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A B S T R A C T   

Efficient and environmentally friendly methods for the remediation of polychlorinated biphenyls (PCBs)- 
contaminated wastewater have become an important issue. In this study, persulfate (PS) was activated with 
sodium thiosulfate (TS) to degrade 2,2′-dichlorobiphenyl (DCB) at an extraordinarily high rate at pH ≤ 4.0 at 
room temperature. The PS/TS system exhibited much higher activity than systems with PS or TS alone at pH 2.0: 
90.3% DCB was removed within 120 min, a much higher removal rate than those of the latter systems. Sulfate 
radical (SO4

•− ) was verified to be the main reactive substance through scavenging and trapping experiments; 
sulfate radicals can decompose and detoxify DCB by dechlorination and hydroxylation processes. The removal 
efficiency of DCB (58.5% in 120 min) was also satisfactory in the TS system, in which TS could perform 
nucleophilic substitution on the DCB molecule at pH ≤ 4.0, followed by DCB dechlorination and the generation 
of hydroxy-biphenyl. Plausible mechanisms and reaction pathways involving nucleophilic substitution in the TS 
system and the formation of reactive oxygen species (ROS) in the PS/TS system to attack the carbon atom on DCB 
were proposed and calculated by density functional theory (DFT). The presence of Cl− , NO3

− , HCO3
− and humic 

acid (HA) may have inhibited the removal of DCB in the PS/TS system, while the effect was not significant in the 
TS system. Our work introduces novel and rapid removal methods for the removal of PCBs and may be significant 
for the development of efficient strategies for halogenated pollutant control in real water.   

1. Introduction 

Polychlorinated biphenyls (PCBs) are a class of persistent organic 
pollutants that are widely used as solvents, reagents, pharmaceutical 
intermediates, pesticides and so on [1–4]. Chlorinated aromatics have 
been found in water, soil, atmosphere and other environmental media 
[5–8]. PCB contamination has attracted increasing attention due to the 
endocrine-disrupting effects, biodegradability and long-distance trans-
port characteristics of PCBs [9,10]. For example, the highest average 
concentration was found in surface soils (552.3–5789.5 μg/kg) from 
household e-waste recycling facilities [11]. Because of its great risks, 
such as potential toxicity, high persistence, refractory nature and bio-
accumulation, PCB pollution has received considerable attention. 
Therefore, it is important to find effective and innovative techniques to 
mineralize PCB compounds, which has become a pressing issue for 
researchers. 

Previous studies have focused on developing effective approaches for 

the removal of PCBs, such as incineration [12], photolytic destruction 
[13], advanced oxidation processes (AOPs) [14], biological methods 
[15], catalytic hydrodechlorination [16–18] and photocatalytic degra-
dation [19,20]. Among these methods, photodegradation and biodeg-
radation are characterized by low efficiency and incomplete 
degradation. The chemical reduction method can remove target waste 
compounds more thoroughly, but the treatment process is complex, and 
the reducing agent cannot be harvested and regenerated [16–18]. 
Although the decomposition efficiency of incineration is more than 99% 
at approximately 1100 ◦C, a large amount of waste gas, such as residual 
polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated di-
benzofurans (PCDFs), will be generated in the treatment process [12]. 
Generally, the existence of chlorine atoms is the root cause of the high 
toxicity, high stability and difficult biodegradation of most aromatic 
chlorides. Studies have shown that the toxicity and stability of aromatic 
chlorine pollutants can be significantly reduced and improved by 
removing chlorine atoms [21]. Therefore, the degradation of aromatic 
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chlorine pollutants can be realized by reducing dechlorination [16–18]. 
Pathways of PCB removal using these methods generally involve the 
simultaneous processes of dechlorination, alkyl oxidation, dealkylation, 
and hydroxylation. Among the products of these processes, the dechlo-
rination product is considered to be a completely nontoxic compound. 
Therefore, directly converting PCBs to hydroxy-biphenyls is also 
thought to be one of the most effective ways to remove PCB 
contamination. 

A growing number of studies have indicated that sulfur-containing 
reductants can react with oxidants to effectively promote the forma-
tion of stronger oxidizing substances (reactive oxygen species, ROS), 
thus enhancing the degradation of organic pollutants [22–27]. For 
example, the reductants that meet the above requirements include 
thiosulfate (TS, Na2S2O3) [22,23], sulfite (Na2SO3) [24], dithionite 
(DTN, NaS2O4) [25], and bisulfite [26,27]. Sun et al. [26] reported that 
the reactants manganese(III) and sulfate were produced by bisulfite 
activation of permanganate, leading to extremely rapid degradation of 
organic pollutants. The results showed that the removal efficiency was 
fastest at pH 4.0 but slightly slower at pH 7.0, indicating that the re-
action was pH dependent. Among all reductants, TS is one of the most 
widely used substances due to its high reactivity, nontoxicity, and low 
cost [28]. A previous study reported that TS enhances the decomposition 
of persistent organic matter by O3 due to the generation of •OH in the 
reaction between TS and O3 [22]. However, due to the low reactivity of 
•OH, further dechlorination and hydroxylation of the chlorinated prod-
ucts by •OH attack were limited. Therefore, an increasing number of 
studies have focused on activated persulfate (PS, S2O8

2− ), and the 
generated sulfate radical (SO4

•− ) exhibits the characteristics of high 
reactivity, high stability, and longevity [25,29]. For example, Song et al. 
[25] reported that the activation of PS by DTN for the release of SO4

•− has 
attracted great attention in the treatment of organic-containing waste-
water and has a redox potential of 2.5–3.1 V. In addition, SN2 nucleo-
philic substitution is considered to be a more effective dechlorination 
strategy than oxidation by ROS for halogenated pollutant treatment 
[30,31]. For example, TS can enhance the removal of halogens in 
halogenated aliphatic hydrocarbons via nucleophilic substitution [30]. 
Mu et al. [31] reported that dechlorination and hydroxylation of atra-
zine with TS to form hydroxyatrazine achieved detoxification in sec-
onds. Here, two novel and very promising approaches have been 
explored, including the removal of chlorinated organic pollutants by 
reducing dechlorination through TS nucleophilic substitution and the 
formation of reactive species by TS activation of PS. 

The objective of this study was to investigate the reaction of DCB in 
TS and PS/TS systems at different pH values. Quenching experiments 
and trapping methods were applied to identify the dominant ROS in the 
two processes. The effects of the dosages of TS and PS and some natural 
water constituents (ions and humic acid (HA)) in the TS system and PS/ 
TS system were evaluated. The intermediates and products were 
detected by liquid chromatography–mass spectrometry (LC–MS) and gas 
chromatography–mass spectrometry (GC–MS), and possible reaction 
mechanisms were proposed according to the degradation products. This 
is the first time that a metal-free AOP based on the release of SO4

•−

involving TS and PS was studied. All reagents required in the PS/TS 
process are practical for conventional water treatment, and the related 
synergistic mechanisms of accelerated PCB degradation are revealed. 

2. Materials and methods 

2.1. Chemicals and reagents 

DCB (2,2′-DCB, >99%), PS (Na2S2O8, ≥98%), TS (Na2S2O3), HA and 
2,2′-dihydroxybiphenyl (DHB, 2,2′-DHB, >99%) were obtained from 
Sigma-Aldrich (St. Louis, MO, USA). Solvents were of HPLC grade and 
included tertiary butanol (TBA, C4H10O, ≥99.7%), n-hexane (≥99%), 
methanol (CH3OH, ≥99.7%), and acetonitrile (C2H3N, ≥99%), which 
were purchased from Sinopharm Chemical Reagent Co. LTD (SCR, 

Shanghai, China). H2SO4 and NaOH were acquired from Aladdin In-
dustrial Company (Shanghai, China). Ultrapure water (resistivity ≥
18.2 MΩ⋅cm) was used for all stock solutions. 

2.2. Experimental procedures 

The degradation of 2,2′-DCB was conducted in 250-mL conical flasks 
with constant stirring using a magnetic stirrer. The whole process in 
aqueous solutions was carried out under air balance conditions at 25 ±
1 ◦C, and the pH was set to 2.0. In each experiment, the required 
amounts of Na2S2O3 (TS, 0.2 mM) and Na2S2O8 (PS, 0.5 mM) were 
dispersed in a mixture solution containing 100 mL water, subsequently 
added to 2,2′-DCB (5 μM), and stirred with a magnetic stirrer at a con-
stant speed (100 rpm). At given reaction time intervals (0, 0.5, 1, 1.5, 
and 2.0 h), 0.5-mL aliquots were immediately extracted and mixed with 
0.5 mL of methanol to scavenge ROS. The samples were extracted twice 
with 1 mL n-hexane, shaken for 10 min and centrifuged. Finally, the 
filtrate was collected and analyzed by GC–MS. The process was the same 
in the TS system containing Na2S2O3 (0.2 mM) and 2,2′-DCB (5 μM) at 
pH 2.0. All experiments were carried out in triplicate to rule out errors. 

Specific treatments were included to evaluate the effect of initial pH, 
Na2S2O3 and Na2S2O8 concentrations, and the presence of Cl− , HCO3

− , 
humic acid (HA), and NO3

− ions on the reaction. The inherent initial pH 
value (2–7) was adjusted with 1.0 M H2SO4 or NaOH. Various concen-
trations of TBA and methanol were used as ROS scavengers. 

2.3. Chemical analysis 

The total organic carbon (TOC) content of the water samples was 
evaluated to assess the mineralization of DCB using a TOC analyzer 
(TOC-L CPH, Shimadzu, Kyoto, Japan). The concentration of DCB and its 
main product in the reaction samples was determined and analyzed by a 
GC/MS system (7890A GC coupled with a 5975C MS, Agilent Company, 
Wilmington, USA) operated in full-scan mode (50–500 amu). A BD-1 
column (0.25 mm × 0.25 mm, 30 m, Agilent, USA) was installed. The 
temperatures of the GC injector, ion source, MS detector and transfer 
line were set to 300 ◦C, 250 ◦C, 180 ◦C and 270 ◦C, respectively. 
Additionally, the oven temperature program was initiated with an 80 ◦C 
hold for 3 min, an increase to 300 ◦C at a rate of 8 ◦C/min and a hold for 
3 min. The MS detector was operated in electron impact (EI) mode. 
Helium (He, high purity >99.9999%, 1 mL min− 1) was used as the 
carrier gas. The residuals of DCB and DHB were quantified based on the 
precursor ions (m/z 222/220 and 186/184), which were verified by 
their corresponding standards. The degradation intermediates and 
products were detected by an ultrahigh-performance liquid chroma-
tography–tandem mass spectrometry (UPLC–MS/MS, Agilent 6460 tri-
ple quadrupole) in positive electrospray ionization (ESI) (m/z 50–600) 
mode. A chromatographic column (Zorbax XDBC8, 2.1 mm × 150 mm 
× 3.5 μm) was equipped in the UPLC system. 60% acetonitrile (solvent 
A) and 40% water (solvent B) were used as the mobile phase, and the 
elution flow rate was 1.0 mL min− 1. The column temperature was set as 
35 ◦C, and the injection volume was 10 μL. 

2.4. Gaussian calculation 

The main type of TS at the experimental pH was the monovalent 
anion (HS2O3

- ). To elucidate the mechanism of hydroxyl radical forma-
tion and dechlorination in the system, DFT calculations were used to 
calculate the reaction between PS and HS2O3

- . Thus, the density func-
tional B3LYP method together with the 6-311+G(d) basis set were used 
in the Gaussian 16 software program, which was used for the compu-
tational analysis mentioned in our previous study [32]. The results of 
DFT calculations accurately optimized the geometric shapes of the re-
actants, the products and their transition states. The zero point energy 
(ZPE) was acquired by calculating the harmonic vibration frequency. To 
determine the correct relation between the transition state and the 
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minimum value, analyses of the intrinsic reaction coordinate (IRC) 
starting from the transition state structure were also carried out. 

3. Results and discussion 

3.1. DCB degradation in different systems. 

The DCB degradation efficiencies were investigated by reaction with 
TS with or without PS at different pH values, and the results are dis-
played in Fig. 1. As shown in Fig. 1a, the removal efficiencies of DCB in 
pure PS, pure TS and PS/TS systems at an initial pH of 2.0 at room 
temperature were investigated. The concentration of DCB was fairly 
stable in the reaction process with no PS or TS, but it steadily decreased 
when PS or TS was added. For example, without the presence of TS, PS 
could not induce strong degradation of DCB (less than 18% after 120 
min with a rate constant of 0.011 min− 1), suggesting little activation of 
PS and consequent release of SO4

•− . Previous studies have confirmed that 
solo PS exhibits very a low degradation efficiency for organic pollutants 
[24,33]. The removal efficiency of DCB was considerably enhanced by 
the addition of TS and TS/PS. For example, the loss of DCB in the TS 
system was 38.1% in 30 min, which increased to 58.5% after 120 min at 
pH 2.0 with a rate constant of 0.026 min− 1. It is worth noting that the 
degradation efficiency of DCB was almost completely inhibited at pH 
7.0, as shown in Fig. 1b. Therefore, the removal of DCB by TS was 
strongly dependent on the pH value. This reactivity might be caused by 
the speciation of TS at different pH values, as TS can change from HS2O3

−

to S2O3
2− . This result corresponds with the well-documented facts that 

HS2O3
− is a species of TS only at pH ≤ 4, while S2O3

2− is the major TS 
species at pH ≥ 4 [31]. In addition, the pH changes of the system were 
monitored, and no significant change in pH value was observed during 
the whole degradation process (Fig. S1), thus excluding any contribution 
of pH variation to DCB degradation by TS. 

Fig. 1a also displays the degradation of DCB by the PS/TS system at 
pH 2.0. It was observed that 90.3% of DCB was degraded with 0.5 mM 
PS and 0.2 mM TS in 120 min with a rate constant of 0.011 min− 1. The 
substantial difference in degradation efficiency indicated that the 
degradation rate of DCB by TS was significantly accelerated in the 
presence of PS. The activation ability of PS is significantly accelerated in 
the presence of TS, which is related to the interaction between PS and 
TS. However, DCB degradation was not observed at pH 7.0 in the PS/TS 
system (Fig. 1b), indicating that the dominant substance responsible for 
DCB removal in the PS/TS system was mainly caused by the activation of 
PS in the form of HS2O3

− , not S2O3
2− . To provide direct evidence for 

degradation, the TOC concentrations in the TS and PS/TS systems at pH 
2.0 were determined (Fig. 1b inset). As shown in Fig. 1b (inset), the TOC 
concentration decreased from 0.67 mg L− 1 to 0.53 mg L− 1 (21.8% 
reduced) within 120 min in the PS/TS system, while it was stable and 
changed minimally in the TS system, meaning formation of in-
termediates. This result was similar to other studies on the mineraliza-
tion of organic pollutants based on SO4

•− [34–36]. Similarly, the sum 
TOC removal of tetracycline in Fe0 and PMS system were 15.6% [37] 
and the TOC removal of metolachlor could be totally eliminated 30.9% 

Fig. 1. Degradation of DCB in systems of PS, TS and PS/TS at pH 2.0 (a), at pH 7.0 (b), the change of TOC concentration during the process during two processes (b 
inset). Effect of pH on DCB removal in TS system (c) and PS/TS system (d). Conditions: [DCB]0 = 5.0 μM, [PS]0 = 0.5 mM, [Na2S2O3]0 = 0.2 mM, T = 25 ± 1 ◦C. Data 
points were given as means ± standard deviations (n = 3). 
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in a sulfate radical based advanced oxidation processes [38]. Even in the 
Persulfate/Dithionite system, the TOC removal of atrazine could reach 
40% [24]. 

It is important to optimize the initial pH value and PS and TS dosages 
in solution to effectively destroy the structure of organic pollutants. As 
illustrated in Fig. 1c and d, the effects of initial pH on DCB degradation 
were investigated. For example, DCB degradation in the TS system was 
pH dependent (the pH varied from 2.0 to 7.0), as shown in Fig. 1c. The 
degradation activity of DCB was clearly better under acidic conditions 

than under neutral or alkaline conditions. The removal efficiency of DCB 
decreased from 58.5% to 9.7% as the initial pH value increased from 2.0 
to 6.0 and was completely inhibited at pH > 6.0. As described earlier, 
the reactivity might be caused by the speciation of TS at different pH 
values, as TS changes from HS2O3

− to S2O3
2− depending on pH [31]. 

Similarly, DCB degradation in the PS/TS system was also pH-dependent 
(the pH varied from 2.0 to 7.0), as shown in Fig. 1d. At initial pH 
4.0–6.0, DCB was effectively degraded, but only less than 10% was 
removed at initial pH 7.0. The inefficiency of DCB decomposition in the 

Fig. 2. Effect of initial concentration of TS on DCB degradation in the PS system. (a) and PS/TS (b) systems (a), effect of initial concentration of PS on DCB 
degradation in PS/TS (c) systems. Conditions: [DCB]0 = 5.0 μM, T = 25 ± 1 ◦C. pH = 2.0. Data points were given as means ± standard deviations (n = 3). 

Fig. 3. Effect of as radical scavengers: Methanol and TBA in TS (a) and PS/TS (b) systems at pH 2.0. The evolution of the EPR signals with the reaction by using 
DMPO (10 mM) as a spin trapping agent at 20 min in the TS (c) and PS/TS (d) systems. Conditions: [DCB]0 = 5.0 μM, [PS]0 = 0.5 mM, [Na2S2O3]0 = 0.2 mM, T = 25 
± 1 ◦C. Data points were given as means ± standard deviations (n = 3). 
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PS/TS system at pH 7.0 may be caused by the change in speciation from 
TS to sulfite (pKa = 7.2) [39]; moreover, the oxidation potential of the 
dominant substance would be easily quenched under alkaline conditions 
[40]. 

High concentrations of oxidants or reductants are the major sources 
of ROS and increase the steady-state concentration of ROS [41,42]. The 
effects of the initial TS and PS doses on the two reactions are shown in 
Fig. 2. The effect of the initial TS dose (which varied from 0.05 mM to 
0.25 mM) in the TS system showed that the degradation efficiency 
increased with increasing TS dose (Fig. 2a). This result was attributed to 
the increase in active sites caused by the addition of TS [31]. The 
degradation rate of DCB increased slowly when the TS concentration 
increased from 0.2 mM to 0.25 mM, so 0.2 mM was selected as the best 
initial TS concentration in this study. Similarly, the effect of the initial 
TS dose (which varied from 0.05 mM to 0.25 mM) in the PS/TS system 
showed that the degradation efficiency increased with increasing TS 

dose (Fig. 2b). It should be noted that DCB degradation was enhanced 
significantly by an increase in PS dose from 0.05 mM to 0.25 mM after 
120 min of reaction time in the PS/TS system. It may be inferred that 
more active sites are able to produce SO4

•− with increasing PS dose. 
Therefore, we believe that TS provides an effective and environmentally 
friendly strategy to remediate PCB contamination under acidic 
conditions. 

3.2. Identification of reactive species 

In general, the generated ROS (i.e., •O2
− , SO4

•− , and •OH) will partic-
ipate in organic pollutant oxidation reactions related to PS and are 
considered the main oxidation species [43]. To understand how the PS/ 
TS system can induce the degradation of DCB and whether ROS were 
generated, excess scavengers (TBA for •OH and methanol for SO4

•− and 
•OH) were used as chemical probes to check for the possible generation 

Fig. 4. Basic geometrical parameters of the 
transition state structures for nucleophilic 
substitution between DCB and TS (HS2O3

− ) 
(a). Profile of the potential energy surface for 
the nucleophilic substitution process (b). 
Mass spectra of DCB degradation in-
termediates (C12H8O3ClS2, m/z 300.1746) 
detected by LC–MS (c), IRC analysis of the 
transition state (d). The radicals attack the 
carbon positions on DCB (e), Basic geomet-
rical parameters of the transition state 
structures for reaction between DCB and •OH 
(f).   
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of ROS in oxidation processes [43,44]. As shown in Fig. 3a, the degra-
dation rates of DCB were almost unchanged after scavengers were added 
to the TS system with an initial pH of 2.0, suggesting that •O2

− , SO4
•− , and 

•OH did not participate in the degradation of DCB in the TS system. 
Previous studies suggested that the TS system could rapidly remove the 
halogen content of halogenated organic matter via nucleophilic substi-
tution [30,31]. However, the degradation of DCB in the PS/TS system 
was significantly inhibited by adding TBA and methanol as competitive 
reaction substances, as shown in Fig. 3b. TBA can act as a scavenging 
agent for •OH, while methanol can effectively remove SO4

•− and •OH, 
indicating that the reactive species in the PS/TS system might be SO4

•−

and •OH. The radical scavenging results suggest that SO4
•− was presum-

ably generated by the reaction of PS with TS, which was likely the main 
reason for the enhancement in pollutant degradation. In sulfate-based 
AOPs, •OH is always a companion species with SO4

•− by Reaction (1) 
[45]. To further confirm the formation of SO4

•− and •OH, electron spin 
resonance (ESR) was applied to identify the signals of SO4

•− and •OH in 
the PS/TS system. As shown in Fig. 3c, there were no signals observed at 
40 min during the degradation of DCB in the TS system. However, sig-
nals of both DMPO-SO4

•− and DMPO-•OH in the PS/TS system were 
clearly identified in the ESR spectrum in Fig. 3d. The results validated 
that two radicals existed in the PS/TS system, which was consistent with 
the results of radical quenching.  

SO4
•− + H2O → HSO4

− +
•OH                                                           (1)  

3.3. Reaction mechanisms of the TS and PS/TS systems 

Previous studies have revealed that the outer sulfur atom on TS is 
more nucleophilic than its ligand oxygen atom and may be more likely to 
attack electron-deficient sites [46]. Since chlorine is the electron- 
withdrawing group, chlorine substitution on the DCB biphenyl ring re-
duces the electron density of neighboring C atoms. Therefore, TS can 
promote the dechlorination of DCB to dihydroxyl DCB in a nucleophilic 
substitution reaction. To understand the mechanism by which DCB is 

replaced by TS nucleophilic substitution, DFT calculations were first 
applied to simulate possible approaches. Fig. 4a shows the geometric 
modeling and optimization of the transition state in which the DCB 
molecule was replaced by HS2O3

− via nucleophilic substitution. The 
transition state was calculated by the B3LYP method with the 6-311+G 
(d) basis set. Only one hypothetical frequency of the transition state 
corresponding to the peripheral S atom vibrating between the DCB 
molecule and HS2O3

- anion was studied by frequency calculation. We 
found that in the nucleophilic substitution process, two of the bonds 
changed substantially; that is, the C–Cl bond of DCB broke and formed a 
S–C bond, thus forming the product. The energy distribution diagram of 
nucleophilic substitution is exhibited in Fig. 4b. The Gibbs free energy 
(ΔG) for the nucleophilic substitution reaction was − 7.6 kcal/mol, 
indicating that the reaction between DCB and HS2O3

− is favorable in 
energy. Therefore, we examined the hydroxylation process of DCB and 
HS2O3

− using nanoscale LC-MS, as shown in Fig. 4c. In anion-mode mass 
spectrometry of the reaction solution, a deprotonated nucleophilic 
substitute was detected as Intermediate I (C12H8O3ClS2, m/z 300.1746). 
Fig. 4d shows that intrinsic reaction coordinate (IRC) analysis further 
verified that the obtained transition state conforms to the nucleophilic 
substitution reaction mechanism of HS2O3

- and DCB. As mentioned 
above, the transformation of DCB in the TS system involved neither 
molecular oxygen nor ROS. Therefore, we suggested that the formation 
of hydroxy-biphenyl may come from the solvent H2O [47]. Different 
scavenger experiments showed that with the addition of PS, SO4

•− was 
the main active substance in the PS/TS system; SO4

•− can also be con-
verted into •OH. As shown in Fig. 4e, the degradation of DCB was due to 
•OH attacks on various substituted DCB molecules because •OH always 
has specific selectivity for addition and H-substitution reactions for 
dechlorination and hydroxylation [48]. In the PS/TS system, the chlo-
rine and H positions on the ring are attacked by the active substance. 
Fig. 4f shows the energy distribution (ΔG) of the attack of •OH on the 
DCB molecule in which •OH approaches DCB to attack its C position on 
the benzene ring to form a C–O bond with a free energy barrier. The 
Gibbs free energies of the three pathways in DCB removal by •OH were 
calculated, and the reaction of DCB and •OH (path 2) was the most 

Fig. 5. A plausible mechanism for the reaction of PS with TS at acidic conditions.  
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favorable energy. 
It is well known that when two reactants are combined, different 

reactions take place under different conditions, and different in-
termediates are formed during the reaction. On the basis of previous 
studies, this study predicts several possible pathways for the production 
and transformation of different active substances [24]. As depicted in 
Reaction (1), TS is in an unsteady state under acidic conditions. As 
shown in Fig. 5, TS and PS can be combined effectively with the for-
mation of a complex intermediate through transition state I (TS1), and 
the free energy barrier was calculated to be 6.3 kcal/mol at the B3LYP/ 
6-311+G (d) level. Then, the adduct P1 was formed exothermically with 
a free energy barrier of − 5.2 kcal/mol, indicating that P1 was readily 
generated. The formation of P1 may also be accompanied by SO4

•− and 
O3SH-S2O4

− release. Subsequently, the formed peracid (O3SH-S2O4
− ) can 

cleave into HSO3
− and S2O4

− cations via TS2 with a free energy barrier of 
2.4 kcal/mol. The energy barrier of P2 was 13.1 kcal/mol, which was 
significantly lower than that of P1, indicating that this process was both 
kinetically and thermodynamically advantageous. Therefore, the reac-
tion between TS and PS can transform active substances by Reaction (3). 
According to the literature, similar mechanisms and pathways were 
observed in the reaction between DTN and PS [24,49,50].  

S2O3
− + 2H+ → S (l) + SO2 (q) + H2O                                              (2)  

HS2O3
− + S2O8

2− → SO4
•− + HS2O3

− + S2O4
− (3) 

The proposed mechanisms and pathways of DCB degradation in the 

Fig. 6. Proposed pathway for DCB degradation in in the TS system (I) and PS/TS system (II) process.  

Fig. 7. Formation of 2,2′-biphenol in the degradation of DCB by TS and PS/TS 
systems. Conditions: [DCB]0 = 5.0 μM, [PS]0 = 0.5 mM, [Na2S2O3]0 = 0.2 mM, 
pH = 2.0, T = 25 ± 1 ◦C. 
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TS and PS/TS systems are schematically presented in Fig. 6. Based on 
the identification and analysis of intermediates and final products, a 
possible pathway for rapid hydroxylation of DCB to hydroxy-biphenyl 
by TS (HS2O3

− ) under acidic conditions is proposed in Fig. 6(I). The 
main oxidant intermediates and products of DCB in the TS system were 
identified and are listed in Table S1. First, HS2O3

− was the main species 
of TS at low pH and acted as a nucleophile to attack carbon atoms on the 
chlorine substituent of DCB. This process led to the dechlorination of 
DCB and the formation of Intermediate 1 (C12H8O3ClS2). Subsequently, 
the S–S bond on Intermediate I was easily cleaved to form SO3 and In-
termediate 2 (C12H8ClS). Finally, Intermediate 2 was hydrolyzed to 
generate 2,2′-biphenol, as identified in Fig. S4. As shown in Fig. 7, the 
concentration of 2,2′-Biphenol was detected, which exhibits an 
increasing concentration, is the primary product in the TS system. Based 
on the GC–MS results of intermediate analysis and previous studies 
concerning PCB degradation pathways by SO4

•− and •OH [45,50], the 
proposed pathways of DCB degradation in the PS/TS system are shown 
in Fig. 6(II). The main oxidant intermediates and products of DCB in the 
PS/TS system were identified and are listed in Table S2 of the Sup-
porting Information. The results suggest that the SO4

•− and •OH formed in 
the PS/TS system might attack the carbon bonds of DCB to generate 
many intermediates. A previous study reported a similar pathway in 
which chlorinated hydroxy-cyclohexadienyl radicals were formed by 
•OH attacking carbon (C) bonded with two aromatic rings [29]. There-
fore, three possible pathways of DCB degradation in the PS/TS system 
were proposed. First, the DCB molecule could be converted into Inter-
mediate 3 by dechlorination and hydroxylation. Then, Intermediate 3 
could undergo two hydroxylation processes to release 2,2′-biphenol. 
Second, DCB might be directly transformed into Intermediate 4 by two 
hydroxylation processes. Finally, SO4

•− could transfer an electron to the 
aromatic ring to form a PCB radical, which could further react with O2 to 
form 4-chlorobenzoic acid and other chlorinated cleaved products. It is 
worth noting that all products were further degraded with SO4

•− /•OH to 
open the benzene ring and finally mineralized to CO2 and H2O, which 
was consistent with the TOC results. 

3.4. Effect of natural solution matrices 

This study investigated the competitive effects of chlorine anion 
(Cl− ), nitrate (NO3

− ), bicarbonate (HCO3
− ) and humic acid (HA), which 

are typical coexisting ions and major components of dissolved organic 
matter commonly found with the target contaminant in real water and 
soil [51]. As shown in Fig. 8a, the removal efficiencies for DCB were 
fairly stable in the TS system with different concentrations of Cl− , NO3

− , 
HCO3

− and HA at initial pH 2.0 at room temperature. The DCB removal 
efficiency changed minimally with an increase in coexisting ions and HA 
from 0.1 to 5.0 mM. This result may suggest that these substances have 

little effect on the nucleophilic replacement dechlorination of DCB. 
Fig. 8b shows that the DCB removal efficiency in the PS/TS system 
varied with different initial pH values and concentrations of Cl− , NO3

− , 
HCO3

− and HA. Due to their reactivity with SO4
•− , Cl− and HCO3

− show 
negative effects as scavengers. For example, the removal efficiency of 
DCB decreased (from 90.3% to 21.6%) with increasing Cl− concentra-
tion from 0.1 to 5.0 mM. Similarly, with an increase in HCO3

− from 0.1 to 
5.0 mM, the efficiency decreased to approximately 20%. Cl− and 
HCO3

− could react with SO4
•− and •OH to produce other less reactive 

species [52,53]. This weakens the promoting effect, which may be 
related to the presence of high ionic strength [54]. However, the weak 
inhibiting effects of DCB degradation by NO3

− and HA were somewhat 
unexpected in the PS/TS system. With an increase in concentration from 
0.1 mM to 5.0 mM, NO3

− and HA caused significant decreases in DCB 
removal efficiency to 56.8% and 52.4%, respectively. This phenomenon 
could be related to scavenging effects and competition between the 
reactive radicals and DCB [37,55]. 

3.5. Multiple pollutants degradation in PS/TS systems 

The above results clearly witness the fascinating prospect of TS for PS 

Fig. 8. Effect of different molar concentration of Cl− , HCO3
− , NO3

− and humid acid (HA) on the DCB degradation in the TS system (a) and PS/TS system (b) process. 
Conditions: [DCB]0 = 5.0 μM, [PS]0 = 0.5 mM, [Na2S2O3]0 = 0.2 mM, pH = 2.0, T = 25 ± 1 ◦C. Data points were given as means ± standard deviations (n = 3). 

Fig. 9. The degradation of different organic pollutants in PS/TS system. Con-
ditions: [organic pollutants]0 = 5.0 μM, [PS]0 = 0.5 mM, [Na2S2O3]0 = 0.2 mM, 
pH = 2.0, T = 25 ± 1 ◦C. Data points were given as means ± standard de-
viations (n = 3). 
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activation in pH 2.0. The different organic molecules as model con-
taminants were selected to verify the ubiquity of PS/TS system, such as 
atrazine (toxic pesticide), bisphenol A (BPA, endocrine disrupting) and 
triclosan (PPCPs). It can be seen from Fig. 9 that the PS/TS system can 
rapidly decompose all these pollutants within 120 min. For example, 
84.5% of BPA can be easily removed within 90 min and 90.3% of tri-
closan was removed within 80 min. Beyond expectation, all of triclosan 
was removed within 60 min. It verified that PS/TS system can be 
effective for the remediation of wastewater with various recalcitrant 
organic pollutants. 

4. Conclusion 

The results clearly show that the PS/TS system in acidic conditions is 
an efficient and applicable tool for the remediation of wastewater or soil 
contaminated by organic pollutants. The TS system in the same condi-
tions also resulted in highly efficient detoxification, inducing the hy-
droxylation of PCBs to nontoxic hydroxyl products. Different from the 
oxidation strategy based on •OH, thiosulfate can induce complete con-
version of DCB to nontoxic 2,2′-Biphenol at pH ≤ 4, thus avoiding toxic 
dealkylation and the generation of alkyl oxidation intermediates. It re-
veals the first time that a metal-free AOP based on the release of SO4

•−

involving TS and PS was studied. The PS/TS system has great potential 
in the effective degradation of DCB with good mineralization ability. 
DCB degradation efficiencies of almost 90.3% and 58.5% could be 
achieved within 120 min with the TS and PS/TS systems, respectively. 
The exposure time required to oxidize refractory organic pollutants with 
PS activated with TS is short compared to that of conventional AOPs. 
The study revealed the oxidation characteristics of PS and TS interacting 
to produce SO4

•− , which was verified as the main reactive substance 
accelerating the degradation of organic pollutants. All reagents required 
in the PS/TS process are practical for conventional water treatment. This 
study elucidates the importance of degradation pathways for pollutant 
removal in real water. 
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