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Abstract−An attempt has been made to remove oil and grease (O&G) from biodiesel wastewater as well as O&G and

turbidity in the presence of H2O2 and polyaluminum chloride (PAC), as a coagulant-aid by an electrochemical method

using iron as sacrificial electrodes. The effects of current density, amount of hydrogen peroxide using as an oxidizing

agent and addition of coagulant-aid, on percent removal and energy consumption have been investigated. The removal

efficiency of O&G was in the range of 62-86%, whereas O&G removal was 100% in the current density range of 10-

12.5 mAcm−2 depending on the concentrations of H2O2 and coagulant aid. It is obtained that electrocoagulation in the

absence of coagulant aid and oxidant is not too efficient for the treatment of this type of wastewater.
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INTRODUCTION

Every year, a large volume of oily wastewater is produced by

petrochemical, metallurgical, pharmaceutical, and food industries,

resulting in terrible environmental pollution and resource utilization

problems [1]. This wastewater must be treated before being released

into the environment; otherwise, its high mineral and organic con-

tent may severely pollute coastal waters, estuaries, rivers, the sea-

shore, soil, and even the air [2-5].

Conventional oily wastewater treatment methods, including grav-

ity separation and skimming, air flotation, coagulation, de-emulsi-

fication and flocculation, have intrinsic disadvantages such as low

efficiency, high operation cost, corrosion and recontamination prob-

lems [6]. More importantly, most of these conventional methods

cannot efficiently remove the micron or submicron sized oil drop-

lets [7,8].

Membrane technology is widely used to desalinate wastewater

[9-11]. However, because of the presence of organic substances,

such as dissolved oil in untreated oil field wastewater, the mem-

brane equipment may become fouled, thus destabilizing the treat-

ment process and increasing operation cost [12,13]. It is therefore

desirable that any organic substances such as conventional acti-

vated sludge (CAS) process is commonly used to decompose organic

substances in municipal wastewater because of its low cost and rea-

sonable efficiency. However, as oil field wastewater is low in N and

P compounds, the CAS process cannot operate efficiently over the

long term, as bulking and foaming tend to occur [14,15]. Further-

more, the high salt concentration of oil field wastewater affects the

metabolism of the microorganisms in activated sludge, causing plas-

molysis and attenuating endogenous respiration [16].

Electrocoagulation has a long history as a wastewater treatment

method, but it has never been accepted as a mainstream method

[17]. In recent years, new processes for efficient and adequate treat-

ment of various industrial wastewaters with relatively low operat-

ing costs have been needed due to strict environmental regulations.

At this point, the electrocoagulation process has attracted a great

deal of attention in treating industrial wastewaters because of its

versatility and environmental compatibility. This method is charac-

terized by simple equipment, easy operation, a shortened reactive

retention period, a reduction or absence of equipment for adding

chemicals, and decreased amount of precipitate or sludge which

sediments rapidly. The process has been shown to be an effective

and reliable technology that provides an environmentally compatible

method for reducing a large variety of pollutants [18-20]. More-

over, during electrocoagulation, the salt content of the liquid salt

content does not increase appreciably, as in the case of chemical

treatment [19]. Nevertheless, electrocoagulation has been used to

treat special wastewaters, such as oil wastes [21], black liquor from

the paper industry [22], dye solutions and textile wastewaters [23]

and nutrient enriched wastewaters [24]. Although electrocoagulation

is primarily used to remove organic and suspended materials from

various types of effluents, its use for iron removal from drinking

wastewater [25], meanwhile this process is used for heavy metals

removal from the pickling process of a billet plant [26] and COD,

color and phenol from mill paper wastewater [27] has also been

recorded. It was tested successfully to treat urban wastewater [28]

and chemical fiber plant wastewater [29]. EC has also been proposed

to treat various food industry wastewaters, such as yeast wastewater

[30], olive oil wastewater [31,32], restaurant wastewater [33,34]

and egg process wastewater [35].

In this study, removal of O&G from biodiesel wastewater was

studied. Also the effects of different parameters such as current den-

sity, pH, temperature, operating time, coagulant and oxidant were

investigated. Finally, the COD removal from biodiesel wastewater

at optimum conditions was investigated.

MATERIALS AND METHOD

1.Wastewater Characteristics

Wastewater was obtained from a tank containing a mixture of

the biodiesel solutions at a biodiesel factory in Iran (Shahi). The
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composition of the wastewater is shown in Table 1. The O&G com-

ponents in the wastewater were determined by a national standard

method [36], using ultraviolet spectrophotometer (Analytik Jena AG

Specord 200, Germany). COD, conductivity, pH, and TSS deter-

minations were carried out as proposed by standard methods [37].

COD was measured using a COD reactor and direct reading spec-

trophotometer (DR/2000, HACH, USA). The pH and conductivity

were adjusted to a desirable value by using NaOH or H2SO4, and

NaCl, and measured by an AZ 8601 model pH meter, and a Lutron

CD-4303 model conductivity meter, respectively.

2. Theory of EC

EC processes (in batch mode) a direct current source between

metal electrodes immersed in wastewater. The electrical current causes

the dissolution of metal electrodes, commonly iron and aluminum

into wastewater. The dissolved metal ions, at an appropriate pH,

can form wide ranges of coagulated species and metal hydroxides

that destabilize and aggregate the suspended particles or precipitate

and adsorb dissolved contaminants. Generally, six main processes

occur during EC: (i) migration to an oppositely charged electrode

(electrophoresis) and aggregation due to charge neutralization; (ii)

the cation or hydroxyl ion (OH−) forms a precipitate with the pollut-

ant; (iii) the metallic cation interacts with OH to form a hydroxide,

which has high adsorption properties, thus bonding to the pollutant

(bridge coagulation); (iv) the hydroxides form larger lattice-like struc-

tures and sweep through the water (sweep coagulation); (v) oxida-

tion of pollutants to less toxic species; (vi) removal by electroflota-

tion or sedimentation and adhesion to bubbles [38,39].

During the EC process, main electrochemical reactions at the

cathode are: [40,41]

H2 gas is liberated:

3H2O+3e⇒(3/2) H2+3OH (1)

The metal cathode (M) may be chemically attacked by OH espe-

cially at high pH values:

2M+6H2O+2OH⇒2M(OH)4+3H2 (2)

At the anode, sacrificial metal (M), Fe, is dissolved:

M⇒M3++3e (3)

In the case of Fe electrode, the anodic reaction also occurs:

Fe⇒Fe2++2e (4)

In the case of Fe electrode; Fe(OH)2+, Fe(OH)2
+, Fe2(OH)2

4+, Fe(OH)4,

Fe(H2O)2
+, Fe(H2O)5OH

2+, Fe(H2O)4(OH)2
+, Fe(H2O)8(OH)2

4+, Fe2
(H2O)6(OH)4

2+ are produced. Formation rates of these different species

depend on pH of the medium and types of ions present, and play

an important role in the EC process [42,43].

3. Electrolytic Cell

The schematic diagram and characteristics of EC reactor are given

in Fig. 1 and Table 2, respectively. The electrodes were installed on

a perforated acrylic plate placed at 2 cm from the bottom of the cell.

The eight electrodes were all individually connected to the dc power

supply Xantrex XFR40-70 (Aca Tmetrix Inc., Ont., Canada); four

anodes and four cathodes alternated in the electrode pack. The four

electrodes connected to the positive outlet of power supply were

consumed during the experiments, while the four cathodes were

Table 1. Characteristics of wastewater

Parameter Value

pH 11.5
COD (mgl−1) 22250
Suspended matter (mgl−1) 613

O&G (mgl−1) 6412
Conductivity (µs cm−1) 360.4

Fig. 1. Experimental set up.
1. Power supply 4.Wastewater
2. Electrolytic cell 5. Magnetic stirrer
3. Sacrifical electrodes

Table 2. Characteristics of EC reactor

Electrodes

Material (anode and cathode) Iron (Fe)

Shape Rectangular plate

Size (mm) 65×72
Number 8
Thickness (mm) 3

Plate arrangement Parallel
Connection mode Monopolar parallel

Effective electrode surface area (cm2) 80

Reactor characteristics

Make acrylic material

Reactor mode Batch
Dimensions (mm) 240×110×110
Volume (L) 2.904

Used wastewater volume (L) 1.5
Electrode gap (mm) 10

Power supply

Voltage range (V) 0-90
Current range (A) 0-18
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insoluble (non-consumable electrodes). In a typical experiment, the

specified volume of wastewater was poured into the cell, an initial

sample was taken and the current was then applied under regular

magnetic stirring. Different samples of 5ml were taken at 10min

intervals for up to 1 h and filtered before being analyzed to deter-

mine the O&G. A gentle stirring rate of about 200 rpm was applied

to allow the chemical precipitate to grow large enough for removal

[44]. The pH was adjusted to a desired value using HCl and NaOH

solutions. The electrodes were placed into the reactor. The reaction

was timed, starting when the DC power supply was switched on.

One of the greatest operational issues with EC is electrode passiva-

tion. During EC process, an oxide layer was formed at the anode.

Eliminating the oxide formation at the anode could reduce this effect,

so before each run electrodes were washed with acetone to remove

surface grease, and the impurities on the iron electrode surfaces were

removed by dipping for 5min in a solution freshly prepared by mix-

ing 100 cm3 HCl solution (35%) and 200 cm3 of hexamethylene-

tetramine aqueous solution (2.80%) [45]. All the experiments were

repeated twice, and the experimental error was below 4%; the aver-

age data were reported. The efficiency of O&G % Removal was

calculated as

(5)

Where Ci is the initial materials concentration (mg L
−1) and Cf is

the final materials concentration (mg L−1).

4. Biodiesel Production Process

Generally, all biodiesel production factories have almost the same

processes. They begin with the mixing process of alcohol and cata-

lyst for homogenization. Then the mixed solution is fed to react with

oil or fat in the reactor where the transesterification reaction occurs

in this section. The reaction mix is kept just above the boiling point

of the alcohol to speed up the reaction and the reaction takes place.

The products mixture, methyl ester and glycerin, undergo a separa-

tion process before excess alcohol from each fraction is removed

by distillation and is reused. The methyl ester is purified by washing

with warm water to remove residual catalyst or soaps and dried prior

to storage, while glycerin is sometimes neutralized with an acid and

sent to storage as crude glycerin. However, each factory that has

different raw material has different oil or fat preparation step.

RESULTS AND DISCUSSION

1.Effect of Operating Time and Current Density on the Re-

moval Efficiency

Operating time experiments were performed at pH 7. Batch elec-

trocoagulation experiments were conducted for 25min for differ-

ent current densities. Fig. 2 shows the effect of current density, c.d,

on electrocoagulation. As can be seen, O&G removal increases with

increasing time. After 25min the O&G concentration was reduced

to 3,211 ppm, 2,200 ppm, 1,500 ppm and 1,100 ppm for current

densities of 2.5, 5, 7.5 and 10mA cm−2, respectively. The higher

(>10mA cm−2) current density has not significant effect on the re-

moval efficiency of O&G. This is ascribed to the fact that at high

current densities the dissolution of anode electrode increases accord-

ing to Faraday’s law; the resulting metal hydroxides produces more

sludge with a consequent significant removal of phenol due to sweep

coagulation [46]. An oil-water emulsion is a colloidal dispersion in

which oil constitutes the dispersed phase and water forms the con-

tinuous phase. Emulsions are normally stabilized by the presence of

an emulsifying agent, such as a surfactant. The anionic head groups

on the surfactant molecules prevent aggregation and coagulation of

the oil droplets via electrostatic repulsion. During electrolysis in an

EC procedure, the sacrificial iron anode is oxidized to polymeric

ionic species. With progressive electrolysis, the ionic strength of

the medium increases. Ionic polymeric iron species can neutralize

the surface charge of surfactant molecules. They can generate bridges

between surfactant molecules. Simultaneously, hydrogen as well

as hydroxides is generated at the cathode. The pH of the medium

rises as a result of this electrochemical process. The net result of

the reactions is that the emulsion is destabilized, and the colloidal

% Removal = 
Ci − Cf

Ci

--------------- 100×

Fig. 2. Effect of electrolysis time and current density on O&G re-
moval (pH: 7, and temp: 20 oC).

Table 3. Consumption of Iron, removed O&G (g) from wastewa-
ter and Fe consumption (g) Iron/g O&G

Current
density

(mAcm−2)

Fe consumption
based on Faraday’s

law (g Fe)

removed
O&G (g) from
wastewater

Fe
consumption (g)
Iron/g O&G

02.5 05.05 08.01 0.63
05 10.10 10.50 0.96
07.5 15.15 12.30 1.23

10 20.20 13.28 1.51

Fig. 3. Effect of current density on energy consumption (pH: 7,
temp: 20 oC, and time: 25 min).
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oil particles begin to coalesce [47].

For the same operating conditions, after 25min of electrocoagu-

lation, consumption of energy and electrode material is also repre-

sented in Table 3 and Fig. 3. Energy consumption is expressed as:

(6)

where E.Consumption, I, V, t and m are energy consumption (kW

h g−1 of O&G removed), applied current (A), voltage (V), retention

time (s) and the weight of the O&G removed from wastewater (g),

respectively. The iron electrode consumption having a unit of g Fe

g−1 of O&G removed is calculated from Faraday’s law from the fol-

lowing relation:

(7)

where F is the Faraday’s constant (96,500C mol−1), M the molecu-

lar weight of iron (26gmol−1) and z is the number of electron transfer

(zFe=2), respectively. Fe consumption and E. consumption were

found to increase with increasing the current density (Table 3 and

Fig. 3). An increase in current density from 2.5 to 10mA/cm2 causes

an increase in energy consumption from 0.053 to 0.17 kW h g−1 and

electrode consumption from 0.63 to 1.51 g Fe g−1 of O&G.

Table3 has 3 columns that in these columns Fe consumption (based

on Faraday’s law), amount of O&G removed from wastewater, and

amount of g Fe g−1 of O&G are calculated. The data shows both of

amounts of Fe and removed O&G increase by increase of current

density. Meanwhile the amount of g Fe/g of removed O&G increase.

Also the concentration of iron in the wastewater is measured by

atomic absorption. It was found that the concentration of iron in

the wastewater increased.

2. Influence of Initial pH

It is known that initial pH and applied voltage (or current den-

sity) can influence the coagulant dosage rate and bubble generation

rate, which in turn affects the pollutant removal efficiencies [48].

To determine the effect of initial pH on the concentration of O&G, the

pH of biodiesel wastewater was adjusted with either HCl or NaOH.

In each batch experiment, the current density and reaction time were

kept constant at 10mA/cm2 for 25min. As shown in Fig. 4, the O&G

concentration decreased as the initial pH decreased to the acidic

level. At pH 7, the lowest concentration is achieved. For removal

mechanisms of O&G, it was found that colloidal particles in the

pH range 6-7 contribute to the formation of amorphous hydroxide

precipitates and other iron hydroxo complexes with hydroxide ions

and polymeric species. As pH increased to 8, an increase of O&G

concentration is observed due to the less formation of the reactive

ocs of iron hydroxide. In the basic range, iron hydroxide ions may

form negatively-charged ions such as Fe(OH)4 which allow less

eective occulation. Since hydroxide ions are produced along with

H2 bubbles at the cathode (Reaction (1)), it contributes to increase

the final pH of the treated wastewater.

3. Effect of Temperature

Temperature is always considered an important parameter in any

chemical or electrochemical separation process. The effect of tem-

perature on the removal of O&G from aqueous solution was evalu-

ated at two different temperatures, 20 oC and 50 oC, and a constant

current density of 10mA/cm2, where the temperature was controlled

by using a water bath (Schutzart DIN 4050-IP 20, Germany). The

results are presented in Fig. 5 for the O&G concentration. For the

first 10min of electrolysis, the temperature has negligible effect on

the component removal. However, after 10min, the O&G concen-

tration at 50 oC becomes slightly higher than that at 20 oC. The in-

crease in the temperature of the solution results in increasing the

solubility of iron. Therefore, the precipitation of the iron is enhanced

at lower temperatures, which results in a better removal.

4. Effect of Coagulant and Oxidant Effect

Coagulants change surface charge properties of solids to promote

agglomeration and/or enmeshment of smaller particles into larger

flocs. These larger agglomerates are removed by sedimentation and/

or filtration. The polyaluminum chloride as a coagulant-aid was

used in the experiments to increase the removal efficiency. Fig. 6

shows the concentration of O&G in EC process in presence of co-

agulant. The results show that the removal of O&G from the aque-

ous solution was effected with polyaluminum chloride (PAC) dos-

age in the range of investigation and increase the amount of PAC

reduce the O&G concentration in the wastewater. On other hand,

the higher amount of PAC (>0.5 g L−1) has not significant effect on

the O&G removal (the concentration of O&G reduced from 6412

to 387 when the concentration of PAC was 0.5 g L−1). When the

electrocoagulation was conducted with coagulant-aid, a higher re-

moval of O&G was achieved. Moreover, it was observed that ocs

E.Consumption = 
IVt

m
--------

Fe Consumption = 
ItM

zF
---------

Fig. 4. The effect of pH on the O&G removal (c.d: 10 mA/cm2,
temp: 20 oC and operation time: 25 min).

Fig. 5. Effect of temperature on the removal of O&G (c.d: 10mA/
cm2, pH: 7).
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formed in that process exhibited a greater surface, enlarging their

settle ability.

In the last decade, a special type of electrochemical reaction, the

electro-Fenton system, has attracted considerable research interest.

These are of three main types: in the first (EF-H2O2 method), H2O2

is electrogenerated from two-electron reduction of sparged oxygen

on the cathode while Fe2+ is added; the second (EF-Feox method)

uses added H2O2 and electrogenerated Fe
2+ which is produced via

the oxidation of iron, the sacrificial anode; and in the third type,

H2O2 is added while Fe
2+ is electrogenerated via the reduction of

ferric sulfate or ferric hydroxide sludge [49,50]. In this study, the

electrolysis of the biodiesel wastewater using iron electrodes was

conducted using the second type of electro-Fenton system. In such

a system, the main oxidizing agents are the hydroxyl radicals (•OH)

that are generated via the reduction of H2O2 with ferrous ion (Eq.

(8)) produced at the anode [49].

H2O2+Fe
2+
→H•+OH−+Fe3+ (8)

Due to the strong oxidizing potential of the hydroxyl radicals, the

organic pollutants were readily oxidized. This feature was evaluated

in the experiments to increase O&G removal by adding hydrogen

peroxide. O&G concentration is shown in Fig. 7 in the EC process

for different H2O2 concentrations. As can be seen, the concentra-

tion of O&G was reduced from 6,412 ppm to 18 ppm, when the

concentration of H2O2 was 2%. Electrical conductivity of the solu-

tion is relatively high; the gas sparging operation, plus the genera-

tion of hydrogen gas in situ, produces a relatively large gas fraction

which significantly reduces the effective electrolyte conductivity.

The results indicate that the electrocoagulation in the presence of

coagulant-aid and oxidant was more effective for the treatment of

this type of wastewater. Meanwhile, the relation between H2O2 con-

centration and conductivity is shown in Fig. 8. As can be seen, the

conductivity of wastewater increased by increase the H2O2 concen-

tration.

Fig. 9 shows the O&G concentration after electrocoagulation pro-

cess at different current densities (2.5, 5, 7.5, 10mAcm−2) in pres-

ence 2% H2O2 and 0.5 g L
−1 PAC. The pH and temperature of so-

lution are 7 and 20 oC, respectively. O&G concentration is lower

than Fig. 2. In the presence of H2O2 and PAC, the required time for

electrocoagulation process and final O&G concentration are de-

creased. Meanwhile in 10mAcm−2, the total O&G in the wastewa-

ter is removed, so that these results show the electrocoagulation pro-

cess with the aid of PAC and H2O2 can be very effective in the O&G

removal from wastewater.

When PAC is dissolved in water, the metal ions hydrate and hy-

drolyze to form monomeric and polymeric species: M(OH)+, MOH2+,

M2(OH)2
4+, M(OH)4

5+, M(OH)2 (s) and M(OH)4
− etc. At low pH (pH<

Fig. 6. The variation of final O&G concentrations for different a-
mount of PAC (c.d=10mAcm−2, pH: 7, operation time: 25
min, Temperature: 20 oC).

Fig. 8. The effect of H2O2 concentration on the conductivity of waste-
water.

Fig. 7. The variation of final O&G concentrations for different per-
cent of H2O2 (c.d=10mAcm

−2, pH: 7, operation time: 25min,
Temperature: 20 oC).

Fig. 9. Effect of electrocoagulation time and current density on
O&G removal in presence of 2% H2O2 and 0.5 g L

−1 PAC
(pH: 7, and temp: 20 oC).



Removal of oil from biodiesel wastewater by electrocoagulation method 639

Korean J. Chem. Eng.(Vol. 30, No. 3)

7), Al3+ remain in the solution and form precipitates of Al(OH)3 as

the pH is increased or as the coagulant dosage is raised [51]. The

general form of hydrolysis reaction of trivalent metals is represented

as [52]:

x M3++y H2O=Mx(OH)y(3x−y)++y H+ (9)

The metal hydroxide polymers have amorphous structure, very large

surface area, and possess positive charge [53]. These hydroxides

are hydrophobic, causing them to adsorb onto the organic anionic

particle surface and become insoluble [51,52]. Aluminum cations

tend to associate and complex with a number of functional groups

and ligands, especially with polar molecules and with oxygen con-

taining functional groups like hydroxyl and carboxylic groups [53-

55]. The local negative charge of these groups is neutralized by the

Al cations, resulting in colloid destabilization and precipitation of

the metal (cations) organics (anions) complexes. This phenomenon

induces sweep flocculation and the adsorption and bridging enhance-

ment of both particulate organics and inorganic solids to form large,

amorphous flocs [56]. The precipitation is enhanced as the pH is

lowered in the presence of multivalent cations.

During the Electro-Fenton process, the molecular oxygen and

ferric ions are simultaneously reduced at the cathode to generate

hydrogen peroxide and ferrous ions according to reactions (10) and

(11):

O2+2e
−+2H+

→H2O2 (10)

Fe3++e−→Fe2+ (11)

The classical Fenton’s reaction (8) then takes place in solution to

generate · OH radicals. The ferrous ions produced by reaction (8)

are regenerated by reaction (11). The Fenton’s reagent (H2O2, Fe
2+)

used in this reaction is generated in situ and in a catalytic way by

electrochemistry [57,58]. Hydroxyl radicals then react on organic

compounds by three types of reactions: hydrogen atom abstraction,

electrophilic addition on double bond, and electron transfer:

RH+OH•

→H2O+R
• (12)

PhX+OH•

→PhXOH• (13)

RX+OH•

→RX•++OH• (14)

In all cases, the first reaction intermediate is a radical species. Further

reactions, which occur with the participation of hydroxyl radicals,

molecular oxygen, ferrous and/or ferric ions, lead finally to the min-

eral end products [57]. The Electro-Fenton process presents the fol-

lowing major advantages: no addition of chemical reagent except a

catalytic quantity of ferrous ions, no pollution displacement to another

medium and complete degradation of toxic organic pollutants. Fen-

ton’s reagent constitutes an efficient oxidant for a great variety of

organic substrates. The electrochemistry offers the opportunity to

produce this reagent in situ in aqueous medium. It is sufficient to

apply a low cathodic potential to the working iron electrode to start

the production of Fenton’s reagent and, consequently, the hydroxyl

radicals. At this potential, two cathodic reactions take place simul-

taneously: reduction of dioxygen to hydrogen peroxide (reaction 10)

and reduction of ferric ions to ferrous ions (reaction 11). Oturan

and Pinson suggest the formation of H2O2 in several steps: first, dis-

solved dioxygen is reduced to superoxide ion, O2

−• (reaction 15)

which reacts quickly with H+ in acidic medium to produce peroxyl

radical HO2• (reaction 16):

O2+e
−

→O2
−• (15)

O2
−•+H+

→HO2• (16)

This radical is unstable and finally leads to the formation of hydro-

gen peroxide:

HO2•→H2O2+O2 (17)

However, this approach requires a permanent supply of dioxygen.

To resolve this issue, the electrolysis can be realized in an undi-

vided cell where dioxygen is produced in situ by oxidation of water

at the Pt anode. Thus, the transport of the hazardous oxidant (H2O2)

becomes unnecessary, and the quantity of oxidant can be precisely

controlled [57,58]. The production of hydroxyl radicals via electro-

chemically assisted Fenton’s reaction constitutes a catalytic system.

The hydroxyl radical production takes place in homogeneous solu-

tion, where they react on the organic compounds present in the me-

dium. Reactions are particularly complex and depend on experimen-

tal conditions. They take place in several steps with hydroxyl radi-

cals, molecular oxygen, and ferrous and/or ferric ions taking part

and lead finally to the mineralization of the initial organic compound

[59].

5. Study the COD Removal from Wastewater in O&G Re-

moval Optimum Conditions

The concentration of COD after electrocoagulation process is

indicated in Table 4. The current density, electrocoagulation time and

pH were 10mAcm−2, 25min, 7, respectively. As can be seen, this

process is effective for treatment of COD from wastewater. Also,

the H2O2 and PAC have considerable effect in the COD removal.

Meanwhile, the application of both of H2O2 and PAC has effec-

tiveness and COD removal is increased.

CONCLUSION

This investigation has demonstrated that electrocoagulation with

iron electrodes is an effective method to clarify biodiesel wastewa-

ter by reducing the O&G content of the wastewaters. Electrocoag-

ulation is a feasible process for treating the biodiesel wastewater,

characterized by high O&G concentrations. The effect of various

operational parameters on electrocoagulation operation was inves-

tigated and optimized. The results showed that O&G was effec-

tively removed at initial pH 7 when the initial concentration of O&G

was 6,413mg L−1. The optimal current density for O&G removal

Table 4. COD concentration after electrocoagulation process in optimum conditions

Electrocoagulation
process without PAC & H2O2

Electrocoagulation
process by 0.5 g PAC

Electrocoagulation
process by 2% H2O2

Electrocoagulation process
by 0.5 g PAC & 2% H2O2

O&G concentration (ppm) 11781 6741 4238 1323
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was 10mA/cm2 for an operating time of 25min. At above optimal

conditions, the final concentration and power requirements were

1,098 ppm and 0.43 kWh/g O&G. The effect of temperature on the

electrocoagulation process was investigated in two temperatures

(20 oC and 50 oC), and it was found that the electrocoagulation pro-

cess was most effective at low temperature (20 oC). Differences be-

tween treatment efficiencies with and without H2O2 and PAC were

found to be significant. The best results have been achieved in elec-

trocoagulation enhanced with coagulation and oxidation using 2%

H2O2+0.5 g L
−1 PAC. The final concentration of O&G in electro-

coagulation by 2% H2O2 and 0.5 g L
−1 PAC was 18 ppm, 387 ppm.

Also, total O&G is removed when electrocoagulation process by

2% H2O2+0.5 g L
−1 PAC is used. The relation between conductiv-

ity and percentage of H2O2 was investigated, that results show in-

crease the amount of H2O2 increase conductivity. Meanwhile, the

COD removal was investigated in optimum conditions that it was

found this process enhanced with H2O2 & PAC is effective for the

COD removal from biodiesel wastewater. The concentration of COD

after treatment by electrocoagulation process and 2% H2O2+0.5 g

L−1 PAC reduce from 22,250 ppm to 1,323 ppm.

REFERENCES

1. O. Rattanawong, L. Kaewsichan, N. Grisdanurak and A. Yuasa,
Korean J. Chem. Eng., 24(1), 67 (2007).

2. X. Zhao, Y. Wang, Z. Ye, A.G.L. Borthwick and J. Ni, Process Bio-
chemistry, 41, 1475 (2006).

3. K. Alinezhad, M. Hosseini, K. Movagarnejad and M. Salehi, Korean
J. Chem. Eng., 27(1), 198 (2010).

4. S. Aydo an, S. Küsefo lu, U. Akmang and Ö. HortaÇsu, Korean
J. Chem. Eng., 23(5), 704 (2006).

5. S. F.V. Jerez, J.M. Godoy and N. Miekeley, J. Environ. Radioact.,
62, 29 (2002).

6. U. Daiminger, W. Nitsch, P. Plucinski and S. Hoffmann, J. Membr.

Sci., 99, 197 (1995).
7. A. Honga, A.G. Fane and R. Burford, J. Membr. Sci., 222, 19 (2003).
8. W. Chen, J. Peng, Y. Su, L. Zheng, L. Wang and Z. Jiang, Sep. Purif.
Technol., 66, 591 (2009).

9. S. Elmaleh and N. Ghaffor, J. Membr. Sci., 118, 111 (1996).
10. B. Nicolaisen, Desalination, 153, 355 (2002).
11. N. Hilal, H. Al-Zoubi, N. A. Darwish, A.W. Mohammad and

M. A. A. Arabi, Desalination, 170, 281 (2004).
12. B. Durham, M.M. Bourbigot and T. Pankratz, Desalination, 138,

83 (2001).
13. R. Sheikholeslami, Fouling mitigation in membrane processes,

Desalination, 123, 45 (1999).
14.W.T. Stringfellow and L. Alvarez-Cohen, Water Res., 33(11), 2535

(1999).
15. G. T. Tellez, N. Nirmalakhandan and J. L. Gardea-Torresdey, Adv.

Environ. Res., 6, 455 (2002).
16. K. Fikret and R.D. Ali, Enzyme Microb. Technol., 19, 529 (1996).
17. P.K. Holt, G.W. Barton and C.A. Mitchell, Chemosphere, 59, 355

(2005).
18. G. Chen, Sep. Purif. Technol., 38, 11 (2004).
19. M.Y.A. Mollah, R. Schennach, J. P. Parga and D.L. Cocke, J. Haz-

ard. Mater., B84, 29 (2001).
20. K. Rajeshwar, J. G. Ibanez and G.M. Swain, J. Appl. Electrochem.,

24, 1077 (1994).
21. N. Adhoum and L. Monser, Chem. Eng. Process., 43, 128 (2004).
22. C. Weidlich, K.M. Mangold and K. Juttner, Electrochim. Acta, 47,

741 (2001).
23. M. Kobya, O. T. Can and M. Bayramoglu, J. Hazard. Mater., 100,

163 (2003).
24. S. Vasudevan, J. Lakshmi, J. Jayaraj and G. Sozhan, J. Hazard. Mater.,

164, 1480 (2009).
25. S. Vasudevan, J. Jayaraj, J. Lakshmi and G. Sozhan, Korean J. Chem.

Eng., 26(4), 1058 (2009).
26. C. Petsriprasit, J. Namboonmee and M. Hunsom, Korean J. Chem.

Eng., 27(3), 854 (2010).
27. R. Katal and H. Pahlavanzadeh, Desalination, 265, 199 (2011).
28. M. F. Pouet and A. Grasmick, Water Sci. Technol., 31, 275 (1995).
29. S. H. Lin and C. S. Lin, Desalination, 120, 185 (1998).
30. S. Khristoskova, Possibility of purification and decoloring waste-

waters from the yeast industry by electrocoagulation, Nauchni Tr-
Plovdski Uni. (Bul.) 22 (1984) 177-185 (Chem. Abstr. 105, 29282r,
1986).

31. N. Adhoum and L. Monser, Chem. Eng. Process., 43, 1281 (2004).
32. H. Inan, A. Dimoglu, H. Simsek and M. Karpuzcu, Sep. Purif. Tech-

nol., 36, 23 (2004).
33. X. Chen, G. Chen and P. L. Yue, Sep. Purif. Technol., 19, 65 (2000).
34. X. Chen, G. Chen and P. L. Yue, J. Environ. Eng., 126, 858 (2000).
35. L. J. Xu, B.W. Sheldon, D.K. Larick and R. E. Carawan, Poultry

Sci., 81, 785 (2002).
36. National Environment Bureau Water and Wastewater Monitoring

Analysis Committee, Water and wastewater monitoring analysis
method, Beijing: Environment Science Publisher, 372-374 (1989).

37. American Public Health Association (APHA), Standard Methods
for Examination of Water and Wastewater, 17th Ed., Washington,
DC (1992).

38. G. H. Chen, Sep. Purif. Technol., 38, 11 (2004).
39. P. Canizares, M. Carmona, J. Lobato, F. Martinez and M.A. Rod-

rigo, Ind. Eng. Chem. Res., 44, 4178 (2005).
40. N. Adhoum and L. Monser, Chem. Eng. Process., 43, 1281 (2004).
41. M. Kobya, O. T. Can and M. Bayramoglu, J. Hazard. Mater., 100,

163 (2003).
42. O. T. Can, M. Kobya, E. Demirbas and M. Bayramoglu, Chemo-

sphere, 62, 181 (2006).
43. M. Kobya and S. Delipinar, J. Hazard. Mater., 154, 1133 (2008).
44. J. S. Do and M. L. Chen, J. Appl. Electrochem., 24, 785 (1994).
45. M. Kobya, E. Senturk and M. Bayramoglu, J. Hazard. Mater., 133,

172 (2006).
46. Z.R. Guo, G. Zhang, J. Fang and X. Dou, J. Clean. Prod., 14(1), 75

(2006).
47. I.A. Sengil and M. Özacar, J. Hazard. Mater., 137, 1197 (2006).
48. G. Chen, Sep. Purif. Technol., 38, 11 (2004).
49. A. Kyriacou, K.E. Lasaridi, M. Kotsou, C. Balis and G. Pilidis, Pro-

cess Biochem., 40(3-4), 1401 (2005).
50. U. Tezcan Un, S. Ugur, A. S. Koparal and U. Bak r Ogutveren, Sep.

Purif. Technol., 52, 136 (2006).
51. S. K. Dentel and J. M. Gossett, J. Am. Wat. Wks. Assoc., 80, 187

(1988).
52. H.W. Ching, T. S. Tanaka and M. Elimelech, Water Res., 28(3), 559

(1994).
53. S. J. Randatke, J. Am. Wat. Wks. Assoc., 80(5), 40 (1988).

g

⌒

g

⌒

i



Removal of oil from biodiesel wastewater by electrocoagulation method 641

Korean J. Chem. Eng.(Vol. 30, No. 3)

54. I. Licsko, Water Sci. Technol., 27, 245 (1993).
55.W. Stumm and J. J. Morgan, J. Am. Wat. Wks. Assoc., 54, 971 (1962).
56. M. R. Jekel, Water Res., 20, 1535 (1986).
57. M.A. Oturan, J. Peiroten, P. Chartrin and A. J. Acher, Environ. Sci.

Technol., 34, 3474 (2000).

58. E. Brillas, R.M. Bastide and E. Llosa, J. Electrochem. Soc., 142,
1733 (1995).

59. E. Guivarch, S. Trevin, C. Lahitte and M.A. Oturan, Environ. Chem.
Lett., 1, 38 (2003).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


