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ab s t r ac t
In this study, the degradation of Acid Orange II (AO II) by electrochemical activation of persulfate was 
systematically investigated. Iron electrode as the source of Fe2+ was verified to be the efficient activator 
for persulfate to produce sulfate radicals, which exhibited promising ability to degrade AO II than 
persulfate and electrocoagulation process. Compared with the addition of Fe2+ directly, the removal 
rates of AO II in the EC/PS system were almost twice of those in the Fe2+/PS system at all the applied 
currents. The application of radical scavenger confirmed that both SO4

–· and OH· existed in the EC/PS 
system and SO4

–· is the predominant radical species for AO II degradation. Furthermore, increasing 
the applied current, persulfate concentration and reaction temperature improved the removal of AO II. 
The comparison of UV–visible spectrum demonstrated that the azo double bond in the AO II structure 
was destroyed efficiently and under current control in the EC/PS system. Finally, the degradation 
pathway was proposed in this study based on the results of gas chromatography–mass spectrometry 
(GC–MS).
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1. Introduction

With the developing of printing and dyeing indus-
try, different kinds of synthetic dyes were discharged into 
wastewater and environmental waters. Among these dyes, 
synthetic azo dyes constitute more than 50% of the dye pro-
duction in the world [1], which were characterized by their 
high color and toxicities. Therefore, the removal of azo dyes 
from water has aroused great concern. Nevertheless, azo dyes 
always have stable structure, which contain one or more azo 
bonds (–N=N–) as chromophore group and aromatic struc-
tures associated with other functional groups. Acid Orange II 
(AO II; Table 1) is one of the most commonly found azo dyes 
in wastewater, which can remain in the ecosystem for decades 
and produce carcinogenic aromatic amines under certain 
conditions [2,3]. Although various traditional methods such 

as coagulation, adsorption and biological treatments have 
been proposed for the removal of azo dyes from aqueous 
solutions, none of these treatments was satisfactory [4–6].

Advanced oxidation processes (AOPs) are effective 
toward degradation of a number of azo dyes [7–9], mainly 
based on hydroxyl radical (HO·) or sulfate radical (SO4

–·). 
HO· must be generated continuously in reactions as a con-
sequence of its instability. SO4

–· have a longer half life than 
HO· because of their preference for electron transfer reac-
tion, while HO· can participate in a diversity of reaction with 
equal preference [10,11]. SO4

–· are usually generated during 
the activation of persulfate (PS) or peroxymonosulfate by 
heat, UV, ultrasound or transition metals [12–15]. Among the 
transition metals, Fe2+ has been widely used to activate PS via 
Eq. (1) [16], since it is relatively inexpensive, nontoxic and 
effective [17]. However, direct addition of Fe2+ may lead to the 
decline of oxidation efficiency [15], because excessive Fe2+ can 
act as a scavenger of SO4

–· via Eq. (2).
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Fe2+ + S2O8
2– → Fe3+ + SO4

–· + SO4
2–  (1)

Fe2+ + SO4
–· → Fe3+ + SO4

2–  (2)

In this work, electrochemical activation of persulfate 
(EC/PS) is a combination of electrochemistry (EC) and AOP, 
which takes advantages of both Fe2+ and SO4

–·. Fe2+ is released 
from a sacrificial iron electrode continuously under direct 
current (DC), which not only acts as an activator of persulfate 
but also ultimately form ferric hydroxide (Fe(OH)3) to help 
particles enmeshment. Meanwhile, EC/PS also avoids the 
addition of other anions (Cl– or NO3

–) to the treated system, 
which affects the contaminants degradation [18]. Though 
EC were known as a practical technique because of its ver-
satility, environmental compatibility, high efficiency and low 
operation cost, the reported literatures were mainly focused 
on the combination of EC and Fenton processes [19,20]. 
Nevertheless, to date little is known about the AO II degra-
dation during the EC/PS process.

Therefore, the objectives of this study are (1) to investigate 
the performance of AO II degradation in the EC/PS system; 
(2) to identify the main activated radical species responsible 
for AO II degradation and (3) to evaluate the influence of the 
applied current, persulfate concentration, reaction tempera-
ture on AO II degradation performance.

2. Materials and methods

2.1. Materials and reagents

All chemicals were of analytical grade except as noted. The 
solutions were prepared using ultrapure water (18.2 MΩ·cm) 
from an ELGA purelab water system. Acid Orange II, sodium 
persulfate (PS, Na2S2O8, ≥99.5%), sodium sulfate (Na2SO4, 
≥99.0%), ferrous sulfate (FeSO4·7H2O, ≥99.0%), tertiary buta-
nol (TBA, ≥98.0%) and methanol (MeOH, ≥99.8%) were 
obtained from Sinopharm Chemical Reagent Co. (China). 
All the chemicals were used as-received without further 
purification.

2.2. Experimental procedures

The stock solution of AO II (500 μM) was prepared before 
the experiments. The required experimental concentrations 
of solutions were diluted with ultrapure water when neces-
sary. Na2S2O8 stock solution was freshly prepared immedi-
ately prior to use. Batch experiments were conducted in a 
series of 250-mL borosilicate glass jars. The electrodes with 
dimensions of 5 cm × 2 cm were set in parallel at a distance of 
2 cm, and the total submerged area was 6 cm2 (3 cm × 2 cm). 
A DC source was used to supply the power of the system. 

3.0 mM Na2SO4 were added to raise the conductivity of the 
solution. A magnetic stirrer provided mixing of the solution 
in the reactor. At each designated sampling time, 5.0 mL sam-
ple was collected and mixed immediately with appropriate 
amounts of methanol to quench the residual oxidants. Then, 
the samples were filtered with 0.45 μm filter membrane 
before chemical analysis.

2.3. Chemical analysis

The concentrations of AO II were monitored by mea-
suring the absorbency at λmax = 482 nm using a UV–visible 
spectrophotometer (Hitachi, Japan). The removal rate (η) was 
calculated from the following expression:

η(%) %=
−

×
A A
A

t0

0

100  (3)

where A0 and At were the absorbency of the sample at time 
0 and time t, respectively. The concentrations of Fe2+ were 
determined by spectrophotometric method at 510 nm after 
complexing with 1,10-phenanthroline. 

The intermediates were quantified by liquid/liquid 
extraction with n-hexane followed by a gas chromatography–
mass spectrometry (GC–MS; 7890A-5975C, Agilent, USA) 
using scan mode. The chromatograph was coupled with a 
HP-5 column (30 m × 0.25 mm, ID = 0.32 μm). The tempera-
ture program of oven began at 60°C for 3 min, ramped up to 
145°C at 30°C/min, then ramped up to 180°C at 10°C/min and 
held for 1 min, and finally reached up to 250°C at 40°C/min.

A pH meter (PHS-3G, Leica Corp., China) equipped with 
a pH electrode was used to monitor pH. Initial pH was set 
at 7.0 and adjusted by 0.1 M H2SO4 or NaOH. Total organic 
carbon (TOC) in solutions was measured using a Shimadzu 
VCSH-ASI TOC analyzer. All the experiments were dupli-
cated at 25°C except for the effect of temperature. All the 
experiments were conducted at least twice and the aver-
age values with the standard deviations (error bars) are 
presented.

3. Results and discussion

3.1. Removal efficiency of AO II in PS, EC and EC/PS system

Fig. 1 shows the semilogarithmic graphs of [AO II]t/[AO 
II]0 as a function of time by persulfate, electrocoagulation 
and EC/PS process. The relation between time and ln([AO 
II]t/[AO II]0) remained satisfactory linear (R2 > 0.99), where 
[AO II]t and [AO II]0 represents the concentrations of AO II 
at different reaction time and initial time, respectively. The 
linear relationship indicated the pseudo-first-order kinetics 

Table 1
Selected physicochemical properties of Acid Orange II

Name Acronym Formula Molecular weight Structure
Acid Orange II AO II C16H11N2SO4Na 350.33
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with respect to AO II degradation. And the overall rate law 
for AO II degradation could be expressed as Eq. (4):

–d[AO II]/dt = kobs [AO II]  (4)

Eq. (4) can be written as:

ln([AO II]/[AO II]0) = –kobs t  (5)

where kobs is the pseudo-first-order rate constant (min–1).
As shown in Fig. 1, persulfate and electrocoagulation 

alone exhibited lower AO II degradation rate compared with 
the EC/PS system, with approximately 2.0%–8.6% removal 
at 5 min. However, the addition of 1.0 mM persulfate to the 
electrocoagulation system significantly improved the degra-
dation performance of AO II, and the removal rate reached 
up to 75.1% within 5 min. It can be concluded that the EC/PS 
process is more efficient than persulfate and electrocoagu-
lation process, which may be attributed to the involvement 
of SO4

–· activated by the released Fe2+ from iron electrode 
and HO• generated from the following reaction as Eq. (6). 
Moreover, the solution pH dropped as the reactions pro-
ceeded, and the final pH ranged from 3.8 to 4.1 (Fig. S1 in 
supplementary information).

SO4
–· + H2O → H+ + SO4

2– + HO· (6)

3.2. Comparison of AO II removal in the Fe2+/PS and EC/PS 
system

To further evaluate the removal efficiency of AO II, a 
comparison between the Fe2+/PS and EC/PS system was con-
ducted in this study. In the Fe2+/PS system, the adding ferrous 
concentrations were calculated via Faraday’s law with a reac-
tion time of 5 min. As shown in Fig. 2(a), unlike the pseudo- 
first-order reaction in the EC/PS system, the degradation of 

AO II proceeded through a fast stage and then a slow stage in 
the Fe2+/PS system, which is confirmed by the previous study 
[21]. Fig. 2(b) also shows that the removal rates of AO II in the 
EC/PS system were almost twice of those in the Fe2+/PS sys-
tem at all the applied currents (ferrous concentrations). This 
phenomenon could be explained as follows. In the Fe2+/PS 
system, the direct addition of Fe2+ can be excess and scavenge 
the generated SO4

–· via Eq. (2), thus decreasing the removal 
rate of AO II. However, the electrochemical activation of per-
sulfate was attributable to the release of Fe2+ from the iron 
electrode. The release rate of Fe2+ can be quantitatively con-
trolled by adjusting the applied current, which improved 
the utilization of Fe2+ and persulfate. Therefore, the EC/PS 
system could remarkably enhance the removal rate of AO II 
compared with the Fe2+/PS system.

3.3. Contributions of sulfate radical and hydroxyl radical  
in the EC/PS system

To systematically distinguish the contribution of reactive 
radical species in the EC/PS system, two radical scavengers, 
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Fig. 1. Comparison of AO II degradation in persulfate, electroco-
agulation and EC/PS system. Experimental conditions: applied 
current = 30 mA, [AO II]0 = 50 μM, [PS]0 = 1.0 mM.
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MeOH and TBA, were used in further experiments. Generally, 
SO4

–· are more selective for electron transfer reactions, while 
OH· can more rapidly undergo hydrogen abstraction or 
addition reactions [11]. Table 2 shows the second-order rate 
constants for reactions of selected scavengers with SO4

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

–· and OH· 
because the reaction rate constant for MeOH reacting with 
SO4

–· is similar to that of MeOH reacting with OH·, while 
TBA is an effect quencher for OH· but not for SO4

–· because 
the reaction rate constant of TBA and OH· is much quicker 
than that of TBA and SO4

–· [22,23]. 
As shown in Fig. 3, the coexistence of either MeOH or TBA 

reduced the rate of AO II degradation, which confirmed that 
both SO4

–· and OH· existed in the EC/PS system. Moreover, 
the pseudo-first-order rate constants kobs decreased slightly 
by 8.8% with increasing the dosage of TBA from 0 to 200 mM. 
While the pseudo-first-order rate constants decreased rap-
idly in the presence of MeOH, and the kobs decreased by 83.3% 
with increasing the dosage of MeOH from 0 to 200 mM. 
These results suggested that SO4

–· is the predominant radical 
species of AO II degradation in the EC/PS system.

3.4. Effect of applied current

Fig. 4 illustrates the AO II degradation with time at dif-
ferent applied currents during the EC/PS system. The kobs 
increased from 0.1962 to 0.3372 min–1 with increasing the 

applied current from 10 to 50 mA. Moreover, the degradation 
rate constants also exhibited a linear trend as a function of the 
applied currents as shown in the inset of Fig. 4 (kobs = 0.003 I0 +  
0.173, R2 = 0.963). The results indicated that the applied cur-
rent had important impact on the degradation of AO II and 
the higher current caused the faster degradation. Increasing 
the applied current would accelerate the generation of ferrous 
ions from iron electrode according to the Faraday’s law, and 
then improve the decomposition of the persulfate to generate 
sulfate radical (Eq. (1)). Though it was reported that excess 
Fe2+ may decrease the removal rate of target contaminants in 
the Fe2+/PS system via Eq. (2) [24], this phenomenon was not 
referred in this study. However, the optimal applied current 
for the successive EC/PS degradation of AO II may need to 
be further studied considering the relationship between the 
removal efficiency and power consumption [25].

3.5. Effect of persulfate concentration

The effect of persulfate concentration on AO II degrada-
tion was evaluated by conducting experiments at 0.5, 0.75, 
1.0, 1.25 and 1.5 mM, respectively. As shown in Fig. 5, when 
the persulfate concentration increased from 0.1 to 1.5 mM, 
the pseudo-first-order rate constants and the removal rates 
increased from 0.15 to 0.37 min–1 and from 52.7% to 83.9%, 
respectively. Persulfate is a source of sulfate radicals in the 
EC/PS system via Eq. (1), and more reactive SO4

–· and OH· 
(Eq. (6)) would be generated to degrade AO II at higher per-
sulfate concentration. However, excess persulfate can also 
scavenge SO4

–· and OH· via Eqs. (7) and (8). Therefore, the 
removal rate of AO II increased less rapidly at persulfate 
concentration of 1.0 mM or above, as observed in Fig. 5(b). 
According to the obtained results, 1.0 mM was chosen as the 
optimal persulfate concentration value and used in this study.

S2O8
2– + SO4

–· → S2O8
–• + SO4

2–  (7)

S2O8
2– + OH· → S2O8

–• + OH–  (8)

Table 2
Second-order rate constants for reactions of selected scavengers 
with sulfate and hydroxyl radicals

Scavengers Second-order degradation rate 
constants

References

Sulfate radicals Hydroxyl radicals

TBA 4.0 × 105 6.0 × 108 [22,23]
MeOH 1.1 × 107 9.7 × 108 [22,23]
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3.6. Effect of reaction temperature

The effect of reaction temperature (15°C–45°C) on the 
degradation of AO II in the EC/PS system was investigated 
as shown in Fig. 6, where AO II degradation increased as 

temperature increased. The pseudo-first-order rate constants 
increased from 0.15 min–1 at 15°C to 0.28, 0.41 and 0.55 min–1 
for 25°C, 35°C and 45°C within 5 min, respectively. It indi-
cated that more reactive species (SO4

–· or OH·) were gener-
ated in the EC/PS system due to the activation of persulfate 
by heat and more ferrous. The activation energy (Ea) of AO 
II degradation was determined by plotting lnkobs against 1/T, 
according to the Arrhenius equation in the following Eq. (9):

ln lnk A
E
RT
a

obs = −  (9)

where A is the Arrhenius constant; Ea is the activa-
tion energy (kJ mol–1); R is the universal gas constant 
(8.314 × 10–3 kJ (mol K)–1); T is the absolute temperature (K). 
The Arrhenius type model implies that increased temperature 
can accelerate the reaction rate. As shown in the inset of Fig. 6, 
a clear linear relationship was obtained in the Arrhenius plot 
of lnkobs vs. 1/T. The activation energy (Ea) calculated through 
the slope was 32.6 kJ mol–1, which is lower than the value of 
92.2 kJ mol–1 required for azo dye Orange G degradation in 
the Fe2+/PS system [26]. Actually, the degradation of AO II in 
the EC/PS system can be easily achieved, as the thermal reac-
tion energy has a normal range of 60–250 kJ mol–1 [26,27]. 

3.7. Proposed pathway of AO II degradation and mineralization

In order to obtain the qualitative information about the 
degradation of AO II in the EC/PS system, a set of represen-
tative UV–visible spectra are presented in Fig. 7. The UV–
visible spectra of AO II display four main transitions: one 
in the visible region at 482 nm (–N=N–), and three transi-
tions in the ultraviolet region at 230, 255 and 311 nm [28]. 
The characteristic adsorption peak at 482 nm, used to mea-
sure the decolorization of the dye solution, can be attributed 
to the chromophore group (–N=N–). The adsorption peaks 
in the ultraviolet region (below 400 nm) are assigned to the 
aromatic rings (e.g., benzene ring, naphthalene ring and their 
derivatives).

As shown in Fig. 7, the adsorption peak at 487 nm 
decreased quickly with the reaction evolution, indicating 
that the double bonded nitrogen in the dye was destroyed 
efficiently. Meanwhile, the intensity of the peak at 487 nm 
decreased more and more completely as the applied currents 
increased. This means that the azo double bond in the deg-
radation of AO II is probably under current control in the 
EC/PS system, well approving the discussions in section 3.4. 
Furthermore, it is clearly observed that the adsorption peak 
at 254 nm, corresponding to phenol in the AO II structure, 
appeared and increased with the extension of the reaction 
time. The result is consistent with the finding of other studies 
that some intermediates such as phenols or benzenes did not 
disappear and accumulated within reaction time in the elec-
trooxidation of AO II [29], and the benzene molecules may be 
released from the breaking of the C–N single bond between 
azo group and benzene ring [30]. 

Furthermore, the main intermediate products of AO 
II were determined using a GC–MS analyzer as shown in 
Fig. S2 in supplementary information. Based on the results 
and previous studies, a plausible pathway for AO II degrada-
tion in the EC/PS system was proposed in Fig. 8. As shown, 
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the radicals attacked N=N bonds first, then the cleavage of 
N=N leads to the formation of sodium sulfanilamide (P1) 
and 1-amino-2-naphthol (P3). The further degradation of P1 
caused by radicals gave rise to the production of P2. And 
P4 could be formed via electron transfer reaction, which 

was subsequently oxidized to generate P5. All the organ-
ics would be transformed to organics with small molecular 
weight via a ring opening reaction and finally mineralized 
to CO2 and H2O. Therefore, the mineralization degree of AO 
II during the EC/PS system was calculated from TOC val-
ues (Fig. S3 in supplementary information). Although the 
removal rate of AO II reached up to 75.1% within 5 min, the 
specific TOC removal increased from 0% to 12.9%, indicat-
ing that most of the degraded AO II remains in the solution 
as decomposition intermediates, and further oxidation are 
needed.

4. Conclusion

In this present work, iron anode was employed to acti-
vate persulfate to degrade a typical azo dye (AO II) and the 
following conclusions can be drawn:

• The EC/PS system presented higher efficiency to degrade 
AO II than persulfate oxidation, electrocoagulation and 
Fe2+/PS system. 

• Both SO4
–· and OH· existed in the EC/PS system and SO4

–· 
is the predominant radical species for AO II degradation.

• Higher applied current, persulfate concentration and 
reaction temperature are favorable for the removal of AO 
II. 

• The results of UV–visible spectra demonstrated that the 
azo double bond in the AO II structure was destroyed 
efficiently. Five intermediates were identified and a prob-
able pathway of AO II degradation was proposed.
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Fig. S1. Variation of pH values in the degradation of AO II during 
the EC/PS system. Experimental conditions: applied current = 
30 mA, [AO II]0 = 50 μM, [PS]0 = 1.0 mM and initial pH = 7.0.

 
 

 
 

 
 

 

OHHO

OH
NH2

OH
OH

O

Fig. S2. Gas chromatography–mass spectrometry and mass 
spectrum of different AO II intermediates.
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Fig. S3. Changes of AO II removal rate and TOC removal rate 
during the EC/PS system. Experimental conditions: applied 
current = 30 mA, [AO II]0 = 50 μM, [PS]0 = 1.0 mM.


