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a b s t r a c t
The removal of organic pollutants by sulfate radical (SO4

•–)-based advanced oxidation processes 
(SR-AOPs) would be seriously inhibited in the presence of chloride ions (Cl–). In this study, the 
effects of different conditions of pH and SO4

2– on Orange II (OrgII) decolorization and mineraliza-
tion treated by ultraviolet/sodium persulfate (UV/PDS) in the presence of Cl– were investigated. 
OrgII mineralization was significantly inhibited (70%) in the presence of Cl–, which was attributed 
to that the produced chlorine radicals (Cl• and Cl2

•–) and free chlorine (Cl2 and HClO) could not 
decompose OrgII completely and, more importantly, the chlorinated intermediate products would 
compete with PDS to absorb ultraviolet light. Elevating pH from 3 to 10 greatly enhanced total 
organic carbon (TOC) removal rates by 46% and 16%, respectively, with Cl– at 200 and 1,000 mM, 
which was attributed to that more •OH generated under pH 10 would decrease the generation of 
chlorinated byproducts and promote the mineralization process. Adding SO4

2– at 50 and 100 mM 
improved OrgII mineralization (3%–10%) with Cl– at 100 mM due to the reaction between SO4

2– and 
Cl• to regenerate SO4

•– and the reduction of the chlorination products to improve the ultraviolet light 
absorption of PDS. However, SO4

2– at high concentration (200 and 500 mM) may cause the reduc-
tion of SO4

•– redox potential to decrease TOC removal (8%–26%). This study reveals the complex 
influencing mechanism of Cl– contents under different pH and SO4

2– conditions on the removal of 
organic pollutants by UV/PDS and suggests the possible regulating methods for the application 
of SR-AOPs to the pretreatment of high salinity organic wastewater.

Keywords:  Orange II; Sulfate radical; Chloride ion; High salinity organic wastewater; Advanced 
oxidation processes (AOPs)

1. Introduction

High salinity organic wastewater (HSOW) widely comes 
from oil and gas field exploitation, petrochemical industry, 

landfill leachate, textile, paper, and flue gas desulfurization. 
Inorganic anions (e.g., chloride, Cl–; sulfate, SO4

2–) are common 
in HSOW: flowback water contains up to 270,000 mg/L·Cl– 
and 763 mg/L·SO4

2–, and desulfurization wastewater 
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contains up to 17,204 mg/L·Cl– and 6,453 mg/L·SO4
2– [1–5]. 

At present, the wide application of membrane technology 
provides a reliable treatment for reclaiming water from 
different wastewater streams for re-use and obtaining indus-
trial grade salt [6]. Therefore, pretreatments for organics 
removal in HSOW are needed to reduce membrane con-
tamination and extend the service life of membrane system 
[7]. However, the poor biodegradability of HSOW due to 
the high salt content and complex composition limits the 
application of biochemical treatment [8]. Although high 
content of Cl– in HSOW may pose a certain inhibition on 
the removal of organic compounds by advanced oxidation 
processes (AOPs) [9–13], hydroxyl radical (•OH)-based 
AOPs (HR-AOPs) such as Fenton oxidation [14], catalytic 
ozone oxidation [15], and UV/H2O2 [16] have been widely 
applied for HSOW pretreatment to remove organics due 
to the resistance of HR-AOPs to Cl– inhibition [17,18].

The sulfate radical (SO4
•–)-based on advanced oxidation 

processes (SR-AOPs) has been extensively explored for the 
oxidative removal of many organic pollutants [11,19–21] 
due to the high potential of SO4

•– (E0 = 2.5–3.1 V) [22] and 
applicability over a wide pH range [23]. SO4

•– produced in 
SR-AOPs [Eq. (1)] (Table 1) is more selective than •OH pro-
duced in HR-AOPs to react with certain organics [24], such 
as trichloroethylene [25], enoxacin [26], antibiotic florfenicol 
[27], and ibuprofen [28]. However, Cl– at high content may 
greatly impact the mineralization of organic matter in HSOW 
treated by SR-AOPs via quickly scavenging SO4

•– to produce 
Cl• (k = 2.7 × 108 M/s) [Eq. (3)] and then Cl2

•– (k = 8.5 × 109 M/s) 
[Eq. (5)] [29,30]. The varied reactivities of chlorine radicals 
(Cl• and Cl2

•–) towards different organics with reaction rate 
constants ranging from 106 to 1010 M/s [31–33] would pose 
various influences on the removal of organic pollutants by 
SR-AOPs. Previous studies have shown that Cl– inhibited 
the degradation of sulfa chloropyrazine [34], carbon tetra-
chloride [35], and ketoprofen [36] by thermally activated 
sodium persulfate (PDS). Moreover, the effect of Cl– at low 
content on the degradation of azo dyes shows a dual effect of 
first inhibition and then promotion. The degradation of azo 
dyes is inhibited under low content of Cl– (<10 mM) related 
to the increase of chlorine radicals (Cl•, Cl2

•–) with relatively 
low redox potential and the reduction of SO4

•–. The dom-
inant reaction is that chlorine radicals react with azo dyes 
to generate halogenated organic compounds under high 
content of Cl– (>10 mM), which would promote the degra-
dation of azo dyes [37–39]. However, the influences of Cl– at 
high contents (>100 mM) on the mineralization of organics 
in HSOW treated by SR-AOPs were less considered in the  
above studies.

In addition, pH conditions would result in the changes of 
radical species in SR-AOPs with the presence of Cl– and fur-
ther impact the degradation of pollutants. SO4

•– is the dom-
inant radical in SR-AOPs under acidic conditions, which 
would gradually convert to •OH with the pH increasing to 
alkaline [40–42] [Eq. (2)]. With the presence of Cl–, the main 
reactive oxygen species (ROS) in SR-AOPs under acidic con-
ditions would quickly convert from SO4

•– to Cl• and Cl2
•–, 

which may partially react with OH– to generate ClOH•– to 
further give •OH under alkaline conditions. Therefore, 
the mineralization rate of organics may be promoted with 
the pH condition increasing from acidic to alkaline in the 

presence of Cl– due to the increase of free radical species 
based on this hypothesis. Moreover, SO4

2– also widely exists 
in HSOW and may affect organic compound oxidation by 
reacting with Cl• to regenerate SO4

•– [Eq. (4)], which has 
received less attention.

To illustrate the effects and mechanism of different con-
centrations of Cl– on the conversion of free radicals and 
organic matter mineralization by SR-AOPs under different 
pH conditions, the azo dye (Orange II) as a model pollut-
ant treated by ultraviolet/sodium persulfate (UV/PDS) was 
investigated. A series of kinetic experiments were conducted 
to explore the effects of various factors including PDS dos-
ages (0–20 mM), pH (3–10), Cl– contents (0–1,000 mM), 
and SO4

2– contents (0–100 mM) on decolorization rate and 
mineralization rate of Orange II (OrgII). The mechanism 
of competitive absorbance at 254 nm of OrgII and halo-
genated intermediate to PDS was proposed based on the 
observation of UV-VIS absorbance with reaction processing. 
The transformation of SO4

•– to •OH with Cl– at 100 mM or 
without Cl– was proposed based on electron paramagnetic 
resonance (EPR) analysis and OrgII mineralization under 
different pH conditions. Gas chromatography-mass spec-
trometry (GC-MS) was applied to track the OrgII degrada-
tion process and the formation of halogenated intermediate.

2. Materials and methods

2.1. Materials

Sodium persulfate (Na2S2O8, 99%), OrgII (C16H11N2NaO4S, 
99%), sodium chloride (NaCl, 99%) were acquired from 
Kelong Chemical Co., Ltd., China. Sodium dihydrogen 
phosphate (NaH2PO4, 99%), sodium hydrogen phosphate 
(Na2HPO4, 99%), sulfuric acid (H2SO4, 98%), and sodium 
hydroxide (NaOH, 99%) used to adjust pH were of analytical 
grade. Ultrapure water (18.2 MΩ/cm) was used for solution 
preparation.

2.2. Experimental procedures

UV irradiation was conducted with a 14 W low pres-
sure mercury lamp (ZW10D15W-Z212, Northeast Lighting 
Wholesale Co., Ltd., China) emitting predominantly at 
254 nm. The lamp tube with the immersion depth of 10 cm 
was immersed in a 500 mL conical flask glass reactor. The 
illumination intensity is 7.572 × 10–4·Einsteins/L/s measured 
by iodide–iodate actinometry [44]. The solutions contained 
a desired concentration of PDS, OrgII, and NaCl. The solu-
tion pH conditions were buffered with 6.6 mM phosphate. 
All the experiments were performed at a stirring rate of 
800 rpm and 25°C ± 1°C. Reaction solutions were sampled 
at different time intervals, and the UV-VIS absorbance and 
total organic carbon (TOC) were determined. The changes 
of OrgII content and TOC removal were calculated by Ct/C0 
and (TOC0–TOCt)/TOC0, respectively, where Ct and TOCt 
represent the OrgII concentration and TOC at time t, and 
C0 and TOC0 are the initial concentration and TOC.

Effects of different Na2S2O8 dosages (2.5–20 mM) on OrgII 
removal were investigated. Effects of various pH conditions 
at 3, 5, 7, and 10 on OrgII removal were investigated. Effects 
of different Cl– contents (0–1,000 mM) under various pH con-
ditions at 3, 5, 7, and 10 on OrgII removal were investigated. 
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Effects of SO4
2– at different concentrations (50–500 mM) on 

mineralization and decolorization of OrgII with Cl– at 100 mM 
were investigated. All the experiments were carried out in 
duplicates and the averaged values were presented (Table 1).

2.3. Analytical methods

OrgII concentration was determined by detecting the 
UV-VIS absorbance at 484 nm using a spectrophotometer 
(UV-L5S, Shanghai Precision Scientific Instrument Co., Ltd., 
China). TOC determination was carried out in a TOC analyzer 
(Shimadzu, Japan). Solution pH values were determined by 
a pHS-3C meter (Rex, China). The residual concentration of 
PDS was determined by iodometric spectrophotometric [45]. 
According to the United States Environmental Protection 
Agency N,N-diethyl-1,4-phenylenediamine (DPD) method. 
the concentration of free chlorine was determined by spec-
trophotometric method with DPD colorimetry. The pro-
duced reactive species in UV/PDS system were identified 
on an EPR spectrometer. 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO) was used as the capturing agent of SO4

•– and •OH 
for EPR analysis. Degradation intermediates were ana-
lyzed by a GC-MS (Agilent 5975 MSD, Agilent, America). 
The details are indicated in Supporting information S1.

3. Results and discussion

3.1. Effects of PDS dosages on OrgII removal

As shown in Fig. 1a, the OrgII decolorization rate 
exceeded 95% in 60 min in treatments with PDS dosage 
ranging from 5 to 20 mM, and the observed first-order decol-
orization rate constant (kobs) presented a positive correlation 
with the initial PDS concentration. The OrgII degradation 
kinetics by UV/PDS were well fitted to pseudo-first-order 
reaction rate law (Fig. S1). The TOC removal rates were 
around 20% at 240 min with PDS dosage at 2.5, 5.0, and 
7.5 mM, and then reached 97.66% with PDS dosage at 10 and 
20 mM (Fig. 1b). The rapid increase in TOC removal rate at 
PDS doses from 7.5 to 10 mM at 240 min was attributed to the 
following aspects. The initial absorption at 254 nm of OrgII 
(0.1 mM, 0.746) was much higher than PDS (10 mM, 0.189) 
(Fig. 1c and d) resulting in a strong competitive absorbance 
of ultraviolet light by OrgII at the initial stage of the reac-
tion. However, more ultraviolet light can be utilized by PDS 
to generate SO4

•– to mineralize intermediate products with 
reaction processing to more than 60 min due to the com-
plete decolorization of OrgII and less decrease of PDS, espe-
cially when higher dosages of PDS were used. Moreover, the 
produced ROS would firstly oxidize and decompose OrgII 

Fig. 1. (a) OrgII decolorization and the observed first-order decolorization rate constant, (b) TOC removal under various PDS dos-
ages, (c) the initial absorption value of OrgII and PDS, and (d) the absorbance value without Cl–. Reaction conditions: T = 25°C ± 1°C, 
[OrgII]0 = 0.1 mM, pH = 3.
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into small molecular organics, and then a complete min-
eralization process would occur [46,47]. Besides, the scav-
enging effects of PDS with dosage increase on SO4

•– were 
much less than those of H2O2 on •OH (2.7 × 107 M/s) [17], 
which should be due to the relatively slow reaction rate 
(6.1 × 105 M/s) between S2O8

2– and SO4
•– [34]. Therefore, con-

sidering that higher concentrations of PDS cannot signifi-
cantly promote mineralization, PDS dosage at 10 mM was 
used for the subsequent OrgII degradation experiments by  
UV/PDS.

3.2. Effects of pH conditions on OrgII removal

Compared with OrgII decolorization processes in 
10 min, the decolorization rates were close (>90%) after 
30 min reaction (Fig. 2a). The highest mineralization rate 
was only 23.8% in 120 min with pH ranging from 3 to 10. 
The mineralization rate could reach more than 95% at pH 
3 to 7 after 240 min, but was only 80% at pH 10 (Fig. 2b). 
•OH has lower redox potential than SO4

•– under alkaline con-
ditions, which may decrease the mineralization of organic 
compounds [48]. In addition, the mineralization of organics 
into carbon dioxide (CO2) may introduce the bicarbonate 
ions (HCO3

–) and carbonate ions (CO3
2–) into the UV/PDS 

system at pH 7 and pH 10, and then inhibit further min-
eralization process of OrgII due to scavenging effects of 

HCO3
– and CO3

2– on SO4
•– and •OH [49]. Compared to the 

treatment at pH 3, the amounts of PDS consumption were 
enhanced at pH 10 (Fig. 2c). In UV/PDS system, SO4

•– was 
the dominant ROS under acidic conditions, but •OH would 
become the main ROS under alkaline conditions due to the 
quick reaction between SO4

•– and OH– [Eq. (2)] to produce 
•OH [50]. The much higher reaction rate constant between 
•OH and S2O8

2– (k = 1.4 × 107 M/s) [Eq. (6)] than that between 
SO4

•– and S2O8
2– (k = 6.3 × 105 M/s) [Eq. (7)] [51] may increase 

scavenging effects of PDS on ROS, and thus the con-
sumption of PDS increased with pH from 3 to 10 (Fig. 2c).

S O OH S O OH2 8
2

2 8
� � �� �� � �        1.4 × 107 M/s (6)

S O SO S O SO2 8
2

4 2 8 4
2� �� �� �� � �        6.3 × 105 M/s (7)

3.3. Effects of Cl– contents on OrgII removal

OrgII decolorization rates varied under different Cl– con-
tents within 30 min, but the final decolorization rates were 
close (>90%) after 40 min of reaction (Fig. 3a). kobs for OrgII 
decolorization were increased from 0.0484 to 0.1192 min–1 
with Cl– concentration increasing from 50 to 1,000 mM, 
although the kobs under Cl– contents ranging from 50 to 
500 mM were lower than that in control without Cl– addition 

Fig. 2. (a) OrgII decolorization and the observed first-order decolorization rate constant, (b) TOC removal under various pH 
conditions, and (c) PDS remaining. Reaction conditions: T = 25°C ± 1°C, [OrgII]0 = 0.1 mM, [PDS]0 = 10 mM.
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(Fig. 3a). However, the mineralization of OrgII were signifi-
cantly inhibited (about 70%) in the presence of Cl– (Fig. 3b). 
SO4

•– would react with Cl– to generate Cl• to further pro-
duce Cl2

•– [Eqs. (3) and (5)]. Cl2
•– can quickly react with some 

unsaturated organic compounds via single electron trans-
fer or hydrogen extraction reaction with the second-order 
reaction rate constants as high as 108~109 M/s [52], which 
can slightly promote the decolorization of OrgII (Fig. 3a). 
In addition, free chlorines (Cl2 and HClO) produced by pos-
sible reactions [Eqs. (8)–(10)] were determined in contents 
ranging from 20 to 50 mg/L during the reaction from 30 to 
120 min (Fig. 3e) in UV/PDS with Cl– at 200 and 500 mM 
under pH 3. Notably, the significant inhibition of OrgII 
mineralization in the presence of Cl– revealed that Cl2

•– and 
free chlorines could not completely oxidize and mineralize 
OrgII, which was different from the complete mineralization 
of OrgII by SO4

•–. Compared to the treatment without Cl–, 
the amounts of PDS consumption were enhanced in the first 
30 min, but then were inhibited in 30–120 min in the pres-
ence of Cl– at 200 and 500 mM (Fig. 3c). SO4

•– generated by 
UV/PDS would quickly react with Cl– to generate Cl• and 
then Cl2

•– [Eqs. (3) and (5)]. The higher reaction rate constants 
between Cl• and PDS (8.8 × 106 M/s) [Eq. (11)] [53] than 
SO4

•– and PDS (6.5 × 105 M/s) [Eq. (7)] [51] would increase 
the decomposition of PDS (Fig. 3c) in the first 30 min. 
However, the higher absorption at 254 nm of reaction solu-
tions with 200 mM Cl– (0.458) than without Cl– (0.143) after 
60 min (Fig. 3d) indicated a higher absorption caused by 
chlorinated intermediate products, which would reduce the 
absorbance of ultraviolet light by PDS and further inhibit  
the mineralization of OrgII.

The effects of Cl– on the specific organic pollutant 
removal and total organic compounds removal (mineral-
ization degree) by SO4

•–-based AOPs (such as UV/PDS, UV/
PMS, and Mn+1/PDS) would be quite different. Therefore, 
this study paid more attention to removing the total organic 
compound. The effects of varying pH conditions on OrgII 
degradation with Cl– at different contents were further 
investigated.

Cl Cl Cl Cl2 2 2 2�� �� �� � �                    8.3 × 108 M/s (8)

Cl Cl Cl� �� � 2                                   1.0 × 108 M/s (9)

Cl H O HOCl H Cl2 2� � � �� �         15 M/s (10)

Cl S O products� �� �2 8
2                     8.8 × 106 M/s (11)

3.4. Effects of Cl– contents on OrgII removal under various pH 
conditions

OrgII mineralization processes were all significantly 
inhibited, while OrgII decolorization processes were only 
slightly influenced in the presence of Cl– at 200, 500, and 
1,000 mM under different pH conditions ranging from 3 to 
10 (Fig. S2). However, elevating pH from 3 to 10 promoted 
kobs of OrgII decolorization under different Cl– contents 
(200, 500, and 1,000 mM) within 30 min, although the final 
decolorization rates were close (>90%) after 60 min of reac-
tion (Fig. 4a–c). In addition, elevating the pH from 3 to 10 

Fig. 3. (a) OrgII decolorization and the observed first-order decolorization rate constant, (b) TOC removal under various Cl– con-
centrations, (c) PDS dosage, (d) the absorbance value with Cl– at 200 mM, and (e) the generation of free chlorine. Reaction 
conditions: T = 25°C ± 1°C, [OrgII]0 = 0.1 mM, [PDS]0 = 10 mM, pH = 3.



B. Yang et al. / Desalination and Water Treatment 308 (2023) 229–243234

greatly enhanced the decomposition of PDS after 30 min 
with Cl– at 200 mM, but inhibited the decomposition of PDS 
with Cl– at 500 mM (Fig. 4e).

Elevating the pH from 3 to 10 in treatments with Cl– at 
200 mM can significantly enhance the TOC removal rate 
by 46% from 22% to 68% (Fig. 4d). •OH would become the 
main ROS in SR-AOPs due to the reaction between SO4

•– and 
OH– [Eq. (2)] when the pH was higher than 9 [54]. However, 
the conversion of SO4

•– to •OH would occur under pH even 
less than 6 with the presence of Cl– (1 mM) in SR-AOPs [55], 
since Cl• and Cl2

•– generated via the reactions [Eqs. (3) and 
(5)] would react with H2O to form ClOH•– [Eqs. (12) and (13)] 
to further produce •OH [Eq. (16)]. At the same time, Cl• and 
Cl2

•– would also react with OH– to form ClOH•– [Eqs. (14) 
and (15)] to further give •OH under alkaline conditions. 
Additionally, S2O8

•– generated by SO4
•– and Cl• reacting with 

PDS [Eqs. (7) and (11)] would react with chlorinated organic 
compounds to result in dichlorination [56,57], which would 
promote the mineralization of intermediate products. In 
addition, free chlorines (Cl2 and HClO) produced by pos-
sible reactions [Eqs. (8)–(10)] were determined in contents 
ranging from 20 to 50 mg/L during the reaction from 30 to 
120 min (Fig. 4f) in UV/PDS with Cl– at 200 and 500 mM 
under both pH 3 and pH 10. The high contents of free chlo-
rines (Cl2 and HClO) would also inhibit mineralization  
process.

However, the TOC removal rates increased slightly (less 
than 20%) with Cl– at high concentrations (500 and 1,000 mM) 
with pH increasing from 3 to 10. The possible reasons for 

less TOC removal under high contents of Cl– are as follows. 
More SO4

•– would react with Cl– to give Cl• and Cl2
•– [Eqs. (3) 

and (5)], rather than with OH– to give •OH [Eq. (2)]. More 
chlorinated products would be produced and compete with 
PDS to absorb ultraviolet light, which further inhibited 
the UV activation of PDS and the mineralization process. 
Moreover, the reaction between Cl– and •OH would also 
be favored to give ClOH•– [Eq. (17)] to further reduce the 
steady-state concentration of •OH. The high

Thus, elevating pH value can significantly resist the inhi-
bition of Cl– at low concentration (200 mM) on OrgII min-
eralization in UV/PDS system, but the anti-inhibition effects 
were attenuated under conditions with Cl– at high con-
centrations (500 and 1,000 mM).

Cl H O ClOH H� �� �� � �2                      2.5 × 105 M/s (12)

Cl H O ClOH H Cl2 2
�� �� � �� � � �           1.3 × 103 M/s (13)

Cl OH ClOH� � ��� �                              1.8 × 1010 M/s (14)

Cl OH ClOH Cl2
�� � �� �� � �                    4.3 × 109 M/s (15)

ClOH OH Cl�� � �� �                               6.1 × 109 s (16)

� � ��� �OH Cl ClOH                               4.3 × 109 M/s (17)

Fig. 4. Effect of various pH conditions on decolorization rate and the observed first-order decolorization rate constant in treatments 
with Cl– at (a) 200 mM, (b) 500 mM, (c) 1,000 mM, on (d) TOC removal, (e) PDS dosage, and (f) the generation of free chlorine. 
Reaction conditions: T = 25°C ± 1°C, [OrgII]0 = 0.1 mM, [PDS]0 = 10 mM.
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3.5. Effects of SO4
2– contents on OrgII removal with Cl– at 

100 mM

Effects of SO4
2– at different concentrations (50–500 mM) 

on mineralization and decolorization of OrgII in the UV/
PDS process with Cl– at 100 mM were shown in Fig. 5. The 
final decolorization rates and decolorization rates of OrgII 
were close among treatments under various SO4

2– concentra-
tions (Fig. 5a). The mineralization rates were promoted with 
SO4

2– concentration increasing from 0 to 100 mM (Fig. 5b), 
which should be related to the reaction between SO4

2– and 
Cl• to regenerate SO4

•– [Eq. (4)] to alleviate the inhibitory 
effect of Cl– on TOC removal. However, with SO4

2– concen-
tration increasing from 100 to 500 mM, SO4

•– redox potential 
would decrease at a high concentration of SO4

2– (>100 mM) 
[58], which resulted in the decrease of OrgII mineraliza-
tion. The increase of PDS consumption with SO4

2– addition 
(Fig. 5c) also supported that less chlorinated intermediates 
were produced to compete with PDS to absorb ultraviolet 
light, which indicated that less chlorine radicals (Cl• and 
Cl2

•–) were generated.

3.6. EPR analysis of SO4
•– and •OH in the presence of Cl– in 

UV/PDS system

The SO4
•– and •OH accumulation after 5 min in UV/PDS 

system under pH 3 (without Cl– and with Cl– at 100 mM) 

and pH 10 (without Cl– and with Cl– at 100 mM) were 
compared by EPR analysis with DMPO as the spin trap 
agent (Fig. 6). The results clearly showed the coexistence 
of both DMPO-SO4

•– and DMPO-•OH all the treatments 
(Fig. 6a). Although DMPO-•OH showed stronger signals 
than DMPO-SO4

•– in all the treatments, it did not mean 
that the concentration of SO4

•– was lower than that of •OH 
since the intensities of DMPO-SO4

•– and DMPO-•OH are not 
directly related to the concentration SO4

•– and •OH [59]. The 
cumulative concentration of DMPO-SO4

•–/•OH without Cl– 
or with Cl– at 100 mM under pH 3 was higher than those 
under pH 10 (Fig. 6b). Theoretically, the protonation of 
DMPO (pKa = 2.47) under acidic condition at pH 3 would 
make it easier for DMPO to capture SO4

•–, but DMPO might 
be negatively charged under alkaline condition at pH 10 to 
weaken the capture ability to SO4

•–. Thus, the stronger abil-
ity to capture SO4

•– by DMPO under acidic conditions than 
alkaline conditions would contribute to the higher cumu-
lative concentration of DMPO-SO4

•–/•OH under pH 3 than 
pH 10. The cumulative concentration of DMPO-•OH/SO4

•– 
under pH 3 without Cl– was slightly higher than that with 
Cl– at 100 mM, which illustrated the competitive reaction of 
Cl– and DMPO toward SO4

•–. The signal of DMPO-SO4
•– was 

difficult to observe with Cl– at 100 mM under pH 10 com-
pared to that without Cl– (Fig. 6a), which was consistent with 
that more SO4

•– were converted to •OH in the presence of 

Fig. 5. (a) OrgII decolorization and the observed first-order decolorization rate constant, (b) TOC removal under various SO4
2– 

concentrations, and (c) PDS dosage. Reaction conditions: T = 25°C ± 1°C, [OrgII]0 = 0.1 mM, [PDS]0 = 10 mM, [Cl–] = 100 mM.
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Cl– [Eqs. (3), (5), (11)–(16)]. Moreover, the higher cumulative 
concentration of DMPO-•OH/SO4

•– under pH 10 with Cl– at 
100 mM also indicated that •OH was more easily captured 
than SO4

•– by DMPO under alkaline condition (Fig. 6b).

3.7. Possible degradation way of OrgII in UV/PDS process

SO4
•– as the main ROS produced in UV/PDS process 

would react with organics through electron transfer, addi-
tion, and hydrogen extraction reactions [26]. During the deg-
radation process, the azo bond (–N=N–) of OrgII would be 
first attacked by SO4

•– (Fig. S3), resulting in the decolorization 
of dye and the formation of aromatic intermediates, which 
would be further oxidized to CO2 and H2O. However, In the 
presence of Cl–, chlorine radicals (Cl• and Cl2

•–) would also 
participate in the degradation of OrgII to form chlorinated 
products through electrophilic substitution, which would 
attack these intermediates to produce more chlorinated 
by-products and unexpected ring-opening intermediate. 
The conversion of SO4

•–, Cl•, Cl2
•–, and ClOH•– to •OH would 

occur at pH 5 [55], which may promote the mineralization 
of aromatic intermediates. Therefore, according to the deg-
radation by-products identified by GC-MS (Figs. S4 and 
S5), the main intermediates way in UV/PDS with Cl– at 100 
under pH 3 and 10 was proposed (Fig. 7).

In control group without Cl– under pH 3, the main inter-
mediates of OrgII in UV/PDS degradation process were aro-
matic compounds (P1–P5). Aromatic compounds (P2, P6), 
carboxylic acids (P11, P12), and chloroalkane (P13) were 
detected in all treatments with Cl–. Compared to treatment 
without Cl– under pH 3, more intermediates were detected 
with Cl– at 100 mM, such as aromatic compounds (P2, P6), 
long-chain carboxylic acids (P8–P10), short-chain carboxylic 
acids (P11, P12), and chloroalkane (P13), which should be 
attributed to the lower oxidation ability of chloride radi-
cals compared to sulfate radicals. Moreover, as mentioned 
above in Section 3.3 and Fig. S2, these intermediates may 
cause stronger competition absorption to ultraviolet light 

to inhibit the mineralization process by UV/PDS. However, 
long-chain carboxylic acids (P8–P10) could not be detected 
in the treatment with 100 mM Cl– and 100 mM SO4

2– under 
pH 3. In addition, elevating pH from 3 to 10 significantly 
reduced the variety of carboxylic acids (P8–P10) in UV/PDS 
degradation process with Cl– at 100 mM. Therefore, intro-
ducing SO4

2– and elevating pH reduced the types of inter-
mediate products, which could be beneficial for PDS to 
absorb ultraviolet light to promote the mineralization pro-
cess. Interestingly, although Cl– showed a great inhibition 
on OrgII mineralization, only one chlorinated by-product 
(3-chloro-3-methylpentane) was detected in UV/PDS sys-
tem, which was much less than those in UV/H2O2 system 
in previous study [17]. Much less TOC removal and chlori-
nated by-product in UV/PDS than UV/H2O2 may be related 
to that much more free chlorine generated in UV/PDS 
(20–50 mg/L) (Fig. S3) than UV/H2O2 (0.05–0.8 mg/L) [17] 
reduced the oxidation capacity of UV/PDS system.

3.8. Cost estimation in real wastewater

Gas field produced water (Yuanba, Sichuan, 
Cl– = 30,000 mg/L) and lake water (Chengdu, Sichuan, 
Cl– = 50 mg/L) were selected for cost estimation by evalu-
ating the relationship between TOC removal and PDS con-
sumption under pH 3 and 10. As shown in Fig. 8a, the lake 
water TOC removal was higher than gas field produced 
water TOC removal under pH 3 and 10. The PDS decomposi-
tion in gas field produced water was higher than lake water 
under pH 3 and 10 (Fig. 8b). It can be obtained that the PDS 
required to remove 1 mg of TOC under pH 3 and 10 from 
the lake water were 3.72, 3.36, 6.92, and 4.8 mM under pH 3 
and 10 in gas field produced water, respectively.

The TOC in gas field water and lake water are 500 and 
60 mg/L, respectively. It is assumed that the TOC removal 
rate of industrial wastewater is 50% to meet the standard. 
The PDS market price is 714 USD/t. The reagent cost of UV/
PDS process for treating gas fields produced water is much 

 
Fig. 6. EPR analysis of SO4

•– and •OH in UV/PDS system captured by DMPO under pH 3 (without Cl–, with Cl– at 100 mM) and pH 
10 (without Cl–, with Cl– at 100 mM): (a) EPR spectrum of DMPO-•OH and DMPO-SO4

•–, (b) quantitively analysis of DMPO-•OH 
and DMPO-SO4

•–. Test conditions: DMPO = 100 mM, [PDS]0 = 10 mM, OrgII = 0.1 mM, reaction time = 5 min.
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under pH 3, with Cl– at 100 mM and SO4

2– at 100 mM under pH 3, and with Cl– at 100 mM under pH 10. Reaction conditions: 
T = 25°C ± 1°C, [OrgII]0 = 0.1 mM, [PDS]0 = 10 mM.
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higher (about 219 USD/t) than lake water (about 18 USD/t). 
Therefore, the UV/PDS process is not suitable to deal with 
industrial wastewater, such as gas fields produced water.

4. Conclusion

Effects of pH and SO4
2– combined with Cl– on the 

removal of azo dye OrgII treated by UV/PDS were investi-
gated. Adding Cl– barely impacted the final decolorization 
rates of OrgII, but significantly inhibited the mineraliza-
tion, which was attributed to that the produced chlorine 
radicals (Cl• and Cl2

•–) and free chlorines (Cl2 and HClO) 
cannot decompose OrgII completely and the chlorinated 
intermediate products competed with PDS to absorb ultra-
violet light. Elevating the pH from 3 to 10 promoted the 
TOC removal rates significantly with Cl– at 200 mM (by 
46%) but slightly with Cl– at 1,000 mM (by 16%) since the 
transformation of SO4

•–, Cl•, and Cl2
•– to •OH under various 

Cl– concentrations would be different, and S2O8
•– generated 

from the reaction between •OH and PDS was also capa-
ble of dehalogenation. Adding SO4

2– at 50 and 100 mM can 
resist the inhibition of Cl– (100 mM) on OrgII mineralization 

since the reaction between SO4
2– and Cl• to regenerate SO4

•–. 
The increase of PDS consumption with SO4

2– addition also 
supported that less chlorine radicals (Cl• and Cl2

•–) were 
generated to produce less chlorinated intermediates to 
compete with PDS to absorb ultraviolet light. However, 
SO4

2– at high concentration (200 and 500 mM) may reduce 
the redox potential of SO4

•– to further decrease the TOC 
removal rate. The results reveal the complex effects of Cl– 
contents under different pH conditions and various SO4

2– 
contents on the removal of organic pollutants by SR-AOPs, 
which provides better strategies to remove the organic 
compounds in HSOW treatment by SR-AOPs.
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Table 1
Partial reactions and rate constants in SR-AOPs in the presence 
of Cl–

Reaction Rate constant (M/s) Number

S O SOUV
2 8

2
42� ��� �� r = 2FI0fparent(1–10–(a(l)+e(l)C)l), 

F = 0.7 [43]
(1)

SO OH SO OH4 4
2�� � � �� � � 7 × 107 M/s (2)

SO Cl SO Cl4 4
2�� � � �� � � 2.7 × 108 M/s (3)

SO Cl SO Cl4
2

4
� � �� �� � � 2.5 × 108 M/s (4)

Cl Cl Cl� � ��� � 2 8.5 × 109 M/s (5)
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(GC-MS, Agilent 5975 MSD, Agilent, America). Take 20 mL 
of sample at 30, 60, and 120 min of reaction, and then mix 
to obtain 60 mL of solution. 60 mL solution was withdrawn 
and placed into the freezing layer of the refrigerator to freeze 
solid, and then the moisture was removed by freeze-drying. 
The dried materials were put into a 2 mL plastic-stoppered 
vial and then treated with 1 mL of dichloromethane, 0.1 mL 
of hexamethyldisilane, and 0.05 mL of trimethylchlorosi-
lane. The mixtures were shaken vigorously for about 30 min 
and then separated by centrifugation for 10 min. Finally, the 
supernatants were taken out and passed through 0.22 µm 
organic filter membranes before chromatographic analysis.

The GC-MS analysis conditions were as follows: the ini-
tial injection temperature was 40°C and kept for 10 min, and 
then the temperature was raised to 100°C at 12°C/min. Next, 
the temperature was raised to 200°C at 5°C/min, and finally 
raised up to 270°C at 20°C/min and kept for 5 min. The car-
rier gas was helium, and the flow rate was 1 mL/min.

S2. Pseudo-first-order kinetic fitting of OrgII 
decolorization

As shown in Fig. S1, OrgII decolorization by UV/PDS 
could be well fitted with the pseudo-first-order kinetics 
model, described in Eq. (S1).

ln ,

,

C
C

k tt OrgII

OrgII
obs

0

�

�
�
�

�

�
�
�
� �  (S1)

where Ct,OrgII and C0,OrgII represent the dye concentration at 
time t and the initial concentration, respectively, and kobs 
indicates the observed pseudo-first-order reaction rate 
constant (min–1).
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S3. Effects of different Cl– concentrations under the same pH condition on OrgII removal

Fig. S1. Pseudo-first-order kinetic model of OrgII decolorization process under (a) different PDS dosages, (b) different pH conditions, 
and (c) different concentration of Cl– at pH 3, [OrgII]0 = 0.1 mM, T = 25°C ± 1°C.

Fig. S2. (Continued)
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S4. UV-VIS spectra of OrgII treated by UV/PDS in the 
presence of Cl–

The comparative analysis of Fig. S3a and b shows that 
there is no significant difference between the UV-VIS spec-
tra of the control group without Cl– and the experimental 
group with 1,000 mmol/L·Cl–. With the extension of reaction 
time, there is no obvious new peak except for two charac-
teristic peaks. Among them, 484 nm is the main character-
istic absorption peak of OrgII, which corresponds to the 
azo bond of the chromogenic functional group, and 310 nm 
corresponds to the naphthalene ring structure of OrgII. 
The absorption peaks at 484 and 310 nm decreased gradu-
ally with the extension of reaction time, and the peak value 
was almost not captured after 60 min of reaction. Therefore, 
it was speculated that the azo double bond of OrgII was 
quickly disconnected with the reaction. The experiment 
showed that the dye wastewater of OrgII was rapidly decol-
orized. At the same time, according to the structural formula 
of OrgII, the structure of the naphthalene ring connected 

by the azo bond was also broken and opened. After 60 min 
of reaction, the control group (a) showed that the spec-
tral line was almost flat, while the experimental group (b) 
showed that the spectral line fluctuated at 254 nm, which 
corresponded to aromatic compounds, possibly due to the 
oxidation of naphthalene ring by free radicals.

S5. GC-MS analysis

S5.1. GC-MS analysis of OrgII treated by UV/PDS process under 
pH 3

As shown in Fig. S4a, the gas chromatograph of 0 mM 
Cl– showing the peaks corresponding to 3,5-dimethylbenzal-
dehyde, ethylbenzene, m-xylene, 1-(tert-butyl)-3-methylben-
zene, and 2,2’-methylenebis(6-tert-butyl-4-methylphenol). 
As shown in Fig. S4b, the gas chromatograph of 100 mM Cl– 
showing the peaks corresponding to ethylbenzene, o-xylene, 
p-phthalic acid, octadecanoic acid, hexadecanoic acid, azelaic 
acid, adipic acid, succinic acid, and 3-chloro-3-methylpentane. 

Fig. S2. Effects of various Cl– contents on OrgII decolorization rate and pseudo-first-order rate constant at (a) pH 3, (b) pH 5, (c) pH 7, 
and (d) pH 10, and on (e) TOC removal rate. Experimental conditions: T = 25°C ± 1°C, [OrgII]0 = 0.1 mM, [PDS]0 = 10 mM.
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As shown in Fig. S4c, the gas chromatograph of 100 mM 
Cl– and 100 mM SO4

2– showing the peaks corresponding 
to ethylbenzene, o-xylene, p-phthalic acid, azelaic acid, 
adipic acid, succinic acid, and 3-chloro-3-methylpentane.

S5.2. GC-MS analysis of OrgII treated by UV/PDS process under 
pH 10

As shown in Fig. S5, the gas chromatograph of 100 mM 
Cl– showing the peaks corresponding to ethylbenzene, o-xy-
lene, p-phthalic acid, adipic acid, succinic acid, Pentane, 
and 3-chloro-3-methylpentane.

Fig. S3. UV-VIS spectra of OrgII treated by UV/PDS in the presence of Cl–. (a) Cl– free control group (b) 1,000 mM Cl– experimental 
group, Experimental conditions: [OrgII]0 = 0.1 mM, [PDS]0 = 10 mM, pH = 3, and T = 25°C ± 1°C.

Fig. S4. GC-MS spectrum analysis of OrgII treated by UV/PDS 
process for (a) without Cl–, (b) with Cl– at 100 mM, and (c) with 
Cl– at 100 mM and SO4

2– at 100 mM. Experimental conditions: 
[OrgII]0 = 0.1 mM, [PDS]0 = 10 mM, pH = 3, and T = 25°C ± 1°C.

Fig. S5. GC-MS spectrum analysis of OrgII treated by UV/
PDS process with Cl– at 100 mM. Experimental conditions: 
[OrgII]0 = 0.1 mM, [PDS]0 = 10 mM, [Cl–]0 = 1,000 mM, pH = 10, 
and T = 25°C ± 1°C.
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