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ABSTRACT

This work is an application of the response surface methodology (RSM) to determine the
effects of operational parameters on the heterogeneous Fenton-type oxidation of the burazol
blue ED (BB). The study was conducted using a Fe (III) sepiolite catalyst in the presence of
hydrogen peroxide (H2O2) in a batch process. The effects of operational parameters such as
the pH of the reaction, catalyst concentration, stirring speed, and reaction time were exam-
ined under the following conditions: a temperature of 25˚C, 100 ppm initial dye concentra-
tion, and 0.5 mM H2O2 concentration. Because of the significant curvature effect, central
composite design (CCD) was preferred to full-factorial experimental design for the simulta-
neous optimization of color and chemical oxygen demand (COD) removals. Optimized
reaction conditions were established as pH 2, 1 g/250 mL catalyst dose, 250-rpm stirring
speed, and 60-min reaction time. Contour plots and a desirability function were used to find
the local points of optimization. After conformation, under the optimized reaction conditions,
96% color and 75% COD removals were obtained experimentally. These values were in the
prediction interval and were in agreement with the quadratic polynomial model predictions.

Keywords: Central composite design; Heterogeneous Fenton process; Color removal; COD
removal; burazol blue ED

1. Introduction

Different industries such as textiles, dyeing, food,
and printing use synthetic dyes extensively that
belong to different dye families, such as azo, nitro,
and indigo. Textile industry especially has shown a
significant increase in the use of synthetic, complex
organic dyes. The resulting colored wastewaters from
the textile industry contain organic and inorganic
chemicals that can be characterized by the high
concentrations of COD and color that leads to serious
pollution and disturbs the ecological balance. Dyes

prevent transmittance of the sun light entering water-
ways by absorbing this light. Where this absorbance
occurs, colored wastewaters can exhibit toxic effects
on microbiological living beings by preventing the
growth and photosynthetic activity of bacteria living
in the water and can also create carcinogenic and toxic
effects for other creatures. Additionally, color will
likely be a discharging standard in the future. There-
fore, treatment of wastewaters containing dyes before
discharging them to the environment will become cru-
cial. Treatment of azo dyes such as BB is difficult due
to the complex molecular structure. Traditional treat-
ment methods containing biochemical and coagulation
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processes are either costly, inefficient, or result in the
production of secondary toxic wastewater [1].

In recent years, advanced oxidation processes are
gaining attention. UV/oxidation technologies use oxi-
dizing agents such as hydrogen peroxide and ozone,
semiconductors such as titanium dioxide and zinc
oxide in combination with UV light and the Fenton
process. Iron salts and hydrogen peroxide are used
together along with the advanced oxidation technolo-
gies currently used for dyestuff removal. Among these
methods, the homogeneous Fenton/photo-Fenton pro-
cess deserves considerable attention. The homoge-
neous Fenton process uses low concentrations of Fe
and H2O2 reagents to produce OH radicals with a
high oxidation potential.

Fenton reaction involves several reactions, which
can be described by Eqs. (1–4) by Martinez et al. [2]:

Fe3þ þH2O2 ! FeðOOHÞþ2 þHþ (1)

FeðOOHÞþ2 ! Feþ2 þHO2� (2)

Feþ2 þH2O2 ! Feþ3 þOH�þOH (3)

Feþ3 þHO2� ! Feþ2 þHþ þO2 (4)

Although the homogeneous Fenton process is highly
effective for removing organic compounds, the result-
ing necessity of iron salts removal from the wastewa-
ter is a great disadvantage of this method. In recent
years, heterogeneous catalysts have taken the place of
traditional homogeneous catalysts to overcome this
drawback. Among these catalysts, zeolite, clay, acti-
vated carbon, and alumina are widely used for the
color removal. Unlike other clays, sepiolite is gaining
considerable attention because of its sorptive, rheolog-
ic, and catalytic properties, as well as its needle-like
morphology. Moreover, the relatively low cost of
sepiolite guarantees its continued utilization in the
future [3].

Experimental design and RSM, which are superior
in terms of time and cost while reducing the number
of experiments, needed, unlike the classical trial-and-
error method, have been applied to model and opti-
mize different wastewater treatment processes. It is
possible to estimate linear, interaction, and high-order
(quadratic, cubic) effects of the input parameters and
to establish a mathematical model for the prediction
of the response by RSM [4].

CCD [4–8], Box–Behnken design [9–13], and con-
strained designs such as D-optimal [14] are different
design types widely used in Fenton-type oxidation for
the optimization of color, COD, or total organic carbon

(TOC) removals. The differences between these
designs include the number of runs required and the
combinations of the levels used in the experiments.
CCD gives almost as much information as a multi-
level factorial and requires fewer experiments than
full-factorial design.

In this study, CCD was used for the optimization
of color and COD removals. The usage of Fe (III) sepio-
lite clay as a heterogeneous Fenton catalyst for the
decolorization of BB was also examined. BB was
selected as the modeled pollutant because of its
unknown removal behavior in the literature. The
effects of operational parameters, such as the pH (A) of
the reaction, catalyst concentration (B), stirring speed
(C), and reaction time (D), were examined under the
following conditions: a temperature of 25˚C, 100 ppm
initial dye concentration, and 0.5 mM H2O2 concentra-
tion. All factor levels were determined with respect to
preliminary experiment results. Optimized reaction
conditions were established as pH 2, 1 g/250 mL cata-
lyst dose, 250-rpm stirring speed, and 60-min reaction
time. Contour plots and a desirability function were
used to find the local points of optimization. After con-
formation, under the optimized reaction conditions,
96% color and 75% COD removals were obtained
experimentally. These values were in the prediction
interval (PI) and were in agreement with the quadratic
polynomial model predictions.

The main contribution of this paper is the optimi-
zation of two different responses (color and COD rem-
ovals) simultaneously by using desirability functions.
In general, responses such as color and TOC removals
are optimized individually, but desirability functions
provide a solution which enables a trade-off among
two or more conflicting responses and used in RSM
literature widely. However, the usage of desirability
functions and simultaneous optimization was not
encountered in the heterogeneous Fenton literature to
the best of our knowledge.

2. Materials and methods

2.1. Materials and catalyst

The azo dye BB commonly used in textile industries
was obtained from Burboya Co Textile Industry, Bursa,
Turkey, at 45% purity and was used without further
purification. The structure and characteristics of BB are
presented in Table 1. Hydrogen peroxide (30%, w/w)
and Fe (NO3)3·9H2O were obtained from Sigma-
Aldrich, Germany. All chemicals were analytical-grade
reagents and were used as received without further
purification. Deionized water was used, and the
heterogeneous catalyst was the natural clay without
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pre-treatment, which was supplied from sepiolite
mines in the Eskisehir region of Turkey. After washing
and drying, the selected 0.038–0.053-mm-sized sepiolite
was prepared through a cation exchange process as
follows: 10 g sepiolite and 100 mL of 1 g/L
Fe(NO3)3·9H2O solution were mixed and shaken at
175 rpm for 6 h at 55˚C. The samples were washed
with deionized water and dried at 105˚C. The charac-
terization of this catalyst was done previously [3].

2.2. Experimental procedure

Chemical oxidation of BB was carried out in batch
mode, using a beaker filled with 250 mL of the BB
solution at a given concentration. In a typical run, the
pH of the BB solution has been adjusted to the desired
pH value by NaOH or H2SO4. After stabilization of
the temperature and pH, the powder catalyst (Fe (III)-
sepiolite) was added to the BB solution.

It was considered the beginning of the reaction
when the required amount of H2O2 was added. All
experiments were carried out under constant stirring
to ensure good dispersion of the catalyst. Thereafter,
samples were withdrawn periodically, centrifuged for
5min to remove suspended particles, and analyzed
using a UV–vis spectrophotometer (Shimadzu, model
UV-120-01).

2.3. Analysis

Color removal was monitored by a UV–vis spectro-
photometer at the λmax value of 594 nm for BB. The
color removal was determined using Eq. (5).

% Color removal ¼ C0 � Ct

C0

� �
� 100 (5)

where C0 is the initial dye concentration in ppm and
Ct is dye concentration at any time t. COD removal
was measured at different time intervals by COD kits.

The calculation of the extent of COD removal is
shown in Eq. (6)

%CODremoval ¼ COD0 � CODt

COD0

� �
� 100 (6)

where COD0 is the initial COD in ppm and CODt is
COD in ppm at any time t.

3. Results and discussion

3.1. Preliminary experiments

According to the results of studies in the litera-
ture, among all the variables, reaction time, tempera-
ture, catalyst dose, H2O2 concentration, stirring speed,
and initial dye concentration have the largest influ-
ences on the heterogeneous Fenton-like decolorization
[1–16].

Before experimental design and modeling, preli-
minary experiments were conducted following the sin-
gle-factor method at each reaction time to decide the
most influential operating parameters and their levels.
The effect of pH was investigated in the range of 2–6.
The results indicated that color and COD removals
were significantly influenced by the pH of the
solution.

Many studies reported in the literature have
revealed that the use of higher concentration of Fe
could lead to the self-scavenging of OH radical by Fe
and induce the decrease in the degradation rate of
pollutants [3]. In the present study, the suitable range
of catalyst dosage was determined as 0–1.2 g/250 mL.

According to the results of preliminary experi-
ments shown in Fig. 1, the optimum pH was 2.0 with
90% of color removal within 0.2 mg/250 mL catalyst
concentration, 150-rpm stirring speed and 60-minute
reaction time. At the same conditions, when the cata-
lyst concentration was 1 mg/250 mL or stirring speed
was 250 rpm, color removal has been reached to 92%
approximately, On the other hand, maximum color

Table 1
Characteristics of RBB

Chemical structure Molecular formula Color λmax (nm) Mw (g/mol)

C38H41N8O16S5Cl Dark blue 594 1,061.54
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removal (98%) was reached at pH 2, 1 mg/250 mL cat-
alyst concentration, 250-rpm stirring speed, 60-minute
reaction time under the following conditions: a tem-
perature of 25˚C, 100 ppm initial dye concentration,
and 0.5 mM H2O2 concentration.

High temperature more than 25˚C (room tempera-
ture) was not preferred because of its high cost in
macroscale. According to the preliminary experiments,
initial dye concentration was determined as 100 ppm
to measure COD accurately. Finally, high H2O2

concentration more than 0.5 mM causes interference
with COD.

3.2. Experimental design and modeling

To evaluate the influence of operating parameters
on color and COD removal efficiency of BB contami-
nated wastewater, four different factors were chosen
for the analysis: pH of the reaction (A), catalyst con-
centration (B), stirring speed (C), and reaction time
(D). After the preliminary experiments, 24 full-factorial
designs with center points (20 experiments) were
employed for the optimization of color and COD rem-
ovals as response variables. According to the analysis
of variance results, the impact of the curvature effect
was found to be significant. This means that some of
the factors have quadratic effect on the color and COD

removals. Secondly, CCD, which is a commonly used
design type in RSM, was employed to estimate the
response and the coefficients (main effects, interac-
tions, and high-order effects) of the regression model.
A total of 28 experiments were run, including 24 (16)
cube points, 8 axial points, and 4 replications at the
center point. Experimental data were analyzed using
Design Expert software from Stat Ease Inc., USA. The
levels and ranges of factors are given in Table 2.

After performing the experiments randomly,
according to the CCD matrix, the coefficients of the
model are determined to predict the responses. If the
experimental results are fitted to the empirical qua-
dratic polynomial model, this model can be presented
as Eq. (7) for which all the coefficients are considered
significant according to the ANOVA results.

Y ¼ b0 þ b1Aþ b2Bþ b3Cþ b4Dþ b11A
2 þ b22B

2

þ b33C
2 þ b44D

2 þ b12ABþ b13ACþ b14ADþ b23BC
þ b24BDþ b34CD

(7)

where Y represents the response variable (% color or
% COD removal), β0 is the intercept, βi are the coeffi-
cients of the independent variables (A, B, C, D), βii are
the coefficients of quadratic terms, and βij are the coef-
ficients of the interaction terms.

Fig. 1. Preliminary experiment results for color and COD removal.
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3.3. Statistical Analysis

Following the CCD matrix and experimental
results given in Table 3, two quadratic polynomial
equations were developed for each response in terms
of coded variables as shown in Eqs. (8) and (9). Y1

and Y2 represent % color and % COD removals,
respectively.

Y1 ¼ 18:53� 29:175Aþ 4:498Bþ 1:26Cþ 8:224D

� 5:251ADþ 22:705A2 þ 5:523C2 (8)

Y2 ¼ 18:78� 17:20Aþ 6:44Bþ 3Cþ 4:41D� 3:38AB

� 3ACþ 12:03A2 þ 6:25C2

(9)

Table 2
Coded variable levels of the factors

Coded variable levels

Factors −1.5(α) −1 0 1 1.5(α)
PH of the reaction (A) 1 2 4 6 7
Catalyst concentration (B) g/250 mL 0 0.2 0.6 1 1.2
Stirring speed (C) rpm 125 150 200 250 275
Reaction time (D) min. 0 10 35 60 72.5

Table 3
CCD experiments with actual and predicted values of color and COD removals

Color removal COD removal

Run A B C D Actual Predicted Actual Predicted

1 0 0 −1.5 0 17.84 29.067 29 28.343
2 −1 1 −1 −1 68.63 65.698 55 53.670
3 0 0 0 1.5 27.32 30.860 26 25.395
4 1.5 0 0 0 95.83 113.374 68 71.648
5 0 0 0 0 19.77 18.530 20 18.780
6 1 1 1 1 30.68 26.308 30 27.330
7 0 −1.5 0 0 2.12 11.783 4 9.120
8 −1 −1 −1 1 90.53 83.644 42 42.850
9 0 0 0 0 20.98 18.530 20 18.780
10 1.5 0 0 0 18.57 25.849 17 20.048
11 0 0 0 −1.5 0 6.200 0 12.165
12 1 1 −1 −1 17.95 17.850 17 18.510
13 −1 1 1 1 97.35 95.160 72 74.490
14 −1 −1 −1 −1 57.87 56.702 35 34.030
15 −1 1 1 −1 80.98 68.218 68 65.670
16 1 −1 −1 −1 16.13 8.854 17 12.390
17 0 0 0 0 25.53 18.530 24 18.780
18 1 −1 1 −1 14.31 11.374 18 12.390
19 0 0 1.5 0 19.24 32.847 30 37.343
20 −1 −1 1 −1 61.28 59.222 50 46.030
21 1 −1 1 1 15.83 17.312 20 21.210
22 1 1 1 −1 21.28 20.370 18 18.510
23 1 1 −1 1 27.65 23.788 27 27.330
24 −1 −1 1 1 92.12 86.164 58 54.850
25 0 1.5 0 0 21.28 25.277 32 28.440
26 −1 1 −1 1 94.31 92.640 62 62.490
27 1 −1 −1 1 17.04 14.792 19 21.210
28 0 0 0 0 25.83 18.530 23 18.780
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The experimental data for both color and COD remo-
vals were statistically analyzed with the help of
ANOVA, and the results are shown in Tables 4 and 5.

As seen in Tables 4 and 5, the ANOVA results of
both quadratic polynomial models show that the mod-
els are significant according to the F-values. F-values
for the quadratic models are 56.5 and 54.83, respec-
tively, and the p values are <0.0001. This means that
there is only a 0.01% chance of occurrence of the mod-
eled F-values due to noise. On the other hand, the lack
of fit means that F-values of 7.87 and 6.18 are not sig-
nificant, with p values >0.05. The lack of fit should be
insignificant to use this model to make predictions.

The ANOVA results for the coefficients of regression
models for color and COD removals are shown in
Tables 6 and 7, respectively.

R2 (the coefficient of determination) is defined as
the ratio of the explained variation to the total varia-
tion and is used as a measure of degree of fit of the
model. The predicted R2 values of 0.9519 and 0.9585
for color and COD removals are in good agreement
with the corresponding adjusted R2 values of 0.9350
and 0.941. For fitting to the experimental data better,
the R2 value should be close to 1. Smaller the value of
R2, lesser will be the fit of the model to the experimen-
tal data. The values of R2 found out indicate that the

Table 4
ANOVA results of the quadratic model for color removal

Source Sum of squares df Mean square F-value p-value

Model 26,086.31 7 3,726.62 56.50 <0.0001
Residual 1,319.08 20 65.95
Lack of fit 1,290.16 17 75.89 7.87 0.0572
Pure error 28.12 3 9.64
Total 27,405.40 27

R2 = 0.9519 Adj R2 = 0.9350 Pre. R2 = 0.8833

Table 5
ANOVA results of the quadratic model for COD removal

Source Sum of squares df Mean square F-value p-value

Model 9,995.14 8 1,249.39 54.83 <0.0001
Residual 432.97 19 22.79
Lack of fit 420.22 16 26.26 6.18 0.0795
Pure error 12.75 3 4.25
Total 10,428.11 27

R2 = 0.9585 Adj R2 = 0.9410 Pre. R2 = 0.9139

Table 6
ANOVA results for the coefficients of quadratic model for color removal

95% confidence
interval

Factor intercept Coefficient df Std error Low High F-value p-value

18.53 1 2.86 12.55 24.5 – –
A −29.175 1 1.794 −32.917 −25.434 264.568 <0.0001
B 4.998 1 1.794 1.257 8.740 7.764 0.0114
C 1.260 1 1.794 −2.482 5.001 0.493 0.4906
D 8.224 1 1.807 4.456 11.992 20.724 0.0002
AD −5.251 1 2.030 −9.486 −1.016 6.690 0.0176
A2 22.705 1 2.446 17.604 27.807 86.196 < 0.0001
C2 5.523 1 2.446 0.422 10.624 5.100 0.0353
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quadratic polynomial equations can be used to predict
the color and COD removals in the experimental
range [11]. Additionally, predicted and adjusted R2

values for color and COD removals are in good agree-
ment. The actual and predicted values for color and
COD removals are given in Table 3.

In the case of color removal, the independent vari-
ables A, B, D, the interaction between A and D (AD),

and the quadratic terms A2 and C2 are highly signifi-
cant (p < 0.05). Although C is not significant, its qua-
dratic effect is highly significant, so C and C2 were
included to the model together. The main effects of
independent factors can be investigated by the help of
plots, as in Fig. 2. According to the Fig. 2(a), A has a
negative effect on color removal. In other words, color
removal has a maximum value when the A (pH) is 2.

Table 7
ANOVA results for the coefficients of quadratic model for COD removal

95% confidence
interval

Factor intercept Coefficient df Std error Low High F-value p-value

18.78 1 1.68 15.26 22.30 – –
A −17.20 1 1.05 −19.40 −14.99 265.99 < 0.0001
B 6.44 1 1.05 4.23 8.65 37.30 < 0.0001
C 3.00 1 1.05 0.79 5.21 8.10 0.0103
D 4.41 1 1.06 2.19 6.63 17.25 0.0005
AB −3.38 1 1.19 −5.87 −0.88 8.00 0.0107
AC −3.00 1 1.19 −5.50 −0.50 6.32 0.0211
A2 12.03 1 1.44 9.02 15.04 70.02 < 0.0001
C2 6.25 1 1.44 3.24 9.26 18.91 0.0003

(a) B=1 g/250 mL C=250 rpm D=60 min. (b) A=2 C=250 rpm. D=60 min.

(c) A=2 B=1 g/250 mL D=60 min. (d) A=2 B=1 g/250 mL C=250 rpm

Fig. 2. The main effect plots for color removal.
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On the other hand B, C, and D have a positive effect
on color removal (Fig. 2(b)–(d)). The quadratic effects
of A and C are also seen by the related curves in
Fig. 2(a) and (c) easily. Fig. 3 shows that color removal
has a maximum value when the pH is 2 and reaction
time is 60min.

The main effect plots for the COD removal are
similar to color removal. A has a negative effect on

COD removal, while the other factors have positive
effects on it. A has a quadratic effects on COD
removal similar to C. AB and AC interaction effects for
COD removal are shown in Figs. 4 and 5.

According to the Figs. 4 and 5, example prediction
points from the red area show that COD removal
reaches its maximum value when the pH is on the
lower bounds (2) catalyst concentration and stirring

Fig. 3. AD interaction effect for color removal (B = 1 g/250 mL C = 250 rpm).

Fig. 4. AB interaction effect for COD removal (C = 250 rpm D = 60min.).

Fig. 5. AC interaction effect for COD removal (B = 1 g/250 mL D = 60min.).
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speed are on the upper bounds (1 g/250 mL and
250 rpm).

Normal probability plots of internally studentized
residuals is an important diagnostic tool for detecting
the systematic departures from the assumption that
errors are normally distributed and they are indepen-
dent of each other [11]. The normal probability plots
of residuals for color and COD removals are shown in
Fig. 6(a) and (b). This figure confirms the normality
assumptions and independence of the residuals for
color and COD removals.

3.4. Simultaneous optimization

The most popular approach to simultaneous
response optimization is the desirability function
approach, as proposed by Derringer and Suich [17].
Individual goals are combined into an overall desir-
ability function to find the local solutions.

The desirability procedure involves two steps. In
the first step, the levels of the independent variables
that simultaneously produce the most desirable
predicted responses of the dependent variables are

found. In the second step, overall desirability is
maximized with respect to the controllable factors.
Therefore, desirability functions are used to obtain
qualitative and quantitative responses by the simple
and quick transformation of different responses to one
measurement. Generally speaking, the first step when
using desirability functions is to convert each response
into an individual desirability function (di), the values
of which vary from 0 to 1 (lowest desirability to highest
desirability).

The individual desirability scores for the predicted
values of each dependent variable are then combined
in an overall desirability function, D, by computing
the geometric mean of different di values as shown in
Eq. (10):

D ¼ d1 � d2 � � � � � dn½ �1=n (10)

where di indicates the desirability of response i and n
is the number of responses in the measure. If any of
the responses do not satisfy their desirability
requirement(s), the overall function becomes zero.
Formulation can be extended to

(a) Color Removal (b) COD Removal 

Fig. 6. Normal probability plots of internally studentized residuals.

Table 8
Local solution sets with desirability values

Solutions pH Catalyst C. Stirring S. Reaction time Color removal COD removal Desirability

1*** 2 1.000 249.630 60.000 95.524 74.313 0.991
2 2 0.850 249.700 60.000 93.723 70.704 0.972
3 2 0.990 239.510 60.000 93.260 70.746 0.970
4 2 1.000 245.360 52.860 90.720 71.555 0.962
5 2 1.000 250.000 50.990 90.135 72.478 0.962
6 2 1.000 249.930 48.390 89.386 72.404 0.958
7 2 1.000 250.000 47.820 89.096 72.329 0.957
8 2 1.000 233.430 60.000 92.190 69.031 0.953
9 2 0.770 250.000 60.000 91.502 68.122 0.943
10 2 0.610 250.000 60.000 90.777 64.885 0.917

Note: ***selected solution.
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D ¼ ½da11 � da22 � � � � � dann �1=n; 0� ai � 1
i ¼ ð1; 2; 3; � � � ; nÞ a1 þ a2 þ � � � þ an ¼ 1

(11)

where di indicates the desirability of the different
responses Yi (i = 1,2,3, . . ., n) and αi represents the rel-
ative importance of the individual responses. Thus,
the maximum overall desirability function, D, depends
on the importance values.

For the simultaneous optimization of color and
COD removal, the optimization function in the Design
Expert software was used. Optimization was carried
out by generating a global desirability function (D)
that assigned a value ranging from 0 to 1 to each solu-
tion (see Table 8).

The first highlighted solution is selected with the
highest desirability value of 0.991. According to the
first solution, optimized reaction conditions were
established as a pH of 2, 1 g/250 mL catalyst dose,
250 rpm stirring speed and a 60min reaction time.
Estimated % removals of color and COD are 95.524
and 74.313, respectively.

4. Confirmation

A useful measure of confirmation is to ensure that
the predicted responses fall within the PI for each
response at the optimal point [18]. A 100(1−α) percent
PI for the future observation y0 at point x0 is:

ŷðx0Þ � ta=2;n�p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r̂2ð1þ x00ðX0XÞ�1x0Þ

q
� y0 � ŷðx0Þ

þ ta=2;n�p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r̂2ð1þ x00ðX0XÞ�1x0Þ

q
(12)

where ŷðx0Þ=x00b̂ is the model prediction for the future
observation, n is the number of observations in the ori-
ginal experiment, p is the number of coefficients in the
model developed from the original experiment, tα/2 n−p

is the upper α/2 percentage point of the t distribution
with n-p degrees of freedom, and r̂2 = MSE. Validation
of the PI is performed by predicting the response at a
selected point using the developed model, calculating
the PI, and then conducting a confirmation experiment
at that selected point to measure the new response [14].

For the optimized reaction conditions, an
additional experiment was carried out under the same

conditions as the original experiment. Percent remo-
vals of color and COD were measured for the confir-
mation, and the results are shown in the last column
of Table 9. According to the confirmatory trial, 96%
color and 75% COD removals fell within the PI with a
95% confidence level. The results verify that the model
predicts the optimal point well.

5. Conclusion

In this study, RSM and CDD was successfully
employed to optimize the levels of operational param-
eters such as pH of the reaction, catalyst concentra-
tion, stirring speed, and reaction time on the
heterogeneous Fenton-type oxidation of BB. The study
was conducted by Fe (III) sepiolite catalyst in the pres-
ence of hydrogen peroxide (H2O2) in a batch process.
From the quadratic models developed for the color
removal and subsequent ANOVA test using the
Design Expert trial version, the influential factors such
as pH of the reaction, catalyst concentration, reaction
time, interaction between pH, and reaction time and
the quadratic effects of pH and stirring speed are
highly significant. The models fitted very well to the
experimental data as confirmed by the high R2,
adjusted R2, and predicted R2 values. According to the
ANOVA results of COD removal, individual effects of
all the factors and quadratic effects of pH and stirring
speed are significant. Interaction effects of pH and cat-
alyst concentration, and pH and stirring speed are also
significant. For the simultaneous optimization of color
and COD removals, desirability functions were used
and optimized reaction conditions were established as
a pH of 2, 1 g/250 mL catalyst dose, 250-rpm stirring
speed, and a 60-min reaction time. Under the opti-
mum conditions, color and COD removal were pre-
dicted to be 95.524 and 74.313%, respectively, and the
corresponding confirmatory trial values (96% and
74%) fit well to the dataset of predicted values.

Acknowledgements

This paper is a part of the results of project
number 201215D13 funded by Eskisehir Osmangazi
University. The authors wish to thank their university
for all the support provided.

Table 9
Results of the confirmation

Response Prediction 95% PI low 95% PI high Confirmatory trial

% Color removal 95.524 76.177 114.871 96
% COD removal 74.313 62.636 85.990 75
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M.L. López-Mesas, Rapid decolorization and minerali-
zation of the azo dye C.I. Acid Red 14 by heteroge-
neous Fenton reaction, J. Hazard Mater. 186 (2011)
745–750.

[2] F. Martı́nez, G. Calleja, J.A. Melero, R. Molina, Hetero-
geneous photo-Fenton degradation of phenolic aque-
ous solutions over iron-containing SBA-15 catalyst,
Appl. Catal., B 60 (2005) 181–190.
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