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h i g h l i g h t s

� Concentration profiles of chlorine
radicals in UV/S2O8

2� system were
modelled.
� pH is a critical variable influencing

chlorine radical chemistry in dye
degradation.
� Several refractory chlorinated

byproducts were identified by GC–MS
measurement.
� Possible reaction pathways involving

sulfate radical/chlorine radicals were
proposed.
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a b s t r a c t

The effect of Cl� on the oxidative degradation of Acid Orange 7 (AO7) was investigated in UV/S2O8
2�

system to elucidate the chlorination pathways in saline wastewaters. Lower amount of Cl� as well as
Br� enhanced the decoloration of AO7, but such promotion effect reduced gradually with the increasing
halide ion dosage. The dye mineralization was found to be inhibited by Cl�, especially under acidic con-
ditions. Results of kinetics modeling demonstrated that the fraction of different oxidizing radicals largely
depended on the content of Cl�. At the initial pH of 6.5, Cl2

�� was much more abundant than SO4
��. The

significance of Cl2
�� for AO7 degradation increased with the increasing Cl� concentration and over-

whelmed that of SO4
�� at [Cl�] > 1 mM. Without Cl�, SO4

�� was the predominant radical for AO7 degrada-
tion under acidic conditions, while �OH prevailed gradually at higher pH. Under high salinity conditions,
more �OH can be formed and contributed to the dye degradation especially in alkaline medium, leading to
higher destruction efficiency of AO7. Several chlorinated byproducts were detected in the presence of
chloride ions, and SO4

��/Cl2
��-based degradation pathways of AO7 were proposed. This work provides fur-

ther understanding of the complex reaction mechanisms for SO4
��-based advanced oxidation processes in

chloride-rich environments.
� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Many kinds of industry wastewaters from dyeing, pesticide pro-
duction, pharmacy, petroleum, agro-food and seafood processing
contain large amounts of Cl�, ranging from 1.5 to 80 g L�1
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(Table SM-1 in the Supplementary Materials). Recently the
involvement of chloride in SO4

��-based advanced oxidation pro-
cesses (AOPs) has attracted great scientific interest in saline waste-
water treatment (Anipsitakis et al., 2006; Chan and Chu, 2009;
Wang et al., 2011; Yuan et al., 2011). However, the effects of Cl�

on the efficiency of SO4
��-based AOPs remain obscure so far, even

some conflicting conclusions have been drawn from different
investigations. For instance, Anipsitakis et al. (2006) observed fas-
ter degradation kinetics of phenol and 2,4-dichlorophenol due to a
small amount of Cl� in cobalt/peroxymonosulfate (Co/PMS) sys-
tem. Yang et al. (2010) reported that the destruction of an azo
dye can be enhanced by Cl� without catalyst, possibly resulting
from the activation of PMS with unsymmetrical structure. In con-
trast, Chan and Chu (2009) found Cl� exhibited significant inhibi-
tory effect on the degradation of atrazine by PMS. In addition,
dual effects of Cl� (i.e. inhibitory and accelerating effect) on azo
dye degradation in Co/PMS process have been reported by our
group (Yuan et al., 2011). It should be noted that the formation
of high toxic and refractory chlorinated byproducts was also ob-
served during the transformation process of salinity wastewater
(Anipsitakis et al., 2006; Yuan et al., 2011; Xu et al., 2013).

Furthermore, the kinetics and reaction mechanism are not well
understood until now, mainly owing to the complicated reaction
pathways involving various radicals and several unknown rate
constants of catalytic reactions. For Co/PMS process, Cl� can not
only scavenge SO4

�� (2.5 V) to generate less reactive chlorine radi-
cals (Cl2

��, Cl� and ClOH��), but also directly reduce PMS through
two electron transfer, producing reactive halogens (e.g. Cl2/HClO).
These complicated the kinetic analysis and further efforts towards
the degradation mechanisms involving the SO4

��-based AOPs.
Hence, it is necessary to probe the radical chemistry in a simpler
system where Cl� can be only activated by SO4

��. As the result of
high generation efficiency of SO4

�� by photolysis of S2O8
2� and much

lower oxidation reactivity of S2O8
2�, contaminants can be assumed

to be degraded by mere SO4
��. Therefore, it is assumed that Cl� is

only involved in the reactions of UV/S2O8
2� process through radical

chain reactions (Eqs. (1)–(5)), making it possible to investigate the
free radical chemistry in UV/S2O8

2� process.

SO��4 þ Cl� ! SO2�
4 þ Cl�; k ¼ 4:7� 108 M�1 s�1 ð1Þ

Cl� þ Cl� ! Cl��2 ; k ¼ 6:5� 109 s�1 ð2Þ

Cl� þ OH� ! ClOH��; k ¼ 1:8� 1010 M�1 s�1 ð3Þ

ClOH�� ! Cl� þ �OH; k ¼ 6:1� 109 s�1 ð4Þ

ClOH�� þHþ ! Cl� þH2O; k ¼ 2:1� 1010 M�1 s�1 ð5Þ

In this study, the impact of both Cl� concentration and solution
pH on the degradation efficiency of an azo dye Acid Orange 7 (AO7)
was examined. The experimental data were then compared and
elucidated with the kinetic modeling results, to investigate the
reactivity of various radicals with organic contaminant and their
participation in chain propagation reactions under a chloride-rich
environment. The possible formation of chlorinated byproducts
was studied based on GC–MS measurement. Besides, the effect of
Br�, a common impurity in industrial NaCl (with 0.2–0.25% Br�

impurity) was also investigated.

2. Materials and methods

2.1. Materials

AO7 (C16H11N2O4SNa, 98%), K2S2O8 (99%), dichloromethane
(CH2Cl2, 99.8%), anhydrous pyridine (C5H5N, 99%), hexamethyldisi-

lazane (C6H19NSi2, 99%) and chlorotrimethylsilane (C3H9ClSi, 99%)
were obtained from Sigma–Aldrich. NaCl (99.999%), NaBr
(99.99%), NaOH (GR grade) and H2SO4 (GR grade) were purchased
from Shanghai Jingchun Reagent. The salinity was varied by
addition of NaCl (1 M) and NaBr (0.1 M). The initial pH value of
AO7 solution was 6.5. The solution pH was adjusted by addition
of H2SO4 or NaOH, depending on the experimental conditions.
UltraPure water from Barnstead instrument was used to prepare
the aqueous solutions.

2.2. Experimental procedures

Irradiation experiments were performed in an XPA-II type pho-
tochemical reactor, as shown in Text SM-1. The destruction of AO7
was monitored by UV–Vis spectrophotometer (Hitachi U-2910) at
485 nm. TOC measurements at certain time intervals were carried
out by a Shimazu TOC-VCPH analyzer. Dye degradation products in
the presence of Cl� were detected by GC–MS instrument (Agilent
7890A-5973N). Samples were pretreated using solid-phase extrac-
tion, liquid–liquid extraction and silylation methods to extract and
concentrate compounds of different polarity and volatility. The
GC–MS measurement conditions in details are available in our
previous studies (Yuan et al., 2011, 2012a,b).

2.3. Kinetic modeling

Kinetic modeling of UV/S2O8
2� system was carried out using

chemical modeling software, Kintecus 4.55. The reaction set based
on radical reactions as shown in Table SM-2 was inputted into
the program. The variations of SO4

��, �OH, chlorine radicals and
the corresponding degradation products of AO7 were simulated
(Text SM-2). Sensitivity of the model to certain reaction was
investigated based on the average normalized square of residuals
between the original model output, according to the method
recommended by Rose and Waite (2002).

3. Results and discussion

3.1. Effect of halide ions on dye degradation

The removal rate of AO7 was significantly accelerated by the
addition of Cl� (1–100 mM) and Br� (0.01–0.1 mM), but such
enhancement reduced gradually with more halide ion present
(Fig. 1a and Fig. SM-2). The mineralization process was not inhib-
ited by lower content of Cl� (1–100 mM). With higher amount of
Cl� (>100 mM) present in the solution, the TOC removal rate of
AO7 decreased rapidly (Fig. 1b). The inhibition effect of Br� above
0.5 mM may be ascribed to the higher scavenging reaction rate (Eq.
(6)) and less reactive bromine radicals, e.g. Br�/Br� (2.00 V) < Cl�/Cl�

(2.47 V).

Br� þ SO��4 ! Br� þ SO2�
4 ; k ¼ 3:5� 109 M�1 s�1 ð6Þ

The inconsistent results obtained by the previous studies
regarding the effect of Cl� (Text SM-3) on the oxidation efficiency
by S2O8

2� may be attributed to the complicated degradation
pathways involving SO4

�� and various chlorine radicals (Bennedsen
et al., 2012; Li et al., 2013; Lin et al., 2013; Tan et al., 2013). There-
fore, the detailed mechanism of AO7 degradation using UV/S2O8

2�

process was analyzed by means of kinetics modeling below.

3.2. Effect of the initial pH

Both decoloration rate and mineralization rate of AO7 was
found to be enhanced by the increasing pH whether Cl� was pres-
ent or not (data not shown), which may be due to the conversion of
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