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a b s t r a c t
Degradation process of C.I. Acid Blue 25 by the combined ozone and Fenton (O3/Fenton) system was 
investigated. The Box-Behnken design and response surface methodology were applied in designing the 
experiments for evaluating the interactive effects of the three most important operating variables. The 
results demonstrated that the optimal operating conditions were pH of 5.48, [H2O2]/[Fe2+] of 45.47, c0 of 
55.08 mg.L–1 and q(O3) of 42.06 L.h–1. Under conditions above, 96.67% decolorization rate of C.I. Acid Blue 
25 could be obtained after 4 min reaction time. By validating the results through parallel experiment, 
the decolorization rate reached 96.39%, and the deviation with the model prediction was only 2.90%. In 
addition, the highest removal rate of chemical oxygen demand was higher than 85% after 20 min. Main 
reaction intermediate products involving p-benzoquinone, aniline, catechol, hydroquinone etc. were 
determined by analyses of ultraviolet-visible spectroscopy, Fourier transform infrared spectroscopy 
and gas chromatography/mass spectrometry (GC/MS). Based on the results of analyses above, the pos-
sible degradation pathways of C.I. Acid Blue 25 by O3/Fenton system were proposed.

Keywords: �Ozone/Fenton; Response surface methodology; Intermediate products; Mechanism; 
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1. Introduction

Textile processes (dyeing, bleaching, printing and finishing)
required large water consumption in industry, which produced 
a great amount of wastewater [1]. Textile wastewater comprised 
a variety of dyes and chemicals that made the chemical compo-
sition of textile industry effluents an environmental challenge 
[2]. As a result, a large amount of wastewater with poor quality 
not only caused esthetic problems but could also be dangerous, 
because dyes and their by-products were very toxic to environ-
ment [3]. Therefore, proper treatment of dyes containing textile 
effluent before discharge was extremely necessary [4]. In recent 
years, normal treatment methods of dye wastewater have been 
analyzed, mainly including common methods such as coagu-
lation [5], activated carbon adsorption [6], physical adsorption 

method [7], biochemical method [8] such as activated sludge 
[9], and electrochemical method [10,11]. But traditional waste-
water treatment technologies were proven to be markedly 
ineffective for handling that wastewater because of the toxicity 
and slow degradation of the dyes [3,12,13]. The application of 
advanced oxidation processes (AOPs) to environmental issues 
has attracted considerable attention [14–16]. AOPs could com-
pletely decompose the organic pollutants with the less activity 
in aqueous solution quickly and non-selectively by generation 
of reactive species including hydroxyl radicals [17–19], such O3 
[20], O3/H2O2 [21], Fenton [22], ultraviolet (UV) [23], ultrasonic 
[24] and plasma [25,26].

As one of the AOPs, Fenton reaction was an effective
method of mineralizing recalcitrant pollutants in indus-
trial wastewaters [27]. Fenton utilized the strong oxidation 
potential of the free radicals to oxidize and remove pollut-
ants. However, pH had the great influence on Fenton treating 
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wastewater [28]. In addition, ozone-based AOPs involv-
ing the generation of the hydroxyl radicals (·OH), which 
were highly reactive with most organic compounds, could 
be widely used in dye industrial areas [29]. Thus, O3 could 
be chosen to combine with Fenton to enhance removal effi-
ciency, which was a promising technology for contaminant 
removal from wastewater. 

For practical application, it was important to optimize the 
experimental conditions in order to develop a cost-effective 
O3/Fenton process. Thus, response surface methodology 
(RSM) could be used to study degradation process [2,30]. 
Martí-Calatayud et al. [31] agreed that RSM was an effective 
instrument that could be widely used to analyze the effects of 
multiple factors and their interaction. It made the overall opti-
mization of the process feasible. In addition, when Yang et al. 
[32] applied hybrid coagulants and polyacrylamide flocculants 
to treat high-phosphorus hematite flotation wastewater, RSM 
was also used as an empirical statistical modeling technique to 
design experiments, to build models, to evaluate the effects of 
several factors, and to search optimum conditions for desirable 
response, with limited number of planned experiments.

Moreover, because the dye may be toxic, in order to 
avoid the problem that the toxicity of dye intermediate 
products could be greater during degradation process, elu-
cidating oxidation mechanism would also be an essential 
and practicable way to study the degradation process, con-
cretely through the ways of characterizing reaction products 
and suggesting the potential pathway [33]. However, few 
works have fulfilled organic pollutant degradation based on 
analyzing mechanism of intermediate products letting alone 
in O3/Fenton system. And few comprehensive studies that 
involved optimization by RSM, mechanism analysis of inter-
mediate products and degradation pathway have been found 
in the literature about degradation of C.I. Acid Blue 25. 

In this paper, the objectives were to investigate degrada-
tion process of the C.I. Acid Blue 25, which was selected as 
the example of contaminants from multiple perspectives in 
O3/Fenton system. The decolorization rate and the removal 
rate of chemical oxygen demand (COD) were detected, 
respectively. The RSM based on Box- Behnken design (BBD) 
was employed to evaluate the effects of the key variables, i.e., 
the initial pH, molar ratio of [H2O2]/[Fe2+], the concentration 
of dye and ozone flux. The quadratic polynomial equation 

was developed with the experimental datum. The optimal 
O3/Fenton reaction conditions were obtained and validated. 
In addition, main reaction intermediates, and products of 
the C.I. Acid Blue 25 were detected by gas chromatography/
mass spectrometry (GC/MS) during the degradation process 
in O3/Fenton system. The formation mechanisms of main 
intermediate compounds were discussed in detail as much 
as possible, and every step with detailed chemical reaction 
equations was provided. Eventually, a general potential 
pathway of the C.I. Acid Blue 25 degradation was suggested.

2. Experimental setup

2.1. Materials

All the chemicals used were of analytical grade. The 
C.I. Acid Blue 25 (Shanghai Jiaying Co., Ltd., China) 
was used as dye pollutants. Its molecular formula was 
C20H13N2NaO5S. Fenton reagent involved granular ferrous 
sulfate (FeSO4.7H2O) (Merck KGaA, Germany) and hydrogen 
peroxide solution (30%, w/w) (Merck KGaA, Germany). The 
acidic potassium permanganate (Shantou Xilong Chemical 
Co., Ltd., China) would be used under the process of detect-
ing COD values. NaOH (Shanhai Chemical Co., Ltd., China) 
or H2SO4 (Shantou Xilong Chemical Co., Ltd., China) was 
used to adjust suitable pH to a certain value. 

2.2. Experimental procedure 

Dye solutions were prepared with distilled water. The 
schematic diagram of O3/Fenton system was depicted in 
Fig.  1. Ozone was generated by electrical discharge using 
oxygen in a laboratory ozone generator (WH-K-3.5, Jiangsu 
Nanjing Wohuan Technology Co., China), and the total 
output of ozone was 3.5 g.h–1 before ozone entering glass 
rotameter. Then, the ozone-oxygen mixture was continu-
ously bubbled into the solution. The flux rate was controlled 
by glass rotameter. At the same time, certain quantity of 
FeSO4.7H2O (0.16, 0.04, 0.02, 0.01 and 0.005 g) was added into 
the dye wastewater, and then hydrogen peroxide solution 
(30%, w/w; 0.3 mL) was added to initiate the reaction ([H2O2]/
[Fe2+] = 20:1, 0.01 g FeSO4.7H2O and 0.075 mL 30% H2O2). In 
addition, the mixture of the solution was provided by a mag-
netic stirrer (85-2, Jintai Technology Co., China). The specific 

Fig. 1. Installation drawing on the degradation of C.I. Acid Blue 25 by O3/Fenton systems.
Note: 1 – ozonator, 2 – rotameter, 3 – rotor, and 4 – magnetic stirrer.
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experimental parameters involving pH, the mole ratio of 
[H2O2]/[Fe2+], initial concentration of dye and ozone flux for 
all O3/Fenton experiments were listed in Table 1. 

2.3. Characterization of degradation sample

2.3.1. Decolorization rate and removal rate of COD

The concentration of sample was determined at regular 
intervals by using an ultraviolet spectrophotometer (752N, 
Shanghai Shunyu Hengping Technology Co., China) at the 
maximum absorption wavelength of 609 nm. The decoloriza-
tion rate (η) was calculated according to Eq. (1):

η =
−

×
c c
c

t0

0

100% � (1)

where the c0 and ct were the absorbency of the sample at time 
0 and t, respectively.

Accordingly, the COD value was measured by the acid-
ified potassium permanganate index method [34]. Similarly, 
the removal rates of COD before and after treatment were 
evaluated by Eq. (1) to investigate the degradation efficiency 
of the C.I. Acid Blue 25 wastewater solution.

2.3.2. UV-Vis

Ultraviolet-visible (UV-Vis) method was an analytic 
method of the material electron spectrum. The spectral region 
ranged from 200 to 800 nm when radiation was absorbed 
by certain substance molecular. The absorption spectra of 
electronic energy level transitions were the result of elec-
tron energy level transition between valence electrons and 
molecular orbital. Determining the absorption of the molec-
ular under UV-Vis method could authenticate and quantita-
tively determine a large amount of inorganic compounds and 
organic compounds. 

2.3.3. FT-IR

The Fourier transform infrared (FT-IR) spectroscopy was 
used to detect the functional groups of the materials. By using 
KBr disk technique, the FT-IR spectra of the raw and activated 
samples were obtained with a FTS 6000 FT-IR spectrometer in 
the range of 4,000–400 cm–1. The C.I. Acid Blue 25 (10 mg.L–1) 
was prepared and degraded by O3/Fenton. The samples were 
well blended with KBr and then desorbed at room tempera-
ture and eventually pressed to obtain IR-transparent pellets.

2.3.4. GC/MS

In order to identify intermediate products during deg-
radation process of C.I. Acid Blue 25, GC/MS (VARIAN 
450-GC/320-MS) analyses were performed. The solution of 
C.I. Acid Blue 25 was extracted with dichloromethane for 
10 times, and then the extracts were concentrated by rotary 
evaporator at 313 K to about 1 mL before GC/MS analyses. A 
VF-5 MS capillary column (30 m length, 0.25 mm inner diam-
eter, 0.25 μm film thickness) was used for GC separation. The 
GC equipment were operated in a temperature programmed 
mode with an initial temperature of 308 K held for 2 min, 
then ramped to 553 K with a 283 K.min–1 rate. Helium was 
used as the carrier gas at a flux rate of 0.9 cm3.min–1, and the 
pressure in the column head was 100 kPa. Then, electron 
impact (EI) mass spectra was scanned. The temperature of 
the MS transfer line was 553 K. The MS source temperature 
was 503 K. The MS quadrupole temperature was 423 K, and 
ionization was performed by electron ionization at 70 eV. 

3. Results and discussion

3.1. Spectrum analysis of C.I. Acid Blue 25

3.1.1. UV-Vis spectrum analysis

As could be seen from Fig. 2(a), the waveform showed 
that the simulated C.I. Acid Blue 25 wastewater had four 
main peaks at 0 min. It indicated that the C.I. Acid Blue 25 in 
the UV region (200–400 nm) had two characteristic absorp-
tion peaks at 250 and 285 nm, which corresponded to the 
characteristic absorption peaks of aromatic compounds. In 
the visible region (400–800 nm), there were also two charac-
teristic absorption peaks. One was at 410 nm, and the other 
was broad peak (609–653 nm). The peak at 410 nm was due 
to the conjugated system of carbonyl and benzene. The broad 
peak (609–653 nm) was caused by anthraquinone chromo-
phoric group. The anthraquinone groups made the whole dye 
molecules present the unique green. The peak value abated 
after 5 min. And the visible broad peak appeared a dramatic 
change. Then, the peak disappeared synchronously along 
with the phenomenon that the dye faded away. It showed 
that anthraquinone group was attacked by the strong oxida-
tion of ·OH and was completely destroyed. ·OH played a role 
in the open loop and chain scission. With the extension of 
oxidation time, small molecules such as CO2 and H2O were 
generated, and the color of the dye was faded.

3.1.2. FT-IR spectrum analysis

It could be seen from Fig. 2(b) that the sample at 1,568–
1,458 cm–1 was the C=C stretching vibration absorption 
peak of typical skeleton of benzene ring. It usually had four 
peaks, but the four peaks did not always appear at the same 
time. The peaks at 1,039, 1,073 and 3,445 cm–1, respectively, 
corresponded to –SO3Na vibration, C=O stretching vibra-
tion and –NH vibration. The vibration absorption peak of 
C=C band of benzene ring skeleton appeared at 1,643 cm–1 

after 30 min of degradation, namely the peak was moved to 
takanami. It indicated that a great conjugated system of the 
molecules had become a relatively small benzene ring sys-
tem. The characteristic peak of –SO3Na shifted to 1,137 cm–1, 

Table 1 
Experimental range and levels of independent variables

Variables Symbols Range and level
Low 
(–1)

Center 
(0)

High 
(+1)

pH X1 1 6.5 12
Mole ratio ([H2O2]/[Fe2+]), mol/mol X2 20 90 160
Initial concentration, mg.L–1 X3 20 110 200
Ozone flux, L.h–1 X4 16 38 60



Y. Shen et al. / Desalination and Water Treatment 65 (2017) 313–326316

and the characteristic peak of –NH shifted to 3,448 cm–1. 
Despite the existence of the peak type, the amplitude of 
the peak was greatly reduced. The C=O peak disappeared, 
which demonstrated that it had already been attacked by 
·OH. For anthraquinone dyes, once the C=O band was bro-
ken, its adjacent benzene ring would be easily oxidized to 
open loop. 

3.2. Degradation analysis of C.I. Acid Blue 25

3.2.1. Effect of initial pH

The effects of different initial pH of C.I. Acid Blue 25 on 
the treatment of O3/Fenton were seen in Fig. 3(a). When the 
initial pH increased, the decolorization rate of C.I. Acid Blue 
25 and the removal rate of COD presented decreasing ten-
dency, respectively. For example, when the pH was 3, the 
decolorization rate of C.I. Acid Blue 25 was higher than 95% 
at 4 min, and the removal rate of COD reached 72.44% at 
20 min. Thus, it could be seen that the decolorization rate of 
C.I. Acid Blue 25 and the removal rate of COD were obvious 
under the acid condition in O3/Fenton system. 

3.2.2. Effect of mole ratio of [H2O2]/[Fe2+] 

The effects of different mole ratio of [H2O2]/[Fe2+] on the 
O3/Fenton combination treatment were seen in Fig. 3(b). 
As the mole ratio of [H2O2]/[Fe2+] increased, the decoloriza-
tion rate of C.I. Acid Blue 25 and the removal rate of COD 
increased at the beginning and dropped later. Thus, it could 
be seen that the mole ratio of [H2O2]/[Fe2+] affected the decol-
orization rate of C.I. Acid Blue 25 and the removal rate of 
COD. When the mole ratio of [H2O2]/[Fe2+] was 40:1, the 
decolorization rate of C.I. Acid Blue 25 and the removal rate 
of COD were the highest. The decolorization rate of C.I. Acid 
Blue 25 reached 98.73% at 4 min. In addition, the removal 
rate of COD reached 89.15% at 20 min. Therefore, the decol-
orization rate of C.I. Acid Blue 25 and the removal rate of 
COD were the highest when the mole ratio of [H2O2]/[Fe2+] 
was 40:1.

3.2.3. Effect of initial concentration of AB25

The effects of different initial concentration on the 
O3/Fenton combination technology treatment were seen 
in Fig. 3(c). As the initial concentration of C.I. Acid Blue 25 
increased, the decolorization rate of C.I. Acid Blue 25 and 
the removal rate of COD showed the tendency of decrease. 
At 4 min, when the initial concentration of C.I. Acid Blue 25 
was 20 mg.L–1, the decolorization rate of C.I. Acid Blue 25 
reached 99.64%, which was higher than the decolorization 
rate of other initial concentration. However, the differences 
were not obvious between 20 and 50 mg.L–1. The removal 
rate of COD reached 75.48% when the reaction time was 
20 min. Therefore, it could be seen that it was better for the 
degradation of C.I. Acid Blue 25 and removal rate of COD by 
O3/Fenton system under low concentration. 

3.2.4. Effect of ozone flux 

The effects of different ozone flux on O3/Fenton combi-
nation technology treatment were seen in Fig. 3(d). As the 
ozone flux increased, the decolorization rate of C.I. Acid Blue 
25 and the removal rate of COD both showed the tendency 
of increase. When the reaction time was 4 min, the decolor-
ization rate of C.I. Acid Blue 25 reached 98.88% at ozone flux 
of 52 L.h–1, and it was a little higher than 98.66% at ozone 
flux of 36 L.h–1. Therefore, continuously increasing the ozone 
flux was not meaningful for the further promotion of the 
decolorization rate of C.I. Acid Blue 25. When ozone flux was 
60 L.h–1, the removal rate of COD reached 86.37% at 20 min. 
It followed that O3/Fenton combination technology was more 
helpful for the decolorization rate of C.I. Acid Blue 25 and 
the removal rate of COD when the ozone flux was increased. 

3.3. Optimization analysis on the degradation of C.I. Acid Blue 25 
by RSM

3.3.1. The selections of factors and test plans

O3/Fenton combination technology was used to deal with 
the simulated wastewater of C.I. Acid Blue 25. The effects of 
degradation by initial pH, mole ratio of [H2O2]/[Fe2+] and ini-
tial concentration ozone flux were studied, and X1, X2, X3 and 
X4 were adopted to represent them, respectively. –1, 0, and 1 
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ferent degradation time and (b) infrared spectroscopy of before 
and after degradation of C.I. Acid Blue 25.
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were chosen as low, medium and high level of the indepen-
dent variables [35], and the decolorization rate of C.I. Acid 
Blue 25 was used as response values.

The main effects and interactions of the decolorization 
rate of C.I. Acid Blue 25 by four factors involving initial con-
centration, initial pH, mole ratio of [H2O2]/[Fe2+] and ozone 
flux were analyzed. BBD was utilized to design the optimi-
zation experiment, and five parallel experiments under the 
condition of the center value were conducted. Experimental 
range and levels of independent variables were listed in 
Table 1. The experiments were operated at room temperature 
for 4 min, and the decolorization rates of C.I. Acid Blue 25 
were measured. By building the model, the optimal condi-
tions of O3/Fenton combination technology dealing with C.I. 
Acid Blue 25 in the limited range could be achieved.

3.3.2. The establishment of the model equation and significant 
analysis

The results of Box-Behnken experiment about degrada-
tion of C.I. Acid Blue 25 were listed in Table 2. Design-Expert 

8.0 was used to analyze the results of Table 2. The four sig-
nificantly independent variables (X1, X2, X3 and X4) and the 
mathematical relationship describing the response of these 
variables could be approximated by the following quadratic 
polynomial equation:

η 1= − − − + −
+ +
94 37 3 94 1 26 1 71 4 1 0 60
1 35 2 41

2 3 4 1 2

1 3

. . . . . .
. .

X X X X X X

X X X11 4 2 3 2 4

3 4 1
2

2
2

3
2

0 13 0 47
1 28 0 11 1 62 0 66 3

X X X X X

X X X X X

+ −

+ + − − −

. .
. . . . .003 4

2X

� (2)

From Table 3, the effects of the independent variables 
X1, X3, X4, X1X4 and X4

2 were obvious (p values < 0.05). That 
was to say, the square effect of ozone flux was obvious 
while the effects of other factors were not obvious. The p 
value was 0.0001 via variance analysis, and it showed that 
the effects were very obvious. The results of variance anal-
ysis showed that the order of the four influence factors was 
ozone flux > initial pH > initial concentration > mole ratio 
of [H2O2]/[Fe2+]. The measured values were close to the 
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Fig. 3. Effects of factors on the decolorization rate of C.I. Acid Blue 25 and removal rate of COD: (a) initial pH: c0 = 100 mg.L–1, [H2O2]/
[Fe2+] = 40:1, q(O3) = 28 L.h–1, T = 298 K; (b) mole rate [H2O2]/[Fe2+]: c0 = 100 mg.L–1, pH = 3, q(O3) = 28 L.h–1, T = 298 K; (c) initial concentra-
tion: pH = 3, [H2O2]/[Fe2+] = 40:1, q(O3) = 28 L.h–1, T = 298 K; and (d) ozone flux: pH = 3, c0 = 100 mg.L–1, [H2O2]/[Fe2+] = 40:1, T = 298 K.
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predicted values. Therefore, the model could be used to 
optimize the degradation. The coefficient of variation was 
2.39%. It indicated that the credibility and precision of the 
experiment were high. 

3.3.3. The response surface analysis of interaction factors of 
degradation

3.3.3.1. The interactions between initial pH and mole ratio of 
[H2O2]/[Fe2+] The response surface and contour plots of the 
effects between initial pH and mole ratio of [H2O2]/[Fe2+] on 
the decolorization rate of the C.I. Acid Blue 25 were seen in 
Fig. 4. The interactions between initial pH and mole ratio of 
[H2O2]/[Fe2+] were not obvious. However, because the slope of 
the curved surface of initial pH was greater than that of mole 
ratio of [H2O2]/[Fe2+], the effect of initial pH on the decolor-
ization rate of C.I. Acid Blue 25 was greater than that of mole 

ratio of [H2O2]/[Fe2+]. As it was seen in Fig. 4(b), the mole ratio 
of [H2O2]/[Fe2+] kept invariable; the decolorization rate of C.I. 
Acid Blue 25 increased with the decreasing of the pH value. 
The degradation effects in acid condition were significantly 
higher than those in alkaline condition. 

3.3.3.2. The interactions between initial concentration and 
ozone flux The interactions between initial concentration 
and ozone flux were obvious in Fig. 5. Because the slope 
of curved surface of ozone flux was greater than that of 
the initial concentration, the effect of initial concentration 
on the decolorization rate of C.I. Acid Blue 25 was greater 
than that of ozone flux. From Fig. 4, it meant that when the 
initial pH and mole ratio of [H2O2]/[Fe2+] were at the center 
value, and initial concentration kept in a certain degree; 
the decolorization rate of C.I. Acid Blue 25 increased as the 
ozone flux increased. When ozone flux reached 38 L.h–1, 
the increasing rate slowed down. As a result, ozone would 
give priority to reacting with the pollutant that reacted 
fast. Therefore, it demonstrated that ozone oxidation had 
certain selectivity. The pollutants that reacted slowly were 
hard to be treated [22].

3.3.3.3. The interactions between initial pH and initial con-
centration Fig. 6 showed that the interactions between ini-
tial pH and concentration were obvious. Because the slope 
of curved surface of initial pH was obviously greater than 
that of initial concentration, the effects of initial pH on the 
decolorization rate of C.I. Acid Blue 25 were greater than 
that of initial concentration. When the initial concentration 
kept invariable, the decolorization rate of C.I. Acid Blue 25 
increased with the decrease of pH. Zhu et al. [27] put forward 
that the efficiency was affected because of high pH. H2O2 in 

Table 2 
Box-Behnken design experiments and experimental results

Run Coded levels Decolorization rate (η)
X1 X2 X3 X4 Actual, % Predicted, %

1 –1 0 1 0 96.44 94.69

2 1 0 1 0 91.07 89.51
3 0 0 –1 –1 90.25 89.57
4 0 0 0 0 94.27 94.37
5 0 –1 0 1 93.93 95.55
6 0 0 0 0 94.48 94.37
7 0 –1 1 0 89.14 91.50
8 0 –1 0 –1 87.12 86.41
9 0 1 0 –1 86.84 84.83
10 0 0 1 1 95.35 94.34
11 1 1 0 0 88.77 87.05
12 0 1 1 0 87.10 89.24
13 0 1 –1 0 92.70 92.41
14 1 0 0 1 92.18 94.01
15 0 1 0 1 91.77 92.09
16 0 –1 –1 0 95.27 95.19
17 0 0 –1 1 96.70 95.22
18 –1 –1 0 0 97.41 97.45
19 0 0 0 0 93.93 94.37
20 –1 1 0 0 94.57 96.14
21 0 0 0 0 94.55 94.37
22 –1 0 0 –1 93.46 93.70
23 0 0 1 –1 83.79 83.59
24 –1 0 0 1 98.36 97.08
25 1 –1 0 0 94.02 90.78
26 1 0 –1 0 88.89 90.24
27 1 0 0 –1 77.64 81.00
28 –1 0 –1 0 99.64 100.81
29 0 0 0 0 94.61 94.37

Table 3 
ANOVA results of removal rate for C.I. Acid Blue 25 using 
O3/Fenton process

Source Sum of 
squares

Degrees  
of  
freedom

Mean 
square

F 
value

p 
value

Model 553.61 14 39.5 8.86 0.0001 Significant
X1 186.38 1 186.38 41.74 <0.0001
X2 19.1 1 19.1 4.28 0.0577
X3 35.2 1 35.2 7.89 0.0139
X4 201.76 1 201.76 45.18 <0.0001
X1X2 1.45 1 1.45 0.32 0.5778
X1X3 7.25 1 7.25 1.62 0.2232
X1X4 23.2 1 23.2 5.19 0.0389
X2X3 0.068 1 0.068 0.015 0.9036
X2X4 0.89 1 0.89 0.2 0.6623
X3X4 6.52 1 6.52 1.46 0.2470
X1

2 0.072 1 0.072 0.016 0.9009
X2

2 17 1 17 3.82 0.0710
X3

2 2.84 1 2.84 0.64 0.4386
X4

2 59.5 1 59.5 13.31 0.0026
Note: R2 = 0.8985.
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Fig. 4. Response surface (a) and contour plots (b) for the degradation effect of C.I. Acid Blue 25 vs. experimental initial pH (X1) and 
mole ratio of [H2O2]/[Fe2+] (X2). Actual factor: c0 = 110 mg.L–1 and q(O3) = 38 L.h–1, 4 min treatment.
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Fig. 5. Response surface (a) and contour plots (b) for the degradation effect of C.I. Acid Blue 25 vs. experimental initial dye concentra-
tion (X3) and ozone flux (X4). Actual factor: pH = 6.50 and [H2O2]/[Fe2+] = 90:1, 4 min treatment.
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Fig. 6. Response surface (a) and contour plots (b) for the degradation effect of C.I. Acid Blue 25 vs. experimental initial pH (X1) and 
dye concentration (X3). Actual factor: [H2O2]/[Fe2+] = 90:1 and q(O3) = 38 L.h–1, 4 min treatment.
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Fenton was decomposed too fast at high pH, which caused 
that organic matter could not be oxidized effectively. 

3.3.3.4. The interactions between mole ratio of [H2O2]/[Fe2+] 
and ozone flux As could be seen in Fig. 7, when initial pH 
and initial concentration were at center value, and the mole 
ratio of [H2O2]/[Fe2+] increased, the decolorization rate of C.I. 
Acid Blue 25 increased at the beginning and dropped later. 
The optimal value of the mole ratio of [H2O2]/[Fe2+] was about 
50:1. The existence of Fe2+ could accelerate the generation of 
·OH. However, hydroxyl radicals would be captured by the 
reaction with the surplus Fe2+. In addition, the formed Fe3+ 
could react with H2O2 to generate Fe2+ and hydroperoxyl rad-
icals (HO2·) in solution [36–38]. Because the H2O2 was con-
sumed, it made the oxidization inefficient. Therefore, there 
must be an optimal value of mole ratio of [H2O2]/[Fe2+] in the 
Fenton oxidizing technology. 

3.3.3.5. The interactions between initial pH and ozone 
flux Fig. 8 illustrated that the effects of initial pH on the 
decolorization rate of C.I. Acid Blue 25 were smaller than 
that of ozone flux. The decolorization rate of C.I. Acid Blue 
25 decreased with the increase of the initial pH. The pH was 
a significant factor affecting the Fenton reaction. Klamerth 
et al. [39] reported that high degradation efficiency could be 
obtained when pH was 3 in photo-Fenton. The results above 
corresponded with the optimized result in this paper. Sim-
ilarly, high degradation efficiency was also obtained at pH 
3 in O3/Fenton. At the mole ratio of [H2O2]/[Fe2+] of 90:1 and 
ozone flux of 38 L.h–1, the decolorization rate of C.I. Acid Blue 
25 increased as pH decreased when the initial concentration 
kept invariable. As could be seen from Fig. 8, when the pH 
was low (2–4), the decomposition rate of H2O2 increased 
slowly. The Fenton reaction also played an important role in 
oxidizing pollutants. Thus, higher treatment efficiency could 
be obtained at relatively low pH.
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Fig. 7. Response surface (a) and contour plots (b) for the degradation effect of C.I. Acid Blue 25 vs. experimental mole ratio of 
[H2O2]/[Fe2+] (X2) and ozone flux (X4). Actual factor: pH = 6.50 and c0 = 110 mg.L–1, 4 min treatment.
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Fig. 8. Response surface (a) and contour plots (b) for the degradation effect of C.I. Acid Blue 25 vs. experimental initial pH (X1) and 
ozone flux (X4). Actual factor: [H2O2]/[Fe2+] = 90:1 and c0 = 110 mg.L–1, 4 min treatment.
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3.3.3.6. The interactions between mole ratio of [H2O2]/[Fe2+] 
and initial concentration Fig. 9 showed that the slope of 
response surface of initial concentration was greater than that 
of mole ratio of [H2O2]/[Fe2+]. Thus, the effect of initial con-
centration on the decolorization rate of C.I. Acid Blue 25 was 
more obvious than that of mole ratio of [H2O2]/[Fe2+] during 
degradation process. When initial pH and ozone flux were 
at the center value, as the mole ratio of H2O2 increased, the 
decolorization rate of C.I. Acid Blue 25 showed a tendency 
of increase at the beginning and decrease later. Little amount 
of FeSO4.7H2O was not beneficial to generate ·OH during 
the degradation process. Thus, the catalytic activity was 
restricted. In contrast, if the additive amount of FeSO4.7H2O 
was too much, Fe2+ would be oxidized to generate Fe3+, which 
led to form precipitation. And the catalytic effect was also 
reduced. Therefore, when the mole ratio of [H2O2]/[Fe2+] was 
40:1, it could be helpful for the catalysis. 

3.3.4. Verification experiment

Considering the degradation efficiency and processing 
cost comprehensively, the Design Expert software was used 
to study optimal research. As could be seen in Table 4, the 
decolorization rate of C.I. Acid Blue 25 was 96.67% at 4 min 
in O3/Fenton system under the optimal conditions that pH 
of 5.48, [H2O2]/[Fe2+] of 45.47, c0 of 55.08 mg.L–1 and q of 
42.06 L.h–1. By validating the results by parallel experiment, 
the decolorization rate was 96.39%, and the deviation with 
the model prediction was only 2.90%. 

3.4. Mechanism analysis of C.I. Acid Blue 25

3.4.1. Possible degradation pathway

Intermediate products were detected by GC/MS during 
the degradation process. UV-Vis and FT-IR analyses as 
assisted technique were used to study degradation mech-
anism during the oxidation process. The GC/MS chromato-
gram of intermediates of C.I. Acid Blue 25 in O3/Fenton 

degradation system could be seen in Supplementary mate-
rial. Based on the study above, a plausible mineralization 
pathway and main intermediate products for degradation 
of C.I. Acid Blue 25 by O3/Fenton system were illustrated 
in Fig. 10. Decomposition of C.I. Acid Blue 25 was firstly 
initiated by the cleavage of –C–N– and was cleavaged into 
1-amino anthraquinone (A1), aniline (B1) and Na2SO4 as 
possible intermediates. Owing to the attacks of hydrogen 
radical and the oxidization, A1 was turned into 1-hydroxy 
anthraquinone (A2). Under the influence of the ·OH and 
aqueous solution, A2 was then transformed into compound 
1,3-indanedione (A3). Then A3 was oxidized into phthalic 
acid (A4); finally, A4 was degraded into CO2 and H2O. B1 was 
transformed into phenol (B2). B2 was turned into the com-
pound hydroquinone (B3) or catechol (B4). B3 or B4 could be 
converted into p-benzoquinone (B5). The ring C=C of B5 was 
broken down into the compound maleic acid (B6). B6 was 
turned into oxalic acid (B7), and B7 was oxidized into formic 
acid (B8). Finally, B8 was degraded into CO2 and H2O [40].

3.4.2. Mechanism analysis of main intermediates

Degradation of C.I. Acid Blue 25 was considered to 
proceed according to ionic/radical mechanism of O3/Fenton. 
Alternative pathways may be tried to explain the formation of 
some species [40]. The first process was showed in Fig. 11(a) 
that the C.I. Acid Blue 25 underwent the “Bucherer reaction” 
and was degraded into some species that included A1 and B1. 
From Fig. 11(b), the second process illustrated that A2 could be 
generated as result of a direct ozone attack or due to a hydroxyl 
radical attack on A1. It could be seen from Fig. 11(c) that A3 
could be formed through an attack of the hydroxyl radical on 
supposed ring cleavage of A2 in third process. The fourth pro-
cess in Fig. 11(d) showed that A4 could be formed through an 
attack of the hydroxyl radical on supposed ring cleavage of A3 
followed by a decarboxylation reaction. The successive oxida-
tion of A4 produced carbon dioxide and water [41]. As could 
be seen from Fig. 11(e), in the fifth process, B2 could be formed 
through an attack of the hydroxyl radical on B1. Similarly, 
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Fig. 9. Response surface (a) and contour plots (b) for the degradation effect of C.I. Acid Blue 25 vs. experimental mole ratio of 
[H2O2]/[Fe2+] (X2) and initial dye concentration (X3). Actual factor: pH = 6.50 and q(O3) = 38 L.h–1, 4 min treatment.
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the formed B3 and B4 could be regarded as result of a direct 
ozone attack or as due to hydroxyl radical attacking on B2. The 
sixth process was showed in Fig. 11(f). The intermediate prod-
ucts M1 could be formed through an “anomalous ozonation” 
of B5, the decarboxylation of supposed α-keto acid intermedi-
ate products M1 could be used to explain the formation of B6. 
B7 was generated after B6 underwent the successive repetition 
reaction (1) and (2). Then B7 was degraded into carbon dioxide 
and water [42]. From Fig. 11(g), the seventh process suggested 
that the formed B7 could be reported as result of a direct ozone 
attack or as due to hydroxyl radical attacking on B4 followed 
by oxidization. 

3.5. Comparison of works by different AOPs

The comparative table, where the trend of studies done 
by different AOPs was displayed, has been presented. The 
comparisons of degradation for C.I. Acid Blue 25 on differ-
ent AOPs were showed in Table 5. Ghodbane and Hamdaoui 
[43] reported that the decolorization rates of C.I. Acid Blue 
25 reached 84% and 70% under UV/H2O2 and UV/Fe2+ after 
8 min. In the study of Grcic et al. [44], when UV/Fenton sys-
tem was applied to treat C.I. Acid Blue 25, more than 90% 
of total organic carbon (TOC) and 100% of decolorization 
rate were obtained after 60 min. However, in our paper, the 
complete decolorization could be received after 5 min, and 
79 % of COD removal rate was obtained after 20 min in by 
O3/Fenton system. By comparison, the O3/Fenton system has 
higher treating efficiency to degradation of C.I. Acid Blue 25 

Table 4
The optimum condition for degradation on C.I. Acid Blue 25

Number pH Mole 
ratio

Initial  
concentra-
tion (mg.L–1)

Ozone 
flux 
(L.h–1)

Decolor-
ization 
rate, %

1 6.5 90 110 38 94.3695

Selected

2 6.5 90 200 16 83.5904
3 6.5 20 20 38 95.1919
4 6.5 90 20 16 89.5696
5 6.5 20 110 16 86.4105
6 6.5 20 200 38 91.5047
7 5.06 78.78 24.4 16.42 91.733
8 6.41 68.95 118.51 24.39 90.6606
9 5.16 49.48 129.49 40.33 95.3467
10 6.59 56.51 31.54 41.22 95.9763
11 5.48 45.47 55.08 42.06 96.6664
12 6.33 76.28 137.13 23.72 89.8803
13 8.95 27.07 36.27 35.51 92.7134
14 7.89 51.89 181.82 28.72 89.0315
15 5.56 95.01 113.77 29.46 92.9726
16 5.19 56.89 121.76 38.58 95.2943
17 6.25 76.35 118.68 17.24 87.8865
18 9.75 28.56 196.05 24.94 85.3432
19 9.26 51.76 193.03 29.81 88.2695
20 4.21 34.89 113.73 41.66 96.2251
21 8.47 66.31 155.81 47.01 94.321
22 8.42 58.32 129.53 44.06 94.2916
23 9.99 96.72 134.43 32.78 89.8814
24 9.08 65.4 82.19 33.73 92.0885
25 6.51 47.88 148.57 27.16 90.4792
26 5.22 86.78 145.02 37.26 94.3076
27 8.56 41.99 38.32 45 94.8436
28 4.66 57.25 111.98 48.7 96.8010
29 9.04 24 130.63 39.58 92.6810
30 5.8 20.83 53.62 20.2 90.6839
31 7.9 97.24 37.87 31.72 92.5861
32 6.86 31.26 185.58 20.39 85.6154
33 5.45 63.48 39.8 19.31 91.9215
34 6.36 73.57 158.46 48.01 95.0975
35 7.72 52.02 154.52 33.49 91.6243
36 6.56 77.66 141.5 35 93.1249
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in shorter time. The paper also indicated that O3/Fenton sys-
tem, which was a developing technology, deserved further 
study.

4. Conclusions

In this paper, the complete decolorization for C.I. Acid 
Blue 25 in O3/Fenton system could be obtained, and the high-
est removal rate of COD reached 89.15% at 20 min. Then BBD 
experiment and response surface analysis were used to study 
each influence factor. The order of interaction factors of deg-
radation was ozone flux > pH > mole ratio of [H2O2]/[Fe2+]. 

Under the optimum conditions that pH of 5.48, [H2O2]/[Fe2+] 
of 45.47, c0 of 55.08 mg.L–1 and q(O3) of 42.06 L.h–1, the decolor-
ization rate reached 6.67%, and the deviation with the model 
prediction was 2.90%. 

By UV-Vis, FT-IR and GC/MS analyses, important inter-
mediates such as p-benzoquinone, aniline, catechol, hydro-
quinone, 1-amino anthraquinone and 1-hydroxy anthra-
quinone could be obtained. The alternative pathways of 
intermediates were proposed first and explained the deg-
radation process in detail. Degradation process of C.I. Acid 
Blue 25 indicated that both direct molecular ozone reaction 
and indirect radical reaction were involved in the O3/Fenton 
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system. During the tentative degradation, the main interme-
diates derived from the experiments could be decomposed 
and oxidized into small molecule acids like oxalic acids, and 
finally turned into CO2 and H2O.
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Supplementary material

The GC/MS chromatogram of intermediates of C.I. Acid Blue 25 in O3/Fenton system. 
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