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a  b  s  t  r  a  c  t

In  this  research,  the  degradation  of  Acid  Red  274  (AR  274)  was  investigated  under  subcritical  water  condi-
tions  using  H2O2, which  led  to the  oxidative  degradation  of Acid  Red  274  up to  its  80%  of  mineralization.
The  Box–Behnken  design  matrix  and  response  surface  methodology  (RSM)  were  applied  in  designing
the  experiments  for  evaluating  the  interactive  effects  of  the  three  most  important  operating  variables.
Thus,  the  interactive  effects  of  temperature  (100–250 ◦C), oxidant  (H2O2) concentration  (50–250  mM),
eywords:
egradation
esponse surface methodology
ox–Behnken design
ubcritical water

and  time  (30–60  min.)  on the  degradation  of  AR  274  were  investigated.  A total  of 17  experiments  were
conducted  in  this  research,  and  the  analysis  of  variance  (ANOVA)  indicated  that  the  proposed  quadratic
model  could  be  used  for navigating  the  design  space.  The  proposed  model  was  essentially  in  accordance
with  the  experimental  case  with  correlation  coefficient  R2 =  0.9930  and  Adj-R2 =  0.9839,  respectively.

The  results  confirmed  that  RSM  based  on the  Box–Behnken  design  was  a  compatible  method  for
optimizing  the  operating  conditions  of  AR 274  degradation.

Nomenclature

AR 274 Acid Red 274
AOPs Advanced oxidation processes
RSM Response surface methodology
BBD Box–Behnken design
SW Subcritical water
DE Degradation efficiency
TOC Total organic carbon
Ct Dye concentration at any time (mg/L)
C0 Initial dye concentration (mg/L)

ANOVA Analysis of variance

. Introduction

The textile industry is very water intensive. Water is used for
leaning the raw material and in several flushing steps throughout

roduction. Textile wastewaters are comprised of a variety of dyes
nd chemicals that make the chemical composition of textile indus-
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try effluents an environmental challenge. Most of the pollution in
textile wastewater is a result of dyeing and ending processes [1,2].

Textile wastewaters contain various organic pollutants that are
dissolved in water depending on the kind of dyeing solution used
[3].  At present, more than 100,000 different dyes are commercially
produced and synthesized on an industrial scale, which are com-
monly used in textile, paper, and other industries. Typically, these
types of dyes can be classified according to the chemical structures
of their particular chromophoric group. One of the dyes widely used
in textile industries are acid dyes [4].  Nearly 30 million tons of
dyes have been produced in the world in recent years. The growth
rate is increasing gradually and this increasing production rate is
reflected directly or indirectly in environmental pollution [5,6]. As
a result, wastewaters produced by the textile industries include
remarkable amounts of non-fixed dyes, especially azo dyes contain-
ing one or more nitrogen to nitrogen double bonds (–N N–). Azo
dyes constitute a significant portion of dyes that are used in indus-
tries nowadays. The products of degradation could be mutagenic
and carcinogenic, thereby causing long-term health concern [7,8].
Thus, the treatment of the effluents containing such compounds is
important for the protection of natural waters as well as the envi-
ronment. The conventional treatments of wastewaters containing
organic compounds include biological oxidation, chemical coagu-

lation, advanced oxidation (AOPs), and adsorption [9–11]. On the
other hand, the use of subcritical water, with or without oxidants
is an effective method for the degradation of potential pollutants
in water environment [12]. In addition, under the subcritical state,
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was  proposed.
In the optimization process, the responses can be simply related
Fig. 1. Molecular structure of reactive Acid Red 274 dye.

he concentrations of H+ and OH− are appropriately increased via
elf-ionization of water molecules. However, the combination of
ubcritical water with oxidizing agents such as hydrogen perox-
de, permanganate, and oxygen, etc. can efficiently oxidize various
ompounds that are otherwise very difficult to oxidize. Therefore,
n recent years, some approaches have been designed to use sub-
ritical water for the degradation of hazardous compounds [13–20].
n this research work, the aqueous solution of AR 274 was selected
s a model for textile wastewaters for evaluation under subcritical
ater conditions. In another part of this study, response surface
ethodology (RSM) was used to find an applicable approximat-

ng function for predicting and determining the further response
s well as studying the optimum working state [21].

Response surface methodology (RSM) is an effective instrument
or optimizing the process when a combination of a few indepen-
ent variables and their interactions affects requests and responses
22,23].

To our knowledge, there has been no study conducted until
ow for the optimization of parameters using RSM based on the
ox–Benhken design (BBD) in azo dye degradation by subcritical
ater in the presence of H2O2.

. Materials and methods

.1. Materials

The azo dye C.I. Acid Red 274, commercial name Supranol Red
BW, was supplied by Dystar (Germany) and was used without fur-
her purification. The solution of AR 274 was prepared in 1000 mg/L
nitial concentration with distilled water for all the treatments. Its
hemical structure is depicted in Fig. 1. Hydrogen peroxide (Merck)
as used for the oxidant subcritical water process.

.2. Subcritical water system and process

The experimental process is described in detail in Yang et al.
24,25]. A brief overview of the process is as follows: stainless steel
essels (7.07 mL  with 9 cm × 1 cm I.D.) were used for the degrada-
ion process. Both ends of the vessels were wrapped with two layers
f Teflon tape and one end was tightly sealed with an end cap. Each
essel was loaded with 5 ml  dye solution, and 35% H2O2 (w/v) was
dded to the vessels and capped. The experiments were performed
n triplicate for all reaction conditions. Vessels were placed in a Shi-

adzu GC-9A oven for heating. All experiments were performed in
 temperature range of 100–250 ◦C for 30, 45, and 60 min. Subse-

uent to the desired reaction time, the vessels were removed from
he oven and allowed to cool at room temperature.
 Materials 201– 202 (2012) 100– 106 101

2.3. Analysis

In this research, AR 274 dye concentration was analyzed spec-
trophotometrically on a UV–vis spectrometer (Shimadzu UV-160A)
at 527 nm by measuring the absorbance of the untreated samples
at maximum wavelength. The percentage of AR 274 degradation
efficiency (DE%) was calculated using the following formula:

DE (%) = Co − Ct

Co
× 100 (1)

where Co and Ct represent the initial and remaining AR 274 con-
centrations at given time t, respectively.

The mineralization of AR 274 solution was monitored by the
reduction of the total organic carbon (TOC), which was measured
on a Tekmar-Dorhmann Apollo 9000 TOC analyzer.

The GC–MS analysis was performed using the 5890A Agi-
lent model gas chromatograph, interfaced with the ECD, NPD,
and 5975C mass selective detector. The aqueous solutions were
extracted three times with 15 mL  dichloromethane. A 3 �L sam-
ple was  analyzed on GC–MS. An HP5-MS capillary column
(30 m × 0.25 mm × 0.25 �m)  was  used as the analytical column.
Helium was used as the carrier gas with a flow rate of 2 mL/min. The
GC injection port temperature was set at 250 ◦C (split mode = 1/5),
and the column temperature was fixed at 70 ◦C for 5 min. Subse-
quently, the column was sequentially heated at a rate of 5 ◦C/min
to 120 ◦C and held for 1 min, at a rate of 8 ◦C/min to 200 ◦C and held
for 5 min, and at a rate of 10 ◦C/min to 280 ◦C and held for 10 min.
The MS  detector was operated in the EI mode (70 eV).

2.4. Experimental design and optimization

In the present study, response surface methodology (RSM) is
used for the optimization of process variable to enhance the degra-
dation of AR 274 dye combined with Box–Behnken design. In recent
years, RSM has been used in various fields of science, and its feasibil-
ity and efficiency have been highlighted by several research groups
[22]. A comparison was made between the Box–Behnken design
and other response surface designs (central composite, Doehlert
matrix, and three-level full factorial designs) and it was observed
that the Box–Behnken and Doehlert matrix designs are notably less
effective than the central composite design but considerably more
effective than the three-level full factorial designs [26,27].

The Box–Behnken design is a free, spherical and rotatable
quadratic design, which consists of a central point and the mid-
points of the edges of the cube restricted on the area. Furthermore,
the Box–Behnken design suffers calculations of the response func-
tion at intermediate levels and makes it possible to guess the system
performance at any experimental point in the range studied owing
to the careful design and analysis of experiments [28–30].

In this study, the three levels, three-factorial Box–Behnken
experimental design was applied for investigating and validating
the process parameters that affect the removal of textile dye AR 274
under the SW process [31]. The three critical parameters affecting
AR 274 degradation, namely temperature (x1), H2O2 concentration
(x2), and experimental time (x3), were selected as independent vari-
ables based on preliminary experiments, and removal TOC% (Y) was
considered as the dependent variable (response). The experimental
range and levels of independent variables for AR 274 degradation
are given in Table 1 [32]. The experimental results were analyzed
using Design Expert 8.1 (trial version) and the regression model
to the chosen factors by linear or quadratic models. A quadratic
model, which also includes the linear model, is given below as Eq.
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Table 1
Experimental range and levels of the independent variables.

Variables Factor Range and level

−1 0 1

Temperature (◦C) X1 100 175 250
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H2O2 (mM)  X2 50 150 250
Time (min) X3 30 45 60

2)

= ˇo + ˇ1x1 + ˇ2x2 + ˇ3x3 + ˇ12x1x2 + ˇ13x1x3 + ˇ23x2x3

+ ˇ11x2
1 + ˇ22x2

2 + ˇ33x2
3 + ε (2)

here Y is the response and x1, x2, and x3 represent the effect of the
ndependent variables. Thus, x2

1, x2
2, x2

3 are the square effects, and
1x2, x1x3, and x2x3 are the interaction effects; ˇ1, ˇ2, and ˇ3 are the
inear coefficients, and ˇ12, ˇ13, ˇ23 are the interaction coefficients.
o and ε represent the constant and the random error, respectively

32].
In this study, a total of 17 experiments were performed in

andomized order as required in many design procedures. The ade-
uacy of the proposed model is then revealed using the diagnostic
hecking tests provided by analysis of variance (ANOVA). The prop-
rty of the fit polynomial model is represented by the coefficient of
etermination R2. The R2 values assure a measure of how variability

n the observed response values can be clarified by experimen-
al factors and their interactions. These analyses are performed by
he agency of Fisher’s ‘F’ test and P-value (probability) [33]. Based
n the experimental data obtained, the levels of the three main
arameters investigated in this study are presented in Table 1.
or statistical calculations, the variables Xi (the real value of an
ndependent variable) were coded as xi (dimensionless value of
ndependent variable) according to the following equation:

i = Xi − Xo

�X
(3)

here Xo is the value of Xi at the center point, and �X represents
he step change [33].

. Result and discussion

.1. Optimization of degradation conditions using RSM approach

Response surface methodology was employed for identifying
he simple and interactive effects of the operating variables of
R 274 degradation for the SW process. According to the RSM
esults, polynomial regression modeling was operated between the
esponses of the corresponding coded values of the three different
rocess variables, and finally, the best model equation was obtained
s follows [34]:

 = 54.70 + 26.78X1 + 4.51X2 − 0.54X3 − 1.98X1X2 + 4.38X1X3

− 1.15X2X3 − 2.72X2
1 − 8.70X2

2 − 2.10X2
3 (4)

Statistical approaches with a Box–Behnken design were used
or efficient degradation of Acid Red 274 and for determining
he interaction between these factors. For the response surface

ethodology involving Box–Behnken design, a total of 17 exper-
ments were conducted for three factors at three levels. Table 1
rovides a list of independent variables and coded factor levels.

n RSM is appropriate when the optimal region for running the
rocess has been identified. The design used for the optimization
nd the responses observed for the 17 experiments are depicted in
able 2. In Eq. (4),  Y is the TOC removal percent of AR 274, and x1,
Fig. 2. The actual and predicted TOC removal %.

x2, and x3 are the corresponding coded variables of temperature,
H2O2 concentration, and time.

3.2. Analysis of variance (ANOVA)

The analysis of variance (ANOVA) results of quadratic models
are shown in Table 3 for the SW process. The model’s F-value of
109.77 implies that the model is significant for the degradation of
AR 274. Adequate precision measures the signal to noise ratio, and
a ratio value greater than 4 is desirable. Therefore, in the quadratic
model degradation of dye, an adequate precision of 36.12 indicates
an adequate signal for the SW process. P-values less than 0.05 indi-
cate that the model terms are significant, whereas values greater
than 0.1 are not significant. The fit of the models was controlled by
the coefficient of determination R2. Based on the ANOVA results, the
models report high R2-value of 99.30%. Also, an acceptable agree-
ment with the adjusted determination coefficient is necessary. In
this study, the adjusted R2-value was  found to be 98.39%. The value
of R2 and adjusted R2 is close to 1.0, which is considerably high,
thus advocating a high correlation between the observed values
and the predicted values. This indicates that the regression model
provides an excellent explanation of the relationship between the
independent variables and the responses [22,32,35–37]. The diag-
nostic plot shown in Fig. 2 was used for estimating the adequacy of
the regression model.

The actual and the predicted TOC removal % values are depicted
in Fig. 3. It is observed that there are tendencies in the linear regres-
sion fit, and the model adequately explains the experimental range
studied. The actual TOC removal % value is the measured result
for a specific run and the predicted value is evaluated from the
independent variables in the BBD [32]. The normal % probability
and studentized residuals plot is shown in Fig. 4. The data points
indicate that neither response transformation was needed nor any
apparent problem with normality was present.

3.3. Interactive effect of process independent variables

To understand the impact of each variable, three dimensional
(3D) plots were made for the estimated responses, which were the
bases of the model polynomial function for analysis, to investigate

the interactive effect of two  factors on the TOC removal % within
the experimental ranges given in Fig. 5. The inferences so attained
are discussed below [38].
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Table 2
Box–Behnken design experiments and experimental results.

Experiment number Experimental design Experimental plan Observed%Y Predicted %Y

T (◦C) H2O2 (mM)  t (min) X1 X2 X3

1 −1 −1 0 100 50 45 11.30 10.01
2  +1 −1 0 250 50 45 65.10 67.51
3  −1 +1 0 100 250 45 25.40 22.99
4 +1 +1 0 250 250 45 71.30 72.59
5 −1  0 +1 100 150 60 27.50 28.01
6  +1 0 −1 250 150 30 76 72.81
7  −1 0 −1 100 150 60 15 18.19
8  +1 0 +1 250 150 60 81 80.49
9  0 −1 −1 175 50 30 38 38.78

10 0 +1 −1 174 250 30 48.20 50.10
11 0 −1  +1 175 50 60 41.90 40
12  0 +1 +1 175 250 60 47.50 46.73
13 0 0 0 175 150 45 54.60 54.70
14  0 0 0 175 150 45 54.50 54.70
15  0 0 0 175 150 45 55.10 54.70
16  0 0 0 175 150 45 54.0 54.70
17  0 0 0 175 150 45 55.30 54.70

Table 3
Analysis of variance regression model for AR 274 degradation by using SW process.

Source Degrees of freedom Sum of squares Mean square F-value P-value

Model 9 6391.02 710.11 109.77 <0.0001
X1 1 5735.21 5735.21 886.58 <0.0001
X2 1 162.90 162.90 25.18 0.0015
X3 1 2.31 2.31 0.36 0.5688
X2

1 1 31.27 31.27 4.83 0.0639
X2

2 1 318.69 318.69 49.27 0.0002
X2

3 1 18.57 18.57 2.87 0.1340
X1X2 1 15.60 15.60 2.41 0.1644
X1X3 1 76.56 76.56 11.84 0.0108
X2X3 1 5.29 5.29 0.82 0.3959
Residual 7 45.28 6.47
Lack  of fit 3 44.22 14.74 55.63 0.0010

R

3

c
f
i
w
%

F
2

Pure  error 4 1.06 

2 = 0.9930, R2
Adj

= 0.9839, CV% = 5.26, adequate precision = 36.128.

.3.1. Interactive effect of temperature and oxidant concentration
To investigate the integrated effect of temperature and oxidant

oncentration, the RSM was used and the result was  shown in the
orm of three dimensional (3D) plots. As indicated in Fig. 5, with an

ncrease in the oxidant concentration, the TOC removal % increased

ith temperature until it reached the optimum grade. The removal
 of AR 274 increased with rising temperature for the SW process.

ig. 3. The studentized residuals and normal % probability plot of degradation of AR
74.
0.27

For example, in Fig. 5 (at 50 mM H2O2, temperature 100 ◦C) the
TOC removal % was 11.30%, which increased to 54.60% at 150 mM
H2O2 and temperature 175 ◦C when the SW process was used. Fig. 5
demonstrates that the TOC removal % efficiency increased with an

increase in the concentration of hydrogen peroxide; however, once
it exceeded a definite grade, it was  pioneered by a decrease in the
degradation rate. This might be possible because as the concen-
tration of hydrogen peroxide is increased, more OH• radicals are

Fig. 4. The predicted TOC removal % of AR 274 and studentized residuals plot.
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Through the cleavage of C(5)-N bond, bezamide (A1) was  sepa-
rated from dye structure and was  then converted to benzoic acid
(A2), hydroquinone (A3), and benzoquinone (A4) owing to further
attacks of OH. radicals. The cleavage of the C(5)–N and C(3)–N bonds
ig. 5. Surface and contour plots of TOC removal versus experiment temperature
◦C) and oxidant (H2O2) concentration (mM) at a fixed reaction time t = 45 min.

eady to attack the dye and the rate of degradation reaction thus
ncreases. However, the hydroxyl free radicals finally reach equilib-
ium with hydrogen peroxide, and at this point, hydrogen peroxide
s used considerably more; the OH• radical effectively reacts with
ydrogen peroxide and produces hydroperoxide (HO2

•). As already
nown, hydroperoxide radicals are less reactive than OH• radicals,
hich explains the reason for the decrease in the degradation reac-

ion. The reactions involved are as follows: [38–40]

2O2 + •OH → HO2
• + H2O (5)

2O2 + •OH → O2
•− + H+ + H2O (6)

OH + •OH → H2O2 (7)

OH + HO2
• → H2O + O2 (8)

n addition to hydroxyl radicals generated at high concentration
imerize to hydrogen peroxide, it is indicated in Eq. (7).At subcrit-

cal water conditions, H2O2 decomposes to produce very reactive
H• radicals according to the reaction given below:

2O2 → 2OH• (9)

s the life span of hydroxyl radicals is very limited, they can react
nly where they occur [39]. Thus, the degradation rate is affected
y H2O2 concentration and experimental temperature. It was found
hat the decomposition rate of hydrogen peroxide increased with
ising experimental temperature and caused H2O2 to decompose
ery rapidly to the OH• radicals. Finally, the OH• radicals formed
ould rapidly attack the dye molecule, thereby pioneering its degra-
ation. Fig. 8 depicts the proposed degradation mechanism for AR
74 at subcritical water conditions using H2O2 as the oxidant [12].

.3.2. Interactive effect of temperature and time
Fig. 6 presents 3D plots demonstrating the effect of tempera-

ure and time on percentage TOC removal under the predefined
onditions specified by Design Expert. It is seen in Fig. 6 that
he maximum 81.0% TOC removal occurs at the 60 min  of exper-
mental time and at 250 ◦C in SW conditions. The degradation rate
ncreases with an increase in the experimental time at lower tem-
erature; however, when the temperature increases, the effect of
ime becomes limited and temperature becomes the dominant fac-

or owing to the interaction between oxidant and temperature.
hus, the degradation rate is particularly controlled by the temper-
ture as detailed above, whereas time is probably less important
or the degradation rate of dye.
Fig. 6. Surface and contour plots of TOC removal versus experiment temperature
(◦C) and experiment time (min) at a fixed oxidant concentration [H2O2] = 150 mM.

3.3.3. Interactive effect of oxidant and time
In Fig. 7, the response surface and three dimensional plots were

developed as a function of oxidant concentration and experimen-
tal time. As seen in Fig. 7, the TOC removal % rate increases with
increased time and oxidant concentration at constant temperature.
With increasing experimental time, the probability of interactions
of radicals with the dye also increases. However, regardless of the
experimental time, this interaction will be limited to the amount
of the radical formed.

3.4. Identification of products

Fig. 8 depicts the GC–MS analysis of short-time oxidized
solutions in subcritical water condition revealing the formation
of bezamide [m/e = 121 (68, M+)], benzoic acid [m/e = 122 (81,
M+)], hydroquinone [m/e = 110 (100, M+)], benzoquinone [m/e = 108
(100, M+)], 1-naphthol [m/e = 144 (100, M+)], phtalic anhydride
[m/e = 148 (43, M+)], phthalic acid [m/e = 166 (13, M+)], and o-
cyclohexylphenol [m/e = 176 (89, M+)]. Based on these findings, a
possible degradation pathway for AR 274 is illustrated in Fig. 8.
In the process, C(3)-N, C(5)-N, and C(20)-O bonds were cleavaged
owing to temperature effects and attacks of hydroxyl radicals.
Fig. 7. Surface and contour plots of TOC removal versus oxidant (H2O2) concentra-
tion (mM)  and experiment time (min) at a fixed temperature T = 175 ◦C.
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Fig. 8. GC–MS analysis of the organic intermediates of AR 274 in subcritical water (T = 175 ◦C, H2O2 = 150 mM,  experiment time = 15 min).
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ed to the formation of 1-naphthol (B1) compounds. B1 could be
urther oxidized to naphthalene-1,2,4-triol (E1) and 3-hydroxy-
,4-napthoquinone (E2). Compound E2 could be converted to
hthalic anhydride (B2) and phthalic acid (B3). The cleavage of
he C(20)–O bond concluded to form o-cyclohexylphenol (C1)
ompounds. Catechol (E3) and 1,2-benzoquinone (E4) are other
tructures that are expected. For a longer duration of oxidation,
ll aromatic compounds would be further transformed into small
olecules.

. Conclusions

The degradation of the azo dye Acid Red 274 was carried out
sing H2O2 as oxidant in subcritical water condition. The pro-
ess was optimized by using RSM based on the Box–Behnken
esign. The optimum values of experimental temperature, H2O2
oncentration, and reaction time were 217 ◦C, 111 mM,  and 60 min,
espectively, where 67% TOC removal could be obtained from the
roposed model. The analysis of variance showed a high coef-
cient of determination value (R2 = 0.9930 and Adj-R2 = 0.9839).
he results of TOC values indicated that the subcritical water pro-

ess could be used for the complete degradation of AR 274. In
his way, the degradation mechanism of azo dye in subcritical
ater was discussed and the probable degradation pathway was
educed.
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26] F. Ay, E.C. Ç atalkaya, F. Kargi, A statistical experiment design approach for
advanced oxidation of Direct Red azo-dye by photo-Fenton treatment, J. Haz-
ard. Mater. 162 (2009) 230–236.
 Materials 201– 202 (2012) 100– 106

27] S.L.C. Ferreira, R.E. Bruns, H.S. Ferreira, G.D. Matos, J.M. David, G.C. Brando, E.G.P.
da  Silva, L.A. Portugal, P.S. dos Reis, A.S. Souza, W.N.L. dos Santos, Box–Behnken
design: an alternative for the optimization of analytical methods, Anal. Chim.
Acta  597 (2007) 179–186.

28] M.  Li, C. Feng, Z. Zhang, R. Chen, Q. Xue, C. Gao, N. Sugiura, Optimization of
process parameters for electrochemical nitrate removal using Box–Behnken
design, Electrochim. Acta 56 (2010) 265–270.

29] E. Hamed, A. Sakr, Application of multiple response optimization technique to
extended release formulations design, J. Control. Release 73 (2001) 329–338.

30] A. Kumar, B. Prasad, I.M. Mishra, Optimization of process parameters for acry-
lonitrile removal by a low-cost adsorbent using Box–Behnken design, J. Hazard.
Mater. 150 (2008) 174–182.

31] P. Sharma, L. Singh, N. Dilbaghi, Optimization of process variables for decol-
orization of Disperse Yellow 211 by Bacillus subtilis using Box–Behnken design,
J.  Hazard. Mater. 164 (2009) 1024–1029.

32] Z. Zhang, H. Zheng, Optimization for decolorization of azo dye acid green 20
by  ultrasound and H2O2 using response surface methodology, J. Hazard. Mater.
172  (2009) 1388–1393.

33] S.S. Moghaddam, M.R. Alavi Moghaddam, M.  Arami, Coagulation/flocculation
process for dye removal using sludge from water treatment plant: optimiza-
tion  through response surface methodology, J. Hazard. Mater. 175 (2010)
651–657.

34] K.P. Singh, S. Gupta, A.K. Singh, S. Sinha, Optimizing adsorption of crystal violet
dye from water by magnetic nanocomposite using response surface modeling
approach, J. Hazard. Mater. 186 (2011) 1462–1473.

35] N. Kannan, S.S. Balamurugan, Biosynthesis of silver nanoparticles: Parameter
optimization using response surface method, Colloids Surf. B: Biointerfaces
(2011), doi:10.1016/j.colsurfb.2011.05.034.
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