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a b s t r a c t

Solutions of Acid Red 1 and Acid Red 114 were treated in H2O2-modified subcritical water in the 
 temperature range of 100°C–200°C for up to 60 min. Response surface methodology based on the 
Box-Behnken design was used to optimize the process. For Acid Red 1, optimum decolorization of 
97% can be achieved at 192°C, 181 mM H2O2, 51.3 min treatment time, and 121 mg/L dye concentra-
tion. For Acid Red 114, the optimum conditions were 195°C, 157 mM H2O2, 38 min treatment time and 
110 mg/L dye concentration, where 91% decolorization could be obtained from the proposed model. 
It was determined that temperature is the most important factor, followed by the oxidant concentra-
tion. Degradation was less efficient for AR114 due to the double azo bonds, compared to the single 
azo bond of AR1. Application of the optimum treatment conditions on real reactive dye wastewater 
resulted in 92.7, 79.1 and 20.4% removal of BOD5, COD and TSS, respectively. 
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1. Introduction

Modernization of the textile industry worldwide has
resulted in more advanced chemical substances being used 
in the dyeing and finishing processes. A significant number 
of these substances are either hazardous or can be trans-
formed to hazardous by-products. Additionally, the dyeing 
and finishing processes require large amounts of water and 
are difficult to optimize, thus leading to excess wastewaters 
that are potentially toxic and may require further treatment. 
Only part of the wastewater generated by the textile indus-
tries is biodegradable; therefore, it poses a serious envi-
ronmental threat when discharged untreated into adjacent 
lakes and rivers. To date, approximately 10%–15% of the 
manufactured dyes are discharged as untreated wastewater 
into the environment [1].

Acid dyes – part of the larger azo dye family – are highly 
water soluble, and have better light fastness than basic 
dyes. They are commonly used for protein fibers such as 
silk, wool, nylon and acrylics. They contain sulphonic acid 
groups, which are usually present as sodium sulphonate 
salts. These increase solubility in water, and give the dye 
molecules a negative charge. In an acidic solution, the -NH2 
functionalities of the fiber are protonated to give a positive 
charge: –NH3

+. This charge interacts with the negative dye 
charge, allowing the formation of ionic interactions. Addi-
tionally, Van-der-Waals forces, dipolar bonds and hydrogen 
bonds are formed between the dye and fiber. 

Several different processes have been proven success-
ful in treating acid dye effluents. Scientists have mainly 
focused on advanced oxidation methods such as Fenton 
oxidation [2,3], photocatalysis [4–7], ultrasonic treatment 
[8,9], electrochemical oxidation [10–14] or a combination of 
these [15,16]. In many cases, oxidation of the dye is achieved 
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through the production of the highly reactive OH• or other 
radical. Other methods include dye decolorization through 
microbial transformations [17,18], enzymatic degradation 
[19] and membrane treatment [20].

At temperatures between 100°C and 374°C (the critical 
temperature of water), water is at the subcritical (or super-
heated) phase. As the temperature is raised, significant 
changes in several of water’s properties occur. In the sub-
critical phase, water is an efficient solvent for many moder-
ately polar or non-polar pollutants; therefore, it can be used 
for extraction and degradation of several classes of contam-
inants from wastewaters, soils and sediments. In cases of 
not readily degradable pollutants, subcritical water can be 
modified with an environmentally friendly oxidizing sub-
stance, such as hydrogen peroxide. At elevated tempera-
tures and pressures, hydrogen peroxide produces the highly 
reactive hydroxyl radical which reacts with the pollutant 
molecules and decomposes them. At the end of the process, 
hydrogen peroxide leaves no residues. The simplicity and 
effectiveness of using subcritical water to degrade organic 
contaminants has been well established [21]. However, the 
works that study the degradation of textile dyes in subcriti-
cal water are only a few. 

This set up was successfully used in Daskalaki et al. [22], 
where Reactive Red 120 was completely degraded after 70 
min treatment with 0.5% w/v hydrogen peroxide at 150°C, 
in subcritical water. It was determined that the experimen-
tal temperature – closely connected to the rate of H2O2 con-
version to hydroxyl radicals – played the most important 
role in the degradation of Reactive Red 120. Comparable 
results were obtained recently by Daneshvar et al. [23] who 
studied the degradation of Acid Orange 7 under subcriti-
cal water conditions in the presence of hydrogen perox-
ide using practically the same experimental set-up. Their 
results showed that at the optimum conditions of 135°C, 
0.4% w/v H2O2 and 6 min residence time, Acid Orange 7 
as well as other basic or reactive dyes, can be degraded to 
>99%. Another azo dye – Congo Red – was also degraded 
successfully in subcritical water modified with H2O2 [24]. 
The author reported that degradation could reach 99.0% 
with a solution of 100 ppm of Congo Red and 50 mM H2O2 
at 150°C and 60 min of treatment. Maximum conversion of 
the total organic carbon was recorded as 62.2%. Both degra-
dation and TOC results are comparable to the studies men-
tioned earlier. The same authors went a step further and 
attempted to degrade Orange G by electrolysis in subcriti-
cal water [25]. They achieved 99% dye degradation and 98% 
TOC removal at temperatures of 180°C–250°C in 30 min. As 
in the previous studies, the temperature and concentration 
of the hydroxyl radical were the determining factors in the 
process.

Donlagić et al. [26] studied the decolorization of 
azo dye Orange II. They showed that at temperatures 
below 240°C, Orange II oxidation in subcritical water fol-
lows a  parallel-consecutive reaction pattern in which 
oxidation proceeds through aromatic by-products and 
 aliphatic acids to complete mineralization. More recently, 
Hosseini et al. [27,28] used a continuous flow of subcriti-
cal water to decompose Acid Orange 7. The experiments 
were performed in the temperature ranging from 180°C to 
374°C, at a pressure range of 10–25 MPa and 60-s residence 
time. They concluded that the dye and all intermediates 

 produced can be effectively mineralized towards the high 
end of the temperature scale, that is, above 350°C. 

In our previous studies, the degradation of Acid Red 
274 was investigated under subcritical water conditions 
using H2O2 [29,30]. Response surface methodology (RSM) 
was used to design the experiments and study the effects 
of temperature, oxidant concentration and residence time. 
The optimum values of experimental temperature, H2O2 
concentration, and reaction time were 217°C, 111 mM, 
and 60 min, respectively, where 67% TOC removal could 
be obtained from the proposed model. From these and 
other studies, it has been proved that analysis of variance 
(ANOVA) based on central composite design is an effec-
tive method to optimize the degradation of dyes [31,32]. 
The scope of this investigation was to further deepen our 
understanding on the decolorization of azo dyes by study-
ing Acid Red 1 (AR1) or Acid Red 114 (AR114) degradation 
in subcritical water. RSM was used to optimize the color 
removal efficiency and to determine the influence of tem-
perature, initial dye concentration, time and initial H2O2 
concentration. The optimum conditions derived from the 
model substances were tested against a real textile waste-
water containing azo dyes. Through this work, we aim to 
establish the use of H2O2-modified subcritical water as a 
simple, quick and efficient way for the treatment of textile 
industry wastewater, which potentially can be reused in 
textile processing. 

2. Experimental

2.1. Materials

Acid Red 1 and Acid Red 114 dyes (Fig. 1) were pur-
chased from Sigma-Aldrich (Steinheim, Germany). Stock 
solutions of the dyes were prepared at a concentration of 
1,000 mg/L each, with ultra-pure water. Dye solutions of the 
appropriate concentrations were prepared with dilutions 
from the initial stock solution. Hydrogen peroxide 35% w/v 
(Merck-Turkey) was used as the oxidant in the subcritical 
water process. The textile wastewater was received from 
Epilektos Textile Industry S.A. (http://www.stiafilco.com/
gr/index.asp) and contained various azo dyes and other 
additives (salts, auxiliaries) from cotton fabric processing. 
The exact specification and concentrations were unknown. 
It was stored at 4°C and used in the experiments without 
further treatment.

2.2. Subcritical water apparatus and method

Subcritical water experiments were carried out using a 
stainless steel high pressure reactor (Berghof BR-100, 75 ml 
capacity). The experimental process is described in detail 
in Kayan and Gözmen [29]. Briefly, the reactor was loaded 
with 50 ml dye solution then H2O2 was added and closed, 
allowing sufficient headspace for safety reasons. At the end 
of the treatment time, the reactor was cooled to room tem-
perature in an ice bath. The range of values for the experi-
mental variables used during treatment is shown in Table 1. 
The application of RSM resulted in a total of 29 experiments 
(Table 2). For reproducibility reasons, selected experiments 
were performed in triplicate.



B. Kayan et al. / Desalination and Water Treatment 59 (2017) 248–261250

2.3. Analyses

The decolorization of AR 1 and AR 114 was monitored 
on a UV-vis spectrometer (Thermo Genesys 10-S) at 506 and 
514 nm, respectively. The percentage decolorization (DE %) 
of AR1 and AR 114 was obtained through the following 
 formula:

DE
C C

C
o t

o

% =
−

100  (1)

where C0 and Ct correspond to the initial and remaining dye 
concentration at a specific time t, respectively.

In order to identify potential degradation  products, 
GC-MS analyses were performed (Agilent 5975C series 
GC/MSD with a RESTEK Rtx-5MS crossbond 5% 
 diphenyl–95% dimethyl polysiloxane 0.25 m, 30 m × 0.25 mm 
column). Helium was employed as the carrier gas and the 
voltage of electron impact ionization was 70 eV. The tempera-
ture program was set as follows: 40 to 80°C, rate = 5°C/min 
and hold time 1 min, from 80 to 280°C, rate = 4°C/min and 
hold time 10 min.

The textile industry wastewater was characterized 
(before and after treatment, in triplicate) in terms of pH, 
conductivity, BOD5, COD and total suspended solids 
(TSS) using standard laboratory protocols. Its color was 

 determined using the American Dye Manufacture Index 
(ADMI) color method as described in De Jager et al. [33]. 
This is the method of choice for textile wastewaters that 
contain several dyes of different colors and concentrations 
which often produce largely overlapping UV peaks. For real 
textile wastewaters there is no direct relationship between 
ADMI, absorbance and the dye concentrations [34].

The acute eco-toxicity of the wastewater was measured 
using the Microtox bioassay. The details of the method are 
described in Gottlieb et al. [35]. This test employs the Vibrio 
fischeri microorganisms, which are non-pathogenic, marine 
bacteria that luminesce as a natural part of their metabolism. 
When exposed to a toxic substance, the respiratory process 
of the bacteria is disrupted, reducing light output. Response 
to toxicity is observed as a change in luminescence – which 
is a by-product of cellular respiration – and expressed as 
the EC50 value. The value has no absolute meaning and is 
only useful for comparison purposes, before and after treat-
ment, to indicate the any reduction in toxicity. In cases of 
real wastewaters, where more than one toxic substances are 
present, the EC50 value is expressed in percent dilution of 
the original sample [35].

2.4. Box-Behnken design and optimization of color removal 
of azo dyes

Design Expert 9.0.4 was used to design selection, math-
ematical modeling and optimization [36]. The RSM was 
used to determine the optimal experimental conditions for 
maximum decolorization. This methodology is a collection 
of statistical tools used to study the effect of several vari-
ables influencing the responses by varying them simulta-
neously [37]. RSM using Box-Behnken design (BBD) was 
applied. Temperature, initial H2O2 concentration, time and 
initial dye concentration were considered to be the indepen-
dent variables (factors) and were labeled as X1, X2, X3 and X4, 
respectively. In BBD, each factor was coded at three levels 
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Fig. 1. Chemical structure of the dyes used in this study.

Table 1
The level and range of independent variables

Independent variables Factor Range and levels

–1 0 1

Temperature (°C)
H2O2 concentration (mM)
Time (min)
Initial dye concentration (mg/L)

X1

X2

X3

X4

100
50
15

100

150
150

37.5
300

200
250

60
500
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(–1, 0, 1). Table 1 presents the independent variables and 
their experimental range and levels. The dependent vari-
able Y was the color removal percent. The decolorization 
results of AR1 and AR114 were observed to be highly cor-
related with the quadratic model according to the ANOVA. 
A quadratic model which also includes the linear model is 
given according to Eq. (2). 

Y% = + + + +∑ ∑ ∑β β β β ε0 0i i ii i ij JX X X X2
 (2)

where Y is the response, Xi and Xj are the coded variables, 
β0 is the constant coefficient, βi, βii and βij the first-order, qua-
dratic and interaction effects, respectively, i and j are the 
index numbers for factor, and ε is the residual error [38,39]. 
ANOVA and coefficient of correlation (R2) were used to 
evaluate the suitability of the model.

3. Results and discussion

3.1. Optimization of decolorization conditions

The decolorization of the dye solutions was performed 
in subcritical water using H2O2 as an oxidant (ScW-H2O2). 
To assess the effectiveness of ScW-H2O2 to degrade AR1 
and AR114, a total of 29 experiments were performed for 
each dye, as indicated by the Box-Behnken design (Table 2). 
The numbers of experiments were calculated as follows:

N = k2 + k + cp (3)

where k is the factor number and cp is the replicate number 
of the central point [40].

The obtained experimental data shown in Table 2 were 
used to fit the polynomial model representing the color 

Table 2
The design and results of Box-Bhenken experiments

Run 
No.

Experimental design Response Y: Color removal %

AR1 AR114

T
(°C)

[H2O2]0

(mM)
t
(min)

[Dye]0

(mg/L)
Obs. Y Pred. Y Obs. Y Pred. Y

1 100 50 37.5 300 10 12 7 8
2 200 50 37.5 300 64 66 52 56
3 100 250 37.5 300 18 20 12 14
4 200 250 37.5 300 91 94 83 87
5 150 150 15.0 100 56 59 48 51
6 150 150 60.0 100 65 68 54 58
7 150 150 15.0 500 32 33 21 22
8 150 150 60.0 500 36 37 24 27
9 100 150 37.5 100 34 34 27 27
10 200 150 37.5 100 97 100 91 93
11 100 150 37.5 500 9 7 5 3
12 200 150 37.5 500 68 69 57 58
13 150 50 15.0 300 31 35 22 25
14 150 250 15.0 300 49 49 41 40
15 150 50 60.0 300 36 37 26 27
16 150 250 60.0 300 63 59 51 49
17 100 150 15.0 300 14 12 8 8
18 200 150 15.0 300 84 78 71 66
19 100 150 60.0 300 19 20 11 11
20 200 150 60.0 300 85 82 79 74
21 150 50 37.5 100 64 58 54 48
22 150 250 37.5 100 72 70 67 64
23 150 50 37.5 500 26 23 19 16
24 150 250 37.5 500 45 47 36 36
25 150 150 37.5 300 62 62 51 51
26 150 150 37.5 300 64 62 51 51
27 150 150 37.5 300 60 62 53 51
28 150 150 37.5 300 61 62 49 51

29 150 150 37.5 300 62 62 50 51
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removal % (response Y) as a function of temperature, ini-
tial H2O2 concentration, time and initial dye concentration. 
The decolorization results for both AR1 and AR114 were 
observed to be highly correlated to the quadratic model and 
the optimum fit model equation was obtained according to 
Eq. (2) as follows:
For AR1:

Y X X X X X X

X X

= + + + − +
− −
61 80 32 08 8 92 3 17 14 33 4 75
1 00 1

1 2 3 4 1 2

1 3

. . . . . .

. .000 2 25 2 75 1 25

5 44 8 44 8 32
1 4 2 3 2 4 3 4

1
2

2
2

3
2

X X X X X X X X

X X X

+ + −

− − −

. . .

. . . −− 4 07 4
2. X

 
(4)

For AR114:

Y X X X X X X

X X

= + + + − +
+ −
50 80 30 25 9 17 2 83 14 92 6 50
1 25 3

1 2 3 4 1 2

1 3

. . . . . .
. .000 1 50 1 00 0 75

2 77 6 90 8 65
1 4 2 3 2 4 3 4

1
2

2
2

3
2

X X X X X X X X

X X X

+ + −

− − −

. . .

. . . −− 2 77 4
2. X

 
(5)

Coefficient of correlation (R2) values for AR1 and AR114 
oxidation with H2O2 in subcritical water were obtained as 
0.9880 and 0.9867, respectively. The regular R2 can be arti-
ficially inflated by simply continuing to add terms to the 
model, even if the terms are not statistically significant. The 
adjusted R2 plateaus when insignificant terms are added to 
the model, and the predicted R2 will decrease when there 
are too many insignificant terms. A rule of thumb is that the 
adjusted and predicted R2 values should be within 0.2 of 
each other [36]. The high adjusted R2 (0.9760 and 0.9734) and 
predicted R2 (0.9332 and 0.9257) values for AR1 and AR114 
also illustrate that the model is suitable for the experimental 
data [41]. The adequate precision value was the signal to 
noise ratio. The ratio of 33.77 and 32.35 for AR1 and AR114, 
respectively, indicates an adequate signal.

Fig. 2 provides Pareto graphic analysis which intro-
duces a single or synergistic positive or negative effect 
of the variables on the color removal efficiency [42]. This 
analysis gives the percentage effect of each factor on the 
response according to following formula:

P ii
i

i

=








× ≠( )

∑
β
β

100 0
2

2
 (6)

It is demonstrated that the temperature (β1), initial dye 
(β4) and hydrogen peroxide (β2) concentration are the cru-
cial factors for the decolorization of AR1 and AR114. 

3.2. Analysis of variance 

The regression model was tested by ANOVA results to 
ensure the statistical significance of the quadratic model 
employed for explaining the experimental data at a 95% 
confidence level, as shown in Table 3. From Table 3, it was 
observed that the proposed model was highly significant 
due to a very low p-value (p < 0.0001) and a very high F 
value (82.49 for AR1, 74.18 for AR114). Fitting the exper-
imental results to Eq. (4) and (5) leads to the optimum 
decolorization conditions for the two dyes. For Acid Red 1, 
optimum decolorization of 97% can be achieved at 192°C, 
181 mM H2O2, 51.3 min treatment time, and 121 mg/L dye 
concentration. For Acid Red 114, the optimum conditions 
were 195°C, 157 mM H2O2, 38 min treatment time and 
110 mg/L dye concentration, where 91% decolorization 
could be obtained from the proposed model.

3.3. Interactive effect of the process independent variables

In order to gain a better understanding of the influence 
of the independent variables and their interactions on the 
response (dependent variable), 3D response surface and 2D 
contour plots for the measured responses of AR1 and AR114 
were formed based on the model Eqs. (4) and (5).

Fig. 3 shows the effects of initial H2O2 concentration 
and temperature on decolorization of 200 mg/L AR1 and 
AR114, after 35 min treatment. At subcritical water con-
ditions, hydrogen peroxide decays to produce hydroxyl 
radicals which are non-selective and the second strongest 
oxidant known due to their high standard reduction poten-
tial (Eº(OH•/H2O) = 2.80 V/SHE) [21,22]. 

H2O2 → 2 OH• (7)

For both dyes, an increase in temperature from 100 to 
200°C resulted in a sharp increase in color removal, from 
22% to 75% for AR1 and 18% to 62% for AR114 (at 50 mg/L 
oxidant concentration). This critical effect of temperature is 
also obvious at all other H2O2 concentrations. At constant 
temperature, increasing H2O2 concentration has a much 
lesser effect on decolorization. Even at the highest tempera-
ture of 200°C, a 5-fold increase in oxidant concentration 
only increased color removal by 24% (75%–99%) for AR1 
and 29% (63%–92%) for AR114. When H2O2 concentration 
was increased from 200 to 250 mM, the decolorization rate 
remained practically the same for both dyes. This may be 
due to the higher consumption rate of the hydroxyl radical 
from secondary reactions (Eq. (8–12)) [43,44]. These reac-
tions involve OH• attacks on H2O2 giving hydroperoxyl 
radical (HO2•) and superoxide anion radical (O2•

–) by reac-
tion (8) and (9), respectively. The superoxide anion radical 
is the conjugate base of HO2• (pKa = 4.8) (Eq.(9)). The reac-
tion with the hydroperoxyl radical (Eq. (11)) and dimeriza-
tion of hydroxyl radical (Eq.(12)) are also included in these 
 reactions. 

H2O2 +OH• → HO2• + H2O (8)

H2O2 +OH• → O2•- + H+ + H2O (9)Fig. 2. Pareto graphic analysis.
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O2• + H+ ↔ HO2• (10)

OH• + HO2• → O2 + H2O (11)

OH• + OH• → H2O2 (12)

During subcritical water treatment with H2O2, the 
hydroxyl radicals (OH•) and the weaker oxidant hydrop-
eroxyl radical (HO2•) are mainly responsible for the degra-
dation of organic pollutants to the final products [45]. The 
decolorization of both AR1 and AR114 occurs as a result 

of destruction of the azo linkage (–N=N–) by the attack of 
oxidizing radicals. This linkage connects the two aromatic 
groups in the AR1 and AR114 structures. 

The dramatic effect of temperature can also be seen in 
Fig. 4, where the interactive effect of time and temperature 
(at constant dye and H2O2 concentration) is shown. At the 
minimum treatment time of 15 min, increasing the tempera-
ture from 100°C to 200°C resulted in a 65% and 68% increase 
in color removal for AR1 and AR114, respectively. Similar 
behavior was also observed up to the treatment time of 
60 min. Time appeared to have very little effect in the pro-
cess. At 200°C, increasing treatment time from 15 to 60 min, 
had only a minor effect in color removal, indicating that 

Table 3
ANOVA for response surface quadratic model for azo dyes decolorization by ScW/H2O2

Source Degrees of fredom Sum of squares Mean squares F-value p-value

Model for AR1 14 16,873.31 1,205.24 82.49 <0.0001
X1 1 12,352.08 12,352.08 845.41 <0.0001
X2 1 954.08 954.08 65.30 <0.0001
X3 1 120.33 120.33 8.24  0.0124
X4 1 2,465.33 2,465.33 168.73 <0.0001
X1

2 1 90.25 90.25 6.18  0.0262
X2

2 1 4.00 4.00 0.27  0.6090
X3

2 1 4.00 4.00 0.27  0.6090
X4

2 1 20.25 20.25 1.39  0.2587
X1X2 1 30.25 30.25 2.07  0.1722
X1X3 1 6.25 6.25 0.43  0.5237
X1X4 1 192.08 192.08 13.15  0.0028
X2X3 1 462.24 462.24 31.64 <0.0001
X2X4 1 448.65 448.65 30.71 <0.0001
X3X4 1 107.27 107.27 7.34  0.0169
Residual 14 204.55 14.61
Lack of fit 10 195.75 19.58 8.90  0.0247
Pure error 4 8.80 2.20

Model for AR114 14 15,654.81 1,118.20 74.18 <0.0001
X1 1 10,980.75 10,980.75 728.41 <0.0001
X2 1 1,008.33 1,008.33 66.89 <0.0001
X3 1 96.33 96.33 6.39  0.0241
X4 1 2,670.08 2,670.08 177.12 <0.0001
X1

2 1 169.00 169.00 11.21  0.0048
X2

2 1 6.25 6.25 0.41  0.5301
X3

2 1 36.00 36.00 2.39  0.1446
X4

2 1 9.00 9.00 0.60  0.4526
X1X2 1 4.00 4.00 0.27  0.6145
X1X3 1 2.25 2.25 0.15  0.7051
X1X4 1 49.95 49.95 3.31  0.0902
X2X3 1 308.82 308.82 20.49  0.0005
X2X4 1 485.34 485.34 32.19 <0.0001
X3X4 1 49.95 49.95 3.31  0.0902
Residual 14 211.05 15.07
Lack of fit 10 202.25 20.22 9.19  0.0233
Pure error 4 8.80 2.20
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the decolorization reactions were not kinetically hindered. 
Time could perhaps play a more important role at low oxi-
dant concentrations and/or higher dye concentrations.

Fig. 5 shows dye decolorization with respect to tempera-
ture and initial dye concentration, at a H2O2 concentration 
of 150 mM. In the 175°C–200°C range, decolorization % for 
AR1 was increased as the dye concentration was decreased. 
At a concentration of 100 mg/L, nearly 100% decolorization 
was achieved, whereas at 500 mg/L color removal dropped 
to approximately 68%. (Fig. 5(a)). At temperatures below 
175°C, color removal % dropped rather sharply, confirm-
ing that temperature is the determining factor of the pro-
cess. A similar trend was observed for AR114 (Fig. 5(b)). 
At temperatures higher than 175°C, a color removal of 
approximately 90% was achieved at a dye concentration of 
100 mg/L, whereas when the concentration was increased 
to 500 mg/L, the color removal % dropped to below 50%. 
In both cases, this indicates that regardless of tempera-
ture, the H2O2 concentration was not adequate to produce 
enough OH radicals to fully oxidize the higher dye concen-
trations. Additionally, decolorization was not as successful 

for AR114 as it was for AR1. This is probably due to the 
higher complexity of AR114 and the presence of two N=N 
linkages, compared to one in AR1.

Fig. 6(a) and (b) shows the predicted color removal % 
as a function of time and H2O2 concentration at constant 
temperature and dye concentration. For both dyes, the 
color removal % increased with increasing H2O2 concen-
tration and decreased after 40 min treatment time. This 
is to be expected, as the concentration of H2O2 increased 
more OH• radicals were produced and attacked the dye 
molecules. Two possible explanations may account for the 
decrease observed after ~40 min. First, the production of 
OH• may have decreased, leading to a subsequent reduc-
tion in the decolorization rate. Second, it may be due to 
the participation of hydroxyl radicals to competitive sec-
ondary reactions with by-products not produced at an 
earlier time. Overall, it is shown that AR1 decolorization 
was more efficient compared to AR114 – the same trend 
observed in earlier figures.

Fig. 7(a) and (b) shows the predicted color removal 
as a function of initial H2O2 and dye concentration, 

Fig. 3. 3D response surface and 2D contour plots for the effect of the initial H2O2 concentration and temperature for color removal % 
of (a) AR1 and (b) AR114 ([Dye]0 = 200 mg/L, t = 35 min).

Fig. 4. 3D response surface and 2D contour plots for the effect of the time and temperature for color removal % of (a) AR1 and 
(b) AR114 ([Dye]0 = 200 mg/L), [H2O2]0 = 250 mM).
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Fig. 5. 3D response surface and 2D contour plots for the effect of the initial dye concentration and temperature for color removal % 
of (a) AR1 and (b) AR114 ([H2O2]0 = 150 mM, t = 35 min).

Fig. 6. 3D response surface and 2D contour plots for the effect of the initial H2O2 concentration and time for color removal % of 
(a) AR1 and (b) AR114 ([Dye]0 = 250 mg/L, T = 200°C).

Fig. 7. 3D response surface and 2D contour plots for the effect of the initial H2O2 concentration and initial dye concentration for color 
removal % of (a) AR1 and (b) AR114 (T = 200°C, t = 20 min).
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at a  constant temperature (200°C) and treatment time 
(20 min). For a high AR1 concentration (500 mg/L) the 
color removal increased from 40%–70% as the H2O2 con-
centration increased from 50 to 250 mM (Fig. 7(a)). It is 
interesting to note, however, that the rate of decolor-
ization is gradually reduced as the H2O2 concentration 
increased. This means that dye decolorization does not 
necessarily respond to the increased OH• concentration. 
Therefore, it appears that secondary OH• reactions play 
an important role at higher H2O2 concentrations. The 
same trend can be observed for AR114 (Fig. 7(b)), where 
color removal % was lower at the same conditions, com-
pared to AR1. At the lowest concentration of 100 mg/L, 
increasing the oxidant concentration from 50 to 250 mg/L 
leads to a color removal % of 75%–93% and 65%–90%, for 
AR1 and AR114, respectively.

The effects of all the independent variables simultane-
ously on the color removal efficiency of AR1 and AR114 
in the design space were compared in the perturbation 
plots (Fig. 8(a)–(b)). Examination of the perturbation plots 
showed that for effective color removal, temperature (A), 
initial H2O2 concentration (B), time (C) and initial dye con-
centration (D) are the controlling parameters. Sharp curva-
tures for temperature and initial dye concentration show 
that the response of color removal efficiency was very sen-
sitive to these parameters. 

Several works has been published in literature for 
decolorization of AR1 and AR114 by using different 
methods (Table 4). The comparison of the present study 
with those obtained by other authors clearly indicates the 
favorable color removal efficiency of ScW-H2O2 process. 
The most efficient AOPs between these studies for the 
removal of color seem to be anodic oxidation (AO) with 
H2O2 and electro-Fenton processes. Subcritical water 
using H2O2 is also an attractive option for treatment of 
textile effluents which have a wide range of pH values. 
The pH of the solution is not an important parameter 
for ScW-H2O2 method in  contrast to AO and E-Fenton 
 processes. 

3.4. Identification of products

Based on the degradation products identified by 
the GC-MS, a possible pathway for AR1 and AR114 
degradation was proposed (Fig. 9). For AR1, hydrox-
ylation and cleavage of the azo group bonds may lead 
to 8-aminonaphthalene-1,3-diol (1), aniline (2) and then 
nitrobenzene (3). In the first stages of degradation, 
desulfonation and separation of the propanone group 
may occur. Compound (1) could be further oxidized to 
3,5-dihydroxyphtalic acid (4) before further hydroxyl-
ation, denitrification and oxidative opening of the aro-
matic ring occurred. Similarly, compounds (2) and (3) 
underwent attack by the hydroxyl radical to form the 
hydroquinone (6) and benzoquinone (7) intermediates. 
AR114 has a larger structure compared to AR1 with 
two azo groups. Assuming that the hydroxyl radical 
attacked both azo groups at the same time, six different 
by-products may be formed (8–13). The cleavage of the 
first azo bond – followed by desulfonation – may lead 
to the formation of phenol (8) and aniline (9). The cleav-
age of the second azo bond may lead to the formation 
of 3,3-dimethyl-[1,1’-biphenyl]-4,4’-diamine (10) and 
naphthalene derivatives (11–13). 

3.5. Treatment of a textile industry wastewater at the optimum 
conditions

For the subcritical water treatment of the real waste-
water, the optimum conditions determined for AR1 were 
selected (192°C, 181 mM H2O2, 51.3 min residence time). 
Given the complexity of real wastewater, the higher oxi-
dant concentration and the longer treatment time of the two 
were chosen. The before and after treatment values as well 
as the Environmental Protection Agency limits of discharge 
for this type of wastewater are shown in Table 5. Compar-
ing these values with those reported in the literature is not 
feasible due to the different compositions of textile waste-
water and treatment methods used. 

Fig. 8. Overlay plot of perturbation of all the variables for (a) AR1 and (b) AR114.
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In some cases of textile wastewater, it may be preferable 
to recycle and re-use it in the fabric processing cycle. This 
option would usually require lower treatment standards, 
which may in turn reduce the overall cost of textile process-
ing. Therefore, both options have to be examined – techni-
cally and economically – when assessing the fate of textile 
wastewater. 

The pH and conductivity values were slightly decreased, 
to 8.8 and 5.1 mS/cm, respectively. Since the real wastewa-
ter contains inorganic salts, they would play a dominant 

role in the pH and conductivity values. It is well known 
that subcritical water conditions do not affect inorganic 
species in anyway, therefore this explains the similar val-
ues before and after treatment. The value of pH falls within 
the EPA guidelines limits. Additionally, it is not a critical 
factor when it comes to wastewater re-use, since pH can be 
controlled at any stage of textile processing. With respect 
to conductivity, the presence of inorganic salts affects some 
dyeing processes more than others. For example, anionic 
salts cannot be tolerated in process waters used to apply 

Table 4
Comparison of color removal efficiency for AR1 and AR114 when other advanced oxidation methods were used

Method Experimental conditions Color removal %

Fenton-like [AR1]0 = 50 mg/L, [H2O2]0 = 8.0 mM, 4.0 g/L of 0.080 wt.% Fe-kaolin, 
T = 30°C, pH 3.0, 
t = 240 min, V = 200 mL

98.5 [50]

Fenton-like [AR1]0 = 50 mg/L, [H2O2]0 = 16.0 mM, 5.0 g/L of 0.14 wt.% Fe(III) oxide 
immobilized on Montmorillonite K10 (Fe–MK10), 
T = 30°C, pH 2.5, t = 150 min, V = 200 mL

99.0 [51] 

Photo-Fenton [AR1]0 = 1 × 10–4 mol/L, 
[Fe(II)]0 = 5 × 10–5 mol /L
[H2O2]0 = 1 × 10–3 mol/L, 
pH = 2.9, t = 10 min 

99.7 [16]

UV/H2O2 [AR1]0 = 1 × 10–4 mol/L,
[H2O2]0 = 1 × 10–3 mol/L,
pH = 3.45, t = 15 min 

99.3 [16]

Photolysis of ferric perchlorate 
(FPC)

[AR1]0 = 1 × 10–4 mol/L, 
[FPC]0 = 1.45 × 10–3 mol/L, 
pH = 2.5, t = 10 min 

86.6 [16]

Solar photodegradation [AR1]0 = 40 mg/L, 
0.20 g catalyst (Degussa P25 or Ca–Ce–W–TiO2 composite)
t = 150 min, V = 300 mL

99.9 [52]

Fenton-like [AR1]0 = 50 mg/L, [H2O2]0 = 16.0 mM, 2.5 g/L of 0.80 wt.% of Fe–zeolite  
Y type (Fe–ZYT) catalyst,
T = 30°C, pH 2.5, t = 60 min, V = 200 mL

99.0 [53]

Anodic oxidation with 
electrogenerated H2O2 

[AR1]0 = 236 mg/L, pH = 3.0, T = 35°C, I = 100 mA/cm2,  
V = 100 mL, BDD anode, t = 240 min

100 [13]

Electro-Fenton with BDD anode [AR1]0 = 236 mg/L, [Fe2+]0 = 236 mg/L, pH = 3.0, T = 35°C,  
I = 100 mA/cm2, V = 100 mL, t = 10 min

100 [13]

Photodegradation [AR114]0 = 50 mg/L,
40 mg/L of 10 wt% TiO2/ clinoptilolite (CP), 
T = 25ºC, pH = 7, t = 140 min.

99.9 [54]

ScW-H2O2 [H2O2]0 = 150 mM, T = 200°C,
T = 35 min, 
[AR1]0 = 100 mg/L,
[AR1]0 = 300 mg/L,
[AR1]0 = 500 mg/L,

99.2
88.1
68.8 (This study)

ScW-H2O2 [H2O2]0 = 150 mM, T = 200°C,
T = 35 min., for;
[AR114]0 = 100 mg/L,
[AR114]0 = 300 mg/L,
[AR114]0 = 500 mg/L

92.8
77.7
57.1 (This study)
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Fig. 9. A possible pathway for the degradation of AR1 and AR114 in sub-critical water using H2O2.

Table 5
Characterization of the textile industry wastewater before and after treatment

Property Before treatment 
(as received)

After treatment % Removal EPA limits of discharge 
(CFR § 410.82)

pH 9.4 8.8 6–9
Conductivity (mS/cm) 5.6 5.1 –
TSS (mg/L) 865 688 20.4 6.2
BOD5 (mg/L) 512 37 92.7 4.4
COD (mg/L) 1,636 342 79.1 40
Colour (ADMI units) 1,881 423 77.5 –
Acute eco-toxicity (EC50) 0.0003% 0.0062% –
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cationic fixing agents to direct dyes. A high salt concentra-
tion may cause direct dyes to exhaust too rapidly, resulting 
in uneven dyeing.

A small reduction (20.4%) was observed in the total 
suspended solids. This may be due to the high temperature 
which solubilized a fraction of the solid components which 
they remained in solution even after cool-down. Total solids 
can interact with the dye molecules and hinder the dyeing 
process; therefore, it is an important factor to consider when 
recycling the wastewater. 

As expected at such strongly oxidizing conditions, 
BOD5 showed a high percent removal (92.7%). The COD 
removal was not as high (79.1%), indicating only par-
tial oxidation of one or more of the wastewater organic 
substances. The problem associated with partial oxida-
tion lies in the unknown nature of the secondary prod-
ucts formed and the risk that some of these may be more 
toxic in comparison to the initial substances. In a multi- 
component wastewater, it is practically impossible to 
determine all the reactions and mechanisms – especially 
at high temperatures and pressures. It is interesting to 
note that Punzi et al. [46] drew a similar conclusion when 
they studied a combined biological-ozonation process for 
the treatment of real textile wastewater. They observed a 
reduced degree of mineralization which they attributed 
to the non-selective reactivity nature of the hydroxyl 
radical towards other organic and inorganic molecules – 
such as detergents and salts – and not only the dye sub-
stances themselves [24,47]. 

In our case, since the most important parameters are 
temperature and H2O2 concentration, complete mineraliza-
tion of all organic substances in a textile wastewater may be 
achieved if temperature is kept at the optimum value and 
excess H2O2 is used. This would result in high OH• concen-
trations and given enough time, complete oxidation could 
be achieved. Additionally, the process would maintain its 
environmentally friendly profile, whereas the cost would 
also remain the almost the same, since temperature and res-
idence time would not change (only the increased cost of 
the excess H2O2 used).

The effluent color was deep brown as received and it 
was measured at 1,881 ADMI units. After treatment, 77.5% 
of the color was removed and the effluent was measured 
at 423 ADMI unites (light to a transparent medium brown 
color).This indicates that there were still non-oxidized dye 
molecules present and/or secondary colored degradation 
products. Colored effluents have a negative aesthetic result 
but more importantly, they cannot be recycled and re-used 
within the textile industry. Joshi et al. [48] reviewed the 
environmental issues associated with residual color in tex-
tile effluents and the various decolorization methods [48]. 
With respect to H2O2, they concluded that it is the main 
oxidant used in chemical treatment methods; however, its 
decolorization efficiency depends on method of activation 
(H2O2/Fe2+ salts, H2O2/ozone, H2O2/UV radiation) and 
types of dyes.

The EC50 toxicity value showed a 20-fold reduction after 
treatment. This is a low reduction factor, comparable with 
those reported in the literature for various other types of 
real textile wastewater. Given the sensitivity of V. Fischeri, 
this low value may be partially attributed to the salts pres-
ent in the effluent [49].

4. Conclusions

This paper presented the decolorization of Acid Red 1 
and Acid Red 114 using hydrogen peroxide in subcritical 
water. Optimization of the process was achieved through 
the RSM, in particular the Box-Behnken design. Of all the 
parameters examined, temperature was the most import-
ant factor as it controlled the production of the OH• rad-
ical. For Acid Red 1, optimum decolorization of 97% can 
be achieved at 192°C, 181 mM H2O2, 51.3 min treatment 
time, and 121 mg/L dye concentration. For Acid Red 114, 
the optimum conditions were 195°C, 157 mM H2O2, 38 min 
treatment time and 110 mg/L dye concentration, where 
91% decolorization could be obtained from the proposed 
model. AR1 was more effectively degraded, probably 
due to the single azo group compared to the double azo 
group of AR114. Tested on a real textile wastewater, the 
method was not as successful probably due to the com-
plex composition of the real effluent (several dyes, salts 
and other auxiliaries present). However, a significant 
decrease in COD, BOD and toxicity was still achieved. 
Total suspended solids and conductivity remained practi-
cally the same, indicating that subcritical water oxidation 
does not affect inorganic species. Overall, the simplicity 
and efficiency of H2O2-modified subcritical water method 
was demonstrated in treating textile processing waste-
waters. It is an environmentally friendly method, since 
near-complete mineralization of the target contaminants 
can be achieved in less than 60 min and hydrogen perox-
ide leaves no residues after treatment. The method would 
be a reliable candidate to combine with another process, 
perhaps with a membrane technology that would increase 
color and suspended solids removal. More work is under 
way to establish the method at larger scale and determine 
its economic feasibility.
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