
A

r
d
s
p
e
a
i
o
c
e
©

K

1

p
3
M
[
o
M
S
a

(
s

i

B
f

1
d

Chemical Engineering Journal 139 (2008) 445–452

Complete treatment of olive mill wastewaters by electrooxidation

Umran Tezcan Un a,∗, Umit Altay a, A. Savas Koparal b, Ulker Bakir Ogutveren b

a Department of Environmental Engineering, Faculty of Engineering and Architecture, Anadolu University, 26470 Eskisehir, Turkiye
b Applied Research Center for Environmental Problems, Anadolu University, 26470, Eskisehir, Turkiye

Received 6 April 2007; received in revised form 2 August 2007; accepted 7 August 2007

bstract

Laboratory scale electrochemical experiments on a olive mill wastewater (OMW) were performed to obtain discharge quality which meets the
egulations requirement without any pre- or additional treatment. The process has been examined through the dependence of chemical oxygen
emand (COD), oil-grease, phenol and turbidity on electrolysis duration. The influence of current density (25, 45, 65, 75, 85, 105, 135 mA cm−2),
odium chloride concentration (1, 2, 3, 5 M), recirculation rate of OMW (1.1, 4.6, 7.9 cm3 s−1) and temperature (7, 20, 40 ◦C) on the rate of
ollutants abatement and the response of the system and specific energy consumption were evaluated. Based on the results obtained from laboratory
xperiments, the removal rates of organics increased with the increase of applied current density, sodium chloride concentration, recirculation rate
nd temperature. The results also indicated that specific energy consumption (SEC) ranged between 5.35 and 27.02 kWh (kg COD)−1 decreased with
ncreasing NaCl concentration, recirculation rate and temperature whereas it increased with increasing current density. The initial COD concentration

f 41,000 mg L−1 was reduced to 167 mg L−1 (corresponding to 99.6% removal) which complies with legal requirements while almost complete
onversion of phenol, 99.85% turbidity removal, 99.54% oil-grease removal were achieved with the running cost of 0.88D (kg COD)−1 after 7 h
lectrolysis at the conditions of 135 mA cm−2, 2 M NaCl, 7.9 cm3 s−1, 40 ◦C.

2007 Published by Elsevier B.V.
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. Introduction

Olive mill wastewater (OMW) is a dark red to black effluent
roduced during olive oil extraction. It is estimated that around
0 million cubic meter of OMW are generated annually in the
editerranean area during the seasonal extraction of olive oil

1]. Treatment and disposal of olive mill wastewater represent
ne of the main problems for olive producing countries in the
editerranean area. The three main olive producer countries,

pain, Italy and Greece, are closely followed by Tunisia, Turkey
nd Syria [2].

OMW is characterized by very high chemical oxygen demand
COD) (in the range of 40–200 g L−1), BOD (12–60 g L−1), total

olids content (40–150 g L−1) and acidic pH (about 5) [3].

Due to the high organic and polyphenol content of OMW,
ts direct disposal may pollute both land and aquatic environ-
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ents. Furthermore, they are produced in a limited period of
ime (from October to February) and in very large quantities
nd their physical and chemical characteristics vary according
o cultivars, harvesting time, type of olives and the technology
sed in the extraction process (pressing or centrifugation). For
ll the above-mentioned reasons, flexible and efficient treatment
rocesses are needed.

Electrochemical technologies have reached such a state that
hey are not only comparable with other technologies in terms of
ost but also are more efficient and more compact. The organic
nd toxic pollutants present in treated wastewaters are usually
estroyed by a direct anodic process or by an indirect anodic oxi-
ation via the production of oxidants such as hydroxyl radicals
nd ozone [4].

Treatment of OMW by electrochemical technologies has
een increasing recently. The electrochemical oxidation of
MW was studied by Israilides et al. [5] who were reported

hat total COD was reduced by 93%, total TOC was reduced

y 80.4%, VSS were reduced by 98.7% and total pheno-
ic compounds were reduced by 99.4% after 10 h electrolysis
hile the mean energy consumption was 12.3 kWh kg−1 of
OD removed. Gotsi et al. [6] obtained nearly complete
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dx.doi.org/10.1016/j.cej.2007.08.009
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Nomenclature

CNaCl concentration of supporting electrolyte (M)
COD chemical oxygen demand
DI deionized
i current density (mA cm−2)
L volume flow rate of OMW (cm3 s−1)
OMW olive mill wastewater
RE removal efficiency (%)
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Table 1
Main characteristics of OMW used in this work and legal discharge limits for
the production of olive oil in Turkey

Characteristics Values Legal discharge limits

COD (mg L−1) 41,000 250
Oil-grease (mg L−1) 1,970 60
Phenols (mg L−1) 215
pH 4.57 6–9
T
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SEC specific energy consumption (kWh (kg COD) )
T temperature (◦C)

emoval of phenols and decolorization and the COD removal
fficiency of 35% after 120 min over a titanium-tantalum-
latinum-iridium anode with the specific energy consumption
f 28.1–190.8 kWh kg−1 COD removed at various conditions.
anizza and Cerisola [3] treated OMW by reducing COD
rom 26,500 mg L−1 to values lower than 1000 mg L−1 using
i/TiRuO2 anodes and NaCl with a current of 5 A after the longer
lectrolysis duration than 20 h.

Treatment of OMW was also studied by Khoufi et al. [7] who
educed COD by 68%, total polyphenols by 65.8%, initial color
y 78% and residual oil by 89% after 4 h electro-Fenton treat-
ent as pre-treatment for anaerobic digestion. COD was also

emoved from OMW with the efficiency of 52% for the alu-
inum anode and 42% for the iron anode [8]. Al electrodes were

lso used for the treatment of OMW by Adhoum and Monser [1]
ith the removal efficiency of 76% of COD, 91% of polyphe-
ols and 95% of dark color, just after 25 min with the energy
onsumption of 2.11 kg m−3.

The electrochemical removal of phenol from OMW was
tudied on a series of composite metal oxides supported on
amma-Al2O3 as particle electrodes [9], ruthenium mixed
etal oxide electrode [10], Ti/TiO2–RuO2–IrO2 electrode [11],
bO2 anode [12], Pt electrode [13], graphite electrodes [14],
i/SnO2–Sb, Ti/RuO2 and Pt [15] and electro-Fenton oxidation
16]. Electrochemical oxidation of Fenton- refractory olive oil
ill wastes on boron-doped diamond anodes [17], green table

live processing [18] and coumaric acid, which is a biorefrac-
ory organic pollutant of olive oil manufacturing wastewaters
19] were also studied.

Although OMW have been extensively studied and a variety
f applicable treatment methods have been proposed, the anal-
ses of their feasibility efficiency, practicability and cost have
hown that most of them are inadequate and they offer only a
artial solution as seen from the results of above mentioned stud-
es and must be followed by a secondary treatment to comply
ith legal requirements.
Despite an intensive amount of scientific research on treat-

ent of OMW by electrochemical techniques, there are no
eported publications on treatment of the olive mill wastewater

o the legal discharge requirements without any pre or addi-
ional treatment. Hence, the purpose of the present study was to
btain discharge quality of wastewater which meets the regula-
ions requirement without any pre or additional treatment. For

d
m
t
u

urbidity (NTU) 4,050
onductivity (mS cm−1) 6.9

he elimination of the COD, oil-grease, phenols, turbidity from
he real OMW using RuO2 coated Ti electrode numerous experi-

ental runs have been carried out. The performance of the device
s a function of the operating conditions such as current density,
(mA cm−2); concentrations of supporting electrolyte, CNaCl

M); volume flow rate of OMW, L (cm3 s−1) and temperature
(◦C) and the response of the system (removal efficiency, RE

%) and specific energy consumption, SEC (kWh (kg COD)−1)
ere evaluated.

. Experimental details

.1. OMW characterization

Fresh OMW used in this work was obtained from olive oil
ontinuous processing plant in Balıkesir, Turkiye. OMW was
ollected in a closed plastic container and stored at 0 ◦C. The
ain characteristics of OMW and the legal discharge limits for

he olive oil production in Turkey [20] are presented in Table 1.

.2. Analytical procedures

All chemicals used in the experiments were of analytical
rade, and aqueous solutions were prepared by using DI water.
aCl was used as the electrolyte. pH and the conductivity of the

amples were measured continuously using a pH meter (Hanna
01) and conductimeter (Inolab Level 1).

Samples were withdrawn from the solutions at the beginning
nd at certain intervals during electrolysis for chemical analysis.
he samples were further centrifuged to remove flocs and the
upernatant was analyzed with respect to the concentration of
OD, phenol, turbidity and oil-grease.

COD was determined by the closed reflux, colorimetric
ethod. OMW samples were diluted before the analysis for

liminating the chloride interference, along with counterbal-
ncing chloride interference by the commercially available
OD digestion solutions. However, Gotsi et al. [6] showed that
hloride interferences on COD measurement decreased con-
iderably with increasing COD concentration and decreasing
alinity. The appropriate amount of sample was introduced into
ommercially available digestion solution containing potassium

ichromate, sulfuric acid and mercuric sulfate (Hach) and the
ixture was then incubated for 120 min at 150 ◦C in a COD reac-

or (Hach). COD concentration was measured colorimetrically
sing a DR/2000 spectrophotometer (Hach).
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Table 2
General chloride reactions at the electrochemical oxidation [21]

2Cl− → Cl2 + 2e−
Cl2 + H2O → HOCl + H+ + Cl−
HOCl → H+ + ClO−
6HOCl + 3H2O → 2ClO3

− + 4Cl− + 12H+ + 3O2 + 6e−
ClO− + H2O + 2e− → Cl− + 2OH−
6ClO− + 3H2O → 2ClO3

− + 4Cl− + 6H+ + 1.5O2 + 6e−
2H2O + 2e− → 2OH− + H2
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Fig. 1. Experimental setup.

The total phenolic content was determined by standard
ethod (5220D). Oil-grease concentrations were determined

ravimetrically according to the standard method (5520C). The
xtent of decolorization occurred during treatment was assessed
y measuring sample turbidity with a turbiditimeter (Hach
100P). The reproducibility of the experiments presented was
arefully checked.

.3. Experimental procedures

Experiments were conducted in a polymethyl methacry-
ate (PMMA) electrolytic cell having the dimensions of
.5 cm × 4 cm × 3 cm and the performance of the reactor was
valuated in semi-continuous experiments. RuO2 coated Ti par-
llel plate electrodes separated by a space of 8 mm were fixed
nd mounted vertically in the cell and four electrodes were con-
ected as anodes and four as cathodes. The electrodes have an
otal immersed area of 96 cm2. In a typical run, the appropriate
ass of NaCl was added directly into the 400 mL wastewater

nd it was stored in a feeding tank without any pre-treatment and
ilution, and circulated through the electrolytic cell by a peri-
taltic pump (Masterflex). An initial sample was taken and then
he current was applied to the circuit over several hours as shown
n Fig. 1. The current input was supplied by a power supply (Sta-
ron Type 3240.2) and determined by a True-RMS multimeter
Fluke 111). After each batch experiment, the electrochemical
ell was cleaned with detergent and then rinsed thoroughly to
void passivation of the electrode surface.

The temperature was observed to increase slowly with dura-
ion of electrolysis in the extent of temperature rise being
ependent on the operating conditions employed (e.g. current
ensity, NaCl concentration, recirculation rate). Therefore, the
eeding tank and reactor were cooled with a cooling jacket.

. Results and discussion
Two mechanisms are thought to be responsible for elec-
rochemical degradation of organic matter, namely; (a) direct
nodic oxidation in which the pollutants are adsorbed on the

e
m

+ HOCl → P + Cl−
, pollutant; P, product

node surface and destroyed by the anodic electron transfer
eaction and (b) indirect oxidation in the liquid bulk which is
ediated by the oxidants that are formed electrochemically;

uch oxidants include chlorine, hypochlorite, hydroxyl radicals,
zone and hydrogen peroxide. The efficiency of direct oxidation
epends on the anode activity, the diffusion rate of organics on
he anode surface and the applied current density. On the other
and, the efficiency of indirect oxidation depends on the diffu-
ion rate of oxidants in the solution, the temperature and the pH
5].

At acidic conditions, free chlorine is the dominant oxidiz-
ng agent, while at slightly alkaline conditions hypochlorite,
hloride ions and hydroxyl radicals are all important [6]. The
eneral chloride reactions involved in electrochemical oxidation
re presented in Table 2 [21].

In all experiments, pH was not adjusted and monitored
hroughout the electrolysis. pH increased gradually during the
eaction and reached about 8 within the 1 h and never exceeded
bout 8.9. Similar results were obtained by Gotsi et al. [6],
ajkumar and Palanivelu [11] and Israilides et al. [5]. It was
mphasized by Rajkumar and Palanivelu [11] that initial pH
oes not have significant effect on the degradation of organic
ollutants by indirect electrochemical oxidation in the range of
.0–10.0 using Ti/TiO2–RuO2–IrO2 anode. Therefore, the pH
f the solution was not adjusted or buffered in this study.

The presence of chloride in the solution could produce chlo-
inated organic compounds by the chlorine formed, especially in
cidic media. Therefore, the ecotoxicity of the final effluent will
e higher than that of the starting OMW and this is suspected to
e due to the formation of chlorinated organic compounds dur-
ng electrochemical oxidation. This hypothesis was confirmed
y Gotsi et al. [6] by means of LPME-GC/MS. In order to avoid
r decrease the formation of halocompounds an alkaline medium
an be used, because in such medium electrogenerated chlorine
onverts to hypochlorite. This compound is a powerful oxidant
ut a weak chlorinating agent [22]. In this study, OMW oxida-
ion experiments in the presence of chloride ions were started
t original pH (pH 4.57) and then carried out at alkaline pH
ecause of increasing pH during the electrolysis.

.1. Influence of the current density
Current density has a significant influence on the success of
lectrochemical COD removal because it is the driving force in
igration of charge. In this system, inter electrodes gap is fixed
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ig. 2. Effect of current density on (a) COD concentration, (b) phenol concentrat
, 20 ◦C).

nd current is supplied continuously. The rate of electrooxida-
ion increased with increasing current density in the range of
5–135 mA cm−2. As it can be observed in Fig. 2, higher cur-
ent densities increased the initial reaction rate (dCOD/dt) but it
ecreased slightly with time. This behavior is characteristic of
lectrochemical systems in which both direct and mediated oxi-
ation reaction play an important role. Additionally, the use of
igh current densities, which might involve a great formation of
H radicals, will help the electrochemical oxidation of organic

ompounds.
As it can be seen in Fig. 2(a) the initial COD concentration

f 41,000 mg L−1 was reduced to 333 mg L−1 (corresponding to
9.2% removal) at maximum current density of 135 mA cm−2

nd 15,000 mg L−1 (corresponding to 63.4% removal) at mini-
um current density of 25 mA cm−2 after 8 h electrolysis. On

he other hand, the COD removals of <93% were achieved at the
pplied current densities less than 85 mA cm−2, unless longer
etention times were allowed. The initial phenol concentration
f 215 mg L−1 was reduced below 4.8 mg L−1 within the first
h at all current densities and no phenol was detected after 8 h
lectrolysis at 135 mA cm−2 as it can be seen in Fig. 2(b). The
esidual turbidity in the effluent invariably decreased with an
ncrease in applied current density due to the stronger electri-
al field that accelerates particle migration toward the anodes.

ver 95% turbidity removal after 1 h electrolysis and over 99%

emoval after 8 h electrolysis were obtained in the range of the
urrent densities of 25–135 mA cm−2 (Fig. 2(c)). Oil-grease was
etermined after 8 h electrolysis and removal efficiencies from

p
o
r
r

) turbidity removal and (d) oil and grease removal (CNaCl, 2 M; L, 1.10 cm3 s−1;

5.3 to 98.7% were obtained (Fig. 2(d)) according to the current
ensity applied. The application of the highest current density
an be suggested in order to obtain the complete abatement of
he organic content in the shortest time. Therefore, subsequent
xperiments were carried out at 135 mA cm−2.

Similar results were obtained by Gotsi et al. [6] who reported
hat nearly complete decolorization and phenol removal were
chieved within the first 15–30 min at 7 and 9 V, but COD
emoval was significantly lesser being about 5%, 25% and 35%
t 5, 7 and 9 V, respectively after 120 min for electrochemical
xidation of OMW.

.2. Influence of NaCl concentration

The removal of pollutants from OMW by electrochem-
cal oxidation process accompanying with NaCl could be

ainly attributed to the indirect oxidation effect of chlo-
ine/hypochlorite produced during the electrolysis. This process
ould be relatively non-specific, that is, applicable to a vari-

ty of contaminants. During the electrolysis, the organics in the
MW decomposed continuously by both direct anodic electro-

hemical oxidation and indirect electrochemical oxidation via
ediators, such as active chlorine. Because of the low cost of

hloride, the relatively high solubility and the strongly oxidizing

roperties of produced active chlorines, indirect electrochemical
xidation of pollutants in wastewater by electrogenerated chlo-
ine was used in this study. Additionally, Chiang et al. [23] were
eported that among sulfate, nitrate and chloride, chloride was
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ig. 3. Effect of NaCl concentration on (a) COD concentration, (b) phenol con
35 mA cm−2; T, 20 ◦C).

he best supporting electrolyte for electrochemical oxidation of
efractory organic pollutants.

To clarify the oxidation effect of active chlorine in elec-
rochemical oxidation treatment of OMW, chloride was added
s the supporting electrolyte during the electrolysis. Fig. 3
llustrates the electrolysis results in terms of the (a) COD concen-
ration, (b) phenol concentration, (c) removal of turbidity and (d)
emoval of oil and grease at various chloride ion concentrations
n an aqueous solution ranging from 1 to 5 M.

As shown in Fig. 3(a–d), the rates of removal rapidly
ncreased with the increase in Cl− concentration. It can be
een in Fig. 3(a) that the removal efficiency of COD was
9% (corresponding to 416 mg L−1), 98.6% (corresponding
o 571 mg L−1), 98.2% (corresponding to 734 mg L−1) and
7.6% (corresponding to 1000 mg L−1) with 5, 3, 2 and 1 M
aCl, respectively, after 7 h electrolysis. The removal efficiency
f phenol was >99.8% (remaining phenol concentration was
0.3 mg L−1) at all NaCl concentrations used as can be seen

n Fig. 3(b). The removal efficiencies of oil-grease and tur-
idity were >98.2% (remaining oil-grease concentration was
35 mg L−1) and >99.3% (remaining turbidity was 28.3 NTU) at
ll NaCl concentrations, respectively (Fig. 3(c and d)). Although
he addition of NaCl up to 5 M significantly accelerated the COD
emoval rates, 2 M NaCl was used at the subsequent experi-
ents, because of lower chemical consumption and allowing

ufficiently fast electrogeneration of active chlorine.

These results revealed that the addition of chloride had an

nhancing effect on the treatment by electrochemical oxidation
f OMW. Similar effects were observed in the presence of NaCl
or electrochemical oxidation of refractory organic pollutants

2
c
i
c

ation, (c) turbidity removal and (d) oil and grease removal (L, 1.10 cm3 s−1; i,

y Chiang et al. [23], for electrochemical oxidation of phenol
sing bismuth doped and pure PbO2 anodes by Iniesta et al.
22], for anodic oxidation of phenol using Ti/IrO2 anodes by
omninellis and Nerini [24] and for electrochemical oxidation
f landfill leachate by Chiang et al. [25].

.3. Effects of recirculation rate

In order to determine the effects of recirculation rate three
ifferent flow rates were applied in the study. Fig. 4(a) shows
he COD concentrations versus time curves for different flow
ates in the same operation conditions (135 mA cm−2 and 2 M
aCl).
Hydraulic retention time should cover; (1) the time required

or the organics migration due to electrophoresis toward the
nodic surface, (2) the time required for the direct electrooxida-
ion process to occur and (3) the time required for the diffusion
f mediators, such as active chlorine for the indirect electro-
hemical oxidation on parallel-plate electrodes. The result of
ncreasing removal rate with increasing recirculation rate shows
hat oxidation of organics on anode surface should not be a
imiting factor as compared to organics migration and media-
ors diffusion. Conceptually, indirect electrochemical oxidation

ainly occurs near the anodic surface because the mass transport
f the mediator ions was driven by diffusion only. At the recircu-
ation rate of 7.9 cm3 s−1, the residual COD concentration was

50 mg L−1, indicating that the mediator ions were effectively
onsumed. The removal efficiencies increase with an increase
n recirculation rate as shown in Fig. 4(a–d). The outlet COD
oncentrations of 250 (with the removal efficiency of 99.4%),
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ig. 4. Effect of recirculation rate on (a) COD concentration, (b) phenol co
35 mA cm−2; T, 20 ◦C).

33 (with the removal efficiency of 99.2%) and 583 (with the
emoval efficiency of 98.6%) mg L−1 were obtained at recircu-
ation rates of 7.9, 4.6 and 1.1 cm3 s−1, respectively. Removal
fficiencies of >99.9%, >98.7% and >99.5% were obtained at
ll flow rates for phenol, oil-grease and turbidity, respectively.
he beneficial effect of increasing electrolyte flow rate on the
lectrochemical degradation of OMW was also reported on a
itanium–tantalum–platinum–ridium anode by Gotsi et al. [6]
ho reported that the COD conversion was 15% and 35% at 0.4

nd 0.62 L s−1, respectively, after 120 min.

.4. Effects of temperature

Temperature has a significant influence on the efficiency of
he process. The role of the temperature cannot be easily under-
tood, since the electrochemical process allows more than one
eaction, competing one with the other. A series of experiments
uns was performed at different temperatures, say 7, 20, 40 ◦C,
hile recirculation rate, concentration of NaCl and current den-

ity held constant. An increase in the temperature leads to more
fficient processes as can be seen in Fig. 5. Direct oxidation pro-
esses remain almost unaffected by temperature and this may
e explained in terms of the presence of inorganic electrogener-
ted reagents. Moreover, the mediated oxidation rate increases
ith the temperature, due to the higher chemical rate constant in

hese conditions. Therefore, it can be justified that the measured

oncentration of these inorganic oxidants may be lower at high
emperatures.

High removal efficiencies were obtained with slight differ-
nces at all temperatures. For the 8-h electrolysis period, COD

w
r
s
C

ration, (c) turbidity removal and (d) oil and grease removal (CNaCl, 2 M; i,

ecreased to 333 mg L−1 at 7 ◦C; however, it was 167 mg L−1

corresponding to 99.6% removal which was the best value
n this study) at 40 ◦C for the same electrolysis period at
35 mA cm−2, 2 M NaCl and at the recirculation rate of
.9 cm3 s−1. Similar results were obtained for phenol, oil and
rease and turbidity, i.e. complete removal of phenol (100%)
as achieved during the first one hour. Turbidity was removed

s high as >98.3% and outlet turbidity concentration of 5 NTU
99.9%) was obtained at 40 ◦C after 7 h electrolysis. The color
hanges of OMW with time during the electrochemical oxida-
ion can be seen with the naked eye as seen in the Fig. 6. The
nal concentration of oil-grease from these experiments ranged
rom 23 to 9 mg L−1 at 7 and 40 ◦C, respectively.

.5. Energy consumption

Electrochemical treatment is undoubtedly an energy-intense
rocess and its efficiency is usually assessed in terms of specific
nergy consumption (SEC). This is defined as the amount of
nergy consumed per unit mass of organic removed. Fig. 7 shows
he variation of energy consumptions for operational parame-
ers. Increasing current density increases energy consumption
s expected. A high current density is not recommended from
he energy consumption viewpoint, because the sharp increase in
nergy consumption occurs. For instance, the SEC were ranged
etween 5.35 and 27.02 kWh (kg COD)−1 while COD removals

ere ranged between 63.4% and 99.2% at 25–135 mA cm−2,

espectively. Similarly, a sharp increase in the energy con-
umption with COD removal was observed by Panizza and
erisola [3] who had found the SEC of 0.18 kWh L−1 for the
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COD removal with temperature was accompanied by propor-
tionally greater decrease in energy consumption. For example,
the SEC of 26.29 kWh (kg COD)−1 at 7 ◦C was decreased to
21.17 kWh (kg COD)−1 at 40 ◦C.
ig. 5. Effect of temperature on (a) COD concentration, (b) phenol concentratio
, 135 mA cm−2).

omplete removal of aromatic content and 0.8 kWh L−1 for
OD removal (∼96%). Electrooxidation unit could be opti-
ized with an optimum current density and an acceptable

emoval efficiency at the lowest total investment and operational
ost.

The addition of NaCl into the electrochemical reactor also
ed to a decrease in SEC from 24.43 to 22.42 kWh (kg COD)−1

ia the increase in conductivity. The sufficiently high chloride
oncentration resulted in a decrease of the anode potential.
or the run at various recirculation rates, SEC was decreased
rom 23.64 to 22.33 kWh (kg COD)−1 with increasing recir-

ulation rate. This was explained by the reduction of voltage
esulted from the increase of the organics migration and medi-
tors diffusion. Similarly the result of SEC’s reduction from
90.8 to 76.9 kWh (kg COD)−1 with the increasing recircu-

Fig. 6. Photograph of color change with time.
F
c

turbidity removal and (d) oil and grease removal (CNaCl, 2 M; L, 7.90 cm3 s−1;

ation rate from 0.4 to 0.62 L s−1 was obtained by Gotsi et
l. [6]. The last columns of the graph show dependence of
EC on the temperature. As seen in Fig. 7, lower SEC can
e achieved at higher temperatures, because an increase in
ig. 7. Specific energy consumptions dependence of current density, NaCl con-
entration, liquid flow rate and temperature.
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In this study, the respective running cost of electrooxi-
ation was ranged between 0.22 and 1.12D (kg COD)−1 for
he outlet concentrations of COD 15,000–333 mg L−1 at the
urrent densities of 25–135 mA cm−2 for 8 h period, respec-
ively. One hundred sixty-seven mg L−1 as the smallest outlet
OD concentration in this study corresponded to the cost of
.88D (kg COD)−1.

. Conclusion

In evaluating electrooxidation as a candidate technology
or providing low-cost, low maintenance, localized wastewater
reatment, this study clearly demonstrated that:

. Electrooxidation with in situ generated active chlorine using
Ti/RuO2 anode is found to be an extremely attractive removal
method for the complete treatment of the toxic wastewater
containing high concentrations of organic pollutants such as
OMW without any pre- or post-treatment processes.

. Treatment efficiency is affected by the operating conditions
employed. Increasing the applied current density, NaCl con-
centration, recirculation rate and temperature resulted in an
increase in removal efficiency of organic content.

. The specific energy consumption for the electrooxidation of
OMW ranged between 5.35 and 27.02 kWh (kg COD)−1 cor-
responding to the running cost of 0.22–1.12D (kg COD)−1.

. Considering removal of the COD, phenol, turbidity and oil-
grease versus electrolysis time curves, the ‘best’ result was
167 mg L−1 COD, complete conversion of phenol, 5 NTU
outlet turbidity and 9 mg L−1 oil-grease concentration with
the energy consumption of 0.88D (kg COD)−1 at the condi-
tions of 135 mA cm−2, 2 M NaCl, 7.9 cm3 s−1, 40 ◦C.

. For the attempt of optimization the ‘optimal’ operating con-
ditions are determined by involving a trade-off between
operational costs and treatment efficiency according to the
requirements.
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