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a b s t r a c t
In the present study, the enhancement of biodegradability of Direct Orange-26 (azo dye) in aqueous 
solution by photo-Fenton-like process and nano-Fe2O3 as catalyst was investigated. The effects of  initial 
pH, reaction time, initial concentration of nano-Fe2O3, and H2O2 dosage on the biochemical oxygen 
demand (BOD5)/chemical oxygen demand (COD) ratio were studied in batch process using response 
surface methodology. The analysis of variance suggested that the optimal conditions for enhancement 
of biodegradability of azo dye solution to be counted as a biodegradable effluent are as follows: 
nano-Fe2O3 concentration of 0.23 g L−1, H2O2 concentration of 64 mM, pH of 7.5, and the reaction time 
of 21.66 min. The BOD5/COD ratio at optimal condition was predicted to be 0.50 and confirmed by 
the experimental study. A good agreement between the model prediction and experimental results 
confirms the reliability of the developed model for BOD5/COD ratio.
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1. Introduction

Recalcitrant wastewater includes materials that are resis-
tant to biological degradation. These wastewaters are char-
acterized by high chemical oxygen demand (COD) and low 
biochemical oxygen demand (BOD) [1]. Recalcitrant organic 
compounds originate from various industries such as chem-
icals, petrochemicals, textile, refinery and cellulosic and are 
released to the environment [2]. Recalcitrant contained waste-
waters are toxic to the health and environment [3,4] and would 
be strictly treated through application complicated and expen-
sive physical and chemical methods. Researchers have argued 
that chemical treatment methods like advanced  oxidation 

processes (AOPs) can be considered as a pre-treatment step 
to enhance the biodegradability of wastewater (according to 
BOD5/COD ratio) and subsequently a biological treatment 
process to obtain targets would be a cost-effective and effi-
cient scheme to minimize side effects of chemical processes 
as a single process for the complete treatment of industrial 
wastewater. BOD5/COD ratio is an acceptable index to observe 
the variations of wastewater biodegradability [5,6]. Generally, 
a wastewater sample with BOD5/COD ratio of 0.4–0.5 would 
be considered biodegradable and conversely, the fewer 
amounts is resistant to biological treatment [5]. Azo dyes 
with one or more nitrogen double bonds (–N=N–) consist 
of the largest class of dyes [7–9]. Contamination of the envi-
ronment by azo dyes results in harmful effects on humans 
and animals such as carcinogenic and mutagenic effects [8]. 
Therefore, the treatment of azo dye-contained wastewaters is 
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an important issue in the event of the environment and public 
health. Azo dyes are used in textile, leather and plastic indus-
tries [10]. Azo dye-containing effluents are among the most 
resistant wastewaters due to their low biodegradability and 
high COD and huge such flow would be produced annually 
by afore-mentioned industries [11]. According to Bahmani  
et al. [8], more than 7 × 105 tons of synthetic dyes are produced 
annually by textile industries, of which 2.8 × 105 tones are 
discharged. Recent studies showed that so-called advanced 
oxidation processes are a good option to degrade recalcitrant 
compounds and treatment of such wastewaters [11–14]. The 
application of these processes is based on the generation of 
active and non-selective hydroxyl radicals that attack the 
organic matter in wastewater [15–17]. The end products of a 
complete oxidation of recalcitrant materials by AOPs would 
be CO2, H2O and mineral salts that are non-toxic outputs 
[14,18,19]. Among different AOPs, Fenton-based oxidation is 
proved to be an efficient and attractive process, in which, HO• 
radicals are generated through reaction between iron ions 
and hydrogen peroxide (H2O2) [20]. Fenton process uses con-
ventional equipment and operates at ambient pressures and 
temperatures. However, this process has some drawbacks 
due mainly to the formation of different Fe(III) complexes as 
solution pH changes. The optimum pH for the homogeneous 
Fenton process is about 2.8 when the iron in solution occurs 
partly as Fe(III) and partly as Fe(III)(OH)2+, representing the 
photo-active species. Below this pH, the hydroxyl radicals are 
scavenged by protons and the concentration of Fe(III)(OH)2+ 
decreases while above this pH, Fe(III) precipitates as an oxy-
hydroxide. In order to maintain a pH of 3, large amounts 
of acid must be added to the reaction medium. Thus, it is 
impractical to apply the homogeneous Fenton process to in 
situ environmental remediations because large amount of fer-
ric hydroxide sludge would be produced, creating disposal 
and other environmental problems [21–27]. To overcome 
these disadvantages, the photo-Fenton-like process is a good 
choice due to its capability at neutral pH or nearly neutral pH 
with less generation of iron-containing sludge.

In the photo-Fenton-like process, HO• radicals are gen-
erated through the reaction between Fe3+ ions and H2O2 as 
well as the UV irradiation, which increased HO• generation 
[Eqs. (1)–(4)][28]:

Fe H O Fe HO H3
2 2

2
2

+ + • ++ → + +  (1)

Fe H O Fe HO OH2
2 2

3+ + • −+ → + +  (2)

Fe H O Fe HO Hhv3
2

2+ + • ++  → + +  (3)

H O HO2 2 2hv → •  (4)

The advantage of nano-iron catalyst in this reaction is 
due to providing complete oxidation of catalyst. For iron cat-
alyst in the size of larger than nano, during the oxidation, a 
layer of iron oxide is formed on the particles and prevents the 
oxidation of inner side of catalyst [29]. In addition, high sur-
face area leads to increasing in contact between catalyst and 
H2O2, and this property is nearby to homogeneous catalyst 
performance. On the other hand, separation and recovery of 

heterogeneous nano-catalyst from solution is so easy due to 
insolubility of catalyst [1]. In addition, a combination of UV 
process with the Fenton-like process could increase the effi-
ciency of the process and reduce the remaining time in the 
reactor, subsequently, could increase the efficiency of AOP. 

Application of AOPs to complete mineralization of recal-
citrant wastewater is a very expensive method. To reduce 
the costs of processes, AOPs can be used as a pre-treatment 
stage. So the biodegradability of recalcitrant wastewater 
enhanced with AOPs, until it is considered as a biodegrad-
able wastewater.

Using conventional optimization method for different 
factors such as initial pH, H2O2 concentration, reaction time 
and nano-Fe2O3 concentration in this process is not suitable 
[7,8,14,15,28,30]. The majority of recent studies concerned with 
the effects of these process parameters on the photo-Fenton-like 
process efficiency were performed using a one-factor-at-a-time 
approach, where this approach assesses one parameter at a time 
instead of all simultaneously. The method is time-consuming, 
expensive and often leads to misinterpretation of results when 
interactions between different components are present. To 
overcome these drawbacks, one of the statistical design tools, 
so-called response surface methodology (RSM), can be used 
for process optimization and prediction of interaction between 
several process parameters and one or more dependent param-
eters [31–33]. RSM is a reliable and powerful statistical method 
to design multifactor systems and optimization by considering 
the interaction between parameters [7,28,34].

In the current study, the performance of photo- Fenton-
like oxidation process on the enhancement of biodegrad-
ability of azo dye (Direct Orange-26) was investigated. The 
influence of operational parameters such as initial pH, H2O2 
concentration, reaction time and nano-Fe2O3 concentration 
were evaluated and optimization performed by RSM. 

2. Materials and methods

2.1. Materials

In order to prepare recalcitrant wastewater of textile 
industry, Direct Orange-26 with the structure shown in Fig. 1 
was used in aqueous solution. The solution was prepared by 
dissolving 1.0 g of dye in 1,000 mL of distilled water. At this 
concentration of dye (1 g L−1), the values of COD and BOD 
are 1,890 mg L−1 and 570 mg L−1, respectively. The resulted 
BOD5/COD ratio is 0.3, which is considered as recalcitrant 
wastewater. Iron oxide nano-powder (nano-Fe2O3) was pur-
chased from US Research Nanomaterials, Inc. and used as 
received without further purification. Sodium hydroxide 
(>96%, Merck) and sulfuric acid (95%–97% Merck) were used 
to adjust pH. Hydrogen peroxide (30%, w/w) and methanol 
(99.9%) were purchased from Merck and used as received 
without any purification.

Fig. 1. Chemical structure of Direct Orange-26 [10].
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2.2. Experimental setup

The degradation of azo dye from synthetic wastewater 
performed in a batch reactor. Applied schematic diagram of 
photoreactor in this study is shown in Fig. 2. Rectangular 
cubic glass photoreactor with the volume of 480 mL (4 cm 
× 4 cm × 30 cm) was used. The UV sources installed above 
the reactor included two 8-W UV-C lamps in all cases. The 
reactor contents were mixed with an agitator and 200 mL of 
synthetic wastewater was introduced to the photoreactor in 
all experiments.

2.3. Experimental procedure

Experiments were performed at room temperature (25°C 
± 2°C). At first, initial pH was adjusted with addition of 0.1 M 
NaOH or 0.1 M H2SO4. Then nano-Fe2O3 catalyst was added 
to the solution and a sample was taken under continuous 
stirring of the vessel to ensure sufficient aeration at the same 
time. Thereafter, the reaction solution was located under the 
UV-C lamp which was turned on 30 min before the start of the 
reaction to obtain a constant light emission. Advanced oxida-
tion reaction was initiated by the addition of proper amounts 
of H2O2 oxidant. To reduce scavenging effect, hydrogen per-
oxide was added continuously [11]. The sample was taken 
out at the end of experiments time and immediately mixed 
with 0.1 mL methanol to quench the reaction. At the end of 
experiments, COD and BOD concentration of samples were 
analyzed [34].

In order to optimize the independent variables (pH, reac-
tion time, H2O2 concentration and nano-Fe2O3 concentration) 
in the photo-Fenton-like process, a central composite design 
(CCD) which is a popular form of RSM was applied [11,34,35]. 
The levels of independent variables were chosen according to 
preliminary experiments and literature (Table 1). Four-factor 
with three-level design produced 30 experimental runs. It 
included 16 factorial, 6 central and 8 axial points. The total 
number of experiments could be calculated from the follow-
ing equation:

N = k2 + 2k + Cp, (5)

where k is the factor number and (Cp) is the replicate number 
of the central point [36].

At this study, BOD5/COD ratio was considered as the 
response of the photo-Fenton-like system. In CCD, the 
relation between response and independent variables was 
expressed by the following quadratic equation [11,28,34,35].
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where Y is the predicted response, xi is an independent 
variable, b0 is the constant coefficient and bi, bii and bij are the 
interaction coefficients.

2.4. Analytical methods

The COD content of wastewater was measured accord-
ing to ISO 6060, with closed reflux titrimetric method [7]. The 
BOD content was measured according to standard method 
5210 B.

3. Results and discussion

3.1. Model results

Table 2 shows the observed and predicted results of 
BOD5/COD ratio for the different experimental conditions. 
For all the experiments, the initial BOD5/COD were 0.3. An 
empirical relation between BOD5/COD and independent 
variables suggested by the software is as follows:

BOD5/COD = −0.20515 + 0.26071 × (pH) + 3.66453 × 10−3 × (time)  
      + 1.1154010−3 × [H2O2] + 0.19188 × [nano-Fe2O3]  
      − 3.3333310−4 × (pH) × (time) − 7.4074110−5 × (pH)  
      × [H2O2] − 9.8039210−4 × (pH) × [nano-Fe2O3]  
      + 3.1481510−6 × (time) × [H2O2] − 3.4313710−4  

      × (time) × [nano-Fe2O3] − 1.9607810−5 × [H2O2]  
      × [nano-Fe2O3] − 0.023928 × (pH)2 − 5.9454210−6  

      × (time)2 − 1.0933510−6 × ([H2O2])2 − 0.062769  
      × ([nano-Fe2O3])2 (7)

3.2. Statistical analysis

Table 3 shows analysis of variance (ANOVA) for the 
above suggested model to check the suitability, competence 
and fitness of model [3,35]. Generally, p value less than 0.05 
shows the model is significant, while the value more than 0.1 
is considered as insignificant. From the table, it is clear that 
the proposed model for BOD5/COD is significance (less than 
0.0001). According to Table 3, pH, time, [H2O2], [nano-Fe2O3], 

Fig. 2. Schematic view of the reactor.

Table 1
Independent variables and the level used in experiments

Independent variables Coded levels
−1 0 1

pH 3 6 9
Reaction time (min) 20 50 80
[H2O2] (mM) 50 275 500
[nano-Fe2O3] (g L−1) 0.15 1 1.85
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(pH × time), (pH × [H2O2]), (time × [H2O2]), pH2, [H2O2]2 are 
significant model terms. The F value of 1.42 for the lack of fit 
shows it is not significant to the pure error. It means that the 
model fit experimental data very well. 

Figs. 3(a) and (b) show the normal plot of residuals and 
residuals vs. predicted values, respectively. It may be said 
that the residuals have a normal distribution when the points 
placed on a straight line, as shown in the figures [37,38]. It 
can be said that the suggested model is sufficiently accept-
able to estimate the prediction of experimental data, while 
the points on the residual vs. predicted plot spread all over 
the area randomly (Fig. 3(b)) [28].

3.3. Effect of pH and time on BOD5/COD ratio

Figs. 4(a) and (b) show the counter and 3D response sur-
face plot of pH and time in terms of BOD5/COD ratio, respec-
tively. It is obvious that there is a maximum for BOD5/COD 
ratio when the pH varied from 3 to 9. In addition, BOD5/COD 

ratio increased as reaction time increased. The maximum 
biodegradability reaches 0.91 when the pH is 4.5. The BOD5 
measurement methods are based on bacterial degrada-
tion, therefore, only the biodegradable part of wastewater 
could appear in the form of BOD5 content. The behavior of 
pH may be explained by the fact that before the process, a 
large amount of pollutant organic matters appeared in the 
form of COD content due to its biodegradability resistance. 
After the process, recalcitrant matters convert to intermedi-
ate metabolites due to partial oxidation. These intermediate 
metabolites have a lower biodegradability resistance com-
pared with the primary recalcitrant pollutant. Hence, inter-
mediate metabolites appeared in the form of increasing BOD5 
content and partial oxidation of recalcitrant matters caused 
to decrease COD content. In the other words, COD content 
was decreased and BOD5 content was increased, so BOD5/
COD ratio was increased. For higher pH values, a reduction 
in BOD5/COD ratio was detected because of decrease in free 
iron species due to ferric oxyhydroxide precipitation, the 
formation of different complex species and breakdown of 
H2O2 to O2 and H2O. This fact resulted in the production of 
free radical HO• significantly, so a large amount of COD and 
BOD content remained unchanged and BOD5/COD ratio was 
decreased. While the reaction time increased the partial oxi-
dation continued. Therefore, more COD content converted to 
intermediate metabolites and caused an increasing in BOD5/
COD ratio. 

3.4. Effect of pH and H2O2 concentration on BOD5/COD ratio

The effect of pH and H2O2 concentration on the BOD5/
COD ratio is shown in Figs. 5(a) and (b). It can be seen that 
H2O2 concentration has positive effects on the enhancement 
of biodegradability. It can be explained by the fact that more 
HO• generated at the high concentration of H2O2 in the range 
of study [39]. However, when H2O2 moves towards higher 
concentrations than 400 mM, a reduction in biodegradability 
can be seen. This reduction can be related to the scavenging of 
HO• radicals [3]. At high concentration of H2O2, perhydroxyl 
radicals generated instead of HO• radicals (Eq. (8)). These 
radicals are weaker oxidant than HO• radicals to decompose 
wastewater. Hence, the biodegradability decreased at high 
concentration of H2O2. Following equation shows the reac-
tion of H2O2 and HO• in aqueous solution [40,41]:

H O +HO HO +H O2 2 2
• •→ 2  (8)

There is a maximum for BOD5/COD ratio when the pH 
varied from 3 to 9. It was observed that maximum BOD5/
COD ratio was 0.877 which occurred at 400 mM concentra-
tion of H2O2 and pH of 4.5.

3.5. Effect of pH and nano-Fe2O3 concentration on BOD5/COD 
ratio

The contour and surface plots of BOD5/COD ratio vs. pH 
and nano-Fe2O3 are shown in Figs. 6(a) and (b). It is clear that 
there is a maximum for BOD5/COD ratio when pH increased. 
In addition, nano-Fe2O3 concentration has slightly positive 
effects on biodegradability of wastewater. Biodegradability 

Table 2
The results of enhancement of BOD5/COD ratio

Run Independent coded variables BOD5/COD
pH Reaction 

time
[H2O2] [nano- 

Fe2O3]
Observed Predicted

1 −1 −1 −1 −1 0.51 0.48
2 1 −1 −1 −1 0.26 0.26
3 −1 1 −1 −1 0.6 0.61
4 1 1 −1 −1 0.3 0.27
5 −1 −1 1 −1 0.62 0.64
6 1 −1 1 −1 0.25 0.22
7 −1 1 1 −1 0.87 0.86
8 1 1 1 −1 0.29 0.32
9 −1 −1 −1 1 0.6 0.58
10 1 −1 −1 1 0.34 0.35
11 −1 1 −1 1 0.65 0.67
12 1 1 −1 1 0.34 0.32
13 −1 −1 1 1 0.7 0.72
14 1 −1 1 1 0.3 0.29
15 −1 1 1 1 0.9 0.9
16 1 1 1 1 0.33 0.35
17 −1 0 0 0 0.81 0.79
18 1 0 0 0 0.37 0.4
19 0 −1 0 0 0.72 0.76
20 0 1 0 0 0.88 0.85
21 0 0 −1 0 0.66 0.71
22 0 0 1 0 0.84 0.8
23 0 0 0 −1 0.7 0.73
24 0 0 0 1 0.82 0.8
25 0 0 0 0 0.8 0.81
26 0 0 0 0 0.85 0.81
27 0 0 0 0 0.78 0.81
28 0 0 0 0 0.86 0.81
29 0 0 0 0 0.83 0.81
30 0 0 0 0 0.79 0.81
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increased with increase in nano-Fe2O3 concentration. For 
nano-Fe2O3 concentration of more than 1.3 g L−1, biodegrad-
ability decreased by increasing concentration. The scaveng-
ing effect at a high concentration of nano-Fe2O3 is the main 
reason for biodegradability reduction. In addition, accessible 
surface active sites of nanoparticles decreased at high nano-
Fe2O3 concentration because of the accumulation of nanopar-
ticles at this condition [39].

In addition, another reason for decreasing BOD5/COD 
ratio at large amount of nano-Fe2O3 is due to the negative 
effect of agglomeration on the penetration of UV light inside 
the solution. Due to this fact, decreasing of UV light penetra-
tion results in a reduction of the production rate of hydroxyl 
radicals. This leads to reduction of the biodegradation rate. 

The maximum of BOD5/COD ratio is 0.86 that occurred 
at 1.3 g L−1 concentration of nanoparticles when pH was 4.5.

3.6. Effect of time and H2O2 concentration on BOD5/COD ratio

The effect of time and H2O2 concentration on BOD5/
COD ratio is shown in Figs. 7(a) and (b). It was observed that 
the biodegradability of wastewater increased with increas-
ing H2O2 concentration and time of reaction. The exposure 
of sample with the UV light will be lingered by increasing 

the time of reaction and this result in increasing the rate of 
hydroxyl production. On the other hand, more amounts of 
hydroxyl radicals could be produced when H2O2 and nano-
Fe2O3 have more reaction time. For H2O2 concentration higher 
than 400 mM, a reduction in biodegradability is observed 
because of the scavenging effect. 

The maximum biodegradability after 80 min of process 
reached to 0.87 when the H2O2 concentration is 400 mM.

3.7. Effect of time and nano-Fe2O3 concentration on BOD5/COD 
ratio

Figs. 8(a) and (b) show that the maximum biodegrad-
ability of wastewater is 0.86 for the concentration of 1.3 g L−1 

of nano-Fe2O3 and reaction time of 80 min. The BOD5/COD 
ratio increased with increasing of both reaction time and 
nano-Fe2O3 concentration less than 1.3 g L−1.

3.8. Effect of H2O2 concentration and nano-Fe2O3 concentration 
on BOD5/COD ratio

As shown in Figs. 9(a) and (b), BOD5/COD ratio increased 
by increasing H2O2 concentration and nano-Fe2O3 concentra-
tion. For a high concentration of H2O2 (>400 mM) scavenging 

Table 3
ANOVA results of response surface quadratic model for BOD5/COD ratio

Response 1 BOD/COD
ANOVA for response surface quadratic model
Analysis of variance table (partial sum of squares – Type III)
Source Sum of squares df Mean square F value p value, probability > F

Model 1.48 14 0.11 74.89 <0.0001 Significant
A, pH 0.67 1 0.67 478.16 <0.0001
B, time 0.041 1 0.041 29.20 <0.0001
C, H2O2 0.039 1 0.039 27.86 <0.0001
D, Fe3+ 0.019 1 0.019 13.28 0.0024
AB 0.014 1 0.014 10.23 0.0060
AC 0.040 1 0.040 28.43 <0.0001
AD 1.000E-004 1 1.000E-004 0.071 0.7934
BC 7.225E-003 1 7.225E-003 5.13 0.0387
BD 1.225E-003 1 1.225E-003 0.87 0.3656
CD 2.250E-004 1 2.250E-004 0.16 0.6949
A2 0.12 1 0.12 85.39 <0.0001
B2 7.418E-005 1 7.418E-005 0.053 0.8215
C2 7.938E-003 1 7.938E-003 5.64 0.0313
D2 5.329E-003 1 5.329E-003 3.79 0.0706
Residual 0.021 15 1.407E-003
 Lack of fit 0.016 10 1.562E-003 1.42 0.3653 Not  

significant
 Pure error 5.483E-003 5 1.097E-003
Corrected total 1.50 29
Standard deviation 0.038 R-squared 0.9859
Mean 0.62 Adjusted R-squared 0.9727
CV, % 6.06 Predicted R-squared 0.9365
PRESS 0.095 Adeq precision 25.700
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(b)

(a)

Fig. 3. (a) Normal probability plot of BOD5/COD ratio and (b) 
internally studentized residuals vs. predicted values of BOD5/
COD ratio.

(a)

(b)

Fig. 4. Effect of pH and time on BOD5/COD ratio (a) contour plots 
(b) 3D response surface.

(a)

(b)

Fig. 5. Effect of pH and H2O2 concentration on BOD5/COD ratio 
(a) contour plots and (b) 3D response surface.

(a)

(b)

Fig. 6. Effect of pH and nano-Fe2O3 concentration on BOD5/COD 
ratio (a) contour plots and (b) 3D response surface.
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effect caused a reduction in biodegradability. Also for 
nano-Fe2O3 concentration this reduction occurred at a con-
centration more than 1.3 g L−1 due to scavenging effect and 
reduction of reachable active surface sites caused by agglom-
eration of nanoparticles.

Therefore, when H2O2 concentrations are lower than 
400 mM and nano-Fe2O3 concentrations are lower than 
1.3 g L−1, at a given concentration of H2O2, the production rate 
of hydroxyl radicals is mostly dependent on the nano-Fe3O4 
concentration and vice versa [39].

Therefore, maximum biodegradability of 0.82 occurred in 
400 mM concentration of H2O2, and 1.3 g L−1 concentration of 
nano-Fe2O3.

3.9. Optimization

In order to obtain the optimum operating condition to have 
a biodegradable effluent (BOD5/COD = 0.5), Eq. (7) is consid-
ered as the objective function. The optimization was carried out 
by means of the numerical technique built in the Design Expert 
Software version 7. It searches the design space to achieve the 
goal of optimization in the range of independent factors. The 
optimum values to achieve the BOD5/COD = 0.50 at the range 
of neutral pH were pH = 7.49, reaction time = 21.66 min, H2O2 
concentration = 64 mM and nano-Fe2O3 = 0.23 g L−1.

The obtained optimal operating conditions were used in 
another experimental run to validate the model prediction. 
Thus, 0.506 experimentally BOD5/COD ratio confirms the 
reliability of the model.

(a)

(b)

Fig. 7. Effect of reaction time and H2O2 concentration on BOD5/
COD ratio (a) contour plots and (b) 3D response surface.

(a)

(b)

Fig. 8. Effect of reaction time and nano-Fe2O3 concentration on 
BOD5/COD ratio (a) contour plots and (b) 3D response surface.

(a)

(b)

Fig. 9. Effect of H2O2 and nano-Fe2O3 concentration on BOD5/
COD ratio (a) contour plots and (b) 3D response surface.



Z. Parsa et al. / Desalination and Water Treatment 81 (2017) 233–241240

3.10. Kinetics experiment

In order to determine the removal mechanism kinetics, 
the process was repeated under the optimum condition for 
80 min. Each sample was collected at 10 min intervals for 
analysis. The results are shown in Table 4.

In this study, the best appropriate model to explain kinet-
ics of experiment was chosen according to the highest value 
of R2 among the most popular kinetic models. Zero-order, 
pseudo-first-order, and pseudo-second-order kinetic models 
were used in this research [10]:

[(BOD/COD) ]=[(BOD/COD) ]-t Kt0 , zero-order (9)

ln
(BOD/COD)
(BOD/COD)

=
0

t Kt








 , pseudo-first-order (10)

1
[(BOD/COD)

=
1

[(BOD/COD)
+

0t

Kt
] ]

, pseudo-second-order (11)

where (BOD/COD)0 and (BOD/COD)t are the value of BOD5/
COD ratio of the solution at time 0 and at time t. K is the 
model constant in min−1 and t is the time in minutes [9].

Figs. 10(a)–(c) represent the model evaluation for 
BOD5/COD ratio. The correlation coefficient for the 
enhancement of BOD5/COD kinetics of zero-, pseudo-first- 
and second-order was obtained 0.9222, 0.9283 and 0.9308, 
respectively. So process follows the pseudo-second-order 
kinetic model.

4. Conclusion

The results demonstrated that the biodegradability of 
Direct Orange-26 wastewater can be successfully increased 
under a photo-Fenton-like process using a nano-Fe2O3 
catalyst. 

An empirical relationship between BOD5/COD ratio and 
the studied factors (pH, reaction time, H2O2 concentration 
and nano-Fe2O3 concentration) were obtained. 

The key parameter for the enhancement biodegradabil-
ity of wastewater was pH. The effect of H2O2 concentration 
is also important but to a smaller extent. The effect of reac-
tion time and nano-Fe2O3 concentration is less than that of 
others. 
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