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Abstract: Extensive research has been carried out to figure out safe means of disposing various
industrial effluents. Industrial wastewaters from the aeration industry such as heavy metals and oily
substances contain a high degree of contamination. The advanced oxidation process is one of the
most effective and rapid methods of removing contaminations, which can lead to a high chemical
oxygen demand (COD). The aim of the present study is to reduce the COD of an aeration effluent
with the initial COD of 13,004 mg/L. About 20 sets of experimental tests were conducted to identify
the contribution of H2O2, O3, and UV to the treatment process. The influence of the quantities of
additives and the dose of the UV irradiance were, too, among the subjects of the study. These factors
were altered throughout the experiments and their mutual effects were measured. To design the
experiments, Minitab software 16 was utilized. The experimental conditions were set at the standard
values of 25 ◦C and 1 bar to minimize any uncertainty. Based on the results, a correlation was
derived, which was capable of expressing the effects of the input parameters (AOPs parameters) on
the response (the COD level). Finally, the optimization process was conducted to find the quantities
of H2O2, O3, and UV irradiance required to decrease the CODs of the effluent to their lowest possible.
Based on the findings, when the doses of H2O2, O3, and UV to the treatment process were 40 mg/L,
8 mg/L and 86 mWs/cm2, respectively, the COD percent change was 51.5%.

Keywords: aeration contaminants; advanced oxidation processes (AOPs); COD reduction; UV; ozone;
H2O2

1. Introduction

Water is used in many industrial operations [1]. Industrial wastewater streams con-
taining harmful organic and inorganic substances are generated from various industries
such as aeration, metal-working, and metallurgy. Several aeration industries exist in places
that are regarded as most hazardous locations due to the discharge of large volumes of
wastewater with high levels of hardness, total dissolved solids, total suspended solids,
chemical oxygen demand (COD), biological oxygen demand, and pH. The sources of high
COD include reactive peroxometal complexes and greasy substances. Substances with
high COD levels not only are harmful for the environment, but also can accumulate in
human body through the natural food chain [2]. When their concentration surpasses the
determined standards, serious health problems will arise among the people [3]. Hence, it
is needless to emphasize that wastewater from aeration industries must be treated prior
to the disposal of the waste. Often, physical means are not efficient enough in ridding of
these extra substances. To remove them, one can rely on the advanced oxidation process
(AOPs) [4]. AOPs contribute to the cleaning process by generating such highly reactive
radical species as OH• [5,6]. To put it in the same context, AOPs involve the production of
OH• through Injecting H2O2, ozone, and oxidants in combination via ultraviolet (UV) irra-
diance. To perform the operation more proficiently, researchers have suggested combining
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the three methods above [7] resulting in the release of HO•, which is mainly responsible
for the degradation of organic compounds.

As OH• is reactive electrophiles, it is counted as a highly effective compound in
eliminating organic chemicals [8]. It none-selectively reacts rapidly with almost all electron-
rich organic compounds. As a result, OH• causes the breakdown of the organic compound
and diminishes the pollutants concentrations [9]. It grasps a hydrogen atom from the
organic compound (R−H) in wastewaters, and then leads to the production of an organic
radical (•R). Following that, the organic radical is motivated to chemically react with
other compounds to be neutralized [10–12]. This procedure is concisely shown in the
equation below:

R−H + HO· → H2O + ·R (1)

Due to some complex reactions, OH• and O2
−• are generated when ozone is added

to wastewater. These radical compounds cause the oxidation of organic species. By
introducing a small volume of H2O2, the rate of OH• production could be enhanced
through the following stoichiometry [13].

2O3 + H2O2 → 2HO ·+3O2 (2)

The performance of the ozone can also be boosted when the wastewater is exposed
to the UV irradiance [14]. The application of UV in treatment is wide, and a comparative
study among selected AOPs integrated with UV was done by some researchers [15–17]. The
UV irradiance interferes in the process by generating H2O2 as an intermediate; following
that, OH• is composed. The reactions involved are written as follows:

O3 + H2O + hν → O2 + H2O2
2O3 + H2O2 → 2HO ·+3O2

(3)

Equation (3) shows the photolysis of ozone and the production of hydrogen peroxide,
which eventually leads to the generation of the HO• radical [18].

H2O2 may also be introduced into the wastewater system as a single oxidant or one of
the included oxidants [18]. The appropriate concentration of H2O2 is crucial during the
degradation of pollutants. If an unexpected quantity of H2O2 is added to the wastewater, it
can react with other contaminants to produce oxidizable materials, which is not the desired
goal for the process. While easy to perform and beneficial to apply, the combination of
H2O2 and UV is also used for decreasing the pollutant volume. Karci et al. [19] reported
the polyethoxy chain of the surfactant is more susceptible to degradation in the H2O2 and
UV treatment process. Antonopoulou [20] found the application of UV and H2O2 proved
influential in reducing the odorous aldehyde concentrations.

Although this method of AOP is less costly and easier to carry out, it suffers some
drawbacks. One of its main issues lies within its inability to absorb the UV light when
large quantities of H2O2 are present in the wastewaters. This causes the loss of most of the
light input [18]. Such an undesirable phenomenon can be hindered when the pH values
of the wastewaters are decreased by altering the ratio of peroxide to ozone. AOPs have
an oxidation potential of 2.33 V, approximately, and hence, compared to conventional
oxidants such as KMnO4, show faster oxidation reaction rates [21,22]. Ozone, with its
ability to react with organic compounds including polyphenols, is known as a strong
oxidizer [8]. The combination of ozone, UV irradiance, and H2O2 has been suggested as an
effective method for the treatment of wastewater with polyphenol content in documents
such as those used by manufactures working with metal materials [23]. Therefore, several
researchers have tried to determine the optimized parameters in terms of the concentrations
of H2O2, O3, and the dose of UV when lowering the level of COD in effluents [10,19,20]. It
should be mentioned that the response surface methodology (RSM) is a common way for
optimization in an analytical chemistry application such as water treatment [24–26]. RSM
was successfully applied in some experimental works as its responses are influenced by
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AOP variables, and optimization of the levels of these variables can be obtained through
the fit of a polynomial equation to the experimental data.

The idea of applying UV, H2O2, and O3 to decrease the COD level seems reasonable,
but is it efficient? What is the interaction of the mentioned parameters when the three AOP
parameters are combined for a wastewater treatment? Do they cancel each other’s effects or
strengthen treatment capabilities? In the present study, 20 experimental tests were designed
to observe and detect the effects of H2O2, O3, and UV altogether on the treatment of aeration
factory’s produced effluents. The main objective was to find the most efficient process with
the lowest energy consumption for eliminating organic compounds and lowering the level
of COD. Therefore, the experimental conditions were designed with the help of the RSM
method, which was introduced to the Minitab software 16. After conducting the tests, the
optimized point at which the definitive treatment could be conducted was determined.

2. Materials and Methods

The materials, apparatus and measuring methods used in the experiments are briefly
introduced as below.

2.1. The Apparatus

• COD Reactor (Box 389, Loveland, Hach Co., CO, USA)
• Spectrophotometer (Jenway 6305, UV/Vis. Spectrophotometer, UK)
• Centrifuge (Werk NT.BaujharEkin, Universal 320 R, Hettich, Germany)
• Lab oven
• Furnace (Aria-Electric, EMTC model, Iran)
• Ph meter (pH 162, Iran)
• Laboratory scales with measurement accuracy of 0.00001 g (Kyoto Co., Electronic

balance, AEL-40SM, Japan)
• Ozone generator (ARDA Ozone- ONE)
• UV bulb (33 W, AQUA SAFE, Taiwan)
• RO Pump (TY-2800- 24 VDC)

2.2. The Input Materials/Chemicals

• Potassium Dichromate (Zigma), 99% (W/W)
• Concentrated sulfuric acid (Merck), 98% (W/W)
• Mercury sulfate (Zigma), 98% (W/W)
• Silver sulfate (Zigma), >99% (W/W)
• Potassium Hydrogen Phthalate (Merck), >99% (W/W)
• Hydrogen peroxide (Merck), >30% (W/W)

2.3. The Studied Wastewater

Several wastewater samples were taken from an aeration factory. The COD of the
wastewater samples was measured at 13,004 mgO2/L. Due to the high value of COD in the
effluent from the aeration industry, the wastewater taken was regarded as appropriate for
the purpose of the present study. They were maintained at a temperature of 4 ◦C to prevent
any changes in the wastewater’s COD.

Due to its high COD level, wastewaters are not allowed to be released into the envi-
ronment without any pretreatment actions. Therefore, advanced treatment methods were
employed in the study to reduce the value of the COD to a standard level of 250 mg/L [27]
before disposing the wastewater.

2.4. Measurement Methods

In order to evaluate the performance of the advanced oxidation process, it is essential
for the key factors of the process to be measured. To this end, the most important property,
the quantity of organic substances in the wastewater, should be measured. There are various
techniques for measuring the quantity of organic substances such as: (i) the chemical oxygen
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demand, and (ii) the total volatile solid. To determine the quantity of the wastewater’s
COD, a method similar to the D-5220 closed reflux, known as the colorimetric method, was
employed [27].

2.5. Construction of the Base Line

Among the available treatment approaches, those combined methods, which include
UV, O3, and H2O2, were employed as the basis of the present work. To find the best
combination, in terms of UV dose and the amount of O3 as well as H2O2, several tests were
conducted. The chosen ranges were picked up as per the literature [28–33].

A sample of the untreated wastewater was poured into a 2000-mL Erlenmeyer flask.
This Erlenmeyer flask was the storage of the system, and the untreated water started to
be pumped out through a container with a volume capacity of 1500 mL to be exposed to a
high level of UV irradiance. The UV irradiance was emitted from a 33 W bulb with a length
of 80 cm. The flow rate of the fluid was kept at 200 mL/min and some baffles were put on
the way of the flowing water in the container to generate turbulency in the flowing fluid.
The level of the water in the container was kept lower than 0.5 cm in order to increase the
surface area of the exposed water to the UV irradiance. At the same time, based on the plan
mentioned in Table 1, sufficient quantities of H2O2 and O3 were added to the fluid. The
container output was led to a tee. A branch of the tee was used to collect the treated water
at the end of the process. The other branch was used to recycle back the fluid to the storage
to increase the efficiency of the process. The COD of the treated product was measured
after 40 min of the disinfection operation. In total, 20 tests were conducted when using
various combinations of UV/H2O2/O3. With the aim of minimizing the inaccuracies in
the measurement results, and to ensure the repeatability of the tests, all of the tests were
performed three times, and then the average values of the three tests were regarded as the
final figures. Figures 1 and 2 represent a simple schematic of the treatment system used
during the process.
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Table 1. The real values associated with each coded value in Minitab software 16.

The Coded Value The Dose of UV (mWs/cm2)
The Concentration of O3

(mg/L)
The Concentration of H2O2

(mg/L)
+2 400 8 120

+1 310 6.5 95

0 220 5 70

−1 130 3.5 45

−2 40 2 20

∆ζ 90 1.5 25

Experimental Conditions

In the present work, the concentration of H2O2 and O3, as well as the dose of UV were
studied under five levels tabulated in Table 1. To adapt the tests and designs with harmony,
X domain was set between −2 and +2 in Minitab. Therefore, according to the table, each of
the values in the AOP process calls a number between −2 and +2. Following the definition
of the parameters’ ranges, 15 tests with different values of parameters were randomly
selected and conducted. Together with the test conditions, they were recommended by the
Minitab software and are listed in Table 2. Accordingly, the last five tests (from case 16 to
case 20) have (0, 0, 0) values. Please note that these sets of tests were designed to determine
the level of errors.

Table 2. The tests plan recommended by Minitab 16.

The Parameters’ Coded Values
The Test Number X1 X2 X3

1 −1 −1 −1

2 1 −1 −1

3 −1 1 −1

4 1 1 −1

5 −1 −1 1

6 1 −1 1

7 −1 1 1

8 1 1 1

9 −2 0 0

10 2 0 0

11 0 −2 0

12 0 2 0

13 0 0 −2

14 0 0 2

15 0 0 0

16 0 0 0

17 0 0 0

18 0 0 0

19 0 0 0

20 0 0 0
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3. Results and Discussion

Experiments were carried out by applying UV irradiance and adding H2O2 and O3
compounds at the natural pH of the effluents taken from the aeration field. This enabled the
identification of the power of AOPs at different conditions of removing the COD amounts.
Figure 3 shows a wastewater sample before and after disinfection. The mentioned process
almost removed the bad smell, dark color, COD amount, and other heavy metal effects on
the water. Table 3 highlights the ability of each set of tests in removing the COD from the
studied wastewater.
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The treatment cost of each individual test was evaluated based on the electrical energy
per-order (EEO) according to the following equation

EEO =
WUV + WH2O2 + WO3

V × log
(

CODi
COD f

) (4)

where EEO stands for the electrical energy consumption per order (kWh/m3), WUV is the
electrical energy consumption of the UV lamp (kWh), WH2O2 shows the equivalent electrical
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energy of the applied H2O2 (kWh), WO3 represents the equivalent electrical energy of the
applied O3 (kWh), V presents the volume of the sample (m3), and CODi and CODf are
the initial and final concentration of the sample, respectively. The ozone conversion to
equivalent electrical energy unit was done by assuming that the used ozone generator
produced 50 mgO3 per hour, and that the energy consumption of the equipment is 20 kWh.
The electrical energy conversion for the applied peroxide is based on the cost of peroxide,
0.01 $/g, and the charge of electrical energy 0.14 $/h.

Table 3. Results of the 20 sets of tests.

The Parameters’ Real Values

The
Test Number

The Dose of
UV (mWs/cm2)

The
Concentration
of O3 (mg/L)

The
Concentration

of H2O2 (mg/L)

COD after
Treatment
(mgO2/L)

COD Percent
Change (%)

Energy
Consumption

(kWh/m3)
1 130 3.5 45 6960 46.5 23.2

2 310 3.5 45 6680 48.6 30.9

3 130 6.5 45 6470 50.2 24.8

4 310 6.5 45 6485 50.1 33.5

5 130 3.5 95 6700 48.5 33.5

6 310 3.5 95 6582 49.4 41.5

7 130 6.5 95 6435 50.5 35.5

8 310 6.5 95 6470 50.2 44.4

9 40 5 70 6985 46.3 26.9

10 400 5 70 6640 48.9 42.9

11 220 2 70 6905 46.9 31.6

12 220 8 70 6405 50.7 36.1

13 220 5 20 6908 46.9 23.9

14 220 5 70 6665 48.7 34.1

15 220 5 70 6687 48.6 34.2

16 220 5 70 6690 48.6 34.3

17 220 5 70 6692 48.5 34.3

18 220 5 70 6685 48.6 34.2

19 220 5 70 6685 48.6 34.2

20 220 5 70 6692 48.5 34.3

The COD reduction percent and the electrical energy consumption for the 20 tests done
are shown in Figure 4. As seen in the figure, the best and the worst test numbers for the
water treatment without paying attention to their energy consumption are tests 9 and 12,
respectively. On the other hand, tests 8 and 1 are the most and the least energy-consuming
processes in this work, respectively. The figure does not show a pattern to understand
where the optimum point for the purpose of treatment and energy saving is. Therefore,
these data were given to Minitab for more analysis.
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3.1. Residual Diagrams

In order to reassure all the model assumptions for the present model have been met,
the residual plots should be validated. There are essentially four residual plots in Minitab
that guide the users to clarify if they follow a normal distribution or the confidence intervals
and p-values can be accurate. The residual diagrams for this experiment (COD reduction)
are shown in Figure 5. The first plot is the normal probability plot of the residuals, which
represents the residuals versus their expected values. The plot verifies the assumption that
the residuals are normally distributed if it approximately follows a straight line without
any abnormality. As it can be observed from Figure 5a, data are in their normal condition
and are close to the cross line.

The residuals versus fits graph indicates the fitted values on the horizontal axis and
the residuals on the vertical axis. The question regarding the residual variance whether
being constant or not can be addressed by residuals versus fits graph shown in Figure 5b.
Considering the points on the graph, one could recognize the residual variance is reasonable
and constant in the present study. Not only are the data points scattered around the
horizontal zero line, but they also do not seem to follow a unique pattern.

The distribution of the residuals for all observations can be seen in a histogram plot.
Theoretically, when the curvature of the histogram chart is close to bell-shaped, it represents
the normal distribution of the data in the design of experiments (DOE) media. Figure 5c
shows the histogram bar chart of the work. As it can be observed, although the chart does
not resemble a perfect bell-shaped histogram, it is within a reasonable range to conclude
the correctness of the residual data.

The residuals versus order plot displays the residuals in the order that the data were
collected. The residuals versus order plot is used to confirm the assumption that the
residuals are independent from one another. There are no trends or patterns in independent
residuals when shown in time order. The patterns in the data may suggest that residuals
close to one another are likely connected and hence, not independent. Ideally, the residuals
on the plot should be distributed around the zero line randomly. Figure 5d shows data
points in the order do not follow a logical pattern. On the other hand, Figure 5d confirms
that the residuals are independent from one another.
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3.2. Developed Correlation

The analysis of the results for chemical oxygen demand was conducted by the Minitab
software 16. Table 4 shows the analysis of variance (ANOVA) results displayed in the
session window of Minitab. The p-value is a measure of how likely the sample results
are, assuming the null hypothesis is true. Its value is somewhere between 0 and 1. The
p-value shows the power of each parameter participating in the input-response parameters.
In the present study, if the p-value of an input parameter, all of which are tabulated in
Table 4, is greater than 0.001, that parameter is regarded as weak and without a significant
influence on the results. Indeed, if the p-value is 0.05 or more, its corresponding parameter
is regarded as insignificant, which can lead to ignoring its influence on the response’s value.
Based on this analogy, the following correlation, which relates the AOPs parameters to the
COD value, was obtained.

Y = 6663− 64.87X1 − 128.87X2 − 55.87X3 + 56X1X2 + 38.5X2X3 (5)

Table 4. Second order regression coefficients for the input factors and response.

Variables Regression Coefficients t-Value p-Value
y-intercept 6663 172.812 0.000
X3 = H2O2 (mg/L) −64.87 −2.684 0.023
X2 = O3 (mg/L) −128.87 −5.332 0.000
X1 = UV (mWs/cm2) −55.87 −2.312 0.043
X3 × X3 18.47 0.958 0.361
X2 × X2 −20.91 −1.085 0.304
X1 × X1 11.97 0.621 0.549
X2 × X3 56 0.638 0.032
X1 × X3 22.75 0.666 0.521
X2 × X1 38.5 1.126 0.028
R2 = 0.83 ADD = 0.00 R2(ADJ) = 0.83

Equation (5) was obtained with an adjusted R-squared value of 0.83 and a coefficient
of determination of 0.72, which states that the above equation can generate fairly accurate
values that match the experimental data.
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3.3. Analyses of the Response’s Surface Plots

It is worth noting that the synergy of independent parameters over a response can be
studied through contour or 3D plots. To do so, one variable has to be maintained constant
while letting the other two vary within their defined ranges in a system of three variables.
The figures generated from this method show not only the effects of two independent
parameters simultaneously, but also the patterns of the response.

Figure 6a shows the combined effect of UV and O3 on the level of COD when H2O2 was
held at 0 (the coded value). From there, one may indicate that the lowest COD is obtained
through applying the maximum quantity of O3 along with the emission of medium UV
dose. Due to relative obscurity of the effluent as well as its high concentration of heavy
metal, the UV irradiance does not work properly. As a result, O3 and UV do not have
an effective synergy to lower the level of COD when the effluent sample possesses low
transparency and high heavy metal content.

Assuming a constant value of 0 (the coded value) for O3, both of UV and H2O2 have
been modified to observe their effects on the level of COD. The results are summarized
in Figure 6b. While Figure 6a does not show a recognizable symmetry and pattern for
the response, Figure 6b demonstrates a linear change in the value of COD (as the studied
response). In other words, the higher the amounts of UV and H2O2 used, the lower the
COD levels generated. Obviously, symmetry exists throughout the plot. Although the
overall COD reduction comes from using UV, and H2O2 is lower than that when UV and O3
simultaneously are employed, the COD reduction with UV and H2O2 is done recognizably
well, which shows the strong positive synergy between UV and H2O2.

The advantages and disadvantages of utilizing H2O2 can be perceived by observing
Figure 6c. In spite of the fact that the use of O3 itself improves the level of purification
and also reduces the level of COD, H2O2 is effective if only the optimized volume of
H2O2 is added to the effluent. Higher volumes of H2O2 decrease its removal power since
a competition between carbonate and bicarbonate in the mixture comes into the scene,
which in turn prevents AOPs from generating more HO• radicals. Furthermore, similar
to Figure 6a, Figure 6c does not indicate a predictable response pattern. The interaction
of H2O2 and O3 changes with varying the concentration of injected O3, and hence, an
optimization procedure needs to be conducted to figure the appropriate volume of H2O2
required to reduce the COD level.

3.4. Optimization Conditions

The optimized amount of AOPs can be obtained by Minitab’s response optimizer. In
fact, by employing Equation (5), Minitab can introduce the best AOP’s combination accord-
ing to which the wastewater from the aeration industry can be cleaned more effectively.
The optimization outcomes and the after-treatment COD level are presented in Table 5.
The optimized value for UV emission is 86 mWs/cm2, which can be counted as a medium
UV emission. The used wastewater was too dark and obscure, and therefore, UV was not
effective enough to remove the pollution compared with O3 and H2O2 when high chemical
additives were added to the wastewater. In addition, the level of optimized O3 should be
higher than H2O2 level to decrease competition between bicarbonate and carbonate ions in
the fluid. Thus, while 8 mg/L O3 as the highest applied amount is the optimum point for
the COD reduction, 40 mg/L H2O2 as a medium value is recommended by Minitab.
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Table 5. The optimized values defined for AOP.

UV (mWs/cm2) O3 (mg/L) H2O2 (mg/L) COD (mgO2/L)
after Treatment

COD Percent
Change (%)

Energy
Consumption

(kWh/m3)
86 8 40 6313 51.5 22.7

Figure 7 shows three 3D plots of the response graphs of applying O3 and UV at three
levels of H2O2. Based on the output depicted in Figure 7, it can be concluded that the
efficiency of COD removal will be optimum when the O3 and H2O2 quantities are around 2,
and −1, respectively, while the UV irradiance varies between −1.5 and −2. By converting
the mentioned coded numbers using Table 2 to real values, the optimum values mentioned
in Table 5 are found. This verifies the optimum AOP values in Table 5.
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4. Conclusions

A total of 20 sets of experimental tests were conducted in order to study the perfor-
mance of AOPs, including H2O2, O3, and UV, when disinfecting the effluent released from
an aeration industry. The experimental tests were planned by the Minitab software. The
mutual effects of the additives over the water treatment process were examined through
analyzing the contour plots. It was observed that the use of H2O2 and O3 together can
remarkably enhance the cleaning process. However, when the quantity of H2O2 exceeded
what is known as the optimized amount, it unexpectedly lost the potential to reduce
the level of COD in the wastewater. It was shown that at constant levels of O3 and UV,
doubling the amount of H2O2 from 45 to 95 mg/L only decreased the wastewater COD
insignificantly from 50.1% to 50.2% while the energy consumption was increased from 33.5
to 44.4 kWh/m3. Similar to the case of H2O2, the UV irradiance yielded the same results
when it was employed in the treatment process together with a high level of O3. Unlikely,
H2O2 or UV irradiance alone linearly decreased the level of COD in the effluent when a
low concentration of O3 was used. The results showed that by increasing the dose of UV
emission from 40 to 400 mWs/cm2, the COD level was decreased from 46.3% to 48.9%
when the chemical additives were low or medium. However, this positive effect could not
be extended when the additive levels are high. According to their effects on the process,
a polynomial correlation was derived through which the response (COD value) could be
found by simply substituting the variables’ quantities in the correlation. Following that, to
obtain the optimized quantities of H2O2, O3, and UV altogether, the optimization task was
completed with the help of Minitab’s response optimizer. A UV emission of 86 mWs/cm2,
O3 dose of 8 mg/L, and H2O2 dose of 40 mg/L were the optimum values reported by
Minitab. It was found that by using the optimized AOP values, the COD reduction reached
the highest value of 51.5% with the lowest energy consumption.
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