metal leaching is still inevitable. Inspired by the effective activation of 
persulfate by metal-free carbocatalysts [208–211], the feasibility of 
activating sulfite with carbocatalysts (containing adjustable structures, 
abundant functional groups, structural defects and other catalytic sites) 
should be explored, which is expected to fundamentally solve the 
problem of metal leaching. 

(5) The mechanisms of sulfite activation by various approaches are 
still unclear and warrant further investigation. In particular, the reactive 
species involved and their respective contributions vary with reaction 
conditions (e.g., dissolved oxygen, pH, sulfite concentration, contami
nant types, UV intensity and wavelength). Therefore, more precise re
action conditions are controlled to accurately explore the reaction 
mechanisms. In addition, a variety of advanced technologies (e.g., in-situ 
Raman techniques, electrochemical characterization and density func
tional theoretical calculations) is needed to explore intrinsic catalytic 
sites and reaction mechanisms in-depth. 

(6) Most of the sulfite activators currently used is metal ions or 
powder catalysts, which are difficult to recover during application, 
resulting in a potential secondary pollution problem. In the future 
research, more consideration should be given to integrating catalysts 
into membrane reactors, packed columns or fixed-beds reactors. At the 
same time, the effectiveness of the sulfite-based AOPs/ARPs in elimi
nating contaminants from real polluted sites (e.g., surface water and 
wastewater) should also be evaluated. 

(7) The toxicity variation of contaminants during degradation should 
be assessed, because degradation products may be more toxic than the 
parent compound. In addition, some undesirable by-products may be 
produced in complicated water containing different water matrices (e.g., 
halogen anions, nitrate/nitrite and natural organic matters), which lead 
to the increased toxicity. 
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