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a b s t r a c t
Modeling and optimization of decolorization of C.I. Reactive Orange 16 (RO16) via SO4

•– by response 
surface methodology (RSM) have been investigated. SO4

•– was generated in situ by activation of 
persulfate via UV irradiation. Planning of experimental runs was made by central composite design 
technique of RSM. A 24 full factorial design was applied to evaluate the interactive effects of process 
variables of Na2S2O8 dosage (X1, g L–1), initial dye concentration (X2, mg L–1), temperature (X3, °C) 
and time (X4, min) on decolorization efficiency considered as response (Y). A second-order model 
for decolorization of RO16 was obtained and the experimental results fitted the model predictions 
well. The optimum reaction conditions to obtain maximum decolorization efficiency was found as 
Na2S2O8 dosage of 1.60 g L–1, dye concentration of 31 ppm, temperature of 33°C and time of 66 min. 
Quenching studies showed that the main reactive radical was SO4

•–. The second-order reaction rate 
constant between SO4

•– and RO16 was found to be 1.36 × 109 M–1 s–1.

Keywords:  Reactive Orange 16; Sulfate radical; RSM; Decolorization; Optimization; Competition 
kinetics 

1. Introduction

Textile industry generates large volumes of wastewater 
due to consumption of nearly 21–377 m3 of water per ton of 
textile product. Besides a considerable amount and a variety 
of chemicals which are mainly inorganic salts and dyes are 
used during bleaching, dyeing or finishing processes of tex-
tile industry. Consequently, textile industry is considered as 
one of the most polluting industry with relatively high COD 
and low BOD values [1]. Reactive dyes are widely used in 
cotton dyeing process of textile industry because of their 
high washing fastness, bright colors and simple application 
procedure. The fixation efficiency of reactive dyes is between 
50% and 80%, resulting in the presence of 20% and 50% of 
unfixed dye in textile wastewater [2]. Discharge of colored 
wastewater to receiving water bodies even at small concen-
trations (1 mg L–1) causes non-aesthetic pollution and eutro-
phication [1,3,4]. In view of prevention of water pollution, 
remediation of wastewater originating from textile industry 
is of basic significance. Environmental considerations deeply 
involve the use of efficient treatment technologies to remove 

contaminants from textile wastewaters to meet stringent dis-
charge limits. Physical, chemical and biological methods have 
been considered for the remediation of textile wastewaters so 
far, but they do not always provide efficient and economi-
cal results [5–8]. Physical methods are non-destructive and 
involve further treatments. Biological methods are found to 
be inefficient to decompose poorly biodegradable contam-
inants [9–12]. In recent years, sulfate radical (SO4

•–) based 
chemical treatment technology has emerged as an alternative 
to established technologies. It seems reasonable to consider 
SO4

•– to oxidize water contaminants since it is a strong oxi-
dant with a high standard redox potential between 2.6 and 
3.1 V [13–17]. Azo dyes are characterized by the presence of 
–N=N– azo bond linking aromatic rings. They contribute to 
the largest groups of reactive dyes used to dye cotton, wool 
and polyamide fibers in textile industry. They are considered 
as non-biodegradable contaminants due to their compli-
cated and stable chemical structure. Therefore, applicability 
of SO4

•– based technology for degradation of azo dyes is an 
important approach to prevent water pollution. 
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SO4
•– can be generated in situ by activation of persulfate 

(S2O8
2–, PS) or peroxymonosulfate (HSO5

–, PMS) via ther-
mal, chemical or UV irradiation methods [18,19]. Reactions 
related with these methods are given in Table 1. Once SO4

•– is 
generated, organic contaminants (R) are degraded through 
radical chain reactions given in Eqs. (1)–(4) [23].

SO4
•– + RH2 → SO4

2– + H+ + RH•  (1)

RH• + S2O8
2– → R + SO4

2– + H+ + SO4
•– (2)

SO4
•– + RH → R• + SO4

2– + H+ (3)

2R• → RR (4)

In addition to activation of PS or PMS via thermal, 
chemical or UV irradiation methods, recently a novel method 
based on activation of sulfite with iron-based compounds 
has been reported to generate SO4

•–. Fe(II)-sulfite [25], 
photo-Fe(II)-sulfite [26–28] Fe0-sulfite [29], heterogeneous 
CoFe2O4-S(IV)-O2 [30] systems were investigated in the 
literature.

In an attempt to investigate and optimize process vari-
ables that affect the degradation or decolorization of azo 
dyes, experimental design methodology should be applied. 
Classical optimization methods involve ‘one factor at a time’ 
approach to study the effect of parameters. In these methods, 
a large number of experiments are required and interactive 
effect of variables cannot be examined. Response surface 
methodology (RSM), one of the experimental design meth-
ods, is a statistical tool for modeling and optimization of 
processes by considering individual and interactive effects 
of variables on response of interest with a reduced number 
of experimental runs [31].

In this study, decolorization of C.I. Reactive Orange 16 
(RO16), chosen as a model water contaminant, was investi-
gated via SO4

•– based process. RSM was employed to deter-
mine the effects of sodium peroxidisulfate (Na2S2O8) dosage, 
initial dye concentration, temperature and time individually 
and interactively upon response, that is, decolorization effi-
ciency. Besides, a model equation was established and opti-
mization of decolorization of RO16 was conducted. Under 
optimized conditions, decolorization of synthetic dye-bath 
effluent was also examined.

2. Experimental

2.1. Materials

Unless otherwise stated, all chemicals were of analyt-
ical grade and used without further purification. Na2S2O8 
(≥99.9%), tert-butyl alcohol (TBA, 99%) and HCl (37% w/w) 
were purchased from Merck. NaOH and ethanol (EtOH, 
absolute ≥99.8%) were purchased from Sigma-Aldrich. 
Phenol (Ph, 99.5%) was purchased from Carlo Erba. A com-
mercially available RO16 from DyStar was used as received 
and its properties are given in Table 2.

2.2. Experimental procedure

A cylindrical batch photoreactor with a water jacket 
was used for decolorization of RO16. The temperature of a 
reaction medium was adjusted by circulating water that was 
heated in the thermostated water bath (Nüve BS 302) through 
the water jacket of the photoreactor. Irradiation was provided 
with two 8 W UV-C lamps of (Philips) with a wavelength 
of 254 nm placed around the photoreactor. Aqueous RO16 
solution (500 mL) at desired concentration prepared by dilut-
ing stock solution was put into photoreactor and stirred for 
10 min under dark conditions. Then, Na2S2O8 at appropriate 

Table 1
Activation methods of persulfate (S2O8

2–) and peroxymonosulfate (HSO5
–) 

Activation Equation Contaminant Reference

Thermal S2O8
2– → 2SO4

•– Bisoprolol [20]
HSO5

– → OH• + SO4
•– Microcystin-LR [21]

Chemical S2O8
2– + Ag+ → Ag2+ + SO4

•– + SO4
2– 2,4-Dichlorophenol [22]

HSO5
– + Co2+ → Co3+ + SO4

•– + OH– 

UV irradiation S2O8
2– → 2SO4

•– Basic Yellow 2 [23]

HSO5
– → OH•– + SO4

•– Ciprofloxacin [24]

Table 2 
Characteristics of C.I. Reactive Orange 16

Structure

IUPAC name Disodium 6-acetamido-4-hy-
droxy-3-[(E)-(4-{[2-(sulfonatooxy) ethyl]
sulfonyl}phenyl)diazenyl]-2-naphthale-
nesulfonate

Chemical formula C20H17N3Na2O11S3

Molecular weight 617.54
λmax, nm 493
Color index 17,757
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amount was added to dye solution. The pH of the solution 
was adjusted using either dilute NaOH or HCl solutions and 
measured by a digital pH-meter (Hanna pH-221). Finally, 
reaction was initiated by switching on UV-C lamps. The reac-
tion mixture was stirred by magnetic stirrer (IKA RH KT/C) 
during the experiments. At a regular time intervals, samples 
were taken from the reaction medium to monitor decoloriza-
tion of RO16 spectrophotometrically. 

2.3. Analysis

RO16 concentration in the reaction medium was deter-
mined at maximum wavelength of 493 nm by means of a 
double beam Shimadzu UV-1700 Pharmaspec UV-Visible 
Spectrophotometer. The decolorization efficiency of the sam-
ples was calculated as follows (Eq. (5)) [32]: 

Decolorization(%) =
−C C

C
0

0

100×  (5)

where C0 and C are the initial and treated dye concentrations, 
respectively.

Phenol concentration was determined using Agilent 1100 
Series HPLC equipped with a C18 250 × 4.6 mm column and 
a diode array detector at a wavelength of 274 nm. The mobile 
phase was 20% acetonitrile and 80% water. The flow rate and 
injection volume were mL min–1 and 20 µL, respectively.

2.4. Experimental design approach

In this study, RSM was applied for modeling and optimiza-
tion of decolorization of RO16 via SO4

•– based process. Central 
composite design (CCD) technique of RSM is based on facto-
rial design and consists of factorial (–1, +1), axial (0, ±α) and 
central points (0, 0). In this study, the planning of experimen-
tal runs was made by using CCD and a 24 full factorial design 
was applied with six replicates at the center point. Na2S2O8 
dosage (X1, g L–1), initial dye concentration (X2, mg L–1), tem-
perature (X3, °C) and time (X4, min) were selected as indepen-
dent variables with five levels (–α, –1, 0, 1, +α). The expression 
of 2n + 2n + 6 results in total 30 experimental runs for four 
independent variables (n). Decolorization efficiency given by 
Eq. (5) was considered as response (Y). Independent variables 
with their coded levels are given in Table 3. 

Modeling and optimization of decolorization of RO16 via 
SO4

•– by RSM were performed using trial version of Design 
Expert software (Version 10, Stat-Ease Inc., Minneapolis, 
USA). The relationship between coded independent vari-
ables (x1, x2, x3, x4) and response is given by a quadratic model 
equation (Eq. (6)). 

Y b b x b x b x b x b x x b x x
b x x b x x b
o= + + + + + +

+ + +
1 1 2 2 3 3 4 4 12 1 2 13 1 3

14 1 4 23 2 3 224 2 4 34 3 4 11 1
2

22 2
2

33 3
2

44 4
2

x x b x x b x
b x b x b x

+ +

+ + +

 (6)

In this equation, b0 is a constant, b1, b2, b3, b4 are linear, b12, 
b13, b14, b23, b24, b34 are interaction and b11, b22, b33, b44 are qua-
dratic term coefficients. 

3. Results and discussion

3.1. Response surface modeling 

The first step in CCD is conducting the experimental runs 
with determined independent variables by considering their 
levels. Then, coefficients of the model equation are predicted 
to establish the model equation in order to estimate response. 
Later, significance and adequacy of model are tested by anal-
ysis of variance (ANOVA) results. Accordingly, in this study, 
experimental runs were conducted by considering experi-
mental design matrix with four factors of five levels given 
in Table 4. The quadratic model equation giving an empiri-
cal relationship between decolorization efficiency and inde-
pendent variables in coded values was obtained by multiple 
regression analysis on experimental data (Eq. (7)).

Y =  95.30 + 11.00x1 – 9.01x2 + 0.81x3 + 6.61x4 + 6.14x1x2  
+ 0.21x1x3 – 3.17x1x4 + 0.43x2x3 + 3.54x2x4 – 0.38x3x4  
– 7.60x1

2 – 1.63x2
2 + 1.81x3

2 – 2.31x4
2  

(7)

Table 5 reveals the ANOVA results of model. Statistical 
significance of the model can be evaluated by Fisher’s F test 
(F value) or probability value (p value, Prob. > F) with 95% 
confidence level. The model F value of 6.08 confirmed that 
the model was significant for RO16 decolorization and there 
was only 0.06% chance that a model F value could occur due 
to noise. The calculated p value less than 0.05 indicated that 
model terms were significant. In this study, p values implied 
that Na2S2O8 dosage (A), initial dye concentration (B) and 
time (D) had highly significant linear effects on decoloriza-
tion efficiency. Considering interactive and quadratic effects 
of variables, interaction between Na2S2O8 dosage and initial 
dye concentration (AB) and quadratic effect of Na2S2O8 dos-
age (A2) were significant according to their corresponding p 
values. 

The experimental vs. predicted decolorization efficiency 
values are shown in Fig. 1. Experimental values were 
obtained by measuring response in experimental runs, while 
predicted values were estimated by using model equation. As 
can be seen from Fig. 1, model equation sufficiently predicted 
response. Coefficient of determination (R2) value of model 
quantitatively indicates correlation between experimental 

Table 3
Independent variables with their coded levels

Independent 
variables

Assigned levels and ranges of variables
–α –1 0 1 +α

A: Na2S2O8 dosage 
(X1, g L–1)

0.1 0.9 1.7 2.5 3.3

B: Initial dye 
concentration 
(X2, mg L–1)

5 20 35 50 65

C: Temperature 
(X3, °C)

20 30 40 50 60

D: Time (X4, min) 10 30 50 70 90

α = =( ) /2 1 4 2n
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and predicted response values. It is expected that R2 value 
should be close to 1. In this study, R2 value of model was 
obtained as 0.8502, denoting that 85.02% of variability in 
response, that is, decolorization efficiency can be explained 
by the model.

Figs. 2–4 reveal contour plots (2D) and response surfaces 
(3D) of the interactive effects of variables on response. These 
plots were obtained by Design Expert software to indicate 
the effects of any two variables with a numerous combina-
tions, while keeping the other constants at their central level. 
Figs. 2(a) and (b) show the interactive effect of Na2S2O8 dos-
age and initial dye concentration considered as main vari-
ables according to ANOVA results at 40°C and reaction time 
of 50 min. As is evident from Fig. 2, when Na2S2O8 dosage is 
in the range of 1.4–2.5 g L–1 and at initial dye concentration 
below about 32 mg L–1, 100% of decolorization efficiency was 
obtained. An increase in initial dye concentration beyond 
32 mg L–1 resulted in a considerable decrease in decolor-
ization efficiency at low Na2S2O8 dosages. Decolorization 
efficiency increased with increasing Na2S2O8 dosages and 
decreasing initial dye concentration. As Na2S2O8 dosage 

increases, more SO4
•– and OH• are generated according to 

Eqs. (8) and (9), resulting in the improvement of efficiency 
[33]. OH• is another strong oxidant with a standard redox 
potential of 2.8 V [34].

S2O8
2– → 2SO4

•– (8)

SO4
•– + H2O → H+ + SO4 

2– + OH• (9)

Figs. 3(a) and (b) illustrate the interactive effect of 
Na2S2O8 dosage and temperature at initial dye concentra-
tion of 35 mg L–1 and reaction time of 50 min. The lines of 
contour plot (Fig. 3(a)) indicate that at low Na2S2O8 dosage 
values, lower decolorization efficiency was obtained with all 
selected temperature range (30°C–50°C). However, decolor-
ization efficiency increased upon increasing Na2S2O8 dosage 
even at 30°C. These results revealed that Na2S2O8 dosage has 
more pronounced effect than temperature on decolorization 
efficiency. The thermal activation of S2O8

2– is achieved above 
40°C and as expected increasing temperature resulted in gen-
eration of more SO4

–, thus providing higher decolorization 

Table 4
Experimental design matrix with experimental and predicted response values

Run X1 (g L–1) X2 (mg L–1) X3 (°C) X4 (min) x1 x2 x3 x4 Y (%) Experimental Y (%) Predicted

1 0.9 20 30 30 –1 –1 –1 –1 95.42 82.91
2 2.5 20 30 30 +1 –1 –1 –1 97.86 98.55
3 0.9 50 30 30 –1 +1 –1 –1 50.60 44.69
4 2.5 50 30 30 +1 +1 –1 –1 88.57 84.89
5 0.9 20 50 30 –1 –1 +1 –1 94.80 84.02
6 2.5 20 50 30 +1 –1 +1 –1 99.22 100.50
7 0.9 50 50 30 –1 +1 +1 –1 54.58 47.51
8 2.5 50 50 30 +1 +1 +1 –1 92.02 88.55
9 0.9 20 30 70 –1 –1 –1 +1 99.03 96.14
10 2.5 20 30 70 +1 –1 –1 +1 99.60 99.12
11 0.9 50 30 70 –1 +1 –1 +1 80.91 72.07
12 2.5 50 30 70 +1 +1 –1 +1 95.18 99.60
13 0.9 20 50 70 –1 –1 +1 +1 99.61 95.73
14 2.5 20 50 70 +1 –1 +1 +1 100.00 99.55
15 0.9 50 50 70 –1 +1 +1 +1 80.41 73.36
16 2.5 50 50 70 +1 +1 +1 +1 96.78 101.74
17 0.1 35 40 50 –a 0 0 0 20.39 42.90
18 3.3 35 40 50 +a 0 0 0 95.51 86.92
19 1.7 5 40 50 0 –a 0 0 99.22 106.77
20 1.7 65 40 50 0 +a 0 0 64.38 70.74
21 1.7 35 20 50 0 0 –a 0 93.27 100.91
22 1.7 35 60 50 0 0 +a 0 97.88 104.15
23 1.7 35 40 10 0 0 0 –a 59.06 72.83
24 1.7 35 40 90 0 0 0 +a 99.10 99.25
25 1.7 35 40 50 0 0 0 0 94.20 95.30
26 1.7 35 40 50 0 0 0 0 95.98 95.30
27 1.7 35 40 50 0 0 0 0 94.71 95.30
28 1.7 35 40 50 0 0 0 0 95.87 95.30
29 1.7 35 40 50 0 0 0 0 95.08 95.30
30 1.7 35 40 50 0 0 0 0 95.94 95.30
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efficiency [35]. In this study, activation of S2O8
2– was provided 

by UV, therefore, thermal activation had no considerable 
effect.

Figs. 4(a) and (b) display the interactive effect of ini-
tial dye concentration and reaction time at Na2S2O8 dosage 
of 1.7 g L–1 and temperature of 40°C. It can be seen that 
higher decolorization efficiency was obtained at low initial 
dye concentration values and long reaction times. As the 
initial dye concentration increases the solution becomes 
impermeable to UV radiation, yielding low decolorization 
efficiency [23].

3.2. Optimization

The optimization of decolorization of RO16 was per-
formed using an optimization module in Design Expert 
software. Numerical optimization on the basis of desirabil-
ity function was applied. The desired goal of response was 
set as maximize, while the goals of process variables were 
selected as in range. The goals transformed into desirability 
function which ranges between 0 and 1. Then, they are com-
bined into an overall desirability function. The predicted 
optimum values are given by ramp plots. On the basis of 
the settings and highest desirability from the software, as 
shown in Fig. 5, the optimum values to maximize decolor-
ization of RO16 were found as Na2S2O8 dosage of 1.60 g L–1, 
initial dye concentration of 31 ppm, temperature of 33°C 
and time of 66 min. Under these conditions the model 
resulted in 99.86% of decolorization efficiency of RO16. 
The optimum values were experimentally checked by con-
ducting an experiment at optimum conditions and 98.5% of 
decolorization efficiency of RO16 was obtained. This result 
is in agreement with predicted response. Under optimized 
conditions, decolorization of synthetic dye-bath effluent 
was also investigated and as shown in Fig. 6, only 16% of 
decolorization efficiency of synthetic dye-bath effluent was 
achieved at 66 min of reaction time. As reaction time was 
further increased, an increase in decolorization efficiency 
was observed, reaching 64% at 300 min. However, almost 
complete decolorization was observed with RO16 solution 
at 66 min of reaction time. In dyeing process of textile indus-
try, NaCO3 and NaCl are used for stabilization of color. A 
low affinity of reactive dyes involves use of these salts in a 
large amount. Therefore, effluents from dyeing and washing 
processes are expected to contain a considerable amount of 

Table 5
Analysis of variance (ANOVA) for selected model

Source Sum of 
squares (SS)

Degrees of 
freedom (DF)

Mean 
square (MS)

F value Prob. > F

Model 8,791.20 14 627.94 6.08 0.0006
A 2,906.42 1 2,906.42 28.14 0.0001
B 1,947.06 1 1,947.06 18.85 0.0006
C 15.80 1 15.80 0.15 0.7012
D 1,047.16 1 1,047.16 10.14 0.0062
AB 603.07 1 603.07 5.84 0.0289
AC 0.71 1 0.71 6.873 × 10–3 0.9350
AD 160.47 1 160.47 1.55 0.2317
BC 2.90 1 2.90 0.028 0.8692
BD 200.01 1 200.01 1.94 0.1843
CD 2.32 1 2.32 0.022 0.8829
A2 1,583.19 1 1,583.19 15.33 0.0104
B2 73.31 1 73.31 0.71 0.4127
C2 89.75 1 89.75 0.87 0.3660
D2 146.98 1 146.98 1.42 0.2514
Residual 1,549.23 15 103.28
Lack of fit 1,546.43 10 154.64 275.82 0.0001
Pure error 2.80 5 0.56
Corrected total 10,340.43 29
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Fig. 1. The actual and predicted decolorization efficiency values.
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CO3
2– and Cl– [36,37]. Presence of a certain amount of CO3

2– 
and Cl– ions in synthetic dye-bath effluent caused to yield 
low decolorization efficiency.

3.3. Radical quenching studies

OH• can be produced from SO4
•– according to Eq. (9) in all 

pH values. Quenching studies were performed to investigate 
the contribution of SO4

•– and OH• by adding TBA and EtOH 
into reaction solution as a radical scavengers. Alcohol with 
a α-hydrogen (EtOH) reacts with these two radicals at high 
rates, while alcohol without a α-hydrogen (TBA) reacts faster 
with OH• than SO4

•– [38,39]. Accordingly, 0.672 M alcohol, 
corresponding to 100:1 molar ratio of alcohol vs. oxidant was 
introduced into reaction solution. As can be seen from Fig. 7, 
addition of TBA and EtOH resulted in decreasing decoloriza-
tion efficiency from 98.5% to 91.1% and 34.9%, respectively. 
This indicates that OH• was quenched upon addition of TBA 
and decolorization of RO16 was achieved by SO4

•–. However, 
in the presence of EtOH, decolorization efficiency of RO16 
was considerably inhibited. These results suggest that SO4

•– 
is the main reactive radical.

3.4. Degradation kinetics 

The competition kinetic method was applied to 
determine the second-order reaction rate constant between 
SO4

•– and RO16 using phenol as the competitor [40]. Since 
the predominate reactive radical is SO4

•–, kinetic expression 
can be written as: 

−
  =    

−d RO
dt

RO SO.16
1616 4 4kRO SO

. _  (10)

where kRO16SO4
•– is the second-order rate constant between 

SO4
•– and RO16, [SO4

•–] is the quasi-stationary concentration 
of SO4

•– and [RO16] is the concentration of RO16 at time t. 
Similar equation can be written for phenol as:

−
  =    

−d Ph
dt

Ph SO.kPhSO4 4
. _  (11)

where kPhSO4
•–

 is the second-order rate constant between SO4
•– 

and phenol and [Ph] is the concentration of phenol at time t.
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Eq. (12) is obtained by dividing Eq. (10) with Eq. (11):

ln

ln

RO
RO

Ph
Ph

16
16

0

0
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where [RO16]0 and [Ph]0 are initial concentrations of RO16 
and phenol, respectively [25,41].

When ln ln
RO
RO

Ph
Ph

16
16

0 0

 
 













 
 













vs.  is plotted, a straight line with 

a slope of 
k
k
RO SO

PhSO

16 4

4

. _
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 is given in literature 
as 8.8 × 109 M–1 s–1 [40]. According to Fig. 8, kRO16SO4

•– was 
determined to be 1.36 × 109 M–1 s–1. Zhou et al. [26] reported 
that the second-order reaction rate constant between SO4

•– and 
Acid Orange 7 was determined as 6.80 ± 0.68 × 109 M–1 s–1 by 
competition kinetics method in photo-iron(II) sulfite system. 
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4. Conclusions

In this study, decolorization of RO16 via SO4
•– has been 

investigated. SO4
•– was generated in situ by activation of 

persulfate via UV irradiation. Modeling and optimization of 
decolorization of RO16 were performed by RSM. A 24 full fac-
torial CCD technique of RSM was successfully employed for 
experimental design and a quadratic model was developed 
with satisfactory degrees of fit. Numerical optimization on the 
basis of desirability function results reveal that the optimum 
values to maximize decolorization of RO16 were obtained as 
Na2S2O8 dosage of 1.60 g L–1, dye concentration of 31 ppm, 
temperature of 33°C and time of 66 min. Decolorization of 
synthetic dye-bath effluent of RO16 via SO4

•– was evalu-
ated and found that 64% of decolorization efficiency was 
achieved at 300 min. Quenching studies confirmed that the 
main reactive radical was SO4

•– and the second-order reac-
tion rate constant between SO4

•– and RO16 was found to be 
1.36 × 109 M–1 s–1 by competition kinetics method.
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