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ABSTRACT

In this paper, photooxidative removal of C.I. Basic Red 46 (BR46) as a model organic pollu-
tant was investigated in the presence of UV/inorganic oxidants system. The aim of this
study was to evaluate the efficiency of hybrid oxidant system including inorganic oxidant
species such as persulfate (S2O

2�
8 ), peroxymonosulfate (HSO�

5 ), periodate (IO�
4 ), bromate

(BrO�
3 ), and chlorate (ClO�

3 ) under UV-C light irradiation. The effect of various inorganic
oxidants concentration in different reaction times was predicted and optimized in the pho-
tooxidation process using response surface methodology. It was found that the concentra-
tion of inorganic oxidants significantly affected the removal rate of BR46. Modeling results
showed that the predicted values of removal efficiency were found to be in good agreement
with the experimental results with a correlation coefficient (R2) of 0.9462. Optimization
results showed that maximum removal efficiency (95.51%) was achieved at the optimum
oxidants concentration: BrO�

3 of 118mg L−1, ClO�
3 of 24mg L−1, S2O

2�
8 of 1035mg L−1, HSO�

5

of 232mg L−1 and IO�
4 of 267mg L−1 in reaction time of 23min. Effect of oxidants concentra-

tion on the photooxidative removal of BR46 was estimated by the response surface and con-
tour plots. Furthermore, the photooxidative removal efficiency of hybrid oxidant system
mode was compared with individual processes. The obtained results clearly demonstrated
that experimental design approach was one of the useful and cost-effective methods for
modeling and optimizing the efficiency of UV/inorganic oxidants system. Mineralization
study showed 84.4% reduction in total organic carbon value after 90min of process.

Keywords: Inorganic oxidants system; Optimization; Oxidants concentration effect; Response
surface methodology; C.I. Basic Red 46

1. Introduction

The principle sources of environmental aqueous
contamination are dye pollutants, which are generally
non-biodegradable and resistant to destruction by
many formal methods [1,2]. Dye molecules are widely

used in paper printing, pharmaceutical, textile dyeing,
cosmetic, leather, and nutrition industries. A major
point of concern has been the removed dyes due
to their potential toxicity and visibility in running
waters [3,4]. Various physical, chemical, and biological
processes are used for treatment of these textile
dyes, including chemical precipitation and filtration,
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adsorption, coagulation, electrocoagulation, biological
degradation (biodegradation), ozonation, etc. [2,5].

The combination of inorganic oxidants and UV
radiation provides a strong oxidant system through
generation of by-products oxidants such as hydroxyl
free radicals, which react with many organic com-
pounds in water [6]. UV/inorganic oxidants exten-
sively used as an alternative method for removal of
various organic pollutants from aqueous solutions.
Recently, some reports are available about the photoox-
idation process in the presence of UV light/inorganic
oxidants such as decomposition of 2-Chlorobiphenyl
by IO�

4 and S2O
2�
8 [7], mineralization of Calcon by

S2O
2�
8 [8], degradation of Acid Orange 7 by HSO�

5 and
S2O

2�
8 [9], mineralization of Ponceau S by IO�

3 , BrO
�
3 ,

and S2O
2�
8 [10], degradation of 4-fluorophenol by

BrO�
3 , ClO�

3 , IO�
4 , and S2O

2�
8 [11], degradation of

4-chloro-2-methylphenol by BrO�
3 , ClO

�
3 , and IO�

4 [12],
photodefluoridation of pentafluorobenzoic acid by
BrO�

3 , ClO
�
3 , IO

�
4 , and S2O

2�
8 [13], decolorization of C.I.

Reactive Black 5 by IO�
3 , BrO

�
3 , and S2O

2�
8 [14], removal

of endosulfan by S2O
2�
8 and HSO�

5 [15] and degrada-
tion of antipyrine by S2O

2�
8 [16].

Although the photooxidation efficiency of individ-
ual oxidant systems in degradation of various organic
compounds has been studied in the above reports, the
efficiency of hybrid oxidant system including inor-
ganic oxidant species such as ClO�

3 , BrO�
3 , H2O2,

S2O
2�
8 , and IO�

4 has not yet been studied. Hybridizing
of various inorganic oxidants in photooxidation pro-
cess can give better results in comparison to the indi-
vidual processes, due to the synergistic effect of
generated different highly reactive radicals. Undergo-
ing photolysis or thermolysis in aqueous solution,
S2O

2�
8 decomposes to generate the reactive SO��

4 radi-
cals and HSO�

5 decomposes to generate reactive radi-
cals such as SO��

4 and •OH [17–20]. Undergo
photolysis in aqueous solution, IO�

4 decomposes to
generate the various highly reactive radical species
(O•−, •OH, IO3

• and IO4
•) and non-radical intermedi-

ates (O3, IO
�
4 , and IO�

3 ) [14]. Decomposition of ClO�
3 ,

BrO�
3 under photolysis in aqueous solution, generate a

number of various radical species such as •OH, O•−,
O�

2 , etc. [21,22]. Thus, the simultaneous use of a vari-
ety of inorganic oxidants can be associated with pro-
duction of various active radical species, and thereby
increase the efficiency of the photooxidation process.
In this study, a hybrid system of various inorganic
oxidants (such as BrO�

3 , ClO
�
3 , S2O

2�
8 , HSO�

5 , and IO�
4 )

in combined with UV−C irradiation was used for
estimation of photooxidative removal of BR46 as a
model organic pollutant. The effect of various
inorganic oxidants concentration was predicted and
optimized in the photooxidation process using RSM

technique. As the optimal concentration of each inor-
ganic oxidant in hybrid system is needed for showing
synergistic photooxidative effect, we can use response
surface methodology (RSM) as a mathematical and
statistical technique that is widely employed in pro-
cess optimizing and modeling. RSM technique is capa-
ble of analyzing the interactions of possible
influencing factors, and determining the optimum
region of the factors level just using minimum number
of designed experiments [23,24]. The effect of oxidants
concentration on the photooxidative removal of BR46
was established by the response surface and contour
plots. Furthermore, the photooxidative removal effi-
ciency of hybrid oxidant system mode was compared
with individual processes.

2. Materials and methods

2.1. Reagents

Potassium bromate (KBrO3), potassium peroxydi-
sulfate (K2S2O8), potassium peroxymonosulfate
(KHSO5), potassium chlorate (KClO3), and potassium
periodate (KIO4) were purchased from Merck Co.
(Germany). Characteristics and chemical structure of
cationic monoazo dye BR46 as a model pollutant from
textile industry is given in Table 1.

2.2. Experimental procedure

Photooxidation processes were carried out at room
temperature in a batch quartz reactor. Artificial irradi-
ation was provided by a 15W (UV-C) mercury lamp

Table 1
Characteristics and chemical structure of BR46

Other name Maxilon Red GRL−3
Molecular

formula
C18H24N6O4S

Molecular
mass

420 gmol−1

Absorption
maximum
(λmax)

530 nm

Structure
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(Philips, Holland) emitting around 254 nm, positioned
in top of the batch quartz reactor. In each run,
appropriate amounts of inorganic oxidants were
added in dye solution with fixed concentration of
BR46 (20mg L−1). Then the prepared solution was
transferred into the continuous stirred batch quartz
reactor and the lamp was switched on to initiate the
irradiation. Distance between UV lamp and the solu-
tion was maintained at 5 cm, in all the measurements.
At given irradiation time intervals, the samples (5mL)
were taken out, centrifuged (Sigma 2-16P), and then
BR46 concentration was analyzed by UV–vis spectro-
photometer (Rayleigh UV-1600) at λmax = 530 nm. All
experiments were performed in initial pH of dye solu-
tion (pH 6.1). The TOC measurements were carried
out using a TOC analyzer of Shimadzu TOC-VCSH
(Japan).

2.3. Experimental design

A central composite design (CCD) was used to
propose and estimate a mathematical model of the
photooxidation process behavior. Computational anal-
ysis of the experimental data was supported by the
Design-Expert (version 7) software. In order to evalu-
ate the effect of independent variables, six key factors
including various inorganic oxidants concentration
and reaction time were chosen and the photooxidative
removal efficiency of BR46 was selected as the
response. A total of 86 experiment runs were per-
formed in this work with 10 replications at the center
point. For statistical calculations, chosen variables
were converted into dimensionless ones (x1, x2, x3, x5,
x4, x6) with the coded values at levels: −2, −1, 0, +1,
+2. The experimental ranges and the levels of the cho-
sen variables are presented in Table 2. It should
be noted that the preliminary experiments were
performed to determine the extreme values of the
variables.

3. Results and discussion

In order to achieve UV/oxidants system with high
photooxidative removal efficiency, oxidants concentra-
tions in different reaction times were investigated and
optimized.

3.1. Model results for photooxidative removal of BR46 in
the presence of various inorganic oxidants

The mathematical relationship between the
response and these variables can be approximated by
the following second-order polynomial Eq. (1):

Y ¼ b0 þ b1x1 þ b2x2 þ b3x3 þ b4x4 þ b5x5 þ b6x6
þ b12x1x2 þ b13x1x3 þ b14x1x4 þ b15x1x5 þ b16x1x6
þ b23x2x3 þ b24x2x4 þ b25x2x5 þ b26x2x6 þ b34x3x4
þ b35x3x5 þ b36x3x6 þ b45x4x5 þ b46x4x6 þ b56x5x6
þ b11x

2
1 þ b22x

2
2 þ b33x

2
3 þ b44x

2
4 þ b55x

2
5 þ b66x

2
6

(1)

where Y is a predicted response of photooxidative
removal efficiency, b0 is the constant, b1, b2, b3, b4, b5,
and b6 are the regression coefficients for linear effects,
b12, b13, b14, b15, b16, b23, b24, b25, b26, b34, b35, b36, b45, b46,
and b56 are the regression coefficients for interaction
effects, b11, b22, b33, b44, b55, and b66 are the regression
coefficients for squared effects and xi is the coded
experimental levels of the variables.

The details of the designed experiments along with
experimental results and predicted values for photoox-
idative removal efficiencies of BR46 as function of oxi-
dants concentration in different reaction times are
shown in Table 3. Following the experimental design
presented in Table 3, an empirical relationship
between the response (Y) and independent variables
(x1, x2, x3, x5, x4, x6, see Table 2) was attained as
shown in Eq. (2):

Y ¼ 57:8þ 2:13x1 � 2:6x2 � 2:62x3 � 1:16x4 � 2:12x5
þ 6:66x6 � 1:5x1x2 þ 0:16x1x3 � 0:2x1x4 þ 0:17x1x5
þ 0:42x1x6 þ 0:19x2x3 þ 1:18x2x4 þ 0:17x2x5
� 2:64x2x6 � 1:47x3x4 þ 0:11x3x5 � 0:11x3x6
þ 0:83x4x5 � 1:28x4x6 � 0:95x5x6 þ 0:53x21 þ 3:27x22
þ 2:30x23 þ 0:89x24 þ 1:31x25 þ 1:23x26

(2)

Eq. (2) is used to predict the photooxidative removal
efficiencies of organic pollutant by the UV/inorganic
oxidants system with varied oxidants concentration
and reaction time within the selected experimental
ranges.

Table 2
Experimental ranges and levels of the variables

Variables
Symbol

Ranges and levels

xi –2 –1 0 +1 +2

[S2O
2�
8 ] (mg L−1) x1 0 200 550 900 1,100

[HSO�
5 ] (mg L−1) x2 0 200 550 900 1,100

[BrO�
3 ] (mg L−1) x3 0 200 550 900 1,100

[IO�
4 ] (mg L−1) x4 0 200 550 900 1,100

[ClO�
3 ] (mg L−1) x5 0 200 550 900 1,100

Reaction time (min) x6 7 10 15 20 23
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Table 3
The six-factor CCD matrix with the experimental and predicted responses

Concentration of oxidants (mg L−1)

Reaction time (min)

Removal (%)

Run S2O
2�
8 HSO�

5 BrO�
3 IO�

4 ClO�
3 Experimental (±0.5) Predicted

1 200 900 200 200 900 10 60.6 57.8
2 900 200 200 900 200 10 64.4 67.1
3 900 900 900 900 900 10 59.8 58.4
4 900 200 200 900 900 10 63.5 66.1
5 900 900 200 900 200 10 65.1 65.7
6 200 900 900 900 900 20 60.4 60.3
7 200 900 900 200 900 10 57.1 56.1
8 200 200 200 900 900 10 60.5 60.1
9 550 550 550 550 550 15 59 57.8
10 200 200 200 900 200 20 78.1 79
11 900 900 200 200 900 20 65.4 68.5
12 550 550 550 550 550 15 59 57.8
13 550 550 0 550 550 15 65.1 67.5
14 200 900 200 900 200 20 73.7 73.1
15 110 550 550 550 550 15 60.3 62.4
16 550 550 550 550 550 15 57.8 57.8
17 550 550 550 550 550 15 56.5 57.8
18 550 550 550 550 550 15 59.9 57.8
19 550 550 550 550 550 23 70.1 71.2
20 900 200 200 200 200 20 89.4 92.4
21 550 550 550 110 550 15 60.8 58.1
22 550 0 550 550 550 15 67.6 69.8
23 200 200 200 200 900 20 74.9 75.8
24 200 900 200 200 200 10 61.5 62.1
25 200 900 900 200 200 20 75.1 71.3
26 900 200 900 900 900 20 73.6 73.1
27 550 550 110 550 550 15 61.1 59.3
28 550 550 550 550 0 15 64.9 64.3
29 200 900 200 900 900 20 71.4 68.4
30 900 200 200 200 900 20 89.2 84.4
31 900 200 900 200 900 20 82.9 82.1
32 200 200 900 900 900 20 61.8 64.7
33 200 900 900 900 200 10 58.6 58.2
34 200 200 200 200 200 10 62.1 62.1
35 200 900 200 900 900 10 65.5 65.4
36 900 900 900 900 200 10 59.8 58.2
37 200 200 900 200 900 20 74.2 72.8
38 200 200 900 900 200 10 52.7 52.8
39 900 900 200 900 900 20 72.1 70.1
40 550 110 550 550 550 15 63.3 61.7
41 900 200 900 900 200 20 81 77.3
42 200 900 200 200 900 20 63.2 65.9
43 900 200 900 200 200 10 67.8 65.9
44 550 550 550 550 550 15 58 57.8
45 900 900 900 200 200 20 75.9 73.8
46 200 200 200 900 900 20 72.6 73.6
47 550 550 550 550 550 15 57.5 57.8
48 900 200 900 900 900 10 59.3 58.3
49 200 200 200 200 200 20 87.9 84.5
50 550 550 550 550 550 7 50.7 50.3
51 200 200 900 200 900 10 53.8 54.6

(Continued)
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The Pareto analysis is a method that gives more
significant information to interpret the results. This
analysis calculates the percentage effect of each factor
on the response, according to Eq. (3) [25,26]:

Pi ¼ b2iP
b2i

� �
� 100 ði 6¼ 0Þ (3)

The Pareto graph is displayed in Fig. 1. As can
be observed, among the variables, reaction time
(b6, 42.24%) and squared effect of [HSO�

5 ] (b22, 10.18%)
have the largest effect on photooxidative removal
efficiency of BR46.

Using resulted second-order polynomial equation
(Eq. (2)), the predicted values of photooxidative
removal of BR46 are plotted versus corresponding
experimental results in Fig. 2. Results confirm that the
predicted photooxidative removal efficiencies for BR46
as function of oxidants concentration and reaction
time from the model are in good agreement with the
experimental results.

Analysis of variance (ANOVA) of the quadratic
response surface model is a mean to test the signifi-
cance and adequacy of the model [27]. Table 4 shows
the ANOVA results for quadratic response surface
model. According to the ANOVA results, the regres-
sion model presents a high correlation coefficients

Table 3
(Continued)

Concentration of oxidants (mg L−1)

Reaction time (min)

Removal (%)

Run S2O
2�
8 HSO�

5 BrO�
3 IO�

4 ClO�
3 Experimental (±0.5) Predicted

52 900 200 200 200 900 10 66.2 64
53 900 900 200 200 200 20 73.3 75.8
54 900 900 900 900 900 20 59.9 62.6
55 200 200 900 200 200 10 56.1 59.1
56 0 550 550 550 550 15 57.2 55.7
57 900 200 200 900 200 20 85.9 86
58 550 550 550 0 550 15 58.4 61.8
59 900 900 200 200 900 10 60.1 58.7
60 200 900 900 200 200 10 58.8 59.8
61 200 900 900 900 900 10 55 57.8
62 900 200 200 200 200 10 72.4 68.2
63 200 900 200 900 200 10 64.2 66.4
64 200 900 900 900 200 20 61.4 64.5
65 200 200 900 900 900 10 55.9 51.6
66 200 200 900 200 200 20 82.7 81.1
67 200 200 200 200 900 10 55.7 57.1
68 900 900 200 900 200 20 78.6 74.2
69 550 550 550 550 110 15 56.4 57.6
70 900 900 900 900 200 20 62.3 66.2
71 900 900 900 200 900 10 56.1 57.5
72 900 200 900 900 200 10 58.2 58.7
73 900 900 200 900 900 10 63.6 65.5
74 550 550 550 550 550 15 56.7 57.8
75 550 550 550 550 550 15 58.8 57.8
76 900 200 900 200 200 20 85.6 89.5
77 200 200 900 900 200 20 68.7 69.6
78 900 900 200 200 200 10 63.2 62.3
79 900 900 900 200 200 10 59.8 60.6
80 900 200 200 900 900 20 81 81.3
81 900 900 900 200 900 20 70.1 66.9
82 200 900 200 200 200 20 72.7 74
83 200 900 900 200 900 20 63.1 63.7
84 900 200 900 200 900 10 59.1 62.1
85 550 550 550 550 550 15 56.9 57.8
86 200 200 200 900 200 10 63 61.6
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(R2 = 0.9462) for the photooxidative removal of BR46.
The value of R2 implies a satisfactory representation
of photooxidation process by the model. Adjusted R2

is also used to measure the goodness-of-fit between
model and experimental data. In the study, the effect
of independent variables, adjusted R2 values (0.9212),

Fig. 1. Pareto graph analysis ([BR46]0 = 20mg L−1, initial solution pH 6.1, and T = 25 ± 1˚C).

Fig. 2. Comparison between predicted and experimental removal (%) values ([BR46]0 = 20mg L−1, initial solution pH 6.1,
and T = 25 ± 1˚C).
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was very close to the corresponding R2 values. The F
value is the ratio between the mean square of the
model and the residual error, and indicates the signifi-
cancy of each controlled factor on the tested model
[28]. The F values for the model is 37.82 and the corre-
sponding p value is <0.0001. These results indicated
that the model was statistically significant and there is
only a 0.01% chance that the “model F value” could
occur due to noise.

3.2. Influence of various inorganic oxidants concentration
on photooxidation process as response surface and contour
plots

Response surface plots provide a method to pre-
dict the photooxidative removal efficiency for different
values of the tested variables. In addition, the contour
plots help in identification of the type of interactions
between oxidants concentration and reaction time. The
response surface and contour plots for various inor-
ganic oxidants concentration, while concentration of
four oxidant kept at their respective zero level and the
concentration of one oxidant varying within the exper-
imental ranges with reaction time, are obtained using
the statistical software to evaluate the interactive rela-
tionships between the selected factors and photooxida-
tive removal of BR46.

3.2.1. Influence of ClO�
3 concentration

The chlorate is an inorganic salt that functions as
an oxidizing agent particularly in the presence of
strong acid, which is used for various medical, veteri-
nary, and miscellaneous purposes. Chlorate anion is
unstable in water and decomposes to form hypochlo-
rite and oxygen and reacts readily with organic mate-
rials [21]. The decomposition of ClO�

3 under UV
irradiation is summarized in the following reactions
(Eqs. (4)–(9)):

ClO�
3 þ hm ! ClO� þO�

2 (4)

ClO�
3 þ hm ! ClO�

2 þO�� (5)

ClO�
3 þ hm ! ClO� þ e� (6)

ClO�
3 ! ClO�

2 þO2 (7)

O�� þHþ ! �OH (8)

ClO�
3 þ � OH ! ClO�

3 þOH� (9)

Fig. 3 shows the effect of ClO�
3 concentration (in the

range of 0–1,100mg L−1) and reaction time on
photooxidative removal of BR46, while concentration
of other oxidants kept at its respective zero level
(550mg L−1). As can be seen from the response surface
and contour plots, removal rate of BR46 decreased
with increasing the ClO�

3 concentration. An appropri-
ate concentration of ClO�

3 oxidant is necessary to
reaching high photooxidative removal rate of BR46.
The contour plots (Fig. 3) indicate that the highest
photooxidative removal rate (≥80%) is achieved when
ClO�

3 concentration is relatively less than 200mg L−1.

3.2.2. Influence of BrO�
3 concentration

Bromate is an inorganic disinfection in the mineral-
ization process with an oxidation potential of 1.4 V in
acidic medium [10]. Bromate under photolysis in
aqueous solution decompose to generate a number of
various radical species, BrO3

•, •OH, O•−, O�
2 , etc.

which the formation of these reactive species is
responsible for the photooxidative activity of bromate.
Zuo and Katsumura suggested Eqs. (10)–(15) as photo-
lytic decomposition mechanism of BrO�

3 under UV
irradiation [22].

BrO�
3 þ hm ! BrO� þO�

2 (10)

BrO�
3 þ hm ! BrO�

2 þO�� (11)

BrO�
3 þ hm ! BrO�

3 þ e� (12)

BrO�
3 ! BrO�

2 þO2 (13)

Table 4
ANOVA results of the response surface quadratic model for the photooxidative removal of BR46

Source of variations Sum of squares Degree of freedom Mean square F–value p–value

Regression 6,805.52 27 252.06 37.82 <0.0001
Residual 3,86.57 58 6.66
Total 7,192.09 85

Note: R2= 0.9463, adjusted R2 = 0.9212.
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O�� þHþ ! �OH (14)

BrO�
3 þ � OH ! BrO�

3 þOH� (15)

In order to find out the effect of BrO�
3 concentration

on photooxidative removal of BR46, the experiments
were carried out with BrO�

3 concentration varying in
the range of 0–1,100mg L−1 while concentration of
other oxidants kept at their respective zero level

(550mg L−1). Fig. 4 shows the effect of the BrO�
3 con-

centration on the photooxidative removal of BR46
established by the response surface and contour plots.
As can be seen from this figure, the increase in the
BrO�

3 concentration slightly declines the removal rate
of BR46 in aqueous solution. This slightly decreased
photooxidative removal of BR46 with BrO�

3 dose addi-
tion maybe a consequence of •OH radicals scavenging
by excessive BrO�

3 ions, according to Eq. (15). For all
concentrations of BrO�

3 oxidant, highest removal was

Fig. 3. The response surface and contour plots of photooxidative removal of BR46 as the function of chlorate concentra-
tion and reaction time ([BR46]0 = 20mg L−1, initial solution pH 6.1, and T = 25 ± 1˚C).
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obtained after reaction time of 23min. The contour
plots (Fig. 4) show that the optimum BrO�

3 concentra-
tion for highest photooxidative removal of BR46
(≥80%) is achieved when BrO�

3 concentration is less
than 220mg L−1 and reaction time is maintained at its
maximum values.

3.2.3. Influence of HSO�
5 concentration

Peroxymonosulfate is an inexpensive and effective
acidic oxidant for the transformation of a wide range
of organic compounds. Undergoing photolysis or ther-
molysis in aqueous solution, HSO�

5 decomposes to
generate reactive radicals such as SO��

4 and •OH
[17,18]. Moreover, unlike the symmetrical structure of
S2O

2�
8 , HSO�

5 is an unsymmetrical peroxide, which is
considered to be more easily activated than S2O

2�
8

[29,30]. Guan et al. confirmed the formation of SO��
4

and •OH in the UV/HSO�
5 system and found that the

rate of HSO�
5 photolysis into SO��

4 and •OH increased
with the value of pH at the range of 8–10 [31]. The
photolytic decomposition of HSO�

5 under UV irradia-
tion is summarized in the following reactions (Eqs.
(16)–(21)) [17,18]:

HSO�
5 þ hm ! �OHþ SO��

4 (16)

�OHþHSO�
5 ! H2Oþ SO��

5 (17)

SO��
4 þHSO�

5 ! HSO�
4 þ SO��

5 (18)

SO��
5 þ SO��

5 ! S2O
2�
8 þO2 (19)

SO��
5 þ SO��

5 ! 2SO��
4 þO2 (20)

SO��
4 þ SO��

4 ! S2O
2�
8 (21)

Fig. 5 shows the effect of the HSO�
5 concentration and

reaction time on the photooxidative removal of BR46
while concentration of other oxidants was kept at their
respective zero level (550mg L−1). In order to find out
the effect of HSO�

5 concentration on photooxidation
process, the experiments were carried out with HSO�

5

concentration varying in the range of 0–1,100mg L−1.
As can be seen from the response surface and contour
plots, photooxidative removal of BR46 decreased with
increasing the concentration of HSO�

5 . Possibly, the
employing of higher concentration of HSO�

5 ions from
desired concentration leads to generate the excessive
•OH radicals, which recombination of excessive •OH
radicals to forms less reactive H2O2 molecules and
thus decreases the rate of BR46 removal. It is obvious
in contour plots (Fig. 5) that the highest removal of

BR46 (≥90%) is achieved when HSO�
5 concentration is

relatively less than 200mg L−1 and reaction time is
maintained at its maximum values.

3.2.4. Influence of S2O
2�
8 concentration

Peroxydisulfate is a thermodynamically strong
oxidizing agent (with redox potential of 2.05 V) that
has been used as a sacrificial reagent and alternative
oxidant in the chemical oxidation of organic contami-
nants [19,32]. Reactions of peroxydisulfate with many
organic compounds is slow at normal temperature;
however, undergoing photolysis or thermolysis in
aqueous solution, S2O

2�
8 decomposes to generate the

free sulfate (SO��
4 ) oxidant [17,18]. This radical as a

very strong oxidizing agent (with redox potential of
2.6 V) can accelerate the reaction through producing a
rapid attack to any oxidizable agent [33].

Both sulfate and hydroxyl radicals are possibly
responsible for the degradation and mineralization of
organic compounds in the contaminated water, but
the SO��

4 radical is more efficient in destruction of
organic molecules than HO• radical [34]. The decom-
position of S2O

2�
8 under UV irradiation is summarized

in the following reactions (Eqs. (22)–(34)) [19,20,32,35]:

S2O
2�
8 þ heat=hm ð\270 nmÞ ! 2SO��

4 (22)

SO��
4 þ RH2 ! SO2�

4 þHþ þ RH� (23)

RH� þ S2O
2�
8 ! Rþ SO2�

4 þHþ þ SO��
4 (24)

SO��
4 þ RH ! R� þ SO2�

4 þHþ (25)

2R� ! RR ðdimerÞ (26)

SO��
4 þH2O ! HSO�

4 þ � OH ðk ¼ 500� 60 s�1Þ (27)

HSO�
4 ! Hþ þ SO2�

4 (28)

�OHþ S2O
2�
8 ! HSO�

4 þ SO��
4 þ 1

2
O2 (29)

SO��
4 þ � OH ! HSO�

4 þ 1

2
O2 (30)

2�OH ! H2O2 ðexpect in alkaline solutionÞ (31)

H2O2 ! H2Oþ 1

2
O2 ðmostly in acidic solutionÞ (32)

�OHþH2O2 ! H2OþHO�
2 (33)
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S2O
2�
8 þH2O2 ! 2Hþ þ 2SO2�

4 þO2 (34)

where R is an organic reagent.
SO��

4 and •OH radicals react with organic mole-
cules mainly by three different ways: hydrogen
abstracting from saturated carbon, hydrogen addition
to unsaturated or aromatic hydrocarbons, and electron
removing from anions [36].

In order to find out the effect of S2O
2�
8 concentra-

tion on photooxidative removal of BR46, the experi-
ments were carried out with S2O

2�
8 concentration

varying in the range of 0–1,100mg L−1 while concen-
tration of other oxidants kept at its respective zero
level (550mg L−1). Fig. 6 shows the effect of the S2O

2�
8

concentration and reaction time on the photooxidative
removal of BR46. It could be seen from this figure that
the increase in the S2O

2�
8 concentration from 0 to

1,100mg L−1 slightly improves the removal of BR46.
This improved photooxidative removal of BR46 can be
in consequence of more SO��

4 and •OH radicals genera-
tion, according to Eqs. (22) and (27). However, some
studies have reported that the employing of higher
concentration of S2O

2�
8 oxidant leads to generate the

excessive •OH radicals. Therefore, recombination of
excessive •OH radicals to form less reactive H2O2 mol-
ecules (Eq. (31)) [32,35,37]. On the other hand, photo-
oxidative removal of BR46 increased with increasing
reaction time. For all concentrations of S2O

2�
8 oxidant,

highest removal was obtained after reaction time of
23min. It is obvious in Fig. 6 that oxidant concentra-
tion effect on BR46 removal is less significant relative
to the reaction time. The contour plots (Fig. 6) show
that the optimum S2O

2�
8 concentration for highest pho-

tooxidative removal of BR46 (≥80%) is achieved when
S2O

2�
8 concentration is relatively higher than 900mg

L−1 and reaction time is maintained at its maximum
values.

3.2.5. Influence of IO�
4 concentration

Periodate was described as an inorganic oxidant
which can rapidly oxidize a wide range of organic
compounds, that most of the organic compounds have
the amine, imine, or glycol group [7,38]. Periodate
under photolysis in aqueous solution decomposes to
generate a number of highly reactive radicals and
non-radical intermediates. Weavers et al. investigated
the photolytic decomposition mechanism of IO�

4 under
UV irradiation (254 nm), as given by Eqs. (35)–(42)
[39–41].

IO�
4 þ hm ! IO�

3 þO�� (35)

O�� þHþ ! � OH (36)

�OHþ IO�
4 ! OH� þ IO�

4 (37)

O3 þ IO�
3 ! IO�

4 þO2 (38)

2IO�
4 ! I2O8 (39)

I2O8 þH2O ! IO�
3 þ IO�

4 þ 2Hþ þO2 (40)

2IO�
3 ! I2O6 (41)

I2O6 þH2O ! IO�
4 þ IO�

3 þ 2Hþ (42)

The formation of various highly reactive radical spe-
cies (O•−, •OH, IO3

•, and IO4
•) and non-radical inter-

mediates (O3, IO�
4 , and IO�

3 ) is responsible for the
high activity of UV/IO�

4 [14]. These reactive radical
intermediates generated from photolysis of IO�

4 in
aqueous solution, attack the azo groups (N=N) of the
BR46 molecules and cause oxidative cleavage by free
radical pathways.

Fig. 7 shows the effect of IO�
4 concentration (in the

range of 0 to 1,100mg L−1) and reaction time on pho-
tooxidative removal of BR46, while concentration of
other oxidants kept at their respective zero level
(550mg L−1). As can be understood from the response
surface and contour plots, removal rate of BR46
slightly decreased with increasing the IO�

4 concentra-
tion. An appropriate concentration of IO�

4 oxidant is
necessary for reaching to high photooxidative removal
rate. The contour plots (Fig. 7) indicate that the high-
est photooxidative removal of BR46 (≥80%) is
achieved when IO�

4 concentration is relatively less
than 220mg L−1. Some studies have reported that
increasing the concentration of periodate in aqueous
solution leads to an increase in the number of radicals
formed and so higher removal rate of the organic
compound was achieved in a short time. However,
the presence of high concentration of IO�

4 oxidant in
solution may scavenge the hydroxyl radicals (Eq. (37))
and decrease the efficiency of photooxidation process
in BR46 removal.

From results of Figs. 3–5 and 7, we conclude that
in the case of ClO�

3 , HSO�
5 , BrO�

3 , and IO�
4 oxidant

agents, the optimal concentration is relatively less than
200mg L−1, while for S2O

2�
8 oxidant agent the optimal

concentration is relatively higher than 900mg L−1.
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3.3. Determination of optimal conditions for photooxidative
removal of BR46

The main objective in terms of photooxidative
removal efficiency was defined as “maximize” to
achieve optimum values of various inorganic oxidants
concentration. Design Expert as a response optimizer
software was used for the optimization of oxidants
concentration in the selected range (0–1,100mg L−1).
The optimal concentration of the inorganic oxidants
for the maximum photooxidative removal efficiency
with predicted and observed PR (%) is shown in

Table 5. The optimum values of oxidants concentra-
tion are 118, 24, 1,035, 232, and 267mg L−1 for BrO�

3 ,
ClO�

3 , S2O
2�
8 , HSO�

5 , and IO�
4 , respectively, in 23-min

reaction time. As consequent, experimental design
strategy can be a successful investigation to determine
the optimum values of inorganic oxidants concentra-
tion and can be an adequate modeling to predict pho-
tooxidative removal efficiency.

Furthermore, the photooxidative removal of BR46
in aqueous solution by hybrid oxidant system mode
was compared with individual processes (UV/BrO�

3 ,

Fig. 4. The response surface and contour plots of photooxidative removal of BR46 as the function of bromate concentra-
tion and reaction time ([BR46]0 = 20mg L−1, initial solution pH 6.1, and T = 25 ± 1˚C).
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UV/ClO�
3 , UV/S2O

2�
8 , UV/HSO�

5 and UV/IO�
4 ) in

optimized conditions. The experimental results are
presented in Fig. 8. A photooxidative removal of
95.51% was obtained in UV/hybrid oxidant system
mode versus 1.42, 8.31, 11.75, 36.54, 65.98, and
73.14% for individual direct photolysis, UV/ClO�

3 ,
UV/BrO�

3 , UV/HSO�
5 , UV/S2O

2�
8 , and UV/IO�

4 after
23min of reaction time. Therefore, the synergistic
effect was achieved by hybridizing of inorganic oxi-
dant system in photooxidation process than individ-
ual processes. Selvam et al. explained difference
between removal efficiency of 4-fluorophenol by
some oxidants (such as ClO�

3 , BrO�
3 , H2O2, S2O

2�
8

and IO�
4 ) through UV absorption spectra of each oxi-

dants. The UV absorption of these oxidants was
found to be in the order of KIO4> (NH4)2S2O8 >H2O2

> KBrO3 > KClO3. They reported that the higher
removal efficiency of IO�

4 is due to its high absorp-
tion of UV light, while ClO�

3 with least removal effi-
ciency has no UV absorption [11]. The same results
was found by Irmak et al. in photooxidative removal
of 4-chloro-2-methylphenol, they reported that the
oxidant with higher UV absorption is more effective
on degradation of organic compounds due to high
absorption of UV light leads to formation of reactive
radical species [12].

Fig. 5. The response surface and contour plots of photooxidative removal of BR46 as the function of peroxymonosulfate
concentration and reaction time ([BR46]0 = 20mg L−1, initial solution pH 6.1, and T = 25 ± 1˚C).
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3.4. Mineralization of BR46

Mineralization of BR46 by hybrid oxidant system
under optimized conditions was studied through dis-
appearance of UV–vis peaks and TOC loss. The absor-
bance of BR46 at λ = 254 nm is responsible for aromatic
ring content attached to the –N=N– group in the BR46
molecular structure [42,43]. The disappearance of
BR46 aromatic ring content in the aqueous solution
was measured using the band intensity at 254 nm after

23min irradiation time. The results showed 74.1%
reduction at 254 nm absorbance intensity, which indi-
cates degradation and mineralization of BR46 aromatic
ring. Also, to study the mineralization of BR46 by
hybrid oxidant system, the TOC measurements were
carried out at the initial BR46 concentration of
20mg L−1 (Fig. 9). The results of TOC showed 84.4%
reduction in the TOC value after 90min of irradiation
time.

Fig. 6. The response surface and contour plots of photooxidative removal of BR46 as the function of persulfate concentra-
tion and reaction time ([BR46]0 = 20mg L−1, initial solution pH 6.1, and T = 25 ± 1˚C).
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Fig. 7. The response surface and contour plots of photooxidative removal of BR46 as the function of periodate concentration
and reaction time ([BR46]0 = 20mg L−1, initial solution pH 6.1, and T = 25 ± 1˚C).

Table 5
Optimum values of various inorganic oxidants concentration and reaction time for maximum photooxidative removal of
BR46

Concentration of oxidants (mg L−1)

Reaction time (min)

PR (%)

S2O
2�
8 HSO�

5 BrO�
3 IO�

4 ClO�
3 Predicted Observed

1,035 232 118 267 24 23 96.19 95.51
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4. Conclusions

In this study, RSM employed to optimize and pre-
dict the individual and interaction effects of the vari-
ous inorganic oxidants in the photooxidation process.
The results showed that the predicted values of
removal efficiency were found to be in good consis-
tency with experimental results with a correlation
coefficient (R2) of 0.9462. Optimization results showed
that maximum photooxidative removal efficiency
(95.51%) was achieved at the optimum oxidants con-
centration: BrO�

3 of 118mg L−1, ClO�
3 of 24mg L−1,

S2O
2�
8 of 1,035mg L−, HO�

4 of 232mg L−1, and IO�
4 of

267mg L−1 in reaction time of 23min. A photooxida-
tive removal of 95.51% was obtained in UV/hybrid
oxidant system mode versus 1.42, 8.31, 11.75, 36.54,
65.98, and 73.14% for individual direct photolysis,
UV/ClO�

3 , UV/BrO�
3 , UV/HSO�

5 , UV/S2O
�2
8 , and

UV/IO�
4 after 23min of reaction time. Our results

clearly demonstrated that RSM technique with a CCD
was one of the useful and cost-effective methods in
modeling and optimizing the efficiency of UV/inor-
ganic oxidants system. TOC measurement showed
that the hybrid oxidant system could mineralize the
BR46 solution.

Fig. 8. Comparison of the photooxidative removal efficiency of hybrid oxidant system with individuals in optimized
conditions ([BR46]0 = 20mg L−1, initial solution pH 6.1, and T = 25 ± 1˚C).

Fig. 9. TOC decay during photooxidative removal of BR46 by hybrid oxidant system ([BR46]0 = 20mg L−1, initial solution
pH 6.1, and T = 25 ± 1˚C).
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