
D
a
a

S
a

b

a

A
R
R
A
A

K
A
A
H
U
A

1

l
e
i
p
i
7
m
m
e
o

d
e
h
o
A
U

M
T

0
d

Journal of Hazardous Materials 179 (2010) 552–558

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

egradation efficiencies of azo dye Acid Orange 7 by the interaction of heat, UV
nd anions with common oxidants: Persulfate, peroxymonosulfate
nd hydrogen peroxide

hiying Yanga,b,∗, Ping Wangb, Xin Yangb, Liang Shanb, Wenyi Zhangb, Xueting Shaob, Rui Niub

Key Laboratory of Marine Environment and Ecology, Ministry of Education, Qingdao 266100, China
College of Environmental Science and Engineering, Ocean University of China, Qingdao 266100, China

r t i c l e i n f o

rticle history:
eceived 6 November 2009
eceived in revised form 5 February 2010
ccepted 8 March 2010
vailable online 15 March 2010

a b s t r a c t

In this paper, the degradation of azo dye Acid Orange 7 (AO7) by three common peroxides (persulfate (PS),
peroxymonosulfate (PMS) or hydrogen peroxide (H2O2)) under various activation conditions, i.e., heat
(25–80 ◦C), UV light (254 nm), or anions (SO4

2−, NO3
−, CO3

2−, HCO3
−, HPO4

2−, and Cl−), was investigated.
The order of AO7 degradation efficiencies by heat activation is PS � PMS > H2O2. PS oxidation activated

◦

eywords:
zo dye degradation
ctivated peroxide oxidation
eat
V light

by heat (>50 C) is an effective degradation technology, while PMS and H2O2 are hardly activated. When
assisted by UV, peroxides could all be activated and degrade AO7 quickly. The order is PS > H2O2 > PMS. We
activated peroxides, for the first time, by using some anions and compared the subsequently degradation
efficiencies of AO7. It was found that PMS could be activated by some anions, but PS and H2O2 cannot. The
activation efficiencies of PMS by SO4

2− and NO3
− are negligible, whereas remarkable by HCO3

−, HPO4
2−,

Cl− and CO3
2−. For HCO3

−, HPO4
2− and Cl−, the activation efficiencies become higher with the increase

or CO
nions of anion concentration. F

. Introduction

Textile dyes and other industrial dyestuffs constitute one of the
argest groups of organic compounds that represent an increasing
nvironmental danger owing to their non-biodegradability, toxic-
ty and potential carcinogenic nature [1]. Over 15% of the total world
roduction of dyes is lost during the dyeing process and is released

n the textile effluents [2]. Azo dyes, which contribute to about
0% of all used dyes, is difficult degraded by biological treatment
ethods due to their complex structure and the stability. Com-
on treatment processes like adsorption and flocculation are not

fficient methods because they result in solid waste, thus creating
ther environmental problems requiring further treatment [3].

Advanced oxidation processes (AOPs) have been developed to
egrade biorefractory organics in drinking water and industrial
ffluents. Almost all of the AOPs are based on the generation of

ydroxyl radicals (•OH) [4] which can degrade a broad range of
rganic pollutants quickly and non-selectively [5,6]. Some of the
OPs are based on H2O2, such as Fenton’s reagent [7–10], and
V/H2O2 [11–14]. H2O2 can be activated by iron or UV to yield the
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2−, however, the activation efficiency is higher at lower concentration.

© 2010 Elsevier B.V. All rights reserved.

radical •OH [15]. Good reviews have been published to describe the
application of H2O2 in wastewater treatment [16,17].

Sulfate radical (SO4
•−)-based AOPs, in which PS or PMS is

used as oxidant, came forth recently for the degradation of non-
biodegradable contaminants [18–26]. PS and PMS can be activated
to generate SO4

•− which is also a powerful oxidant and can oxi-
dize most organics in wastewater. Huang et al. [27] studied the
degradation of 59 volatile organic compounds by PS and found
that most organics can be degraded. Anipsitakis et al. [28] success-
fully used PMS as oxidant to degrade chlorophenols, polyaromatic
hydrocarbons (PAHs) and pesticides.

The three peroxides mentioned above (PS, PMS and H2O2) are
similar in structure and they all have O–O bond. One hydrogen atom
in H2O2 is replaced by SO3 to generate HSO5

− and two hydrogen
atoms in H2O2 are replaced by SO3 to form S2O8

2−. Due to the influ-
ence of SO3, O–O bond is lengthened and the bond energy decreases.
The distances of the O–O bonds in HSO5

−, solid H2O2 and S2O8
2−

are 1.453, 1.460 and 1.497 Å, respectively [29]. The bond energy
in PS is estimated 140 kJ/mol [30], while in H2O2 is 213.3 kJ/mol
[31]. No value reference is available for PMS and it is estimated
that PMS may be between PS and H2O2 in the bond energy. More-

over, PMS has an unsymmetric structure for only one H is replaced
by SO3. As the SO3 can attract electrons, electron cloud of O–O bond
leans to SO3 side to make O of H-side carry positive charges.These
peroxides are strong oxidizers, with standard oxidation–reduction
potential (E0) 2.01 V (PS) [32], 1.82 V (PMS) and 1.776 V (H2O2) [33],

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:shiningpup@hotmail.com
dx.doi.org/10.1016/j.jhazmat.2010.03.039
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much higher than that of PMS or PS as mentioned above. Although
S. Yang et al. / Journal of Hazar

espectively. They all present limited ability to oxidize organics
ndependently [17,24,34]. But under heating, UV or metal activa-
ion conditions, these peroxides can generate free radicals SO4

•−

nd •OH [28,32,35], with oxidation–reduction potentials of +2.5 to
3.1 V vs. NHE [36] and +1.8 to +2.7 V vs. NHE [4], respectively,
hich can oxidize most of the organics in water.Due to differ-

nt structures and properties, these three peroxides have different
ecomposition rates and present diverse abilities to degrade organ-

cs under specific activation condition. Anipsitakis and Dionysiou
37] have studied the efficiency of organics degradation by these
hree peroxides under nine transition metal activation. It was found
hat Co(II) and Ru(III) were the best metal catalysts for the acti-
ation of PMS. Fe(III) and Fe(II) were the most efficient transition
etals to activate H2O2. Additionally, Ag(I) showed the best effi-

iencies toward activating PS. However, the difference among these
eroxides (PS, PMS, H2O2) under heat or UV activation conditions
as not been studied yet.PMS can be activated by reductive anions
nd halide ions in water [33,38], to generate free radicals and OX−

X = Cl, Br or I). Moreover, in the research of metal-activated PMS,
esearchers neglected the influence of anions [39,40] and did not
eeply study organics degradation which was caused by oxidative
pecies from the combination of PMS with anions. As far as we
re concerned, no researcher has studied whether PMS could be
ctivated by other anions, and none has studied the degradation
f organics by PMS under anion activated condition.Therefore, the
ain objectives of this paper are: (1) to compare the degradation

fficiencies of AO7, a model organic contaminant and commonly
sed as a model compound for the study of the dye degradation
1,3,41,42], by these three peroxides (PS, PMS and H2O2) under heat
r UV activation condition; (2) to study whether common anions
SO4

2−, NO3
−, CO3

2−, HCO3
−, HPO4

2−, and Cl−) can activate these
eroxides and consequently degrade AO7; (3) to determine the
ffects of the dosage of peroxides and anions on the degradation
f AO7. These issues are useful to choose and improve the perfor-
ance of SO4

•− or •OH based AOPs for dye wastewater treatment.

. Materials and methods

.1. Materials

Sodium persulfate (PS, Na2S2O8, 99.0%), hydrogen perox-
de (H2O2, 30%), Oxone (KHSO4·K2SO4·KHSO5, containing 42%
HSO5), sodium chloride (NaCl, 99.8%), sodium sulfate (Na2SO4,
9.0%), sodium bicarbonate (NaHCO3, 99.5%), sodium carbon-
te (Na2CO3, 99.5%), potassium phosphate dibasic trihydrate
K2HPO4·3H2O, 99.0%), sodium nitrate (NaNO3, 99.0%), potassium
odide (KI, 99.0%), sodium thiosulfate (Na2S2O3, 99.0%) and AO7
4-(2-hydroxy-1-naphthylazo) benzenesulfonic acid, 99.0%) were
urchased from Shanghai Chemical Reagent Company, China and
sed without purification. All experiments were carried out using
ouble distilled water.

.2. Reactor and procedures

The degradation experiments were conducted in a jacketed
eactor of 450 mL capacity at batch mode, and all comparisons were
ade using the same batch. Stirring and the temperature of the

eacting solution were kept constant throughout the experiments.
he temperature of the reaction was controlled by recirculation
ater.

In the UV activation experiment, a 6 W low pressure Hg UV lamp

�max = 254 nm, product type ZSZ-6-A, ShangHai Anting Scientific
nstrument Factory), was used as the UV light source. Its fluence
ate is about 9 �W/cm2 measured by the normal method in Chinese
tandard GB 19258-2003. Unless otherwise specified, the initial
oncentration of AO7 was fixed at 20 mg/L (0.057 mmol/L) and the
aterials 179 (2010) 552–558 553

initial peroxide/AO7 molar ratio was 10:1. At given intervals, the
solution was sampled. Samples were quickly cooled down to room
temperature in the heat experiments.

2.3. Analysis

The degradation of AO7 was monitored by measuring the
absorbance at 484 nm (UNICO 2100 spectrophotometer) as a func-
tion of reaction time. The concentration of peroxide (PS, PMS or
H2O2) was determined by an iodometric titration with thiosulfate
[43].

Although some studies have revealed that pH value and ionic
strength can influence the degradation rate [44], some anions, such
as the common buffer HPO4

2−, could also react with PMS to pro-
duce active species resulting in AO7 degradation as will be shown
in Section 3 of this paper. So as to avoid potential complications,
all experiments were performed without buffers or ionic strength
control. Initial and final pH value was monitored in all degradation
experiments.

Every experiment was carried out three times and the results
obtained were nearly similar, with variance not greater than 5%.
The data referred in this paper is the mean value.

3. Results and discussion

3.1. Heat activation

3.1.1. Effects of temperature
A typical degradation of AO7 with one of the three heat-

activated peroxides (PS, PMS, H2O2) against time is presented in
Fig. 1. Experiments in Fig. 1(a)–(e) were conducted at 25, 50, 60,
70, and 80 ◦C, respectively. AO7 is not self-decomposed at ele-
vated temperature (80 ◦C) according to our experiment results. The
results in Fig. 1 indicated that these peroxides at room temperature
were not effective. The reaction rate of peroxides with organic mat-
ter at ambient temperatures (e.g., 25 ◦C) was very slow. It can be
concluded from Fig. 1(b)–(e) that: (1) H2O2 hardly degrades AO7
even at high temperature (80 ◦C); (2) PMS does not degrade AO7
under lower temperature either (below and at 70 ◦C), but there is
18.37% of AO7 degradation after 3 h under higher temperature (at
80 ◦C); (3) AO7 could be degraded by PS when the temperature
is higher than 50 ◦C; (4) the degradation rate of AO7 by PS is faster
with the temperature rising. At 80 ◦C, AO7 is nearly 99% decolorized
within 40 min.

The initial pH value of AO7 solution was 6.5. When the PS or
H2O2 was added, the pH of the solution was not changed. When
the PMS was added, however, the pH value decreased from 6.5 to
3.3. PMS was from Oxone (KHSO4·K2SO4·KHSO5), which contains
acidic KHSO4. After reaction, the final pH value in the case of PS
decreased to 3.8, possibly due to the release of protons when SO4

•−

reacts with water and the formation of acid products [45,46].
The remaining amount of peroxides at 70 ◦C is listed in Fig. 1(f).

In terms of amount, PMS and H2O2 remained unchanged and PS
reduced, which indicated that PS other than PMS and H2O2 was
activated. It can be deduced that the oxidant dissociation profiles
are in agreement with the AO7 degradation profiles for all those
three oxidation systems.The order for degradation efficiency of the
heat-activated peroxides tested here is PS � PMS > H2O2. It may be
attributed to their different O–O bond energy. H2O2 is hardly acti-
vated by heating due to its extremely large bond energy, which is
PMS could be activated under higher temperature, its efficiency is
quite low. PS can be activated to generate sulfate free radical SO4

•−.
The SO4

•− radical, a powerful oxidant with oxidation–reduction
potentials of +2.5 to +3.1 V vs. NHE [36], can effectively degrade the
biorefractory organic compounds.
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order is PMS > H2O2 > PS. The initial pH values in the presence of PS,
PMS and H2O2 were 6.3, 3.3 and 6.5, respectively. After 30 min, the
pH values decreased to 3.7, 3.1 and 4.8, which was due to acid prod-
ucts formed in the process of degradation of AO7 and the protons
released in the reaction of SO4

•− with water [45,46].
ig. 1. Degradation of AO7 by three peroxides under various temperatures. (a) 25 ◦C;
b) 50 ◦C; (c) 60 ◦C; (d) 70 ◦C; (e) 80 ◦C; (f) the remaining of peroxides at (d). The
nitiation concentration of AO7 is 20 mg/L; the molar ratio peroxide/AO7 is 10/1.

.1.2. Effects of peroxide dosage
The influence of oxidant/contaminant molar ratios on the oxi-

ation of AO7 with PS, PMS and H2O2 was investigated at the
emperature of 70 ◦C. The reactions at oxidant/contaminant molar
atios of 10:1, 50:1, 100:1 are shown in Fig. 2(a)–(c). Fig. 2(a) shows
hat AO7 can be degraded by PS at various molar ratios. In Fig. 2(b), it
s presented that AO7 is nearly not degraded by PMS at molar ratios
f 10:1, but can be more rapidly degraded when the molar ratio rises
o 100:1. As shown in Fig. 2(c), there is nearly no AO7 degradation
hen H2O2 is present even with a much higher H2O2/AO7 molar

atio of 100:1. The first-order kinetics model is used to describe
he kinetic of AO7 degradation by peroxides under various per-
xides/AO7 molar ratio. The results show that all the dates are
ell-fitted pseudo-first-order model and the R2 is greater than 0.99.

he first-order reaction rate constants of the degradation of AO7 by
S, PMS and H2O2 at various molar ratios are presented in Fig. 2(d).
here are no linear correlation between the PS concentration and
he rate constant of AO7 degradation. As the concentration of PS
ncreases, the more SO4

•− is generated in the solution. At the same
ime, the reaction of SO4

•− with each other is enhanced. Reaction
s as follows [47]:

O •− + SO •− → S O 2−, k = 4 × 108 L/(mol s) (1)
4 4 2 8

The rate constant of AO7 degradation by PMS seems to increase
apidly when the molar ratio is greater than 50:1. The degradation
fficiency is PS � PMS > H2O2 whatever the ratios of peroxides/AO7
s.
Fig. 2. Effect of the dosage of peroxides on degradation AO7 under heat-activated
condition (70 ◦C). (a) PS; (b) PMS; (c) H2O2; (d) rate constants of AO7 degradation
by peroxides at various molar ratios. The initiation concentration of AO7 is 20 mg/L;
the molar ratio peroxide/AO7 is 10/1, 50/1, and 100/1.

3.2. UV activation

3.2.1. Effects of peroxide
A typical degradation of AO7 with UV and UV-activated three

peroxides (PS, PMS and H2O2) is presented in Fig. 3(a). As indicated
in it, although AO7 could be degraded by UV alone, its degradation
rate is improved by adding these peroxides. The degradation rates
of the three peroxides are in the order of PS > H2O2 > PMS.

The remaining amount of PS, PMS and H2O2 are shown in
Fig. 3(b). It shows that those peroxides dissociated after UV irra-
diation 30 min as illustrated in the following equations:

S2O8
2− → 2SO4

•− (2)

HSO5
− → SO4

•− + •OH (3)

H2O2 → 2•OH (4)

The remaining amount of those peroxides is nearly equal. Its
Fig. 3. The degradation of AO7 by peroxides under UV activation condition. (a) The
degradation of AO7; (b) the remaining of peroxides. The initiation concentration
of AO7 is 20 mg/L; the molar ratio peroxide/AO7 is 10/1; the wavelength of UV is
254 nm.
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Fig. 5. Degradation of AO7 by peroxides under anions activated conditions. (a)
ig. 4. Effect of the dosage of peroxides on degradation AO7 under UV-activated
ondition. (a) PS; (b) PMS; (c) H2O2; (d) rate constants of AO7 degradation by per-
xides at various molar ratios. The initiation concentration of AO7 is 20 mg/L; the
olar ratio peroxide/AO7 is 10/1, 50/1, 100/1; the wavelength of UV is 254 nm.

However, it has been [48] studied that the order of the
bsorbance of these peroxides at 254 nm was PS > PMS > H2O2.
lthough an absorbance of PMS at 254 nm is higher than that
f H2O2 under the same condition, the slight difference between
hem, which is less than 0.01, suggests that the decomposition
f PMS is not faster than that of H2O2 under UV light irradiation.
hile Anipsitakis and Dionysiou [48] also found that the rate of 2,4-

ichlorophenol degradation by PMS was faster than that by H2O2.
his might be attributed to the generation of Cl− generated during
,4-dichlorophenol degradation under UV-irradiation PMS system,
s the formed Cl− interacts with PMS to produce OCl− which could
lso degrade organic compound [38]. PS, PMS and H2O2 can gener-
te free radicals either via heterolytic cleavage with metal catalyzer,
r via homolytic cleavage under UV irradiation. Aparicio et al. [49]
ound that PMS was more likely to exhibit heterolytic cleavage due
o its non-symmetrical structure. Therefore, it is speculated that it

ight be easier for PS and H2O2 to generate homolytic cleavage
han that for PMS.

.2.2. Effects of peroxide dosage
The influence of oxidant/contaminant molar ratios on the AO7

xidation by PS, PMS and H2O2 under UV activation condition was
nvestigated. The degradation of AO7 at oxidant/contaminant molar
atios of 10:1, 50:1, and 100:1 are shown in Fig. 4. Fig. 4(a)–(c)
llustrates that the degradation rate of AO7 increases with oxi-
ant dosage rising. Moreover, the first-order reaction rate constants
ere exhibited in Fig. 4(d). It indicates that the order for degrada-

ion efficiency of AO7 by these three peroxides is PS > H2O2 > PMS
nder various molar ratios.

.3. Anion activation

.3.1. Effects of anion
Fig. 5(a)–(f) presents the degradation of AO7 by peroxides under

nion activation conditions ((a) SO4
2−, (b) NO3

−, (c) CO3
2−, (d)
CO3
−, (e) HPO4

2−, and (f) Cl−). As indicated in this figure, AO7
egradation by PS and H2O2 is very low, but the condition with the
resence of PMS is significantly different. As PMS has very limited
bility to oxidize organics, we may consider that it can be activated
y the anions (CO3

2−, HCO3
−, HPO4

2−, Cl−) in water to produce
SO4
2−; (b) NO3

−; (c) CO3
2−; (d) HCO3

−; (e) HPO4
2−; (f) Cl−; (g) the remaining of

peroxides after 4 h. The initiation concentration of AO7 is 20 mg/L; the molar ratio
peroxide/AO7 is 10/1; the concentration of anions is 0.01 mol/L.

active species, which cause the degradation of AO7. The remain-
ing concentration of peroxides was shown in Fig. 5(g). It is found
that the concentrations of PS and H2O2 exhibit no change and that
of PMS reduce, which indicate that PMS other than PS and H2O2
is activated. The result is in agreement with the degradation rate
of AO7 with PS, PMS and H2O2 and also indicates that only PMS is
activated by anions.

The active species may be generated as a result of anion decom-
position of PMS, which has unsymmetric structure. It will be easily
attacked by nucleophile [33]. As shown in Fig. 5(c)–(d), degradation
rate of AO7 resulted from PMS activated by HPO4

2− and CO3
2− is
faster than that resulted from PMS activated by HCO3
−. This might

be because HPO4
2− and CO3

2− have two nucleophilic atoms O−

which can attack O–O, while HCO3
− has only one. From Fig. 5(d)

and (f), we can conclude that the AO7 degradation rate via HCO3
−
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Table 1
The initial and final pHs of the solution under anions activated peroxides.

Anions Peroxide pH values

Initial Final

SO4
2−

PS 6.4 6.4
PMS 3.3 3.2
H2O2 6.5 6.5

NO3
−

PS 6.4 6.4
PMS 3.3 3.3
H2O2 6.5 6.5

CO3
2−

PS 11.4 11.4
PMS 11.3 11.2
H2O2 11.4 11.4

HCO3
−

PS 8.5 8.5
PMS 8.3 8.0
H2O2 8.5 8.5

HPO4
2−

PS 8.6 8.6
PMS 8.4 8.2
H2O2 8.6 8.6
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HPO4
2−, and Cl−) activated PMS. As water generally contains these

anions, application of PMS activated by anions will be of great sig-
nificance for organics degradation and sterilization of salt-bearing
water.
Cl−
PS 6.4 6.4
PMS 3.3 3.2
H2O2 6.5 6.5

ctivated PMS is higher than that by Cl− activated PMS, and the elec-
ronegativity of O− (3.44), which is greater than that of Cl− (3.16), is
onsidered to be the major reason responsible for the phenomenon.

The activated species under Cl− activated PMS condition is HOCl.
ente et al. [38] studied the reaction of PMS with halogen and found
ut that combination of PMS with halogen could generate OX−

X = Cl, Br or I). Reaction is as follows:

SO5
− + X− → HSO4

− + OX− (5)

Delcomyn et al. [50] studied that the combination of PMS with
l− was used to produce OCl− to inactivate biological agents.

However, the activated species under CO3
2−, HCO3

−, HPO4
2−

ctivated PMS condition remains obscure. To our knowledge, there
re no author studied the reaction of CO3

2−, HCO3
−, HPO4

2− with
MS. We speculated that the active species maybe SO4

•−. Con-
ick et al. [51] investigated the reaction between PMS and HSO3

−

nd found that SO4
•− and SO3

•− could be generated from that
nteraction, inducing the degradation of organics. Reaction is as
ollows:

SO5
− + HSO3

− → SO4
•− + SO3

•− + H2O (6)

SO4
•− could react with H2O and OH− to convert into •OH as

hown in the following equations:

ll pHs : SO4
•− + H2O → SO4

2− + ·OH + H+ (7)

lkaline pHs : SO4
•− + OH− → SO4

2− + •OH (8)

The rate constants for Eqs. (7) and (8) are of k[H2O] < 2 × 10−3 s−1

52] and (6.5 ± 1.0) × 10−3 L/(mol s) [53], respectively. Based on
his, SO4

•− starts to decompose and transform into •OH rapidly
t the solution pH value >8.5, and •OH will become the domina-
or when the solution pH value is lager than 10.7 subsequently
54]. The initial and final pH values of the solution were listed
n Table 1. In the case of the system containing CO3

2−, the
H value of the solution is higher than 11, where •OH plays a
ajor role in the degradation process. While in the solution with
CO3

−, HPO4
2− and Cl− (8.0 < pH value < 8.6), SO4

•− is the major
2−
pecies responsible for the organic oxidation. Those anions (CO3 ,

CO3
−, HPO4

2− and Cl−) are radical scavengers in aqueous phase.
he rate constants of •OH with CO3

2− and SO4
•− with HCO3

−,
PO4

2−, Cl− are 3.9 × 108 L/(mol s) [4], 2.8–9.1 × 106 L/(mol s) [54],
.2 × 106 L/(mol s) [55] and 2.5 × 108 L/(mol s) [56], respectively.
aterials 179 (2010) 552–558

Liang et al. [40] found that there was hardly any interference emerg-
ing in the TCE degradation with the Cl− concentration less than
0.2 mol/L, when PS was used as oxidant in the presence of Cl−.
However, it has been reported that Cl− exhibited interference in
the analysis of dissolved organic carbon (DOC) by the wet PS oxi-
dation method at a Cl− level greater than 0.02 mol/L [57]. Liang et
al. [40] suggested that the interference of Cl− was related to the
generation rate of SO4

•−. When SO4
•− were generated at a lower

rate, the interference of Cl− can be ignored unless its concentration
is at higher level (>0.2 mol/L). In this study, the generation rate of
SO4

•− was much smaller than that of the wet PS oxidation method.
Furthermore, anions concentration tested here was very low, which
is about 0.01 mol/L, and the rate constants of SO4

•− with HCO3
−,

HPO4
2− are less than that of Cl− with SO4

•−. As a result, the interfer-
ence of these anions (HCO3

−, HPO4
2− and Cl−) on the degradation

of AO7 could be negligible. In the term of CO3
2−, it is speculated

that it could inhibit the degradation of AO7 due to the fast gen-
eration rate of free radical and the high rate constant of CO3

2−

with •OH (3.9 × 108 L/(mol s)). The speculation was confirmed in
the following Section 3.3.2.

In the current study, it is the first time to illustrate that organic
contaminant (AO7) can be degraded by anions (CO3

2−, HCO3
−,
Fig. 6. Influence of the dosage of anions on the degradation of AO7 by PMS under
anion activation conditions. (a) SO4

2−; (b) NO3
−; (c) CO3

2−; (d) HCO3
−; (e) HPO4

2−;
(f) Cl− . The initiation concentration of AO7 is 20 mg/L; the molar ratio peroxide/AO7
is 10/1; the concentrations of anions are 0.001, 0.01 and 0.1 mol/L, respectively.
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.3.2. Effects of anion dosage
The influence of the anion dosage (0.001–0.1 mol/L) was shown

n Fig. 6(see (a)–(f)). From Fig. 6(a) and (b), we can notice that there
s less degradation of AO7 by PMS under NO3

− and SO4
2− condi-

ions even at higher concentration (0.1 mol/L). From Fig. 6(d)–(f),
e can find that HCO3

−, HPO4
2− and Cl− could activate PMS to

egrade AO7, but such effect is not obvious at low concentra-
ion (0.001 mol/L). With the increasing concentration of anions
HCO3

−, HPO4
2− and Cl−), the degradation of AO7 become faster.

owever, as shown in Fig. 6(c), CO3
2− just shows the opposite direc-

ion, producing the best degradation effect at low concentration
0.001 mol/L). Its degradation rate decreases with the concentra-
ion increasing. It is speculated that: (1) CO3

2− could activated PMS
o generate SO4

•− which rapidly reacted with OH− to produce •OH,
ven at low concentration. (2) CO3

2− could quench •OH and inhibit
he degradation of AO7. The results confirmed this speculation in
ection 3.3.1. As rates of reaction of HCO3

−, HPO4
2− and Cl− respec-

ive with PMS are all lower to cause fewer radicals to be generated,
adical scavenging reaction is not obvious.

. Conclusions

This study compares the degradation efficiencies of AO7 by
hree common peroxides (PS, PMS and H2O2) under various acti-
ation conditions, i.e., heat (25–80 ◦C), UV (254 nm), and anions
SO4

2−, NO3
−, CO3

2−, HCO3
−, HPO4

2−, and Cl−). The order for degra-
ation efficiency of the heat-activated peroxides tested here is
S � PMS > H2O2, H2O2 is hardly activated by heating. Although
MS could be activated under higher temperature condition (80 ◦C),
ts efficiency is quite low. The order for degradation efficiency of
he UV (254 nm) activated peroxides tested here is PS > H2O2 > PMS.
ery interestingly, PMS can be activated by anions (such as CO3

2−,
CO3

−, HPO4
2−, Cl−) in water to generate active species for degrad-

ng AO7, while PS and H2O2 cannot be activated by anions. PMS can
e activated by CO3

2− under lower concentration.
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