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Abstract

Olive oil wastewater (OOW), a toxic liquid associated
with the production of olive oil, was treated by an
electrochemical method using Ti/Pt as anode and
Stainless Steel 304 as cathode. In this technigue,
sodium chloride 4%(w/v) as an electrolyte was added
to the wastewater and the mixture was passed through
an electrolytic cell. Due to the strong oxidizing poten-
tial of the chemicals produced (chlorine, oxygen,
hydroxyl radicals and other oxidants) the organic pol-
lutants were wet oxidized to carbon dioxide and water.
A number of experiments were run in a batch, labora-
tory-scale, pilot-plant, and the results are reported here.
After 1 and 10 h of electrolysis at 0.26 Ajcm?, total
COD was reduced by 41 and 93%, respectively, total
TOC was reduced by 20 and 80.4%, VSS were reduced
by 1 and 98.7%, and total phenolic compounds were
reduced by 50 and 99.4%, while the mean anode effi-
ciency was 1960gh~' A 'sqm™" and 340gh~’
A" sq.m . Also, the mean energy consumption was
1.273 kwh per kg of COD removed and 12.3 kwh per
kg of COD removed for 1 and 10 h, respectively. These
results strongly indicate that this electrolytic method of
total oxidation of OOW is not feasible. However, it
could be used as an oxidation pretreatment stage for
detoxification of the wastewater. © 1997 FElsevier
Science Ltd.

Key words: Olive oil wastewater, electrolysis treat-
ment, organics oxidation, Ti/Pt electrode.

INTRODUCTION

Olive oil wastewater (OOW) is a toxic effluent that
results from the production of olive oil. It is con-
sidered a major pollutant and causes great problems
in olive tree cultivation areas in many Mediterran-
ean countries.

*Author to whom correspondence should be addressed.
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The total production of OOW in Greece is about
1 500 000 m® every year, while the number of pro-
cessing mills is 3500 (Vlyssides et al., 1996). Fresh
OOW is particularly phytotoxic, mainly due to the
presence of phenolic compounds. In addition, the
phenolic compounds result in antimicrobial activi-
ties, which are an obstacle to biological processes
during the treatment of OOW (Vlyssides er al.,
1989).

The characteristics of OOW with respect to its
pollutant capacity are: (in gl''), COD: 45-180;
BODs: 35-100; total solids: 24-120; mineral solids:
5-15; total phenolics: 2-15; fats: 0.5-1.0; pH: 4.5-5.2
(Boari et al., 1984; Georgacakis et al., 1986).

Various treatment methods which have been
practised on a large scale till now have proved to be
ineffective or very costly. Biological processes (aero-
bic or anaerobic) are generally lengthy due to the
inhibition effect of phenolic compounds and do not
completely remove the organic pollution load
(Borja, 1994). Futhermore, biogas production was
proven not to be economical and gave rise to addi-
tional problems such as the management of the
resulting residue and the use of the biogas (Boari er
al., 1984; Georgacakis et al., 1986), which cannot be
stored. Co-composting of OOW with solid residues
from the olive oil processing is a new and promising
method from the environmental point of view as the
organic matter is totally converted to a soil condi-
tioner (Vlyssides et al., 1989; Vlyssides et al., 1996;
Bouranis et al., 1995), but, up to the present time,
the final product has not been marketed.

Most physico-chemical methods which involve
processes like floculation, coagulation, filtration,
open evaporating ponds, incineration (with or with-
out concentration) give only a partial solution to the
problem and should be followed by a biological
treatment method. This sometimes creates second-
ary pollution problems such as emission of air
pollutants (Israilides, 1990; Fiestas Ros, 1991; Mar-
inos, 1991). Other treatments which deal with more
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sophisticated technologies like reverse osmosis or
ultrafiltration have the disadvantages of high cost
and low efficiency (Sami and Radhouane, 1992).

In recent years there has been increasing interest
in the use of electrochemical methods for the treat-
ment of wastewaters (Comninellis, 1992;
Comninellis, 1994; Comninellis and Pugarin, 1991;
Comninellis and Nerini, 1995; Naumczyk et al.,
1996). The organic and toxic pollutants present in
treated wastewaters such as dyes and phenols are
usually destroyed by a direct anodic process or by an
indirect anodic oxidation via the production of oxi-
dants such as hydroxyl radicals, ozone, etc.
Electrochemical methods have been successfully
applied in the purification of several industrial
wastewaters (Comninellis and Pugarin, 1991; Lin
and Peng, 1994; Kusakabe et al., 1986; Sharifian and
Kirk, 1985) as well as landfill leachate (Chang et al.,
1995) and domestic sewage (Della Monica et al.,
1980).

In the past, graphite was frequently used as an
anode during electrochemical treatment as it is rela-
tively economical and gives satisfactory results
(Szpyrkowicz et al., 1995). Titanium electrodes
covered with very thin layers of electrodeposited
noble metals have recently been used for electro-
oxidation (Vigo et al., 1988). Apart from platinum,
ruthenium (Murphy, 1992) and rhodium (Vigo et al.,
1988) can also be applied as electrocatalysts for elec-
tro-oxidation of pollutants present in wastewaters,
making it possible to destroy organic pollutants
which are difficult to eliminate biologically, such as
phenols and surfactants. Iridium mixtures are also
successfully used (Azanasaky et al., 1976) for this
purpose. Previous investigations have established
that to obtain a high degree of efficiency an anode
of titanium covered with platinum should be used
(Naumczyk et al., 1996; Szpyrkowicz et al., 1995).

When chlorides are present in the wastewater, an
indirect anodic oxidation occurs with strong oxi-
dants. The process of electrolytic generation of
oxidants in brine solutions dates to the year 1743 in
England. Since then, 253 years ago, the process, for
many reasons, has not been established as a method
of wet oxidation of organic pollutants.

With sodium chloride as the solute and water as
the solvent, a chloride-chlorine-chloride cycle takes
place instantly in the anode of the electrolytic cell.
Recirculation of the brine solution allows for the
continuation of a chloride-chlorine-chloride cycling
process and it is, therefore, a regenerative process.
Some of the most important measurable oxidants
which are liberated in aqueous brine solutions
include oxygen, chlorine, hydroxyl radicals and some
amounts of nascent ozone. Spontaneously liberated
and working synergistically, these oxidants are
effective in oxidizing industrial effluents laden with
all types and amounts of oxidizable organic pollu-
tants. Oxidation is to carbon dioxide and water
(Wilk et al., 1987).

This study deals with the co-treatment of OOW
with sodium chloride (4%) by an electrochemical
method using a Ti/Pt anode.

THEORETICAL APPROACH

Time of oxidation depends upon the stability and
concentration of compounds, concentration of NaCl
used, temperature, pH of the solution, time of recir-
culation, size of the anode, and current and voltage
applied.

The electrochemical reactions which take place
during the electrolysis of a brine solution are com-
plicated and not entirely known. For the time being
only assumptions can be made, based on the
products that can be determined (Cl,, ClO,, O;,
OH', O', H202, 02, H2, COz)

A possible mechanism of electrolysis is described
below. The electrolytic evolution of hydrogen in acid
and alkaline solutions occurs in different ways. In
acid solutions, the source of hydrogen is hydrox-
onium ions which are discharged at the cathode to
form hydrogen gas (1a) (Antropov, 1977; Prentice,
1991).

2H3O++26_ - H2+2H20 (la)

For alkaline solutions it is assumed that electrons
are directly added on to water molecules which then
decompose to yield hydrogen and hydroxyl ions:

2H,0+2e~ — H,+20H" (1b)

Anodic discharge of the water takes place form-
ing hydroxyl radicals which are absorbed on the
active sites of the electrode surface M[] (Comni-
nellis, 1992).

H,0+M[ |>M[OH “]+H*+e~ @2

It is believed that reaction (2) may also proceec
in acid solutions but at high current densities
(Antropov, 1977).

Very close to the anode area the main by-reactior
during the procedure of electrochemical reactior
(1b) is oxygen formation according to the following
reaction:

H,0+M[OH"]>M[ ]+0,+3H*+3e~  (3a

The electrochemical oxidation of aqueous solu
tions which contain organic matter, by the use o
traditional anodes (Ti/Pt, Ti/PbO, Ti/IrO,...) pro
ceeds in two steps (Comninellis, 1992). The first stej
is the reaction (2). After this, the absorbed hydroxy
radicals oxidize the organic matter:

R+M[OH] - M[]+RO+H"+e~ (3b

where RO represents the oxidized organic matte
which can be produced continuously by the hydroxy
radicals which are formed continuously too, sinc
the anodic discharge of the water goes on.
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The anodic discharge of chlorides take place
simultaneously, forming possible chlorohydroxyl
radicals which are also absorbed on the active sites
of the anode surface M| |.

H,0+M[ ]+Cl~ > M[CIOH ™ |+H"* +2¢ "~

Under a pathway similar to (3a) and (3b) the free
chlorine and chlorides, as well as oxidized organic
compounds, are formed according to the following
reactions:

H,O+M[CIOH]+Cl~ - CL+M]]
+0,+3H" +4e~
R+M[CIOH "] » M] |[+RO+H"+Cl~ +e~

The free chlorine produced is under equilibrium
with OCl™ ion according to the following reaction:
(Prentice, 1991):

Cl;+20H™ - H,0+0CI~ +CI~

So the products from the primary electrochemical
reactions are Cl,, O,, OCI~ and RO. As concentra-
tion of the above oxidants are increased in the
electrolyzed solution, several other secondary elec-
trochemical reactions take place.

At high OCI™ concentrations, elevated tempera-
ture and turbulent flow conditions, the mass
transport reactions that are created are the following
(Pletcher and Walsh, 1990):

60C1~ +3H,0 —6e~ — 3/20,+6H" +4Cl1~ +2CIO5
on anode, and
OCl" +H,O+4+2¢~ — Cl  +20H

on cathode At the same time, ozone, hydrogen
peroxide and chlorine dioxide are found among the
oxidants produced (Wilk et al., 1987) from the Ti/Pt
electrolysis of brine solutions. These oxidants are
produced on the anode according to the following
hypothetically electro-reactions:

H,0+MJ[CIOH " ]+Cl, - M[ ]+ClO,+3H"*
+2Cl +e ™
0,+M[OH ] » M[ ][4+O3+H" +e~
H,O+M[OH | - M[ |[+H,0,+H"* +¢~

The radicals have a very short life due to their
high oxidation potential and either they are decom-
posed to other oxidants (Cl,, O, ClO,, O; and
H,0,) or they oxidize organic compounds (direct
oxidation). The primary (Cl., O,) and secondary
(ClO,, O; and H,0,) oxidants that are produced
from the destruction of radicals have quite a long
life and are diffused into the area away from the
electrodes continuing the oxidation process (indirect
oxidation).

The direct electro-oxidation rate of organic pollu-
tants is dependent on the catalytic activity of the
anode, on the diffusion rate of organic compounds

in the active points of the anode and the applied
current density. The indirect electro-oxidation rate is
dependent on the diffusion rates of secondary oxi-
dants into the solution, the temperature and the pH.
An effective pollutant degradation is based on a
direct electrochemical process because the second-
ary oxidants are not able to completely convert all
organics into water and carbon dioxide.

Therefore, it is concluded that in acid solutions,
oxygen, free chlorine and maybe some amounts of
ozone and chlorine oxides, are the main secondary
oxidants as byproducts of the direct oxidation pro-
cess. In moderate alkaline solutions a cycle of
chloride-chlorine-hypochlorite-chloride takes place,
which produces OCI', oxygen and some amounts of
hydrogen peroxide and maybe, ozone. In strong
alkaline solutions the cycle of chloride-chlorine-
chloride is reduced due to production of ClO; that
is a stable anion. So, in low pH chlorides are
removed during the electrolysis process producing
free chlorine while in high pH chlorides are
removed producing chlorates. Only in moderate
alkaline to neutral conditions does the initial con-
centration of chlorides remain stable (Vlyssides et
al., 1996), producing free hydroxyl radicals conti-
nously.

Table 1 shows the possible electrochemical and
chemical reactions that can take place in a mixture
of brine solution and wastewater in an electrolysis
cell using a Ti/Pt anode.

Table 1. Electrochemical reactions
Anode

Primary electrochemical reactions
H,O+M[]+Cl~ ->M[CIOH "]+H* +2¢ -
H,O0+M[]-M[OH " J+H" +e -

Secondary electrochemical reaction
60Cl™ +3H,0 —6e ~ —3/20,+6H" +4Cl ~ +2CIO5

Cathode

Primary electrochemical reactions
2H;0" +2¢ ~ -H,+2H,0
2H,0+2¢” -H,+20H~

Secondary electrochemical reaction
OCl~ +H,0+2¢ " —»Cl~4+20H"

Oxidation reactions

In a closed anode area
R+M[OH ]->M[]+RO+H" +e~
R+M[CIOH]-M|]+RO+H*+Cl ™ +e¢
H,O+M[OH ]| >M[]+0,+3H" +3e"
H,O+M[CIOH " ]+Cl~ »CL+M[]+0-+3H"+4 e~

Away from electrodes
R+0,+2H"->RO+H,0—2¢
R+CL—-RCI+Cl™ —e™
R+OH —»RO+H"+2e -
RCI+OH™ -»RO+Cl~+H" +e"

Equilibrium reactions
ClL,+20H™ -»H,0+0CI~ +Cl"
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METHODS

The laboratory pilot plant

The experimental plant (Fig. 1) consisted of the
electrolytic cell, recirculation reactor, wastewater
feed system, pH correction system and cooling sys-
tem for the wastewater.

Electrolytic cell

The electrolytic cell consisted of the cathode, which
was a stainless steel 304 cylinder of 20 cm diameter,
and anode, which was located in the centre of the
cylinder and made of titanium alloy, measuring
48 cm long and 2.54 cm diameter, covered by plati-
num alloy foil approximately 0.25 mm thick. The
electrodes were operated at 15 volts D.C. and 100
ampere.

Recirculation reactor

The recirculation reactor (V) included a vessel of 15
liters, which contained the wastewater to be treated,
and a centrifugal pump (P) of 401l/min flow rate,
which continuously recirculated the reactor content
into the electrolytic cell.

Cooling system

The cooling system included a Temperature Indica-
tor Controller (TIC), an electric valve for the water
and a cooling water-jacket, which was located on the
reactor. The cylinder wall and the cooling jacket
constituted the cathode. When the temperature of
the water increased over 45°C, then cooling water

circulated in the jacket, until the temperature
returned to the desired value.

The change of redox potential and pH in the
reactor was continuously recorded by the RIR and
pHIR, respectively. The samples for analysis were
drawn from the recirculation reactor.

Material

The composition of the OOW that was used in all
experiments is shown in Table 2. The values of
various pollutants in the OOW used for this study
were well above the mean values referred to in the
literature (Vlyssides et al., 1996).

Methodology

The efficiency of the electrolytic cell was studiec
when the NaCl concentration in the OOW wa:
4% (w/v) and temperature (42°C), which remainec
stable during the experiment.

Four experiments under the same conditions were
run and the results that are presented in this worl
are the average of the four separate measurements.

Each experiment was of batch operation and it
duration was 10 h. Every half an hour samples wert
taken from the reactor and soluble COD, solubl
TOC, VSS, pH, redox, chlorine and total oxidant
were measured. Additionally, samples were takei
for determination of total phenolic compounds afte
the first half hour and then every hour.

Methods of analyses
All determinations except the one for phenolic com
pounds were carried out according to the Standar

ﬁ + anode Pt/Ti

cathode
8§S-304

v E

b—

—

cooling jacket gases

, 101

surge vessel

sampling

cooling water

Fig. 1. Experimental laboratory pilot-plant
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Table 2. Composition of olive oil processing wastewaters

Characteristics Value
Total Solids (TS), g/l 157.95
Suspended Solids, g/l 52.17
Volatile Suspended Solids, g/l 46.62
Carbon content of SS, g/l 29.235
Soluble COD, g/l 178.22
pH 5.2
Soluble BOD:s, g/l 42.55
Soluble Total Organic Carbon, g/l 26.55
Total Soluble Phenolic Compounds, g/l 11.41
Equivalent COD of VSS, g/g 1.49

Methods for Examination of Water and Wastewater.
The total phenolic compounds were measured with
the Folin-Ciocalteu method (Slinkard and Singleton,
1977).

RESULTS AND DISCUSSION

Volatile suspended solids (VSS)

As depicted in Fig. 2, the VSS were reduced during
the 10 h treatment from 46 620 to 2000 mg 1~ '. This
shows that together with the oxidation of soluble
COD, a degradation of VSS took place through oxi-
dative hydrolysis mechanisms with the production of
a secondary soluble COD. It should be noticed that
the solubilization of VSS began practically from the
third hour of electrolysis and then followed a steady
decline of 7.5 g1 ' h™".

Chemical oxygen demand (COD)

The soluble COD was reduced during the experi-
ment from 178 000 to 11 000 mg1 ' (Fig. 3). There
was an abrupt drop of soluble COD in the first three
hours (78 gl™' h™"), but subsequently the rate was
drastically reduced. This finding in conjunction with
Fig. 2, where it was evident that the VSS solubiliza-
tion did not start for about 3 h, points out that;
firstly, there must be easily degradable COD present
and, secondly, that it is likely that secondary produc-
tion of COD took place, probably by solubilization
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Fig. 2. Volatile Suspended Solids (VSS) reduction during
clectrolysis treatment.
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Fig. 3. Chemical Oxygen Demand (COD) reduction
during electrolysis treatment, - @ - soluble COD, -t - total
COD.

of VSS. After the first hour of total COD drop the
rate was about constant and equal to 20 gl ' h ™",

Organic carbon (OC)

The change in soluble OC was similar to the change
in COD (Fig. 4). The soluble OC was reduced
during electrolysis from 26 500 to 6150 mg1~', at a
slow rate of about 2gl~'h~'. This was due to sol-
ubilization of VSS, while the total OC was removed
at much faster rates, with the highest value of
13gl 'h~' and was reduced from 95 900 to
7650 mg 1"

Total phenolic compounds

Figure 5 shows the reduction of phenolic com-
pounds from 11 410 to 78 mgl ' The rate of
reduction was very fast in the first 2 h and reached
48¢l~"h~'. Later, this rate dropped to
0.14gl~'h ™' and this was probably due to the fact
that after the 2 h the phenolic compounds came
from the VSS and the rate of their degradation was
determined by the rate of their oxidation.

Energy consumption
Figure 6 shows the energy consumption during the
electrochemical oxidation. This had a constant rate
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Fig. 4. Organic Carbon (OC) reduction during the electro-
lysis treatment, - @ - soluble OC, - 7 - total OC.
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Fig. 8 Total phenolic compounds reduction during
electrolysis treatment.

of lincrease of 2kwhkg™'h™' starting at
1.27kwhkg~' and ending at 26.5kwhkg™' at the
end of 10 h (based on total COD). This indicated
that the varlous organic fractions of OOW had a
different degree of difficulty in thelr oxidation,
which began with the more easily oxidized and pro-
ceeded to the most difficult; a phenomenon which
was expected.

Anode efficiency

The efficlency of the anode of the electrode s
shown in Fig. 7. It has been caleulated in g of COD
removed (COD,) per hour per Ampere and per
square meter, The first 2 h the efficlency was very
high, reaching 2kgh™' A~' (m?~"; probably due
to the easily oxidized organic compounds. Later
there was a decrease In the efflclency to a rate of
60gh~'A~' (m*) 'endingat88gh~' A~ (m%)~!
at 10 h and with an average value
M40gh 'A T (mH)

Production of oxidants

The profile of chlorides and oxidants changed, as
shown in Fig. 8, The chlorides were reduced in the
first half hour from 24 000 to 15 600 mg1~', then
remained practically constant to the end of the
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Fig. 6. Energy consumption during the electrolysis treat-
ment,- @ - based on totalcggb. =0 - based on soluble
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Fig. 7. Anode efficiency during the electrolysis treatmen
(COD, = COD removed).

experiment, On the other hand, free chlorine an
the rest of the oxidants increased in the first hal
hour to 6000 and 6800mgl ', respectively, bu
remained more or less stable thereafter as well. Thi
fact that the concentrations of oxidants and chior
ides remained constant during the experimen

25000
20000 \
T 15000 | it
é 10000 +
5000
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Fig. 8, Changes of chlorides and oxidants during th
electrolysis treatment, - @ - total chlorine (Cl;+OHCI”
= 0 - other oxidants, -2- chlorides.
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Fig. 9, pH changes during the electrolysis treatment.
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°® $ 8 8% § 8 % 8 8§ 8
time, minutes
Fig, 10, Redox changes during the electrolysis treatment.

denotes that the cycle c¢hlorides-chlorine-hypo-
chlorides-chlorine was working efficiently using a
chloride concentration of 7000-8000 mgl~' and
pro-

ducing a total concentration of oxidants of
12000-13000 mg 1.

pH

The pH gradually increased from 4.2 to 8.2 as shown
in Fig. 9. This can be explained from Table 1 where
it is evident that H* produetion is smaller than HO"
praduction resulting in a shift of pH to the alkaline
side. However, the pH was stabilized around 8.2 due
to the buffer formed from carbon dioxide produc-
tion according to the reaction:

CO-+H.0 =2 H*+ "HCO;

Oxlidation potential (Redox)

The Redox potential continuously decreased from
920 mV to 840 mV (Fig. 10), There is a linear corre-
lation between pH and Redox according to the
equation:

Redox = —3.14:.pH+919 (R? = 0,96)

It can be concluded that the higher the pH, the
lower the redox. This is in agreement with Comni-
nellis, 1992; Antropov, 1977; Prentice, 1991 and
Vlyssides et al., 1996 according to whom during the
electrolysis of alkaline solutions hydroxyl radicals are

Table 3, Efficiency of electrolysis

Duyration of  Soluble Total Electrolysis Anode
electrolysis CcOoD phenalic efficiency efficiency
{hours)  reduction compounts kw (kg COD,)"' (kg COD,)
(%) reduction A'n!
(%) sqm
1 41 50 1.27 1.96
57 85 4.19 0.95
3 76 93 4.73 0.66

COD, = COD removed.

formed which are capable of oxidizing to a great
extent the organic matter, and for this reason they
have a very short life so reducing the total oxidation
potential of the solution.

CONCLUSIONS

For the experiments run in laboratory pilot-scale
plant it can be concluded that the electrolytic oxida-
tion of OOW containing a 4%(w/v) concentration of
NaCl and using a Ti/Pt electrode as anode is effect-
ive, After 10 h of electrolysis at 0,26 A/em?, total
COD was reduced by 93%, total TOC was reduced
by 80.4%, VSS was reduced by 98.7% and total phe-
nolic compounds was reduced by 99.4%.

The mean efficiency of the electrode was
340gh 'A~'(m*)~" and the average energy
requirement reached 123 kwhkg™'. This strongly
suggests that the application of electrolysis for com-
plete oxidation of OOW is not feasible.

However, according to Table 3, in the first 3 h of
electrolysis the removal of COD was 76% and that
of phenolics 93%, while the energy requirements
were only 4,73 kwh kg ' and the electrode efficiency
0.66kgh 'A ' (m?) ",

Therefore, the electrolytic method of oxidation,
although effective, does not seem to be feasible
except if it were used as a pretreatment for detox-
ification to maximize the effectiveness of a biological
post-treatment,
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