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A B S T R A C T   

Specific to strongly acidic wastewater, the traditional lime neutralization produces massive hazardous waste and 
present serious environmental risks. Thus, the recycling of purified wastewater after the contained contaminants 
being removed has been proposed. However, among these contaminants, chloride ion (Cl(-I)) is rather difficult to 
remove. This study proposes a new method to remove Cl(-I) using thermal activated persulfate (PS). Under 
optimized conditions, above 96% of initial Cl(-I) was removed from the actual wastewater, and the residual Cl(-I) 
was below 158 mg/L, which satisfies the requirement of Cl(-I) concentration for wastewater recycling. 
Furthermore, the mechanism was investigated. In the strongly acidic wastewater, the high concentration of H+

prompted the thermal activation process of PS through two pathways. (1) H+ prompted the transformation of 
S2O8

2- into HSO4
- and SO4, and then into HSO5

- that was finally transformed into ·OH and ·SO4
− at above 70 ℃. (2) 

H+ prompted the production of ·OH through the transformation of ·SO4
− into ·HSO4 and the cleavage of ·HSO4. 

The key step for Cl(-I) removal was identified as the formation of ·Cl or ·Cl2– from the oxidation of Cl(-I) by ·SO4
−

and ·OH, and their contribution ratios were estimated to be 67.4% and 32.6%, respectively.   

1. Introduction 

Large quantities of strongly acidic wastewater are produced by 
nonferrous metal smelting industry, photovoltaic industry, electronic 
industry, electroplating industry, etc. Especially in metallurgical in-
dustries, strongly acidic wastewater is widely produced in the smelting 
of many types of metals, such as lead, zinc, copper, nickel, cobalt, tin and 
antimony. In China, a huge amount of up to 15–22.2 million tons of 
metallurgical industrial wastewater was produced in the past three 
years, and chloride, fluoride, and heavy metals are widely contained in 
this type of wastewater (Liu, 2020). At present, to treat this type of 
wastewater, many methods such as neutralization, inspissation and 
membranes, have been studied (Shao and Yang, 2013; Wen, 2008; 
Zheng, 2017). Among them, the most common method is neutralization 
using lime. However, the method generally produces enormous amount 
of hazardous gypsum waste containing the aforementioned hazardous 
components, thus, smelting enterprises need to pay more for the disposal 
of hazardous waste, and more industrial landfill places are needed and 

landfill may cause serious environmental risks (Liu, 2020; Shao and 
Yang, 2013). Therefore, to solve the problem, recycling this type of 
wastewater after removing the contaminants was put forward (Chen 
et al., 2015, Gandara et al., 2012; Liu and Bai, 2013; Shao and Yang, 
2013). In view of the extremely adverse effects of high concentration of 
Cl(-I) in the recycling of diluted acid on the power consumption, plate 
corrosion and product quality during the smelting of many types of 
metals (Wen, 2008; Zheng, 2017), it is indispensable to decrease the 
residual concentration of Cl(-I) in the purified strongly acidic waste-
water to a safe concentration. 

Currently, in metallurgical industry, precipitation in the form of 
cuprous chloride (CuCl) using Cu(0) and Cu(II), is the most widely used 
method to remove Cl(-I) from acidic wastewater. However, this method 
shows a low removal efficiency of Cl(-I) (60–70%), and thus lead to the 
residual Cl(-I) (> 400 mg/L) fails to satisfy the requirement of recycling 
purified acid (Tan et al., 2015; Yang and Niu, 2010). Whereupon, an 
improved method to remove Cl(-I) from strongly acidic wastewater by 
ultraviolet (UV) was developed (Peng et al., 2019). In the irradiation of 
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UV, 95% of initial Cl(-I) was removed, and the residual Cl(-I) concen-
tration decreased to below 50 mg/L. The mechanism for Cl(-I) removal 
was attributed to the photocatalysis of CuCl under UV irradiation. The 
·Cl radical was generated from the oxidation of Cl(-I) by photo-induced 
holes or hydroxyl radical (·OH) radical in the photocatalytic processes 
and instantly formed chlorine gas (Cl2). In view of the high cost of Cu(0) 
powder, this method only has wide applicability to the industries that 
produce copper slag. For industries with insufficient copper slag, there is 
an urgent need to develop other methods for removing Cl(-I) from this 
type of wastewater. 

The mechanism for improving Cl(-I) removal by Cu(0) and Cu(II) 
under UV irradiation indicates that Cl(-I) may be efficiently removed 
through advanced oxidation processes. At present, advanced oxidation 
based on PS are extensively used for the degradation of organic con-
taminants, but few studies were involved in the removal of inorganic 
contaminants (Ike et al., 2018; Lutze et al., 2015; Wacławek et al., 2017; 
Wang and Wang, 2018). Specific to strongly acidic wastewater, the 
direct removal of inorganic Cl(-I) by PS through oxidation has not been 
reported. Thus, an efficient removal method of Cl(-I) using PS from this 
type of wastewater was put forward based on the following aspects: (1) 
The redox potential of S2O8

2-/SO4
2- (ES2O2−

8 /SO2−
4

= 2.01eV) is much higher 
than that of Cl2/Cl- (ECl2/Cl− = 1.36eV) under acidic condition (Huang 
et al., 2020; Sharpe, 1992). PS can be activated by heat, UV, acid or 
metal ions to produce sulfate radical (·SO4

- ) with a redox potential of 
2.5–3.1 eV (Ike et al., 2018; Lutze et al., 2015; Wacławek et al., 2017; 
Wang and Wang, 2018). Here thermal activation is selected because 
there is abundant waste heat in most metallurgy enterprises, and no 
foreign ion is introduced into the purified wastewater. When the tem-
perature >50 ◦C, PS can be activated, producing ·SO4

− (Lutze et al., 
2015; Zrinyi and Pham, 2017). In addition, it has been reported that a 
large quantity of H+ could prompt the production of ·OH through the 
transformation of ·SO4

− into ·HSO4 and the cleavage of ·HSO4, as well as 
prompt the transformation of S2O8

2- into HSO5
- that finally broke up into 

·OH and ·SO4
− at above 70 ℃ (Klaning et al., 1985). Thus, it can be ex-

pected that in strongly acidic wastewater, Cl(-I) will be oxidized to ·Cl by 
·SO4

- and ·OH, and the generated ·Cl radicals further combine to form Cl2. 
(2) The reduction product for PS is H2SO4, which is the main component 
of wastewater, so almost no foreign ions were introduced into the pu-
rified wastewater. (3) The oxidation product for Cl(-I) is Cl2, which can 
be absorbed by lime emulsion to produce bleaching powder. The 
bleaching powder is internationally accepted disinfectant, widely used 
in swimming pools, hospitals, wastewater treatment and other public 
places, as well as aquaculture and the textile industry. 

In this study, the removal efficiency, kinetics and mechanism of Cl(-I) 
by heat-activated PS were systematically studied. The effects of tem-
perature, sulfuric acid concentration, dosage, and initial Cl(-I) concen-
tration on the removal efficiency and kinetics of Cl(-I) were investigated. 
Key free radicals and their contribution on the oxidation of Cl(-I) were 
determined, and the mechanism was clarified. In addition, the applica-
tion effect of PS was verified by taking three types of actual wastewater 
as the object. 

2. Materials and methods 

2.1. Materials 

Sodium persulfate (≥ 99%), NaCl (≥ 99.5%), trisodium citrate (≥
99.0%) and Ca(OH)2 (≥ 95%) were purchased from Shanghai Macklin 
Biochemical Co., Ltd. (Shanghai China). H2SO4 (98.0%), HNO3 (65.0%), 
NH3·H2O (25%), 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (≥ 99.7%), 
methyl alcohol (MeOH) (≥ 98.0%) and tert-butyl alcohol (TBA) (≥
99.7%) were purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). The standard solution (1000 μg/mL) of Cl(-I) was 
purchased from Beijing ZhongKeZhiJian Biotechnology Co. Ltd. (Bei-
jing, China). The total ionic strength adjuster and buffer solution 

(TISAB) with a pH value of 5.5 was prepared using 0.2 mol/L trisodium 
citrate and HNO3. Deionized water (16.5 MΩ·cm) was produced using a 
Milli-Q water purification system (Millipore, USA). 

2.2. The removal of Cl(-I) 

The strongly acidic wastewater containing Cl(-I) was simulated using 
dilute H2SO4 and NaCl. For the removal of Cl(-I), 500 mL of simulated 
wastewater was added to a 1000 mL wide-mouth bottle and stirred at 
120 r/min using a digital-display stable-temperature magnetic stirrer 
(DF-101S, Henan Henyan Scientific Instrument Co., Ltd., China) at a 
specific temperature. Afterwards, a specific amount of sodium persulfate 
was added to the wastewater. Instantly, the reaction bottle was plugged 
using a rubber plug and connected to a Cl2 absorber bottle with Ca(OH)2 
slurry. At specific time intervals, 1 mL of wastewater was sampled using 
disposable syringes for Cl(-I) concentration analysis. To investigate the 
effect of factors on the removal of Cl(-I), the concentration of H2SO4 and 
Cl(-I) were set as 50–400 g/L and 500–8000 mg/L, respectively, ac-
cording to actual wastewater from nonferrous metal smelting industry; 
the temperature was set at a range of 25–90 ℃, and the dosage of PS was 
set at molar ratios of PS to Cl(-I) of 0.4/2.0–1.2/2.0 (equivalent to 1.4 – 
4.2 g/L) according to Eq. (1). 

S2O2−
8 (aq)+ 2Cl− (aq)⇌Cl2(g)+ 2SO2−

4 (aq) (1) 

For the removal experiment of Cl(-I) from actual wastewater, three 
types of wastewater from Zn, Cu and Ni metal smelters were sampled 
from three smelting enterprises. The experimental process was similar to 
that in simulated wastewater. The concentration of H2SO4 and main 
metals were provided by enterprises and listed in Table 3. The dosage of 
PS was set at molar ratios of PS to Cl(-I) of 1.0/2.0–1.2/2.0. 

2.3. Analysis methods 

The Cl(-I) concentration was determined employing a standard 
addition method using a PXSJ-216 F ion meter with a PCl-1–01 chloride 
ion-selective electrode (Shanghai INESA Scientific Instrument Ltd., 
China). The detailed determination procedures are as follows: (1) The 
pH of the mixture (1.00 mL sample and 10 mL deionized water) was 
adjusted to near-neutral using diluted NH3·H2O. (2) The mixture was 
transferred to a 50-mL volumetric flask and 10 mL TISAB was added, the 
solution was then diluted to 50 mL (Vx) with deionized water. (3) The 
electric potential of the above solution was determined as E1 under 
stirring conditions in a 100-mL beaker. (4) An additional 1.00 mL (Vs) of 
1000 mg/L Cl− solution (Cs) was added to the above 50 mL solution. 
Then, the electric potential of the obtained solution was determined as 
E2. The concentration of Cl− (Cx) can be calculated through Eq. (2) 
(Rice, 1988). 

Cx =
Cs∙Vs/(Vx + Vs)

10(E2 − E1)/S − Vs/(Vx + Vs)
(2)  

where S is the sensitivity of the electrode, which was determined as 
56.04 by the slope of the regression equation for log([Cl− ]) vs. E (mV) 
with a linearity range of 200–8000 mg/L Cl(-I) and a correlation coef-
ficient of 0.9990. 

Free radicals were detected by electron paramagnetic resonance 
(EPR) (E500, Bruker EleXsys, Germany) at a constant temperature of 
25 ◦C. For each test, 10 μL of DMPO (2 mol/L) as a free radical trapping 
reagent was added to 40 μL of the sample in a 1.0 mL centrifuge tube. 
Mixtures were loaded into a 50 μL quartz capillary tube. EPR conditions 
were fixed at: microwave power, 10.02 mW; MW frequency, 9.85 kHz; 
power attenuation, 13.0 dB; modulation amplitude, 2.000 G; sweep 
width, 100.0 G; modulation frequency, 100.00 kHz; and sweep time, 
40.0 s. The EPR signals of the samples were recorded after 1–10 min of 
reaction. 
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3. Results and discussion 

3.1. Removal of Cl(-I) under different conditions 

3.1.1. Cl(-I) removal kinetics 
Fig. 1 shows the effect of temperature, H2SO4 concentration, PS 

dosage, and initial Cl(-I) concentration on the removal efficiency of Cl 
(-I). It was found that under the studied conditions, the removal of Cl 
(-I) obeys pseudo-first-order kinetics with respect to the Cl(-I) concen-
tration described by Eq. (3) (Lutze et al., 2015). 

ln
(

C
C0

)

= − kt (3)  

where k is the pseudo-first-order rate constant, C0 is the initial con-
centration of Cl(-I), and C is the Cl(-I) concentration at reaction time t. k 
for the removal kinetics of Cl(-I) under different conditions was obtained 
from the linear-fitting results and shown in Table 1. 

Furthermore, from Fig. 1, it can be found that the concentration of 
H2SO4, dosage of PS and temperature greatly affected the Cl(-I) removal 
rate. It is known that when PS is activated (reaction 1), the resulting ⋅SO4

- 

initiates a chain of reactions involving variety of radicals and oxidants 
(reactions 16–32), which complicates the kinetics of Cl(-I) oxidation. In 
principle, the pseudo-first-order rate constant of Cl(-I) removal is the 
sum of second-order terms for each oxidant and effect factor, such as 
[⋅SO4

- ], [⋅OH], [H+] and the other intermediate oxidants described as Eq. 

(4): 

k = k
′ ′
⋅SO−

4

[
⋅SO−

4

]a
+ k

′ ′
⋅OH[⋅OH]

b
+ k

′ ′
H+ [H+]

c
+ k

′ ′
other[other]d (4)  

where k′ ′ represents the second-order rate constants for Cl(-I) removal 
with each reactive intermediate, a-d represent reaction orders of each 
reactive intermediate, suggesting the relative significance of these items. 
Due to the concentration of ⋅SO4

- and ⋅OH is depended on the dosage of 
PS, we merged the first two items in Eq. (4) into one term in Eq. (5). 

k = k
′ ′
ps[ps]m + k

′ ′
H+ [H+]

c
+ k

′ ′
other[other]d (5) 

Moreover, from the results of quenching experiments, we found the 
contribution ratio of ⋅SO4

- and ⋅OH for the oxidation removal of Cl(-I) 
accounts for almost 100%, thus, in subsequent linear fitting, the effect 
of the other factor was omitted. The second-order rate constants for Cl 
(-I) removal were determined through the fitting results in Fig. 2 
under the different dosage of PS and concentration of H2SO4. 

3.1.2. Effect of temperature 
The effect of temperature on the removal efficiency and rate of Cl(-I) 

is shown in Fig. 1a and Table 1, respectively. The temperature has a 
positive effect on the removal of Cl(-I). When the temperature increased 
from 25 ℃ to 50 ℃, the removal efficiency of Cl(-I) increased from 13% 
to 40%, and the corresponding rate constant increased from 4.30 × 10− 5 

± 6.00 × 10− 8 min− 1 to 1.64 × 10− 2 ± 9.85 × 10− 5 min− 1. When the 
temperature further increased to 70 ℃, the efficiency and rate constant 

Fig. 1. Effect of different conditions on the removal efficiency of Cl(-I): (a) The effect of H2SO4 concentration, (b) The effect of temperature, (c) The effect of PS 
dosage, and (d) The effect of initial Cl(-I) concentration. The detailed experimental conditions for each factor are shown in Table 1. 
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sharply increased to 88% and 3.65 × 10− 2 ± 8.42 × 10− 4 min− 1, 
respectively. When the temperature further increased to 90 ℃, the ef-
ficiency and rate constant remained almost unchanged. It maybe 
because, at above 70 ◦C, the PS had been completely decomposed, 
leading to the similar removal efficiency of Cl(-I) at 70–90 ◦C. The effect 
of temperature on the removal of Cl(-I) can be explained from thermo-
dynamic and kinetic property of PS. 

The essential activation mechanism is the fission of the O-O bond in 
the structure of PS. When the temperature >50 ◦C, the O‒O bond can be 
broken and then ·SO4

− form (Lutze et al., 2015; Zrinyi and Pham, 2017). 
The rate constants for removal of Cl(-I) in 100 g/L and 200 g/L H2SO4 
solutions at a range of 25–80 ℃, were fit to the linearized Arrhenius 
equation (Waldemer et al., 2007): 

Lnk = −
Ea

RT
+ LnA (6)  

where k is the pseudo-first-order rate constant, Ea is the activation en-
ergy (kJ/mol), T is the absolute temperature (K), R is molar gas constant 
(8.314 J/(K⋅mol)), and A is Arrhenius constant. The fitted lines were 
shown in Fig. 3. The fitted results indicate that, only at a range of 
50–70 ℃, Lnk has a good correlation with the absolute temperature 
(R2＞0.9900). Ea for the reactions in 100 g/L and 200 g/L H2SO4 solu-
tions were calculated to 53.9 kJ/mol and 36.8 kJ/mol, respectively. 
This result means that more PS was activated at higher temperatures, 
which produced more ·SO4

− and ·OH. This result has been verified by the 
EPR signals of ·SO4

− and ·OH at different temperatures (Fig. 4a). 
Additionally, previous studies have indicated that temperature can 

significantly accelerate the thermal decomposition rate of PS. At 25 ℃, 
the thermal decomposition rate constant of PS was very low 
(k = 5 × 10− 6 min− 1) in a solution containing 0.05 mol/L PS and 
0.5 mol/L H+. When the temperature increased to 50 ℃, the rate 

Table 1 
Pseudo-first-order rate constant (k) for the removal kinetics of Cl(-I) under different conditions.  

Initial concentration of Cl (-I) (mg/L) Concentration of H2SO4 (g/L) Temperature (℃) Dosage of PS (g/L) k (min− 1) R2  

1000  0  70  3.50 5.19 × 10− 3 ± 3.00 × 10− 5  0.9998  
1000  50  70  3.50 8.42 × 10− 3 ± 4.54 × 10− 5  0.9998  
1000  100  70  3.50 2.46 × 10− 2 ± 5.78 × 10− 4  0.9967  
1000  200  70  3.50 3.65 × 10− 2 ± 8.42 × 10− 4  0.9968  
1000  300  70  3.50 3.65 × 10− 2 ± 8.63 × 10− 4  0.9967  
1000  400  70  3.50 3.67 × 10− 2 ± 1.02 × 10− 3  0.9954  
1000  200  25  3.50 4.30 × 10− 5 ± 6.00 × 10− 8  0.9898  
1000  200  50  3.50 1.64 × 10− 2 ± 9.85 × 10− 5  0.9998  
1000  200  60  3.50 2.44 × 10− 2 ± 3.73 × 10− 4  0.9986  
1000  200  80  3.50 3.65 × 10− 2 ± 8.82 × 10− 4  0.9965  
1000  200  90  3.50 3.65 × 10− 2 ± 9.03 × 10− 4  0.9963  
1000  100  50  3.50 7.65 × 10− 3 ± 9.05 × 10− 5  0.9995  
1000  100  60  3.50 1.49 × 10− 2 ± 4.63 × 10− 4  0.9980  
1000  100  80  3.50 2.65 × 10− 2 ± 8.83 × 10− 4  0.9960  
1000  200  70  1.40 3.66 × 10− 3 ± 1.04 × 10− 4  0.9974  
1000  200  70  2.10 6.44 × 10− 3 ± 2.45 × 10− 4  0.9974  
1000  200  70  2.80 1.01 × 10− 2 ± 3.67 × 10− 4  0.9912  
1000  200  70  4.20 3.82 × 10− 2 ± 1.44 × 10− 3  0.9916  
500  200  70  1.75 2.83 × 10− 2 ± 3.10 × 10− 4  0.9993  
2000  200  70  7.00 3.93 × 10− 2 ± 2.03 × 10− 3  0.9842  
4000  200  70  14.0 4.15 × 10− 2 ± 2.63 × 10− 3  0.9764  
8000  200  70  28.0 4.26 × 10− 2 ± 2.99 × 10− 3  0.9711  

Fig. 2. Linear fitting between logarithm k and logarithm [H+], [PS], respectively.  
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constant rapidly increased to 5.7 × 10− 4 min− 1. The rate constant at 
50 ℃ was approximately 110 times larger than that at 25 ℃. When the 
temperature increased from 70 ℃ to 90 ℃, the rate constant increased 

from 6.4 × 10− 3 min− 1 to 6.8 × 10− 2 min− 1, respectively. 
Furthermore, the oxidation of Cl(-I) in the PS system yields ·Cl and 

·Cl2- (reactions 16–18), and ·Cl and ·Cl2- further forms Cl2 (reactions 
19–20). A portion of Cl2 dissolves in the wastewater (reaction 26), and 
the other portion escapes from the wastewater (the reverse of reaction 
26). The reaction rate constants of reactions 16–20 were estimated as 
1.3 × 108 – 4.3 × 109 M− 1·s− 1 (Grigo’rev et al., 1987; Haag and Hoigne, 
1983; Jayson et al., 1973; Kim and Hamill, 1976; Waldemer et al., 
2007), which were at least 108 times larger than that of reaction 26 
(5.5 s− 1). Thus, it can be assumed that at higher temperature, more Cl2 is 
produced and escapes from the wastewater. 

3.1.3. Effect of the H2SO4 concentration 
The effect of the H2SO4 concentration on the removal efficiency and 

rate of Cl(-I) is shown in Fig. 1b and Table 1, respectively. The acidic 
condition is beneficial to the removal of Cl(-I). When the H2SO4 con-
centration increased from 0 to 200 g/L, the removal efficiency and rate 
of Cl(-I) monotonically increased. When it further increased to 400 g/L, 
the removal efficiency and rate remained nearly unchanged. In details, 
when the H2SO4 concentration increased from 0 to 50 g/L (approxi-
mately equivalent to 1 mol/L H+), the corresponding removal efficiency 
and rate constant slowly increased from 13% to 21% and from 
5.19 × 10− 3 ± 3.00 × 10− 5 min− 1 to 8.42 × 10− 3 ± 4.54 × 10− 5 

min− 1, respectively. When H2SO4 concentration increased to 100 g/L 
(equivalent 2 mol/L H+), the corresponding efficiency and rate constant 
sharply increased to 60% and 2.46 × 10− 2 ± 5.78 × 10− 4 min− 1. When 

Fig. 3. Correlation between 1/T vs. Lnk under 100 g/L and 200 g/L H2SO4 
conditions, and fitting results for them at 50–70 ℃. 

Fig. 4. EPR results for free radicals under different conditions: (a) 15 mM PS in DI water at different temperatures; 1 min; (b) 15 mM PS under different H2SO4 
concentrations without Cl(-I), 70 ℃; 1 min; (c) 15 mM PS under different H2SO4 concentrations, Cl(-I) concentration of 1000 mg/L; 70 ℃; 1 min; (d) 15 mM PS 
under conditions of 1000 mg/L Cl(-I), 50 g/L H2SO4 and temperature of 70 ℃. 
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it further increased to 200 g/L, the corresponding efficiency and rate 
constant increased to 89% and 3.65 × 10− 2 ± 8.42 × 10− 4 min− 1. 

In addition, it can be found from Fig. 2a, the [H+] has a good cor-
relation with the pseudo-first-order rate constant (R2 = 0.9336): 
k = 9.43 × [H+]1.06. The result indicates [H+] significantly affected the 
removal rate of Cl(-I). And, the Ea in 200 g/L H2SO4 has a lower value 
(36.8 kJ/mol) than that in 100 g/L H2SO4 (53.9 kJ/mol), which in-
dicates that Cl(-I) removal reactions are easier to happen under a higher 
[H+] condition. The effect of the H+ concentration on the removal of Cl 
(-I) was attributed to two reasons. On one hand, a large quantity of H+

promoted the thermal decomposition through two pathways, which 
increased the production and rate of ·OH and ·SO4

- . (1) H+ prompted the 
transformation of ·SO4

− into ·HSO4 and the cleavage of ·HSO4 to produce 
·OH (reactions 2–3). (2) H+ prompted the transformation of S2O8

2- into 
HSO4

- and SO4, and further into HSO5
- that finally broke up into ·OH and 

·SO4
− at above 70 ℃ (reactions 4–7). The EPR pattern (Fig. 4b) indicates 

that more ·OH is generated under a higher concentration of H2SO4. In a 
previous study, the great effect of H2SO4 concentration on the decom-
position rate of PS was also found. The decomposition rate constant of 
1 mol/L PS at 50 ℃ in a 2 mol/L H+ solution was estimated as 
6.9 × 10− 3 min− 1, which was approximately 2.5 times as large as that in 
a 1 mol/L H+ solution (2.8 × 10− 3 min− 1). On the other hand, the hy-
drolytic equilibrium of Cl2 was affected by the high H+ concentration. 
The equilibrium constant (K) of reaction 26 was calculated from Eq. (7): 

K =
[Cl− ][ClO− ][H+]

2

[Cl2]
(7) 

In the studied H2SO4 concentration, the [H+] (1–8 mol/L) was 
(1− 8) × 107 times higher than that in H2O at pH7. If we assume that the 
same amount of Cl2 produced in H2O and strongly acidic wastewater, 
the ratio of K under the studied H2SO4 concentration to that in H2O at 
pH7 is (1− 8) × 107. These results indicate that under the strongly acidic 
condition, the hydrolysis of Cl2 almost completely go backwards, i.e., 
prompting the escape of Cl2 from the acidic wastewater. A higher [H+] 
led to a higher completion degree of the reverse reaction, so more Cl2 
escaped from the wastewater. 

3.1.4. Effect of the PS dosage 
The effect of the PS dosage on the removal efficiency and rate of Cl 

(-I) are shown in Fig. 1c and Table 1, respectively. Below the theoret-
ical dosage (1.4–3.5 g/L), the PS dosage significantly affected the 
removal rate of Cl(-I) through affecting the production of ⋅SO4

- and ⋅OH. 
As the molar ratio of PS to Cl(-I) increased from 1.4 g/L to 3.5 g/L, the 
corresponding removal efficiency and rate constant increased from 32% 
to 88%, and from 3.66 × 10− 3 ± 1.04 × 10− 4 to 3.65 × 10− 2 

± 8.42 × 10− 4 min− 1, respectively. In addition, it can be found from 
Fig. 2b, the [PS] at a range of 1.4–3.5 g/L has a good correlation with the 
pseudo-first-order rate constant (R2 = 0.9168): k = 5 × 10− 5 × [PS]2.31. 
The result indicates that PS dosage has a significant effect on the 
removal rate of Cl(-I). However, above the theoretical dosage 
(3.5–4.2 g/L), the PS dosage slightly affected the removal of Cl(-I). As 
the molar ratio of PS to Cl(-I) increased from 3.5 to 4.2 g/L, the corre-
sponding removal efficiency and rate constant slowly increased from 
88% to 92% and from 3.65 × 10− 2 ± 8.42 × 10− 4 min− 1 to 3.82 × 10− 2 

± 1.44 × 10− 3 min− 1, respectively. Above results indicate that the 
addition of PS above the theoretical mole ratio did not increase the 
removal efficiency significantly. 

3.1.5. Effect of the initial Cl(-I) concentration 
The effects of the initial Cl(-I) concentration on the removal effi-

ciency and rate of Cl(-I) are shown in Fig. 1d and Table 1, respectively. 
The initial Cl(-I) concentration slightly affected the removal of Cl(-I). 
When it increased from 500 to 8000 mg/L, the corresponding Cl(-I) 
removal efficiency increased from 75% to 98%, and the reaction rate 
constant slowly increased from 2.83 × 10− 2 ± 3.10 × 10− 4 min− 1 to 

4.26 × 10− 2 ± 2.99 × 10− 3 min− 1. The results illustrate that activated 
PS is suitable for the removal of Cl(-I) over a wide range of initial con-
centration levels. 

3.2. Mechanism for Cl(-I) removal by PS 

Previous studies showed that in organic contaminants-rich natural 
waters or wastewater, during the removal process of organic contami-
nants by activated PS, several ppm of co-existed chloride could react 
with sulfate radical and eventually generated ClO3

– or ClO– at mild pH 
(House, 1962; McElroy, 1990). Related reaction formulas and reaction 
rate constants have been summarized in Table 2. All experiments were 
performed in the aqueous phase, thus the concerned chemical species 
but gas in Table 2 were aqueous solution (aq). To simplify notation, the 
“aq” designation on chemical species is omitted in Table 2. In the 
treatment of organics wastewater by thermal activated PS, predominant 
radical species is identified as ·SO4

– (reaction 1), and ·OH produced only 
in the presence of Cl(-I) at elevated pH (＞7) (reactions 21–23) (Lutze 
et al., 2015; Klaning and Wolff, 1985). However, in the studied strongly 
acidic wastewater (pH＜1) without Cl(-I), besides ·SO4

–, ·OH still was 
produced in the thermal activated PS (Fig. 4a). Thus, it can be specu-
lated that there is a different reaction mechanism between chloride and 
PS in the strongly acidic system without organics. The removal mech-
anism of Cl(-I) in this study synthesizes the activation of PS, the oxida-
tion of Cl(-I) by active intermediates and the escape of Cl2 from strongly 
acidic wastewater. 

Firstly, the high [H+] prompted the thermal activation process of PS 
through two pathways. (1) H+ prompted the production of ·OH through 
the transformation of ·SO4

− into ·HSO4 and the cleavage of ·HSO4 (re-
actions 2–3). (2) H+ prompted the transformation of S2O8

2- into HSO4
- 

and SO4, and then into HSO5
- that was finally transformed into ·OH and 

·SO4
− at above 70 ℃ (reactions 4–7). To verify the above inference, free 

radicals were identified. In the DI water PS system, both ·SO4
– and ·OH 

were detected, and the relative amount of ·SO4
– was more than that of 

·OH (Fig. 4a). The result indicates that ·SO4
– was the major intermediate 

in the thermal activation process of PS, which is consistent with the 
reported results in mild pH in previous studies. However, in the strongly 
acidic PS system, the relative amount of ·OH was much more than that of 
·SO4

–, and only ·OH was detected under the 100 g/L H2SO4 condition 
(Fig. 4b). The result indicates that a large quantity of H+ prompted the 
thermal activation of PS and simultaneously prompted the production of 
·OH. 

Secondly, massive Cl(-I) was oxidized to ·Cl by ·OH [k = (3.0–4.3)×
109 M− 1·s− 1] and ·SO4

– [k = (1.3–6.6)× 108 M− 1·s− 1] to (reactions 
16–17). Then, the resulting ·Cl reacted with additional Cl(-I) and 
generated ·Cl2– (8 ×109 M− 1·s− 1) (reaction 18). Subsequently, Cl2 formed 
through the self-combination of ·Cl and ·Cl2– (2.1 × 109 M− 1·s− 1) (re-
actions 19–20). During the experiments, large amount of yellow-green 
bubbles was observed and escaped from wastewater. Thus, it can be 
confirmed that Cl2 was the major end product. Fig. 4c and d show the 
species of free radicals generated in the removal process of Cl(-I) under 
different H2SO4 concentration and reaction time. In 50 and 100 g/L 
H2SO4 containing 1000 mg/L Cl(-I) with PS, only ·OH was detected 
(Fig. 4c), and the relative amount of ·OH was much less than that in 50 
and 100 g/L H2SO4 without Cl(-I) with PS (Fig. 4b). With longer reaction 
time, the amount of ·OH dramatically decreased. The above results 
indicate that Cl(-I) consumed most of ·OH. It should be note that, in all Cl 
(-I) wastewater with PS, almost no signal of ·Cl or ·Cl2– was found. A 
possible explanation is that after the ultrafast self-combination of ·Cl or 
·Cl2–, the signal of residual ·Cl or ·Cl2– is so weak that it was masked by the 
signals of massive ·OH and ·SO4

–. 
Thirdly, the escape of Cl2 from the wastewater is also a key step in the 

removal of Cl(-I), because Cl2 can be dissolved in the wastewater (re-
action 26). In the previous studies on the removal of organic by thermal 
activated PS from wastewater containing Cl(-I), after the generation of 
·Cl, the reaction between ·Cl and OH– first occurred and produced ·OH. 

X. Hu et al.                                                                                                                                                                                                                                       



Journal of Hazardous Materials 410 (2021) 124540

7

Cl2 from reactions 19 and 20 was hydrolyzed to HOCl/Cl– (reaction 26), 
which was further oxidized by ·OH or ·Cl to yield ClO3

– as a major ending 
product (reactions 26–32). However, under the strongly acidic condi-
tion, the high concentration of H+ prompted a reverse reaction of Cl2 
hydrolysis, accelerating the escape of Cl2 from the wastewater. In 
summary, the action of high-concentration H+ runs through the entire 

reaction process. It plays a catalytic role in the thermal activation of PS 
and stops the reaction between Cl(-I) and free radicals in the reverse 
hydrolysis of Cl2 stage, which ultimately accelerates the escape of Cl2. 

To further verify the above results, free radical quenching experi-
ments were performed and the results were shown in Fig. 5. MeOH and 
TBA are usually used to distinguish ·SO4

− and ·OH. MeOH is considered 
an effective quencher for both ·SO4

− (k = 1.1 × 107 M− 1s− 1) and ·OH 
(k = 9.7 × 108 M− 1s− 1) (Buxton et al., 1988; Neta et al., 1988). TBA is 
an effective quencher for ·OH (k = 6 ×108 M− 1s− 1) (Buxton et al., 1988) 
but not for ·SO4

− (k = 4 × 105 M− 1s− 1). In the presence of excess MeOH 
at mole ratio of MeOH to PS of 1.1/1.0, the removal efficiency of Cl(-I) 
decreased from 89% to 2%, and the corresponding removal rate constant 
decreased from 3.40 × 10− 2 ± 1.46 × 10− 3 min− 1 (R2 =0.9890) to 
5.14 × 10− 4 ± 2.17 × 10− 4 min− 1 (R2 = 0.9325). In the presence of 
excess TBA at mole ratio of TBA to PS of 1.1/1.0, the removal efficiency 
decreased from 89% to 25%, and the corresponding removal rate con-
stant decreased from 3.40 × 10− 2 ± 1.46 × 10− 3 min− 1 to 1.11 × 10− 2 

± 1.02 × 10− 3 min− 1 (R2 = 0.9514). The removal rate of Cl(-I) by ·OH 
was estimated to be 2.29 × 10− 2 min− 1 by the difference between 
3.40 × 10− 2 and 1.11 × 10− 2. These results suggest that ·OH and ·SO4

−

play an important role in the Cl(-I) removal, especially ·OH. Further-
more, based on the removal rate constants of Cl(-I) in the presence and 
absence of MeOH or TBA, k = 3.4 × 10− 2 min− 1 (·SO4

− and ·OH acting), 
k = 1.11 × 10− 2 min− 1 (only ·SO4

− acting), k = 2.29 × 10− 2 min− 1 (only 
·OH acting), the contribution ratio of ·OH and ·SO4

− was roughly esti-
mated to 67.4% and 32.6%, respectively, by Eqs. (8) and (9). 

Contribution Ratio of •SO−

4 : [(1.11 × 10− 2)
/
(3.40 × 10− 2 )] × 100 = 32.6%

(8)  

Contribution Ratio of •OH : [(2.29 × 10− 2)
/
(3.40 × 10− 2)] × 100 = 67.4%

(9) 

These results further verify the inference that H+ prompted the 
thermal activation of PS, prompted more ·OH production in the strongly 
acidic wastewater than water with mild pH, and ultimately accelerated 
the removal of Cl(-I). 

3.3. Removal of Cl(-I) from actual wastewater 

Table 3 shows that although there were thousands of ppm Cl(-I) and 
various metal ions in these wastewaters, 96–98% of the initial Cl(-I) was 
removed, and the residual Cl(-I) concentration decreased to below 
158 mg/L. The reuse of purified waste acid usually requires the residual 

Table 2 
Reactions in the removal of Cl(-I). * represents the main reactions in this study.  

No. Reaction rate constants 
forward 

Reference 

The activation of PS 
1 * S2O8

2− heat 2⋅SO4
− 1.5–6.9 × 10− 3 

min− 1 
Klaning et al., 1985; 
Kolthoff and Miller, 
1951 

2 * ⋅SO4
− + H+→∙HSO4  Unavailable Klaning et al., 1985; 

Kolthoff and Miller, 
1951 

3 * HSO4⋅ + H2O→⋅OH +

HSO4
− + H+

Unavailable 

4 * S2O8
2− + H+→HS2O8

− Unavailable 

5 * HS2O8
− →SO4 + HSO4

− Unavailable 
6 * SO4 + H2O→HSO5

− + H+ Unavailable 

7 * HSO5
− ̅̅̅̅̅̅̅→

heat ⋅SO4
− + ⋅ 

OH  

Unavailable 

8 * HS2O8
− →⋅SO4

− + SO4
2− +

H+

Unavailable Klaning et al., 1985; 
Kolthoff and Miller, 
1951 9 ⋅SO4

− + ⋅OH→HSO4
− +

0.5O2(g)
1 × 1010 M− 1 

s− 1 

10 ⋅OH + ⋅OH→H2O2  5.5 × 109 M− 1 

s− 1 
Buxton et al., 1988 

11 H2O2 + ⋅OH→⋅O2H + H2O  2.7 × 107 M− 1 

s− 1 
Merenyi and Lind, 1980 

12 ⋅SO4
− + ⋅SO4

− →S2O8
2− 4.4 × 108 M− 1 

s− 1 
Huie and Clifton, 1993 

13 ⋅SO4
− + H2O→⋅OH +

SO4
2− + H+

≤ 3 × 103 M− 1 

s− 1 
Klaning et al., 1985 

14 ⋅SO4
− + OH− →⋅OH +

SO4
2− + H+

(6.5 ± 1.0)× 107 

M− 1 s− 1 

15 S2O8
2− + Mn→Mn+1 +

⋅SO4
− + SO4

2−

1.69 × 101 

The oxidation of Cl−

16 * ⋅SO4
− + Cl− →SO4

2− + ⋅Cl  (1.3–6.6) × 108 

M− 1 s− 1 
Waldemer et al., 2007; 
Yu et al., 2004 

17 * ⋅OH + Cl− →⋅Cl + OH− (3.0–4.3) × 109 

M− 1 s− 1 
Grigo’rev et al.,1987; 
Jayson et al., 1973 

18 * ⋅Cl + Cl− →⋅Cl2 − 8 × 109 M− 1 s− 1 Nagarajan and 
Fessenden, 1985 

19 * ⋅Cl + ⋅Cl→Cl2(g) (2.1–8) × 109 

M− 1 s− 1 
Fujihira et al., 1981 

20 * ⋅Cl2 − + ⋅Cl2 − →Cl2(g) +
2Cl−

2.1 × 109 M− 1 

s− 1 
Yu et al., 2004 

21 ⋅Cl + OH− →⋅OH + Cl− 1.8 × 1010 M− 1 

s− 1 
Huang et al., 2020 

22 ⋅Cl2 − + OH− →⋅HOCl− +

Cl−
4.5 × 107 M− 1 

s− 1 
Yu et al., 2004 

23 ⋅HOCl− →⋅OH + Cl− 6.1 × 109 s− 1 Jayson et al., 1973 
24 ⋅Cl2 − + ⋅OH→HOCl + Cl− 1.0 × 109 M− 1 

s− 1 
Wagner et al., 1986 

25 ⋅Cl2 − + ⋅O2H→2Cl− +

O2(g) + H+

4.5 × 109 M− 1 

s− 1 
Gilbert et al., 1977 

26 * Cl2(g) + H2O⇌OCl− +

2H+ + Cl−
K= 5.5 s− 1 Lifshitzand and 

Perlmutter-Hayman, 
1960 

27 HOCl⇌H+ + OCl− pKa 7.42 McElroy, 1990 

28 OCl− + ⋅OH→⋅OCl + OH− 9 × 109 M− 1 s− 1 Buxton and Subhani, 
1972 

29 OCl− + ⋅Cl→⋅OCl + Cl− 8 × 109 M− 1 s− 1 Huang et al., 2020 
30 2⋅OCl + H2O→OCl− +

ClO2
− + 2H+

2.5 × 109 M− 1 

s− 1 

31 ClO2
− + ⋅OH→⋅ClO2 +

OH−

4.2 × 109 M− 1 

s− 1 
House, 1962 

32 ⋅ClO2 + ⋅OH→ClO3
− + H+ 4 × 109 M− 1 s− 1  

Fig. 5. Removal efficiency of Cl(-I) in the free radical quenching test in the 
absence and presence of PS. Condition: 1000 mg/L Cl(-I), 50 g/L H2SO4, 70 ℃. 
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Cl(-I) concentration at below 300 mg/L. That is to say, the requirement 
of residual Cl can be satisfied only by one step oxidation process, thus, 
no further processing is required. In addition, the removal efficiency of 
Cl(-I) in the actual wastewater was 8–10% higher than that in the 
simulated wastewater. It probably because various metal ions such as Fe, 
Mn, Zn and Cu contained in the actual wastewater can active PS to 
produce ·SO4

− as shown in previous studies (Devi et al., 2016; Matzek 
and Carter, 2016). The activation mechanism is the reduction of PS and 
the oxidation of metal as reaction 15. It has been verified that Fe(II and 
III), and Mn(II) can activation PS to generate ·SO4

− (Rodriguez et al., 
2014; Wang and Wang, 2018). Thus, transition metals (Mn) in the actual 
wastewater, may activate PS to ·SO4

− apart from the H+-catalyzed 
thermal activation (Ike et al., 2018; Lutze et al., 2015; Klaning and 
Wolff, 1985), increasing the removal efficiency of Cl(-I). The result in-
dicates that activated PS has potential application value for the removal 
of Cl(-I) from actual industrial wastewater. Thus, this method not only 
can solve the big problem of producing massive hazardous waste in the 
traditional lime neutralization, but also can realize the recycling of 
waste acid and Cl2. It is environmental-friendly. 

4. Conclusions 

This study reported an efficient removal method of Cl(-I) by 
activated-PS. It can remove above 96% of the initial Cl(-I) from actual 
wastewater from non-ferrous metal metallurgy and reduce the residual 
Cl(-I) to below 158 mg/L, which can satisfy the requirement of chloride 
concentration in the recycling of the purified acid. Almost no foreign 
ions were introduced in the purified wastewater. Furthermore, a reac-
tion mechanism between Cl(-I) and PS, which is specific to the strongly 
acidic wastewater, was clarified. The action of high-concentration H+

runs through the entire reaction between Cl(-I) and PS. It plays a cata-
lytic role in the thermal activation of PS and stops the reaction between 
Cl(-I) and free radicals in the reverse hydrolysis of Cl2 stage, which ul-
timately accelerates the escape of Cl2. The key step in the removal of Cl 
(-I) was identified as the formation of ·Cl and ·Cl2– through the electron 
transfer from the intermediate oxidants (·OH and ·SO4

− ) to Cl(-I). The 
contribution ratios of ·OH and ·SO4

− in the removal of Cl(-I) were esti-
mated to be 67.4% and 32.6%, respectively. The revealed Cl(-I) removal 
mechanism under strongly acidic conditions can help to establish effi-
cient ways to remove Cl(-I) from wastewater with different water quality 
parameters from other industries. 
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(mg/L) 

The molar 
ratio of PS 
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The residual 
Cl (-I) (mg/ 
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smelter  

79  4200 Zn,Fe,Mn, 
Pb,Cu,Cd 
~1500 

1.0/2.0  135 
1.1/2.0  120 
1.2/2.0  92 

Copper 
smelter  

107  7300 Zn,Fe,Mn, 
Pb,Cu,Cd 
~1900 

1.0/2.0  158 
1.1/2.0  150 
1.2/2.0  132 

Nickel 
smelter  

55  6020 Zn,Fe,Mn, 
Pb,Cu,Ni,Cd 
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1.0/2.0  143 
1.1/2.0  132 
1.2/2.0  125  
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