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a  b  s  t  r  a  c  t

Sodium  chloride  is a  common  salt  used  during  textile  wet  processes.  Here  a dual  effect  of  chloride
(i.e.  inhibitory  and  accelerating  effect)  on azo  dye  (Acid  Orange  7, AO7)  degradation  in  an emerg-
ing  cobalt/peroxymonosulfate  (Co/PMS)  advanced  oxidation  process  (AOP)  was  reported.  Compared  to
•OH-based  AOPs,  high  concentrations  of chloride  (>5 mM)  can  significantly  enhance  dye  decoloration
independent  of  the  presence  of  the Co2+ catalyst,  but  did  greatly  inhibit  dye  mineralization  to  an  extent
which  was  closely  dependent  upon  the  chloride  content.  Both  UV–vis  absorbance  spectra  and  AOX
determination  indicated  the  formation  of  some  refractory  byproducts.  Some  chlorinated  aromatic  com-
pounds, including  3-chloroisocoumain,  2-chloro-7-hydroxynaphthalene,  1,3,5-trichloro-2-nitrobenzene

− −

ecoloration
OX formation
hlorinated aromatic compounds

and  tetrachlorohydroquione,  were  identified  by  GC–MS  measurement  in  both  Co/PMS/Cl and  PMS/Cl
reaction  systems.  Based  on  those  experimental  results,  two  possible  branched  (SO4

•− radical-based  and
non-radical)  reaction  pathways  are  proposed.  This  is  one  of the very  few  studies  dealing  with  chlorinated
organic  intermediates  formed  via chlorine  radical/active  chlorine  species  (HOCl/Cl2) attack  on  dye  com-
pounds.  Therefore,  this  finding  may  have  significant  technical  implications  for  utilizing  Co/PMS  regent
to  detoxify  chloride-rich  azo  dyes  wastewater.
. Introduction

Dyeing industrial wastewater contains large amount of chloride
ons with high non-biodegradable organic concentration, which
an seriously inhibit the effectiveness of aerobic and anaerobic bio-
ogical treatment of wastewater [1,2]. Recently, advanced oxidation
rocesses (AOPs) are gaining significant importance in detoxifica-
ion of dyeing wastewaters [3–5]. However, previous investigations
ave proved that the presence of chloride could make AOPs treat-
ent of saline waters to be inefficient [6–8]. Since •OH (2.8 V)

an oxidize Cl− to less reactive chlorine species, Cl2/2Cl− (1.36 V)
nd HOCl/Cl− (1.48 V), the involvement of Cl− can inhibit the •OH-
ased radical chain reactions, thus significantly reducing the overall
fficiency of the AOPs. Whereas our very recent study indicated
hat higher concentrations of chloride (>50 mM)  in sulfate radi-

al (SO4

•−) based AOP could enhance the decoloration rate of an
zo dye-AO7, although the underlying reaction mechanism has not
een well elucidated [9].

∗ Corresponding author.
∗∗ Co-corresponding author.

E-mail addresses: zhaohuiwang@dhu.edu.cn (Z. Wang), liujianshe@dhu.edu.cn
J.  Liu).
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SO4
•− as a major oxidizing specie with high standard redox

potential (2.5–3.1 V), may  react selectively via electron transfer
with organics over a wide pH range (2–8), and completely destroy
the pollutants present in wastewater or convert them into simple
harmless compounds [10]. This emerging AOP  has attracted great
scientific and technological interest in environmental application.
Many transition metals such as Co(II) and Fe(II) can efficiently
activate peroxymonosulfate (PMS) to produce sulfate radicals as
followings (Eqs. (1)–(8))  [11–14]:

Co2+ + H2O ↔ CoOH+ + H+ (1)

CoOH+ + HSO5
− → CoO+ + SO4

•− + H2O (2)

CoO+ + 2H+ ↔ Co3+ + H2O (3)

Co2+ + SO4
•− → Co3+ + SO4

2− (4)

Co3+ + HSO5
− → Co2+ + SO5

•− + H+ (5)

2SO5
•− ↔ −O3SOOOOSO3

− → {SO4
•−O2SO4

•−} (6)

{SO4
•−O2SO4

•−} → O2 + S2O8
2− (7)
{SO4
•−O2SO4

•−} → O2 + 2SO4
•− (8)

From a thermodynamic point of view, both PMS  and sulfate radi-
cal also can oxidize chloride ions to active chlorine species HOCl/Cl2

dx.doi.org/10.1016/j.jhazmat.2011.09.007
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhaohuiwang@dhu.edu.cn
mailto:liujianshe@dhu.edu.cn
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r chlorine radicals. Chloride ions may  be involved in PMS  decom-
osition reaction via either non-radical pathways (Eqs. (9) and (10))
r sulfate radical-based pathways (Eqs. (11)–(16)) [15,16].

l− + HSO5
− → SO4

2− + HOCl (9)

Cl− + HSO5
− + H+ → SO4

2− + Cl2 + H2O (10)

O4
•− + Cl− ↔ SO4

2− + Cl• kf = (3.2 ± 0.2) × 108 M−1 s−1;

kr = (2.1 ± 0.1) × 108 M−1 s−1 (11)

l• + Cl− ↔ Cl2•− kf = (7.8 ± 0.8) × 109 M−1 s−1;

kr = (5.7 ± 0.4) × 104 s−1 (12)

l2•− + Cl2•− → Cl2 + 2Cl− k = (2.1 ± 0.05) × 109 M−1 s−1

(13)

l2•− + H2O → ClOH•− + H+ + Cl− k[H2O] < 100 s−1 (14)

lOH•− + H+ ↔ Cl• + H2O kf = (2.6 ± 0.6) × 1010 M−1 s−1;

kr[H2O] = (1.6 ± 0.2) × 105 s−1 (15)

lOH•− ↔ •OH + Cl− kf = (6.1 ± 0.8) × 109 s−1;

kr = (4.3 ± 0.4) × 109 M−1 s−1 (16)

These radical-based chain reactions and elementary reactions
ith unknown rate constants (e.g. Eqs. (1)–(8))  indeed complicate

inetic analysis in the Co/PMS/Cl− systems. In this context, identi-
cation of reaction intermediates may  be an alternative choice for
larifying the underlying reaction mechanism. All reactive chlorine
pecies, including chlorine atom, dichloride radical and free chlo-
ine, can add to some unsaturated bonds of the compounds present
uring oxidation processes, generating chlorinated hydrocarbons,
herefore leading to an undesirable increase of the parameter
OX (halogenated organic compounds adsorbable on activated
arbon) [17]. In the Co/PMS/Cl− systems, it was observed that chlo-
ine radicals may  participate in phenol and 2,4-dichlorophenol
ransformation reactions [18]. Similarly, some chlorinated organic
ompounds or AOX are expected if Co/PMS is applied to decolor
ye wastewater containing high concentration of Cl−. Kiwi et al.
easured amount of AOX during Acid Orange 7 (AO7) oxidation

n photoassisted and dark Fenton processes in the presence of Cl−

nions, but did not give detailed information of reaction interme-
iates formed by mass spectral identification [8].  Also, information
f both decoloration and mineralization of the dye wastewater in

 wide salinity range is lacking.
To improve the understanding of chloride effects on SO4

•−-
ased treatment, AO7 was selected as a model nonbiodegradable
zo dye to monitor its degradation and resulting intermediates,
ecause it is a common dye used in industrial applications and lab-
ratory studies and its degradation products in varied AOPs have
een extensively characterized. The main objectives of this paper
re (1) to test the effect of different concentration of chloride ions
n the extent of decoloration and mineralization of AO7; (2) to

tudy whether AOX can be formed during dye oxidation processes
y chloride addition; and (3) to propose and compare the differ-
nt dye degradation mechanisms under salt-free and hypersaline
nvironment by detecting the intermediate products.
Materials 196 (2011) 173– 179

2. Experimental

2.1. Materials

Acid Orange 7 (C16H11N2O4SNa) and Oxone®

([2KHSO5·KHSO4·K2SO4] salt, 95%) were purchased from Sigma-
Aldrich. NaCl and CoSO4·7H2O were of laboratory reagent grade
and used without further purification. All sample solutions were
prepared using deionized water from Barnstead UltraPure instru-
ment. The salinity was varied by addition of sodium chloride
(NaCl). Stock solutions of all chemicals were freshly prepared.
Prior to each experiment, certain aliquots were transferred to the
reactor vessel to obtain the specific concentrations.

2.2. Experimental procedures

All reactions were initiated by mixing appropriate concentra-
tions of AO7, cobalt salt, chloride ion and Oxone® in this order
immediately without the pH being controlled. The final experimen-
tal conditions, including the concentrations of PMS, Co2+ and AO7,
have been set based on our preliminary experiments (please see
Figs. SI-1 and SI-2) to obtain optimum conditions. The time scan
mode of a Hitachi U-2900 spectrophotometer was used to in situ
monitor the dye decoloration at 485 nm.  A Shimazu TOC-VCPH ana-
lyzer was  employed for TOC (total organic carbon) measurement. At
the given reaction time intervals, samples taken from the solution
for TOC analysis were immediately quenched with sodium nitrite.
The AOX determinations were carried out by instrumental analysis
(AOX, multi X® 2000, Jena, Germany) after enrichment on activated
carbon (European Standard EN 1485 H14, 1996).

GC/MS analysis was performed to identify the intermedi-
ate products formed during the AO7 degradation process. The
experiments were carried out at two different chloride ion con-
centrations (without Cl− for 1# and in the presence of 200 mM
Cl− for 2# and 3#). To determine whether the cobalt is involved
in the degradation at extremely high concentration of chloride,
the initial concentration of cobalt was different (in the pres-
ence of 0.2 mM Co2+ for 1# and 2#, without Co2+ for 3#).
Prior to GC–MS analysis, the unbuffered solutions (100 mL) were
quenched by 50 mL  of NaNO2 solution (0.1 M)  and filtered with
0.22 �m membrane. Samples were pretreated using SPE (solid-
phase extraction), SPME (solid-phase microextraction) methods
(details in Table SI-1) to extract and concentrate compounds of
different polarity and volatility. Spectra were obtained with a gas
chromatograph (Agilent 7890A), equipped with DB-5 MS capil-
lary column (30 mm × 320 �m × 0.5 �m film thickness), interfaced
directly to the mass spectrometer (5975A inert XL MSD  with Triple-
Axis Detector) used as a detector. Electron impact (EI) mode at 70 eV
was used and the mass range scanned was 30–400 m/z. The sub-
stance analysis was  undertaken with reference to the NIST08 mass
spectral library database.

3. Results and discussion

3.1. Effects of Cl− concentration on dye degradation rate

Fig. 1 showed that in PMS/Cl− system AO7 was still rapidly
degraded even in the absence of Co2+ ion, although the decoloration
rate is lower than that with the catalyst. This Co-independent PMS
decomposition suggests that PMS  would react with chloride to pro-
duce active chlorine species HOCl/Cl2 (Eqs. (9) and (10)), which are

able to decolor dyes rapidly. Since the amount of HOCl/Cl2 based
on PMS  decomposition by chloride was  dependent upon chloride
and PMS  concentration, dye bleaching rate consequently increased
exponentially with chloride and PMS  content (Fig. SI-3).
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Fig. 1. Effects of chloride ions on AO7 bleaching rate constants (k) in the solution.
Experimental conditions: [AO7]0 = 0.1 mM;  [PMS]0 = 0.5 mM;  [Co2+]0 = 0.02 mM.
Inset:  plots of combined effect of chloride ions and catalyst Co2+ on the decoloration
rate (k) with the initial concentration of AO7 0.1 mM and PMS 0.5 mM.  All rate
constants are pseudo-first order rate constants.
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the degradation products of the partial oxidation of the afore-
mentioned naphthalene-type and heterocyclic compounds, and
their formation has been also reported by several previous stud-

F
E
3

While in Co/PMS/Cl− system decoloration of AO7 declined sig-
ificantly with increasing concentration of sodium chloride from
.05 to 5 mM.  Similar inhibitory effects have been reported in
zonation [19], UV/H2O2 [20] and UV/TiO2 processes [21]. How-
ver, further addition of Cl− (>5 mM)  apparently accelerated dye
egradation and the bleaching rate in presence of 500 mM Cl− was
ven larger than that without chloride ions. This dual effect of chlo-
ide on dyes bleaching has not been observed in other AOPs systems
hich are mainly based on •OH-radicals. In Co/PMS/Cl− system, the
ye degradation can be attributed to three kinds of active species:
1) SO4

•− radicals (Eqs. (1)–(8));  (2) Cl•, Cl2•− and ClOH•− (Eqs. (11),
12), (14) and (15)) and (3) HOCl and Cl2 (Eqs. (9) and (10)). The vari-
tion tendency of dye degradation rate (k) is not only related to the
ercentage of each oxidant species, but also to their reaction kinetic
onstants with dye. Consumption of SO4

•− radicals by Cl− and for-
ation of less reactive chlorine radicals should be responsible for

he adverse effect of chloride on Co/PMS performance. However,
he formation of HOCl and Cl2 (Eqs. (9) and (10)) would make the
ye bleaching rate higher with the addition of large amount of chlo-
ide ions similar to PMS/Cl− system. Therefore the dye degradation
an be enhanced at higher chloride concentration. However, this
ual effect of chloride has been not observed in H2O2-based AOPs
uch as Fenton and photo-Fenton systems [8],  possibly because

hloride alone could not activate H2O2 to oxidize organics.

ig. 2. UV–vis spectral changes of AO7 in solutions containing PMS  (5 mM)  and Co2+ (0.1
xperimental conditions: (A) [AO7]0 = 0.08 mM;  [NaCl]0 = 0 mM;  (B) [AO7]0 = 0.08 mM;  [
0  min, and (d) 120 min.
aterials 196 (2011) 173– 179 175

3.2. Spectral change of AO7

Representative UV/Vis spectra obtained from the dye solution
as a function of reaction time are shown in Fig. 2. The absorption
spectrum of AO7 in water is characterized by two bands in the
visible region, with their maxima located at 485 nm and 430 nm
corresponding to the hydrazone form and the azo form of the dye,
respectively, and by two  bands in the ultraviolet region located at
230 nm and 310 nm due to the benzene and naphthalene rings of
AO7, respectively.

It is observed that the absorbance at 485 nm almost completely
disappears regardless of chloride ion, indicating the destruction of
azo chromophore. In Fig. 2A, a new absorbance peak (� = 251 nm)
appears at 2 min, but subsequently disappears after 30 min. How-
ever, in the presence of chloride, the intensities of the absorbance
peaks at 230 nm and 310 nm decrease much more slowly with
respect to that of the azo bond within 2 h. Previous reports have
indicated that the ultraviolet bands located at 228 and 310 nm
correspond to �–�* transitions in the benzoic and naphthalene
rings of AO7, respectively [22]. It implies that some interme-
diates generated from chromophore cleavage may  still contain
benzoic- and naphthalene-type rings. Besides, there were some
new peaks observed during the decomposition of the dye and
their absorbance maxima increased continuously from 249 nm
to 260 nm,  which were not observed in the absence of chloride.
These differences indicate the possible formation of new break-
down products like chlorinated aromatic compounds. Repeta et al.
reported that chlorinated aromatic acids display strong absorp-
tion bands (240–400 nm)  in the ultraviolet and near-ultraviolet
regions [23]. Our following GC–MS analysis also proved that at
least nineteen chlorinated compounds were produced during AO7
degradation, in accordance with spectral results.

3.3. Identification of reaction intermediates

3.3.1. AO7 intermediates (Co/PMS, No Cl−)
The reaction intermediates of AO7 without any chloride

present in the reacting solution (Figs. SI-4 and SI-5) can be
classified into six groups: (I) two  naphthalene-type compound,
1-nitro-2-naphthalenol (1) and coumarin (2), which are primary
degradation intermediate accompanying AO7 cleavage in the vicin-
ity of the azo bond; (II) four fused heterocyclic compounds, such
as 1(3H)-isobenzofuranone (3), 1,3-indanedione (4), phthalimide
(5) and phthalic anhydride (6); (III) two aromatic compounds,
such as phthalic acid (7), benzoic acid (8), which might be
ies concerning AO7 photocatalytic degradation [24,25]; (IV) two

 mM)  in the presence of different concentrations of chloride as a function of time.
NaCl]0 = 200 mM,  initial pH 6.5 (natural). Reaction times: (a) 0 min, (b) 2 min, (c)
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ono-heterocyclic compounds, including 1-nitrosopiperidine (9)
nd butyrolactone (10); (V) two alkane compounds, such as hex-
ne (11) and 3-methylpentane (12); and (VI) one small molecule
rganic acid compound, formic acid (13), whose further oxidation
ielded CO2, H2O. The major intermediates detected from the sul-
ate radical attack on AO7 were similar with those identified in
ydroxyl radical oxidation processes such as the Fenton reagent
25], sonolytic oxidation [26] and photocatalysis [22,24]. Other
eaction intermediates, such as 2-naphthnol and p-benzoquinone
roposed by Velegraki et al. [26] and other investigators [25], were
ot detected in our study and this might have been due to the
ifferent degradation mechanisms involving in different radicals
s well as to the different experimental conditions and analytical
echniques employed in various studies.

.3.2. AO7 intermediates (Co/PMS/Cl− & PMS/Cl−)
The intermediates detected under a chloride-rich environment

ot only included the oxidation products measured in Co/PMS sys-
em, but also included several chlorinated organic products, regard-
ess of the presence of Co2+ (Figs. SI-6–SI-11). These chlorinated
ntermediates can be grouped into four kinds: (I) five naphthalene-
ype compounds, including 4-chloro-1,2-naphthalenedione (14),
,4-dichloro-1-naphthalenol (15), 6-chlorochromone (16), 3-
hloroisocoumarin (17), and 3,4-dichloroisocoumain (18); (II) two
eterocyclic compounds, including 5-chloroisobenzofuran-1,3-
ione (19) and 5-chlorobenzofuran (20); (III) twelve aromatic com-
ounds, such as 4-chlorophthalic acid (21), 1,2-benzenedicarbonyl
ichloride (22), 1,2-dichlorobenzene (23), 1,4-dichlorobenzene
24), 1,3,5-trichlorobenzene (25), 1,2-dichloro-3-nitrobenzene
26), 1,3,5-trichloro-2-nitrobenzene (27), 2,4-dichlorophenol (28),
,5-dichlorohydroquinone (29), 2,4,6-trichlorophenol (30), 2,3,5,6-
etrachlorophenol (31) and tetrachlorohydroquione (32); and
IV) one low molecule chlorinated product: tetrachloromethane
33). Some of these intermediates mentioned above such
s 2,4-dichlorophenol, 2,4,6-trichlorophenol, tetrachlorohydro-
uione and tetrachloromethane have been identified as the phenol
egradation products in Co/PMS/Cl− system [18]. To our best
nowledge, none of previous studies dealing with dye degradation
ives information on these chlorinated by-products. Such informa-
ion is only available for several experiments with much simpler

olecules. To quantify total chlorinated by-products, AOX value
as tested.

.4. AOX formation

AOX is an important parameter for wastewaters from clean-
ng agents and disinfectants. Photochemical reactions are capable
f transforming Cl− into Cl• radical, leading to the chlorination of
rganic compounds [8].  Chlorine atoms are electrophilic (the ele-
ent is electronegative, and Cl• will readily take up an electron

o complete its octet) and thus readily add to the double bond of
rganic compounds. Chlorination by HOCl/Cl2 can also generate
OX [17,19].

To determine the effect of chloride concentration on AOX for-
ation, experiments were carried out at different chloride ion

oncentrations (0 mM Cl−, 0.2 mM Cl− and 100 mM Cl−). Fig. 3
resents results of AOX measurement under different experimen-
al conditions. Prior to oxidative treatment, no AOX was  detected as
xpected, due to the absence of chlorine atom in the AO7 molecular
tructure. AOX type products were formed once the dye in aqueous
olution was mixed with 0.1 mM Co2+, 10 mM PMS  and 0.2 mM Cl−.

he amount of AOX formed was dependent upon reaction time and
he chloride content in solution. The increase of Cl− concentration
ed to an increase in the yields of AOX as seen in Fig. 3. The max-
mum AOX production was 3.5 mg/L in the presence of 100 mM
Fig. 3. AOX concentration of the dye wastewater during the Co/PMS treatment
([AO7]0 = 0.2 mM;  [PMS]0 = 10 mM;  [Co2+]0 = 0.1 mM)  containing different concen-
trations of chloride.

Cl−, comparable to those detected in •OH-based Fenton oxidation
processes of AO7 [8].

AOX formation in the presence of Cl− can be explained by reac-
tions (17)–(19):

SO4
•− + AO7 → R•+ + SO4

2− (17)

R•+ + Cl2•− → RCl + Cl− (18)

Cl2/HClO + AO7 → RCl + H2O (19)

Sulfate/chlorine radicals attack on the aromatic ring of dye itself
or its byproducts, or direct chlorination by Cl2/HClO yields RCl type
organohalogens. The formation of AOX has already been observed
in other AOPs systems such as Fenton reaction [8] and UV/H2O2 oxi-
dation [17]. Kiwi et al. [8] reported that Fenton and photo-Fenton
degradation of AO7 may  produce chlorinated byproducts due to
the radical chain reactions of chloride ion with hydroxyl radicals,
although their molecular structures have not been well identified.
Baycan et al. [17] observed a de novo synthesis of AOX  in the pres-
ence of 1000 mg/L or 10000 mg/L Cl− during UV/H2O2 oxidation
of acetone and sodium dodecyl sulfate (ABS). It should be pointed
out that AOX only represents a fraction of the chlorinated organic
compounds. They are considered recalcitrant and expected to be
completely mineralized with longer oxidative treatment.

3.5. AO7 mineralization

All experimental results obtained from UV–vis spectroscopy,
GC–MS and AOX measurements show that chlorinated organic
intermediates were generated when certain concentrations of chlo-
ride were present in Co/PMS systems. Therefore, using TOC values
rather than decoloration rates seems more reasonable to evaluate
the degradation efficiencies of Co/PMS/Cl− system.

The approximate stoichiometry of AO7 mineralization in the
presence of Oxone® can be expressed as:

2C16H11N2NaO4S + 37(2KHSO5·KHSO4·K2SO4) → 32CO2

+ 10H2O + 2N2 + NaHSO4 + 111KHSO4 + 37K2SO4 (20)

The stoichiometric amount of Oxone® needed to mineralize
0.2 mmol  of AO7 is 3.7 mmol  (less than Oxone® dosage used in
this study). Therefore, complete mineralization of AO7 should be
expected under the present experimental conditions (AO7, 0.2 mM;
PMS, 10 mM;  Co2+, 0.1 mM).  As shown in Fig. 4, 81.8% of AO7
could be mineralized without the addition of NaCl after 6 h oxi-

dation treatment. However, under similar conditions but in the
presence of salt (0.2–200 mM of NaCl), TOC removal was  reduced
with increasing chloride concentrations. For example, the decrease
of TOC was only 6.65% with a chloride concentration of 10 mM.
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Fig. 4. TOC removal of dye wastewater containing different chloride concentrations
a
d

A
t
c
d
t

organic acids, and finally mineralized to CO2, H2O and inorganic

F
n

fter 6 h oxidation treatment. Inset: influence of chloride ions on mineralization of
yes. Experimental conditions: [AO7]0 = 0.2 mM;  [Co2+]0 = 0.1 mM;  [PMS]0 = 10 mM.

O7 was hardly mineralized after 6 h oxidation when the concen-
ration of NaCl was up to 200 mM,  although complete decoloration

ould be reached within 1 h. The inhibitory effects of chloride on
ye mineralization would be attributed to (1) the consumption of
he oxidant PMS  and SO4

•− radicals by Cl− ions, resulting to the

ig. 5. SO4
•− radical-based reaction pathway of AO7 oxidative degradation using Co/PMS

umbered in parentheses (see details in Supporting Information).
aterials 196 (2011) 173– 179 177

less reactive inorganic radicals (e.g. Cl•/Cl2•−); and (2) generation
of more refractory organohalogen compounds as identified with
GC–MS and AOX measurements.

3.6. Proposed reaction mechanism

Based on the kinetic results and degradation products identified
by GC/MS methods and previous researches [25,27], two possible
branched pathways for AO7 degradation by sulfate radicals under
a chloride-rich environment are proposed.

3.6.1. SO4
•− radical-based reaction pathway

The sulfate radical is a primary oxidizing species via Co2+-
mediated PMS  reduction, and may  react with dye molecule via
addition to the aromatic ring followed by hydrolysis. The hydrox-
ylation intermediates are the major products formed by sulfate
radical attack on aromatics [28]. The overall decomposition of AO7
dye via sulfate radical-based pathway is illustrated in Fig. 5. The
oxidation decomposition of AO7 can be described by a series of
consecutive degradation steps. AO7 was firstly decomposed to aro-
matic intermediates, further oxidized to ring opening products and
salts as pointed out in the literature [25,27]. Sulfonated molecules
are non-volatile and highly soluble in water therefore cannot
be analyzed by GC/MS. After 120 min  of oxidation, the reaction

 system in the presence of chloride ions. The identified byproducts by GC–MS were
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Fig. 6. Sulfate/chlorine radicals atta

ixture nearly exclusively consists of aliphatic compounds pre-
umably due to further oxidation of AO7 and its ring intermediates.

In the presence of chloride, the secondary chlorine radicals such
s Cl•, Cl2•− and ClOH•−, were generated by scavenging SO4

•− radi-
al by Cl− ion [29]. These chlorine radicals are generally less reactive
han the primary SO4

•− radical, leading to slower degradation of
O7 dye. Cl•/Cl2•− may  react with dye and its intermediates by
ne-electron oxidation, H-abstraction and addition to unsaturated
–C bonds [30]. A termination reaction of chlorine radical with AO7
xidation intermediates radicals, such as quinine radical, leads to
he formation of the chlorinated derivatives as detected from the
ransformation of phthalic anhydride provided in Fig. 6. The first
tep in all cases is the addition of a sulfate radical to the aromatic
ing of byproducts of dye decomposition [18]. The formation of the
orresponding cation radicals take place via elimination of the sul-
ate group, followed by chlorination by Cl2•−, as shown in more
etails in Fig. 6.

.6.2. Non-radical reaction pathway
The halide ions (e.g. Cl−, Br− and I−) are directly oxidized

hrough two-electron transfer producing reactive halogens (e.g.
l2/HClO) (Eqs. (9) and (10)) [31]. Chlorine in the form of a liquid
r gas has been effectively used for the color removal processes of
any dyes [32]. The first step of aquatic chlorination is electrophilic

ubstitution on the aromatic ring, depending on the combined
esonance and inductive effects of the ring substituents. HClO
as higher instability due to pronounced ionic nature and thus
ore reactivity towards the aromatic nucleus [33]. Chlorination

f anisole, o-methoxybenzoic acid, ethylbenzene [34] and other
henolic compounds [35] led to formation of notable array of
rganochlorines. Narender et al. [33] reported the selective oxy-
hlorination of aromatic compounds using KCl as a chlorine source
nd Oxone® as an oxidant. They found that introduction of an elec-
ron donating group on the aromatic ring substantially increased
he rate of ring chlorination while on electron-withdrawing group
ecreases it. It is noteworthy that the identified chloride-containing

ntermediates by Cl2/HClO chlorination were very similar to those
etected in Co/PMS/Cl− systems (see Figs. SI-6 and SI-7).

It should be noted that many chlorinated aromatic pollutants
enerated during the dye bleaching process are recalcitrant and

ave long half-lives. Some of them show a tendency to bioaccumu-

ate due to their hydrophobicity and excellent ability to penetrate
ell membranes while some are proven carcinogens and mutagens
36]. It is unlikely that the risk of yielding more toxic compounds
 degradation intermediates of AO7.

would be deemed worth the effectiveness that Co/PMS reagent rep-
resents. If these noncolored azo dye byproducts are released into
water bodies as a discharge effluent, it will pose a high toxicological
risk to exposed humans and aquatic biota [37].

4. Conclusions

Effects of chloride ion on degradation of an azo dye (Acid Orange
7) by the emerging cobalt/peroxymonosulfate (Co/PMS) advanced
oxidation process were investigated in this study. A dual effect
of chloride (i.e. inhibitory and accelerating effect) on dye bleach-
ing kinetics was  firstly observed. In contrast to the Fenton-based
AOPs, chloride ions with high concentrations (>5 mM)  can greatly
increase the decoloration efficacy of AO7, regardless of the presence
of the Co2+ catalyst. However, high dosage of chloride did signifi-
cantly inhibit dye mineralization to an extent which was  closely
dependent upon the initial chloride concentrations. According to
the results obtained from UV–vis spectroscopy, AOX determination
and GC–MS measurements, some undesirable aromatic chlorinated
compounds were generated in the presence of 200 mM NaCl, inde-
pendent of the addition of cobalt catalyst. These interesting results
above can be attributed to two possible branched (SO4

•− radical-
based and non-radical) pathways for AO7 degradation by sulfate
radicals under a chloride-rich environment.

The present study indicates that the appreciable levels of salts in
wastewater from the textile industries may  reduce the level of dye
mineralization and even lead to the formation of more toxic chlo-
rinated compounds during AOPs treatment. Therefore, attempts to
develop strategies for circumventing the adverse effects of chloride
in Co/PMS system should be urgently taken prior to the large scale
application of this emerging advanced oxidation technology.
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