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Photo-assisted peroxi-coagulation (PPC) was investigated for treatment of high TDS
(total dissolved solids) wastewater. The most important characteristics of the studied
wastewater were high TDS of around 16428 mg L–1 and BOD5/COD ratio of 0.07. Effective operating parameters, including initial pH values of 3–8, reaction time of 60–240
min, electrode distance values of 2–6 cm, and voltage values of 0.5–3 V were investigated
in batch mode experiments. Optimum conditions were obtained at pH = 3, voltage = 1.5 V,
electrode distance = 2 cm, and reaction time = 420 min, corresponding to 89.44 % COD
removal, which meets the Iran environmental discharge legislation (COD = 100 mg L–1).
Kinetic analysis showed that pseudo first-order kinetic model was best fitted (R2 = 0.97).
GC mass chromatograms before and after treatment showed degradation of complex
compounds to more simple constituents.
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Introduction
Some industries produce high salinity wastewaters with high non-biodegradable organic compounds. Discharge of their non-treated streams into
the environment causes serious damage to soil,
groundwater, and surface water. Petrochemical effluents contain significant amounts of hazardous
organic and inorganic chemical substances, such as
halogenated hydrocarbons, aromatic compounds,
phenolic substances, oil and grease, aliphatic and
polycyclic aromatic hydrocarbons (PAHs), and
heavy metals, which all possess high toxicity to
plants, animals, and humans. In addition, a major
portion of petrochemical wastewater is characterized as high TDS (total dissolved solids) that, together with their aromatic constituents, make them
resistant to biodegradation. Most halogenated hydrocarbons, aromatics and phenolic substances have
been categorized as priority pollutants, causing carcinogenic and mutagenic effects, which have to be
removed from aqueous solution using efficient
treatment techniques before being discharged into
water bodies1,2. A range of physical, chemical, and
biological processes and their integration, such as
integration of advanced oxidation with coagulation,
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biodegradation using special microorganisms, membrane filtration, chemical precipitation, catalytic
ozonation, photocatalytic degradation using
nanoparticles as advanced oxidation processes
(AOPs), have been investigated for treatment of
petrochemical effluents3–6.
Low efficiency and incomplete removal of
non-biodegradable organic compounds due to plasmolysis and reduced cell activity are the most significant challenges in biological treatment of high
salinity wastewater. Low BOD5/COD ratio of less
than 0.1 and high TDS content of produced wastewater have limited direct application of biological
processes2,7. Additionally, conventional chemical
oxidation and precipitation are not efficient enough,
especially in terms of soluble organic matter and
xenobiotics. AOPs, which work as a function of
generation of non-selective and strong oxidative hydroxyl radicals, have recently been successfully employed for treatment of such recalcitrant wastewaters. AOP processes can generate hydroxyl radicals
as a powerful agent for degradation of xenobiotic
compounds8.
Fenton oxidation is the most common technique for hydroxyl radical generation, (Eq. 19,10):
Fe 2+ + H 2 O 2 + H + → OH • + Fe3+ + H 2 O

(1)
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The application of Fenton oxidation has been
limited due to storage, delivery, and economic constraints8. In the green chemistry approach, oxygen
molecule was reduced carbon base cathode and
H2O2 is generated electrochemically at acidic electrolyte, according to Eq. (2)11,12
O 2 + 2H + + 2e − → H 2 O 2

(2)

On the other hand, ferrous ion is generated at
iron anode, according to Eq. 3.13,14
Fe → Fe 2+ + 2e −

(3)

Moreover, ferric ion produced in Eq. (1), is reduced at the cathode and ferrous ion is regenerated
consequently (Eq. 4). This phenomenon propagates
chain reactions of Fenton oxidation.
Fe3+ + e − → Fe 2+

(4)

Iron hydroxide produced by the aforementioned mechanisms can remove organic pollutants
through the coagulation process, as in Eq. (5). Coagulation and oxidation mechanisms are simultaneously fulfilled in the electrochemical cell, which is
called peroxi-coagulation13,14.
Fe3+ or Fe 2+ + nOH − → Fe ( OH ) n(s)

(5)

Application of UV irradiation can accelerate
degradation performance of Fenton-base process
through direct decomposition of hydrogen peroxide
to hydroxyl radical (Eq. 6), and ferrous ion regeneration by photo-reduction of ferric ion to produce
more hydroxyl radicals, as shown in Eq. (7)15,16:
H 2 O 2 + UV → HO + OH •

(6)

Fe(OH) 2+ + UV → Fe 2 + + OH •

(7)

PPC is a hybrid process consisting of UV irradiation and electro-Fenton, which has not been applied for high salinity petrochemical wastewater.
Even though many AOPs, like photocatalysis,
UV/H2O2, ozonation, electro-photocatalysis have
been applied for COD removal from high salinity
wastewater17–25, no research has yet been performed
to degrade COD in high salinity wastewater by
PPC. In the present research, the efficiency of PPC
to degrade COD in aqueous solution with graphite
electrode cathode was studied.

Materials and methods
Material

All principal reagents applied for COD analysis
were of analytical grade and purchased from Merck

Company, which included sulfuric acid (H2SO4-99 %),
silver sulfate (Ag2SO4-99.99 %), mercury sulfate
(HgSO4-99 %), potassium dichromate (K2Cr2O7-99.5
%), sodium hydroxide (NaOH–99 %), ammonium
chloride (NH4Cl-99.5 %), and potassium de-hydrogen phosphate (kH2PO4–98 %). Graphite electrode
was provided from Seraj Company (Iran). Real high
TDS wastewater sample was obtained from a petrochemical industry located in the south of Iran and
brought to the laboratory in cold box at 4 °C weekly, and its features such as COD, BOD5, TOC, TDS,
TSS, organic constituents, and pH were analyzed.
Experimental setup

The experiments were carried out in a 0.8-L
quartz cylindrical batch reactor 6 cm in diameter
and 16 cm in height. Graphite (3×15 cm, thickness
of 3 mm) and iron (3×15 cm, thickness of 3 mm)
were used as cathode and anode electrodes, respectively. The electric power was supplied by a laboratory DC power supply (Model: PS 303D). Air was
injected to cathode at flow rate of 2 L min–1.
Low-pressure UVC lamps (6 W-Philips Company)
were placed around the electrochemical cell at a
distance of 3 cm to provide ultraviolet irradiation.
The influence of UV light power was tested by application of zero, one, two, and three lamps corresponding to 0, 6, 12, and 18 W, respectively. The
quartz vessel and the light sources were placed inside a black box to prevent UV emission. For each
run, 0.6 L of wastewater was introduced into the
reactor. The solution was magnetically stirred
during the experiment. The reaction temperature
was kept at 26–28 °C. The pH value of solution was
continuously monitored and adjusted to desired value with 0.5 N H2SO4 every 5 min, where the volume
of the acid was less than 3 mL. All of the experiments were conducted in batch mode. The effect of
operating parameters, including initial pH (3–8),
voltage (0.5–3 V), distance between electrodes (2–6
cm), reaction time (60 – 240 min), and UVC intensity (1, 2, 3 UV lamp) on COD removal were investigated consecutively according to one factor at a
time experimental design.
Analytical methods

Raw high salinity petrochemical wastewater
was obtained from a local petrochemical corporation, Mahshahr city, Iran, and transferred to laboratory within 2 h. Characterization of raw wastewater,
in terms of chemical oxygen demand (COD), biochemical oxygen demand (BOD5), total dissolved
solids (TDS), total suspended solids (TSS), and pH
was performed based on standard methods for the
examination of water and wastewater26. The removal
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efficiency (%) was calculated based on COD concentration via Eq. (8):
Removal (%) =

C0 − Ct
⋅ 100
C0

(8)

where, C0 and Ct are the initial and residual COD
concentrations (mg L–1) at specified reaction time t
(min). The pH of solution was continuously monitored using a pH-meter (Eutech, Cyberscan 1500).
Qualitative analysis of wastewater constituents
was carried out by gas chromatography–mass spectrometry (GC-MS) analysis (Model: Agilent 7890,
USA) with HP-5MS capillary column (30 m × 0.25
mm × 0.25 µm film thickness, 5 % phenyl- 95 %
methyl siloxane phase). The carrier gas (helium)
was fed using a stable 1 mL min–1 flow rate. The
temperature rate of oven was firstly set to 40 °C for
1 min, and then increased to 300 °C at 5 °C min–1.
This temperature was maintained for 3 min. Finally,
the sample was injected into the instrument at a
splitting ratio of 10:1. All experimental data are expressed in terms of arithmetic averages obtained
from at least three repetitions.

Results and discussion
Petrochemical wastewater characterization

The average concentrations of total COD,
BOD5, TDS and TSS of raw wastewater according
to two-week sampling with daily intervals were
1271 mg L–1, 89 mg L–1, 16428 mg L–1and 168 mg L–1,
respectively (Table 1). From the low amount of
BOD5/COD ratio (0.07), it can be implied that the
studied petrochemical wastewater has non-biodegradable features, and the study of chemical transformation processes is critical. Based on the GCMS analysis (Table 2), the major organic substances
recognized in raw wastewater were as follows:
chlorobenzene, phenol, 3-(1,1-dimethylethyl), phe-
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nol, 2-chloro-4-(1,1-dimethylethyl), ethyl ester,
phenol-2,4-bis-(1,1-dimethylethyl), and hexadecanoic acid (palmitic acid). Since raw wastewater
contains a variety of linear and cyclic compounds,
as well as halo-aromatics at various concentrations,
the BOD5/COD ratio of 0.07 and high salinity content indicate the wastewater to be highly resistant to
biodegradation, which justifies the necessity to apply advanced oxidation processes for its purification.
Photo-assisted peroxi-coagulation process
Effect of pH

In an electrochemical oxidation process, pH of
aqueous media is an important variable for the electrogeneration of H2O2. In H2O2 production, the acidic condition is theoretically suitable for the production of H2O2 generation, due to the proton
consumption, which occurs when dissolved oxygen
converts to H2O2. Furthermore, the acidic conditions improve production of hydrogen, thereby declining the quantity of reactive sites for H2O2 production.
The influence of pH on the removal of COD
was evaluated in the range of 3–8 at a constant voltage of 1 V, position of two UVC lamps around the
reactor, the electrode distance of 2 cm, and reaction
time of 240 min. The results shown in Fig. 1 indicate that acidic pH values favored COD removal,
and the highest removal efficiencies of 66.15 and
64.92 % were observed for initial pH values of 3
and 4, respectively. Therefore, in this study, pH 4
was chosen as the best level and used for further
experiments.
COD removal decreases with increasing pH
from 3 to 8, attributed to decreasing OH• oxidation
potential with enhancing pH (2.65 to 2.80 V at pH
3, while it reached 1.90 V at pH 7) Hence, OH• is a
weaker oxidant at near neutral pH than at acidic pH.
In addition, the reduction of Fe3+ to Fe2+ together

Ta b l e 1 – Characteristics of high saline petrochemical
wastewater
Parameter

Value
Range

Average

COD (mg L )

370–2900

1271

BOD5 (mg L )

50–128

89

0.05–0.09

0.07

TOC (mg L )

780–1925

842

TSS (mg L )

130–240

168

TDS (mg L–1)

15000–45400

16428

7.8–8.9

8.1

–1

–1

BOD5/COD
–1

–1

pH

F i g . 1 – Effect of pH on COD removal of high salinity petrochemical wastewater using PPC (Electrode distance: 2 cm,
voltage: 1 V, reaction time: 240 min, UV lamps: 2)
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Ta b l e 2 – GC-MS chromatogram of raw petrochemical wastewater
RT
(min)

Substance

Area

Molecular
Formula

Structural formula
Cl

5.071

Chlorobenzene

3.59

C6H5Cl

OH

18.321 2,6-Di-tert-butyl-4-phenylphenol

1.02

C20H26O

OH

18.907 6-Chlorothymol

23.908 bisphenol

1.30

1.80

C10H13ClO

Cl

C22H22O
HO

OH
O

33.510 Hexadecanoic acid

1.59

C16H32O2

OH

with production of hydroxyl radicals can be possible, due to the application of UV light radiation, as
illustrated in Eqs. (4) and (6)27.
Effect of voltage

In order to determine the most appropriate
amount of voltage to reach optimal COD removal,
the experiments were carried out at three various
voltage levels (0.5–3 V) at pH 4, the electrode distance of 2 cm, position of two UVC lamps around
the reactor, and reaction time of 240 min. The findings are illustrated in Fig. 2. The COD removal efficiency was 40.6, 67.5, 76.8, 77.5, 78.4, and 79.6
% at voltages of 0.5, 1, 1.5, 2, 2.5, and 3 V, respectively. Results indicated that the COD removal rate

F i g . 2 – Effect of voltage on COD removal of high salinity
petrochemical wastewater using PPC (Electrode distance: 2
cm, pH = 4, reaction time: 240 min, UV lamps: 2)
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increased with increasing voltage, meaning that enhancement in the applied voltage will improve the
generation of hydrogen peroxide, which will lead to
improving the generation of hydroxyl free radicals28. An extra enhancement in the voltage level
did not lead to improved performance of the process28. The side reactions in Eqs. (9), (10), (11), and
(12) presumably occur at the cathode at higher voltages29–31. Moreover, this leads to higher generation
of hydrogen gas at the cathode that impedes the
principal Fenton reaction.
H 2 O 2 + 2H + + 2e − → 2H 2 O
2+

•

3+

Fe + OH → Fe + OH

−

•

2OH → H 2 O 2
•

•
2

H 2 O 2 + OH → HO + H 2 O

(9)
(10)
(11)
(12)

However, due to the insignificant difference in
obtained removal efficiency and ease of implementation, voltage = 1.5 V corresponding to 76.81 %
COD removal efficiency was selected for the subsequent experiments.
Effect of electrode distance

The influence of electrode distance on COD removal was evaluated at a constant pH of 4, voltage
of 1.5 V, position of two UVC lamps around the
reactor, and electrolysis time of 240 min. The distance between electrodes at three levels of 2, 4, and
6 cm were studied. Results indicated that maximum
removal efficiency (73.33 %) was obtained at electrode distance of 2 cm (Fig. 3). By increasing the
electrode distance to 6 cm, COD removal efficiency
decreased to 73.17, without a significant decrease.
On the other hand, greater distance between electrodes attributed to higher current intensity, and
consequently more electrical power required for the
same COD removal. In this regard, from the economical point of view, the electrode distance of 2
cm was selected as the optimum distance.
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In the electro-Fenton process, the reduction of
ferric ion at the cathode leads to the regeneration of
ferric ion that stimulates the Fenton chain reaction.
However, since the distance between the electrodes
is so short, the oxidation of electro-regenerated ferrous ion to ferric ion at the anode will occur, which
will have a negative effect on the performance of
Fenton chain reactions. Conversely, at greater distances between electrodes, there is a limitation
against transferring ferrous ions towards the cathode surfaces, governing the regeneration of ferrous
ion27,32. Similar findings have been reported by Ting
et al.33 for degradation of benzene sulfonic acid
through electro-Fenton approach, where Ti and SS
were anode and cathode, respectively. Any variation
in the distance between electrodes has significant
influence on the amount of H2O2 in the aqueous media, which is derived from the oxidation of hydrogen peroxide.
According to the obtained findings, 2 cm was
obtained as an optimum distance between electrodes, and applied for the subsequent experiments.
Effect of UV intensity

UV light intensity determines the concentration
of generated hydroxyl radicals. To evaluate the impact of UV light intensity on COD removal efficiency, some experiments were done at a constant
pH of 4, voltage of 1.5 V, electrode distance of 2
cm, and reaction time of 240 min. Results indicated
that with increasing UV lamps from one to three,
COD removal efficiency increased from 55.58 to
77.64 %, respectively, 77.2 % for two UV lamps.
This result can be explained by the fact that higher
UV light intensity can enhance the generation of
hydroxyl radicals to remove COD from wastewater20,34–36. On the other hand, at low UV light intensity, the rate of photolysis of H2O2 was limited, resulting in decreasing COD removal efficiency. With
regard to the insignificant difference in removal efficiency for two and three UV lamps, two UV lamps
were considered as optimum. Moreover, 40.29 %
COD degradation in the case of no UV lamp is attributed to the effect of electro-Fenton process. Fig.
4 shows the effect of UV light intensity on COD
removal efficiency. It appears that increasing UV
light intensity increased COD removal efficiency.
Effect of reaction time

F i g . 3 – Effect of electrode distance on COD removal of high
salinity petrochemical wastewater using PPC (Voltage: 1.5 V,
pH = 4, reaction time: 240 min, UV lamps: 2)

The influence of contact time on removal of
COD was evaluated at a constant pH of 4, voltage
of 1.5 V, and electrode distance of 2 cm. Results
showed a high COD removal rate by increasing the
reaction time up to 180 min, but from 120 to 240
min, removal rate increased at a slower rate. In the
first 180 min, residual COD concentration reached
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Kinetic study

The kinetic parameters of first-order kinetic
models, including rate of PPC oxidation reaction
for high TDS petrochemical wastewater, were determined by plotting ln (C0/Ct) against time. The
individual kinetic equations are as follows Eq. (13).
ln c0 /ct = kt

F i g . 4 – Effect of UV intensity on COD removal of high salinity petrochemical wastewater using PPC (Voltage: 1.5 V, pH
= 4, reaction time: 240 min, and electrode distance: 2 cm)

(13)

Where, C0 is the initial COD concentration in
the solution (mg L–1), Ct is the residual COD concentration in the solution (mg L–1), t is the reaction
time (min), and k is the corresponding rate constant.
As shown in Fig. 6, in selected experimental
conditions, such as pH 4, voltage 1.5 V, electrode
distance of 2 cm, and the reaction time of 240 min,
the reaction kinetics of COD removal through PPC
of high salinity petrochemical wastewater fitted
well to pseudo first-order reaction with regression
coefficient of 0.97 and rate constant of 0.0048
min−1.
Energy consumption

The electrical energy consumed (P, Wh m–3)
during the process was calculated using Eq. (14):
P = Ult /V
F i g . 5 – Effect of reaction time on COD removal of petrochemical wastewater using PPC (Voltage: 1.5 V, pH = 4, electrode distance: 2 cm)

(14)

Where, U is the cell voltage (V), I is the average cell current (A), t is the reaction time (h), and V
is the treated volume (m–3).
Energy consumption was calculated in selected
experimental conditions, such as initial pH 4, electrode distance of 2 cm, current intensity of 0.11 A,
voltage of 1.5 V, reaction time of 240 min, initial
COD concentration of 710 mg L–1 and TDS concentration of raw high salinity petrochemical wastewater with corresponding value of 25000 mg L–1,
which resulted in COD removal of 89.4 %. According to the obtained results, the energy consumption
of 1.1 kWh m–3 was obtained for treatment of investigated wastewater. In addition, the specific energy
consumption was equal to 1.73 kWh kg–1 COD removed.
Intermediate metabolites

F i g . 6 – Pseudo first-order kinetic analysis of PPC process
for high salinity petrochemical wastewater (pH = 4, voltage:
1.5 V, electrode distance: 2 cm, reaction time: 240 min)

254 mg L–1, and thereafter decreased to 75 mg L–1
in 420 min. Complete degradation and mineralization to more simple compounds occurred in the first
180 min, and degradation of resistant compounds
and intermediates continued in the remaining reaction time37,38.

Metabolic intermediates after oxidation were
evaluated in the final steps of our study. Tables 3
and 4 show intermediate compounds after 4 and 24
hours oxidation, respectively. Results show dodecanoic acid, pentatonic acid, 1-hexanol, di-isobutyl
phthalate and dibutyl phthalate were formed in 24
hours of oxidation.
Comparison between raw and treated sample in
4 and 24 hours shows formation of more stable and
simple compounds through ring cleavage and hy-
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Ta b l e 3 – GC-MS chromatogram of treated saline petrochemical wastewater by PCC process on produced intermediates (Initial
COD: 710 mg L–1, voltage: 1.5 V, pH: 4, electrode distance: 2 cm, reaction time: 4 h)
Area

Molecular
Formula

10.738 2-Ethylhexanol

5.12

C8H18O

14.787 2,4-Dichlorophenol

5.65

C6H4Cl2O

15.770 2,6-dichlorophenol

1.99

C6H4Cl2O

18.332 4-tert-butyl-Phenol

1.46

C10H14O

19.885 2,4,6-Trichlorophenol

2.23

C6H3Cl3O

21.008 Decanoic acid

2.46

C17H34O2

25.935 Pentanoic acid

4.39

C16H30O4

31.721 1,2-Benzenedicarboxylic acid

1.54

C24H38O4

RT
(min)

Substance

Structural formula
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Ta b l e 4 – GC-MS chromatogram of treated saline petrochemical wastewater by PPC process on produced intermediates (Initial
COD: 710 mg L–1, voltage: 1.5 V, pH: 4, electrode distance: 2 cm, reaction time: 24 h)
Area

Molecular
Formula

10.740 1-Hexanol

3.34

C6H14O

21.002 Decanoic acid

2.17

C10H20O2

25.929 Pantothenic acid

1.10

C5H10O2

31.742 Di isobutyl Phthalate

13.30

C16H22O4

33.564 Di butyl phthalate

2.46

C16H22O4

RT
(min)

Substance

droxylation of aromatic ring structures. Since the
produced oxidizing agents in such processes are
non-selective, production of a wide range of intermediates is reasonable and further oxidation of intermediates needs a relatively longer reaction time.
The salinity of studied wastewater was mainly comprised of NaCl. Therefore, chlorophenols may form
during oxidation.

Conclusions
PCC method was applied in this research for
treatment of a saline wastewater. Different factors,
such as reaction time, pH, and voltage, electrode
distance, and UVC intensity were studied to find
their influence on the treatment efficiency. Results
indicated that acidic pH values favored COD removal. In addition, the results indicated that with
increasing voltage and UV intensity, COD removal

Structural formula

increased due to enhancement of the production rate
of hydrogen peroxide, which subsequently led to
the production of more hydroxyl radicals. Oxidation
reactions in the PPC process followed pseudo-first-order kinetics. Considering the severe conditions of studied wastewater, including recalcitrance of organics and high salinity content, it is
very difficult to handle alternative treatment processes, such as biological methods, and application
of advanced oxidation processes for such wastewater is necessary. According to observations of the
current work, especially the COD removal of around
90 % in a reaction time of 7 h, as well as reasonable
energy consumption, it can be concluded that PPC
process is a reliable, efficient, promising, and
cost-effective alternative for treatment of such saline petrochemical wastewaters, and supplemental
studies in pilot and full scale are required to make
the process applicable as a competitive technology.
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