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• COD removal from Petrochemical wastewaters by electro-Fenton process was studied.
• Effect of reaction time, current
density and pH on process performance was investigated.
• 86.3% removal of COD was
obtained during electrolyses,
due to formation of hydroxyl
radicals.
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Petrochemical manufacturing wastewaters often contain a high concentration of
biodegradable com-pounds that possess either toxicity or activity inhibition to the
biological unit. In this paper, COD removal from petrochemical wastewaters by electro-Fenton process was studied. The effect of operating conditions such as reaction
time, current density, pH, H2O2/Fe2+ molar ratio, and H2O2 of petrochemical wastewater (PW) (mL/L) on the performance of the process has been studied. The experimental results showed that COD was 75.52% removed by the reaction with hydroxyl
radicals generated from electrochemically assisted Fenton’s reaction. With our cell
design, the higher oxidation rate has been obtained applying a current of 57.01 mA, at
pH 2.92 and in the presence of 0.3 mM Fe2+ as catalyst and at reaction time of 86.33
minutes.
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1. Introduction
The production stages of a petroleum industry, such
as extraction and refining, are potentially responsible
for generating large volumes of effluent to be discarded in the environment [1–3]. The waste generated in
oil refineries contains many different Chemical compositions, depending on the complexity of the refinery,
the existing processes and the type of oil used [1,4].
Electrochemical advanced oxidation processes (EAOPs) like electro-Fenton (EF) and photo electro-Fenton (PEF) have recently received great attention for
the removal of harmful organics in waters because
they can generate oxidant hydroxyl radical (●OH) for
an effective and fast mineralization of pollutants to
CO2, water and inorganic ions [5,6]. AOPs are based
on the in situ generation of hydroxyl radicals (●OH),
a highly powerful oxidizing agent. Among these processes, Fenton and electro-Fenton techniques have attracted attention from investigators around the world
[7,8]. These processes are based on the oxidation of
ferrous iron to ferric iron by hydrogen peroxide releasing a hydroxyl radical with the capacity to oxidize
contaminants [9-11]. As a widely used AOT, Fenton
reaction between ferrous iron and hydrogen peroxide
could treat wastewater effectively [12,17]. However,
high cost of H2O2 restricts its large scale application
in wastewater treatment. Therefore, the electro-Fenton
(EF) process based on cathodically enerated hydrogen
peroxide (H2O2) was developed to overcome high cost
of the added H2O2[18-21].
The electro-Fenton process uses electric current
for the in situ generation of H2O2 by O2 reduction
in the presence of dissolved Fe2+. Furthermore, the
overall process does not create secondary pollutants
because there is a catalytic cycle with Fe3+pecies in
the medium that revert to Fe2+by different reduction
processes, which involve H2O2 or organic intermediate radicals, as well as the direct reduction of Fe3+on
the cathode. Therefore, the weight of the added ferrous iron (II) is much smaller than it is in the traditional Fenton method [22-24]. In the electrochemical
oxidation surfactants and other organic molecules
are degraded into CO2 and water by the reaction with
●
OH radicals electro generated by direct oxidation
of water [25]. In the electro-Fenton process, organic pollutants are removed by the action of both Fenton’s reaction (Eq.1) in the bulk and anodic oxidation
at the anode (M) surface when using high oxygen
overvoltage anodes, such as dimensionally stable anode (DSA), Pt and BDD anode (Eq.2) [26]. H2O2 and

Fe2+ can be continuously generated by simultaneous
electrochemical reduction of O2 and Fe3+ (Eqs.3
and 4) respectively on the cathode surface [27,28].
Fe2+ + H2O2 → Fe3+ + OH– + ●OH

(1)

M(H2O) → M(●OH) + H+ + e-

(2)

O2 + 2H+ + 2e- → H2O2
3+

-

2+

Fe + e → Fe

(3)
(4)

This paper presents the EF degradations of petrochemical wastewater solutions using a Iron electrode
under comparable conditions. The effect of reaction
time, current density, pH, H2O2/Fe2+ molar ratio, and
H2O2 of petrochemical wastewater (PW) (mL/L) on
the mineralization processes was examined.
2. Experimental
2.1. Chemicals
All chemicals used here were of reagent grade and
used without further purification.
Sodium sulfate anhydrous, ferric chloride, sodium
borohydride, sulfuric acid, reduced iron powder and
other chemical reagents were all of analytical grade
and purchased from Shanghai Chemical Reagents
Company. All the solutions were prepared with ultrapure water obtained from a Millipore Milli-Q system
with resistivity > 18 MX cm at 25 °C. Their initial pH
was adjusted with analytical grade sulfuric acid supplied by Merck. Heptahydrated ferrous sulfate used as
catalyst was of analytical grade purchased from Merck.
2.2. Preparation of the Fe@Fe2O3
A 0.3 g amount of FeCl3.6H2O was dissolved in 100
mL of distilled water to obtain a ferric solution. A 0.6
g amount of NaBH4 was dissolved in 40 mL of distilled
water to get a NaBH4 solution. The NaBH4 solution
was dropped to reduce ferric ions into metallic iron.
The Fe@Fe2O3 was washed with deionized water thoroughly and then dried in nitrogen for further use.
2.2. Electro-Fenton experiments
The electrolyses were performed in a small, open, cylindrical, one-compartment electrochemical reactor of
6 cm diameter and 400 mL capacity, stirred by a magnetic during the treatment to enhance the mass transport towards electrodes. The solution pH was fixed
to 3, since much higher pH values hamper the development of Fenton-based systems due to the Fe(OH)3
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precipitation, which lead to both the decrease of dissolved iron ion [29]. The solution pH was measured
with a Cyber Scan pH 1500 pH-meter from Eutech
Instruments. In each run, 250 mL of wastewater was
placed in an electrolytic cell and desired amounts of
iron (Fe2+) and hydrogen peroxide (H2O2) were added
before the electrical current was turned on. Then, electrodes were placed in the reactor and solutions were
mixed at 350 rpm.precipitation, which lead to both the
decrease of dissolved iron ion [29]. The solution pH
was measured with a Cyber Scan pH 1500 pH-meter from Eutech Instruments. In each run, 250 mL of
wastewater was placed in an electrolytic cell and desired amounts of iron (Fe2+) and hydrogen peroxide
(H2O2) were added before the electrical current was
turned on. Then, electrodes were placed in the reactor
and solutions were mixed at 350 rpm.
3. Results and discussion
3.1. Regression models
In this paper, correlation between the responses and
the independent variables were obtained by the following second-order model with a least-squares method:
COD = +68.20 + 9.40A + 5.47B – 7.73C + 7.68D
+ 4.28E + 0.63AB +1.75AC + 4.02AD + 1.90AE +
2.50BC + 0.000BD – 1.12BE + 4.88CD + 0.000CE
– 5.00DE – 5.72A2 – 11.45B2 – 11.29C2 – 11.02D2–
11.28E2
A, B, C, D and E are reaction time, current density,
pH, mLH2O2/L PW and molH2O2/molFe2+ ,respectively.
The negative sign in the equation represents the depressing effect of parameters and positive signal parameter represents the incremental effect on the response variables. For example, pH has reduction and
time has increasing effect on the response variable.
To compare the predicted values and experience
can be used Figure 1. The slope of the graphs is much
closer to one so the accuracy of the models was higher. Charts obtained good correlation between experimental results with predicted values to show statistical
method.

Fig. 1. Comparing observed values with predicted values when
performing a purification

3.2. Three-dimensional curves regression
To explain the conflict between the parameters of
the regression model used three-dimensional curves.
The response curves have been obtained of a quadratic equation mentioned above. All the curves
have a clear peak response. As a result, there are
optimum conditions for maximum response values
based on the design operating conditions and the optimum condition for the removal of COD was found.
Figures 5, 8, 10 and 11 show that the reaction time
has a positive impact on the development of electro-Fenton process but by increasing the time
its impact is reduced so after the optimum time,
the efficiency of process does not significantly change with time for this reason, the optimal response is obtained almost 2/3 of the total time [30].
Current density has a positive impact on the process electro-Fenton. In the process electro-Fenton,
●
OH formation rates applied in the purification process is controlled by the current density; increased
density improves efficiency up to the optimal value.
Increasing the current density will help produce
hydroxyl radicals at the anode surface and Fe2+ ions
generated of Fe3+ ions at the cathode surface. This
will help to increase the efficiency of chain reactions of Fenton process [31,32]. Fe3+ to Fe2+ continuous transformation is a significant advantage of
electro-Fenton in comparison with Fenton’s method.
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-

H2O → H+ + ●OH + e-

Fe3+ + e- → Fe2+

Figures 4, 7, 9 and 11 are indicative of the impact of
this parameter.
pH in the electro-Fenton process plays an important role due to the control of hydroxyl radical production and concentration of Fe2+ in solution
[33]. Electro-Fenton seen high activity at pH 3.5.
When the pH increases the production of Fe2+ ions
can be avoided so amount of reaction catalyst reduces. At pH 4.5 compared to pH 3 hydroxyl radical production becomes less also hydrogen peroxide is unstable at pH above 5 and may itself be decomposed
into water and oxygen. It was also reported that the
pH should be in the range of 2 to 4 to hydroxyl radical production becomes stable because high potential of the oxidation is observed in this range of pH.
On the other hand, when pH<2 is, hydrogen peroxide can not be parsed by Fe2+ to OH. In this case,
hydrogen peroxide by attracting one proton to turns
to H2O2. That produced H2O2 forward reaction between hydrogen peroxide and Fe2+ to lower rates [34,
35]. Effect of pH is shown in Figures 3, 6, 9 and 10.
In order to maximize the impact of the process it is necessary that the ratio of should be kept at optimum level.
As can be seen in the diagrams increase this ratio to be
higher than optimum point, reduce the efficiency of the
removal and it may be that the Fenton reaction mechanism will be changed and side reactions will happen.
It seems that excess hydrogen peroxide has a
negative effect on hydroxyl radical and the process drives to the following reaction [36]:

Fig. 2. Simultaneous effect of
molFe2+ on COD reduction

mLH2O2/LPW and molH2O2/

H2O2 + ●OH → HO2● + H2O

The reaction proceeds to production of the hydroperoxyl radical that has weak oxidation power compared with the hydroxyl radical [37]. At
below you can see the corresponding reactions.
2H2O2 → O2 + 2H2O
●

OH + ●OH → H2O2

Fig. 3. Simultaneous effect of pH and molH2O2/molFe2+ on COD
reduction..
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The result of mLH2O2/LPW are shown in Figures 2,
6, 7 and 8.
The molar ratio of molH2O2/molFe2+ should also be
kept at the optimum value because if this ratio is reduced extra Fe2+ will reduce the removal efficiency. Here is a competition between Fe2+ and biomaterials for reaction with the hydroxyl radical [38].
In addition produced Fe2+ can react with hydrogen
peroxide and generate Fe2+ and hydroperoxyl radical [39]. The mentioned reactions are as follows:
Fe2+ + ●OH → Fe3+ + OH–
H2O2 + Fe3+ → Fe2+ + HO2● + H+

The effect of this parameter is given in Figures 2, 3, 4
and 5.

Fig. 4. Simultaneous effect of current density and

molFe2+ on COD reduction

Fig. 5. Simultaneous effect of time and
on COD reduction

molH2O2/molFe2+

molH2O2/ Fig. 6. Simultaneous effect of mLH2O2/LPW and pH on COD
reduction

220

H. Fathinejadjirandehi et al. / Journal of Particle Science and Technology (2015) 215-223

Fig. 7. Simultaneous effect of mLH2O2/LPW and current density
on COD reduction.

Fig. 8. Simultaneous effect of
reduction .

mLH2O2/LPW and time on COD

Fig. 9. Simultaneous effect of pH and current density on COD reduction

Fig. 10. Simultaneous effect of time and pH on COD reduction.
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Fig. 11. Simultaneous effect of Time and current density on COD
reduction

4. Conclusions
In this study COD removal from petroleum industry by electro-Fenton process was investigated. The
effect of various parameters such as reaction time
(10–90 min), current density (25–80 mA/m2), pH(2–5)
were investigated. 86.3% removal of COD has been
obtained during electrolyses, due to the formation of
hydroxyl radicals in the bulk from Fenton reaction
via in situ electro generated Fenton‘s reagent or at
the anode surface from water oxidation. There was a
slight increase of the H2O2 electro generation with the
decreasing pH, but the current efficiencies declined
significantly due to the enhanced parasitic reactions
at anode in acid solution. Therefore, the electro-Fenton presents promising applications for wastewater treatment because of its high and stable electrochemical activity, as well as feasibility for scaling up.
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