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Abstract

The present study evaluated the effect of the integration of electro-kinetic (EK) oxidation with sonication degradation of diesel in a
hydrocarbon contaminated wastewater. The effect of operational parameters including initial pH (3 - 9), sonication (100 - 300 W),
voltage (0.5 - 3 V/cm), and reaction time (60 - 150 min) were studied consecutively. The highest total petroleum hydrocarbon (TPH)
destruction rate of 40% was achieved at pH 5. Also, increasing the sonication intensity up to 300 W improved the removal rate to
70%. The pseudo-first-order kinetic model was selected due to higher correlation coefficient. Considering the obtained integration
of EK oxidation with sonication is a viable and efficient technology for treatment of diesel contaminated wastewaters.
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1. Background

Industrial development and increasing dependence
on energy for different elements of a development strat-
egy requires extraction and transportation of hydrocar-
bons in sea, as well as land. Therefore, contamination of
water bodies and soil due to oil spill is expected, and con-
sidering effective ways to minimize the pollution and re-
moval contaminants from the environment is necessary (1,
2). Diesel, as a fuel, is a recalcitrant component that enters
the environment by various pathways, and huge contami-
nation would be resulted from different sources (3, 4). Ex-
ploring efficient physical, chemical, and biological treat-
ment technologies is necessary for the reduction of envi-
ronmental pollution due to diesel leakage in water and
soil (5-7). Among different technologies, advanced oxida-
tion processes (AOPS) are effective means for the degrada-
tion of recalcitrant constituent of diesel as a major envi-
ronmental contaminant. The main mechanism of AOPS for
destruction of pollutants is production of hydroxyl radi-
cals (OH•), which reacts with target molecules rapidly and
hardly and degrades them to harmless forms in selected
conditions (8-10). Sonication of aqueous solutions is an at-
tractive option that enhances the production rate of OH•

radicals (11). The water molecules are broken into OH• rad-

icals and hydrogen in sonication process. Consequently,
the produced gas bubbles are destructed and released in
water, which in turn results in high pressures and tem-
peratures in solution. In sonication processes, free radi-
cals such OH• and chemicals such as H2O2 participate in
degradation of target organic pollutants (12). Recently,
electrochemical-based oxidation has been widely studied
for the treatment of highly contaminated streams. Im-
mobilization of catalysts on the surface of the electrode is
an interesting feature, which removes the need for exter-
nal addition of catalyst (13). Safety, being environmentally
friendly, cost-effectiveness, ease of operation, and high effi-
ciency are advantages of electro-kinetic (EK) processes (14-
18). According to literature review, this is the first report
demonstrating the combination of EK oxidation and soni-
cation for the treatment of diesel as the target pollutant in
saline environment. The combination of sonication and EK
oxidation to study the synergetic effects of these processes
in the treatment of diesel contaminated solution was the
main goal of the current work.
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2. Methods

2.1. Chemicals

The analytical grade chemicals in current work, includ-
ing sulfuric acid, hydroxide, N-hexane, methanol, and iso-
propanol (C3H8O), were purchased from Sigma-Aldrich.

2.2. Experimental Procedure

In this study, 250 mL of glass beaker was used as the re-
actor for performing the experiments. Graphite electrodes
(150 mm long, 25 mm wide, and 5 mm thick) were placed
directly in the solution. A DC power supply (Model: ZX 200)
provided the current in the solution through connection
to electrodes. The DC power apparatus was able to sup-
ply a voltage between 0 - 30 V cm–1. A sonication appara-
tus (Model: LUC-405) with frequency of 40 KHz was used to
provide ultrasonic sound waves through direct insertion
of the probe in the solution. H2SO4 (0.5 N) and NaOH (0.5
N) were used to adjust the pH to the desired level. Then,
diesel containing wastewater was poured into the reactor
at the beginning of each experiment. Effective operational
variables including voltage between 0.5 - 3 V cm-1, sonica-
tion intensity between 100-300 W, contact time between 30
- 150 min, and pH in the range of 3 - 9 were investigated us-
ing one factor at the time of designing the experiment.

2.3. Analytical Methods

After sampling at the determined time intervals, the
diesel concentration was measured as total petroleum hy-
drocarbons (TPH) with a gas chromatography (GC) ap-
paratus using a flame ionization detector (FID) (Model:
CHROMPAK CP 9001). The GC apparatus was equipped with
a HP-5 capillary column (length: 30 m, inner diameter: 0.32
mm, film thickness: 0.2 mm) (19).

3. Results and Discussion

3.1. Raw Wastewater Characteristics

The composition of raw wastewater is presented in Ta-
ble 1. As can be seen, the recalcitrant nature of wastewater
is proved.

3.2. Effect of pH

The solution pH is a key parameter in EK oxidation due
to direct role in the rate and kind of oxidizing agent pro-
duction. According to Figure 1, the highest removal rates of
44% and 40% were observed at pH values of 3 and 5, which
was in line with literature that acidic pH better support the
oxidation process (20, 21).

3.3. Effect of Voltage

Oxidation rate is usually enhanced directly along with
voltage. The TPH removal varied between 40% and 65% at
voltage range of 0.5 to 3 V/cm (Figure 2). There was no sig-
nificant difference in results of voltage of 2.5 and 3 V/cm.
Higher voltage levels provided higher current density in
the solution and between the electrodes; therefore, the re-
actions proceeded more effectively and rapidly (22-24).

3.4. Effects of US Power

Effects of sonication are presented in Figure 3. Increas-
ing the sonication power to 200 and 300 W, improved the
removal rate up to 71% at a contact time of 60 min. There-
fore, the sonication level of 200 W was selected due to
lower energy consumption. Jiang et al. (25) also reported
the direct relation between sonication power and removal.

3.5. Effect of Reaction Time

Figure 4 shows the variations of contact time versus
the rate of TPH removal. The removal rate of 71% enhanced
to 91% at the contact time 150 min, demonstrating the di-
rect relation between time and removal. At a higher con-
tact time, the diesel removal was further increased due to
sufficient contact between oxidizing agents and the target
pollutant.

3.6. Kinetic Study

The kinetics study of treatment of diesel contaminated
solution was performed at reaction time range of 30 -
150 min and TPH concentrations of 2410 mg/L at selected
conditions. In oxidation reactions, pseudo-first-order and
pseudo-second-order kinetic models usually are used to
predict the rates of reactions in the solution, as given in
equations 1 and 2 (7):

Ln

(
C

C0

)
= −K1t

1

C
− 1

C0
= −K2t

Where, C0 is initial TPH concentrations (mg/L), Ct resid-
ual TPH concentrations, t reaction time (h), k1 first order
rate constant (h-1), and k2 pseudo-second-order rate con-
stant (mole/Lh). Results of kinetic investigation verified
pseudo-first-order model as the best fitted equation, as
shown in Figure 5. In this regard, the rate constant (k1) of
0.0168 h-1 and the correlation coefficient of 0.94 were calcu-
lated for pseudo-first-order model. The obtained data are
in accordance with similar studies (21, 22, 26, 27).
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Table 1. Characteristic of Oily Wastewater

Parameter Mean STDEV Max Min

COD (mg/L) 3500 180 4100 3250

TPH (mg/L) 2250 300 1980 2600

TDS (mg/L) 13500 410 17280 11700

TSS (mg/L) 480 112 640 302

pH 7.7 0.81 8.3 7.3
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Figure 1. Effect of pH variations on TPH removal by sonication enhanced EK oxidation (Voltage = 0.5 V/cm, TPH = 2100 mg/L, reaction time = 60 min).

3.7. Alternative Processes

Combination of different oxidation methods to en-
hance the rate and extent of radical production and max-
imize the degradation rate is highly recommended by in-
vestigators (28, 29). Therefore, separate experiments were
conducted to understand the contribution of each process
in the integrated system. Results are presented in Figure 6.
The results showed that the removal efficiency of EK, son-
ication, and integration of EK with sonication were 64%,
10%, and 71%, respectively (Figure 6).

3.8. Conclusions

The treatment of a hydrocarbon contaminated
wastewater using the integration of sonication with
EK oxidation was investigated. The most TPH removal of

91% was obtained in selected levels of operational vari-
ables. According to obtained data, it can be concluded
that the integration of sonication with EK oxidation
can be considered as a suitable technology for diesel
removal from wastewater. The kinetic data followed the
pseudo-first-order kinetic model.

3.9. Limitations

Controlling the constant voltage and stability of elec-
trodes which were destroyed during the oxidations were
the main limitations of this study.
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Figure 2. Effect of voltage variation on TPH removal Rate by sonication enhanced EK oxidation (pH = 5, TPH = 2000 mg/L, reaction time = 60 min).
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Figure 3. Effects of variations of sonication intensity on TPH removal rate by sonication enhanced EK oxidation (pH = 5, V = 2.5 v, TPH = 1800 mg/L, reaction time = 60 min).
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Figure 4. Effects of variations of contact time on TPH removal rate by sonication enhanced EK oxidation (pH = 5, V = 2.5 V cm-1 , TPH = 2410 mg/L, US = 200 W).
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Figure 5. The pseudo-first-order model for TPH degradation by sonication enhanced EK oxidation.
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Figure 6. The COD removal rate in alternative processes versus sonication enhanced EK oxidation.
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