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Abstract: This study discusses the issues related to disposal of Olive Mill Wastewater (OMWW) in Cyprus
and approaches to economically and environmentally acceptable treatment of the waste. Processes to reduce
the toxicity of OMWW and make 1t acceptable for disposal onto soil or into receiving waters were reviewed.
OMWW has a lugh chemical oxygen demand 15 acidic and 1s phytotoxic. Olive o1l extraction plants in Cyprus
are small and seasonal and ther OMWW wastes would most appropriately be treated biologically. Three
biological approaches, aerobic treatment, anaerobic treatment and composting are reviewed in this study. In
each case, advantages and disadvantages of the processes are discussed. Current practices for OMWW
disposal and pertinent regulations, as well as a set of questions that need to be addressed 1 order to design
an efficient treatment system for Cyprus are outlined. Finally, recommendations for further research to develop
a cost-effective and efficient process for remediation of OMWW are made.
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INTRODUCTION

Global olive production exceeds 1 5 million metric tons
per year, from which over 2.5 million metric tons of olive
oil is produced, generating an estimated 10-30 million m’
of Olive Mill Wastewater (OMWW) (Niaounakis and
Halvadakis, 2006). The dark coloration, high biclogical
and chemical oxygen demand (BOD/COD) and presence
of phytotoxic substances make direct discharge of
OMWW 1nto freshwater and coastal areas or onto land
unpossible. In addition, the seasonal nature of olive oil
production and presence of antimicrobial chemicals in
OMWW (e.g., phenolics and long chain fatty acids)
complicate the search for efficient and economically
feasible treatment processes.

In 2004, Cyprus produced 27,500 metric tons of
olives. There are approximately 35 olive mills in Cyprus
generating about 7500 tons year™
objectives of this study are three-fold; first, to review the
state of knowledge regarding OMWW
remediation, second, to determine the most promising
methods for treating OMWW m Cyprus and three, to
outline a development program leading to implementation

of these methods.

of olive oil. The

current

OLIVE MILL WASTEWATER

Wastewater composition: Multiple methods are used n
the production of olive oil and these result in differing
waste products. systems and 3-phase
centrifugation systems produce substantially more
OMWW than 2-phase centrifugation (which produces
large amounts of semi-solid or slurry waste). The
following discussion of OMWW composition pertains

Pressure

specifically to that generated by pressure and 3-phase
centrifugation systems.

OMEE 1s generally characterized by dark coloration,
high BOD/COF, low pH and the presence of phytotoxic
and antimicrobial compounds. Wide ranges of all of these
characteristics have been reported and the composition of
OMWW varies substantially not only by region but also
by the type of process used, daily usage conditions and
local operational procedures (Table 1) (Niaounalkis and
Halvadakis, 2006).

The organic components of OMWW  consist
primarily of sugars and phenolics. Sugars reported in
OMWW mclude fructose, marmose, glucose, saccharose,
sucrose and pentose. Phenolic compounds are present
in olive stones and pulp tend to be more soluble in the
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Table 1: Variation in reported, selected, characteristics of OMWW from
olive press and centrifugation systerns (Niaounakis and
Halvadakis, 2006)

Parameters Pressure systems  Three-phase centrifugation
pH 4.2-7.0 4.7-5.3
Total solids (g L™) 28-126 1445

0il (g LY 226 5.78

Total phenols (g L) 6.2 2.7

Ash gL 20 6.4
COD(gL™) 64-162 25-78
BOD(gL™) 1.5-100 1344
TKN(gNL™ 0.09-3.2 0.02-0.64
Total phosphorus (g PL™Y Trace -1.1 Trace-0.16
Potassium ¢(mg L™') 17100 9800
Sodium (mg L™) 400 160
Calcium (mg L™Y 2240 1350
Magnesium (mg L) 2720 1650

Iron (mg LY 129 33

water phase than oil. Phenolics are found m OMWW in
concentrations ranging from 0.5-25 g L™'. About >30
different phenolic compounds have been identified in
OMWW and the types and concentrations of phenolics
reported in OMWW vary tremendously (Niacunakis and
Halvadakis, 2006). However, hydroxytyrosol, caffeic acid
and various flavonoids have all been reported in
substantial quantities. The main inorganic component of
OMWW is potassium.

Effects of OMWW on the environment: Discharge of
OMWW directly onto soil has a significant impact.
Effects of the physical properties of soil are mixed.
OMWW reduces soil porosity thereby limiting the
exchange of ar and water between the soil and
atmosphere. However, polysaccharides m OMWW may
increase soil aggregate stability and decrease rates of soil
erosion. OMWW also has a significant impact on soil
chemistry. Despite the low pH of OMWW (approximate
pH = 5), it has little lasting effect on soil pH. However,
OMWW can cause mobilization of heavy metals from soil
and sediments. Additionally, the high C/N ratio in
OMWW can stimulate and alter the soil microbial
community which can lead to competition for nitrogen
between soil microorgamsms and plants. Finally, phenolic
compounds in OMWW are phytotoxic and can inhibit
plant seed germination

OMWW also has sigmificant impacts when
discharged directly into surface waters. The high
concentration of darkly colored polyphenols in OMWW
In addition, the high
concentration of reduced sugars can stimulate microbial
respiration, lowering dissolved oxygen concentrations,
while the high phosphorus content can lead to
eutrophication. OMWW has also been shown to be toxic
at low levels to crustaceans and fish.

can discolor streams and rivers.
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About 10% of OMWW in Cyprus is discharged in
treatment facilities; 85% is stored in ponds or discharged
directly onto soil. Discharge of OMWW into sewage
systems 1s problematic. OMWW contains high pollutant
load (1 m* OMWW = 100-200 m’ of domestic sewage).
Additionally or ganic acids contained in OMWW are
highly corrosive and damage sewage pipes. OMWW
discharged mnto holding ponds can create significant odor
problems. Gases such as methane and hydrogen sulfide
emanate form the ponds. Additionally, over one-half of
the COD from such ponds is due to the presence of
volatile fatty acids in cluding caproic, valeric 1s
obutyric acids.

General use/disposal options for treated OMWW: The
high organic and phenolic content and dark color of
OMWW make disposal difficult. Effective bioremediation
resulting in significant reductions in COD, phenolics and
color should allow safe and economical disposal of
OMWW onto land or into surface waters. Additionally,
bioremediation may be used to produce valuable
products. Several studies have demonstrated that
bioremediated OMWW 15 an excellent fertilizer
(Cereti et al, 2004) and can serve as a substrate for
nitrogen-fixing bacteria or be used to produce
polysaccharides (Balis et al., 1996).

Disposal of OMWW in Cyprus: The Law for the Pollution
Control of Waters and Soil (No. 106(I)/2002) 1s the
governing law in the Republic of Cyprus that aims to
protect surface water, groundwater and the soil from
human and industrial activities, as well as control liquid
and solid mdustrial wastes. The Law wlich is broken
down into mineteen Regulating Adminstrative Actions
(RAA’s), harmonizes the Cyprus legislation frame
research to the EU directives and decisions. The most
relevant RAA’s to olive o1l production are shown in
Table 2. Additionally, there are also eleven ordinanances
of which those relevant to olive oil production are shown
in Table 3.

The principal Ordinance regulating the disposal of
Olive Oil Production Waste is the Waster Pollution
Control (Waste Disposal Permit) Ordinance of 2003
(254/2003). The waste streams generated by olive mills as
well as the application for the disposal permit differ
according to the process used for the oil extraction
(1.e, two-phase or tlree-phase centrifugation).
Consequently, the types and amounts of waste allowed to
be deposited for each process differ (Table 4).

As described in the ordinance, regardless the type of
process they originate from (two-phase or three-phase)
liquid wastes (wastes types a and b in Table 4)
should be temporarily stored in waterproof sealed tanks.
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Table 2: Regulating Administrative Actions (RAA) in cyprus legislation
associated with olive oil production

RAA Regulations Publication date

407/2002  Code for good agricultural practice Septemnber 6, 2002

5172002 Water pollution control (Use of sludge  Novemnber 1, 2002
in agriculture) Regulations of 2002

534/2002  Water pollution control (Nitrogen November 8, 2002

pollution of agricultural origin)
Regulations of 2002

Table 3: Ordinances in cyprus legislation associated with olive oil
production
Ordinances Description

Publication date

45/1996 Water pollution control (Groundwater February 23, 1996
protection measures) Ordinance of 1996

25472003 Water pollution control (Waste disposal ~ November 1, 2002
permit) Ordinance of 2003

41/2004 Water pollution control January 30, 2004
(Action program for the Nitrogen
Sensitive regions of Cyprus)

42/2004 Nitrogen sensitive zones and January 30, 2004

water categories that are subjected
or are possible to be subjected to
Nitrogen pollution

Table 4: Maximum annual waste quantities allowed for two- and three-
phase centrifuge olive mills in Cyprus
Maximum annual waste
quantities allowed (m®)

Two-phase Three-phase

Waste strearmn generated centrifilge centrifuge
Liquid waste from the washing of olives 180 1600
Liquid waste (water and minimal olive 1400 1400
oil mill wastewater) originating from
the centrifuging decanters where the
separation of the plant liquids of the
fruit from the oil takes place
Sludge (olive dregs) originating firom 750 750
the horizontal centrifiging decanter
Sludge settling at the liquid wastes - -
evaporation tanks/ponds
Leaves from defoliation - -

Whether or not the streams are mixed or

separated depends on the method of disposal.
Additionally, sludge (olive dregs-type c¢) should be
temporarily stored in a covered area with concrete base
(platform). Liquids originating from leakages or run-offs
from the temporary storage areas for the solid wastes or
sludge should be collected and transferred to the liquid
wastes tanks, via open-air waterproof pipes.

Liquid waste from the washing of the olives
(waste stream a) can be used for wrigation of cultivations
(trees, forest-trees, etc.) surrounding the olive mall. In
cases where the waste 13 mixed with liquid waste
originating from the centrifuging decanters (b), the liquid
wastes must be transferred for final disposal n
evaporations tanks/ponds. Evaporation tanks must be
open, waterproof, earthen and shallow (maximum depth
of 1.2 m). Liquid wastes must be transferred to the
evaporation tank within closed pipes or with a tanker.
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Table 5: Characteristics of liquid waste entering the evaporation tank
Parameters

Maximum value allowed

pH 5.0-7.0

Electric conductivity 10,000 pS em!
Suspended solids 5,000 mg 17!
BOD 10,000 mg L~*
Fat 6,000 mg L™!
Phenols 1,000 mg L™

The required quality (maximum allowance) of the
liquid wastes to be disposed in the evaporation tank is
shown in Table 5.

Sludge produced by the decanter of a two-phase mill
must be collected and transferred by a tanker to the
appropriate facilities for incineration of composting. At
the end of functioning period, no sludge should be
present at the temporary storage area. Solid wastes
produced by a three-phase mill must be collected and
used as ammal stocking or fertilizer or sent to a seed-oil
production facility for further treatment. The mstitution
exploiting the waste should maintain a database for the
quantities and the ways the waste has been disposed. If
the olive dregs are used as soil improver (fertilizer), the
application should be at least 300 m from residential areas,
with a maximum disposal rate of 3.5 tons/hectare/year.

Sludge depositing at the bottom of the evaporation
tanks should be collected, when needed after the liquid
present in the tank has been dried and transferred for
disposal to an approved public area or as soil improver
{(under the conditions stated above). Additional permait
conditions include requirements that:

»  The Environment Service of the Republic of Cyprus
should be informed immediately, if there is a leakage

*  An annual report of the olive quantities treated, the
amounts of wastes generated and the scheme of
waste managemmernt

¢+ The temporary storage and the evaporation tanks/
ponds must be easily accessed for sample collection
and check-ups

MICROORGANISMS FOR THE
BIOREMEDIATION OF OMWW

A wvariety of processes (aerobic or anaerobic
bioreactors, composting) and microorganisms (bacteria
and fungi) have been tested to treat OMWW to remove
the dark coloration, reduce the organic load and remove
phytotoxic compounds.

Aerobic microorganisms: Research into the use of

aerobic remediation of OMWW has been carried out
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using both bacteria and fungi. A number of different
bacteria have been tested in aerobic processes to treat
OMWW m cluding Bacillus pumilus (Ramos-
Cormenzana et al., 1996), Arthrobacter (Knupp et al.,
1996), Azotobacter vinelandii (Papadelli et al, 1996;
Ehaliotis et al., 1999; Piperidou et al., 2000), Pseudomonas
putida and Ralstomia sp. (D1 Gioia et al., 2001) and
various bacterial consortia (Ranalli, 1992; Zouari and
Ellouz, 1996a, b, Benitez et al., 1997).

Aerobic bacteria have been tested primarily to remove
phytotoxic compounds (i.e., monoaromatic or simple
phenolics) from OMWW although some studies have
also focused on reduction of Chemical Oxygen Demand
(COD). The bacteria appear to have a minimal effect on
more complex polyphenolics responsible for the dark
coloration of OMWW. The effectiveness of the aerobic
bacteria 1n this process varies greatly. Furthermore, they
appear to be very effective against some phenolic
compounds and relatively meffective against others. For
example, B. pumilus was able to completely degrade
protocatechuic acid caffeic acid but had much less
effect on tyrosol (Ramos-Cormenzana et al, 1996).
On the other hand, Arthrobacter transformed tyrosol to
4-hydroxyphenyl acetic acid (Knupp et al., 1996).

Several studies of bioremediation of OMWW in
Greece have focused on Azotobacter vinelandii.
Papadelli ef al. (1996) isolated a strain of A. vinelandii
from seil treated with OMWW. Eventually, >90% removal
of phytotoxic compounds from OMWW was achieved
using this strain (Ehaliotis et al., 1999; Piperidou et al.,
2000). Di Giola et al. (2001) used two bacteria, Ralstonia
sp. and Pseudomonas putida to treat Ttalian OMWW.
Cultured together, these bacteria were able to degrade a
number of phenolic compounds found m OMWW.

A number of studies have utilized bacterial consortia
for bioremediation of OMWW. The consortia have come
from activated sludge (Benitz et al., 1997), commercial
consortia (Ranalli, 1992), soil and wastewater (Zouri and
Ellouz, 1996a, b). Bioremediation of OMWW using aerobic
consortia has been quite successful achieving significant
reductions in the total concentration of phytotoxic
compounds and complete removal of some simple
phenolics.

De Felice et al. (1997) used a combination of
bacteria and yeast to degrade OMWW. The vyeast,
Yarrowia lipolytica, reduced the COD of OMWW by
80% in 24 h, leaving aromatic compounds undegraded.
Effluent from the yeast fermentation was then treated with
Pseudomonas putida, producing further reduction of
COD and removal of aromatics in 12-16 h.

Table 6: Effectiveness of white rot fingi for bioremediation of OMWW
Maximum percent removal

Total

Fungus COD  phenolics Color Reference
Coriolus versicolor 63 90 65 Yesilada ef al., 1998
Geotricum candidum 52 - 70  Assas et al., 2000
Funddia trogii 40 77 38  Yesilada et ., 1995

70 93 81 Yesilada et ail., 1998
Lentinia 75 66 45 Vinciguerra et af., 1995
(Lentinus edodes 88 89 75 D’Annibale et al., 1998
Phanerochaete 80 - 74 Sayadi and Ellouz, 1992
chrysosporitm 64 70 67  Kissietd., 2001
Phanerochaete - 90 70  BenHamman et ., 1999
JHavido-alba
Plevrotus sp. - 76 Tsioulpas et af., 2002
Plevrotus ervagii - =40 Sanjust et al., 1991
Plevrotus flovidae - >890 Sanjust ef af., 1991
Plewrolus ostreatus - =90 - Sanjust ef af., 1991

- 100 - Tomati et ad., 1991

Plevrotus sajor-cgin - =00 Sanjust et al., 1991

Fungal remediation of OMWW has been achieved
using three types of orgamsms: white rot fungi
(including the edible
Pleurotus), Aspergillus sp. and several different yeasts.

mushrooms Lentinula and
IN addition to reduction of COD and removal of simple
phenolics, fungi are also effective at reducing coloration
of OMWW. A variety of white rot fungi have been used
for remediation of OMWW in cluding Coroilus versicolor
and Funalia trogii (Yesilada et al, 1995 1998),
Geotrichum candidum (Assas ef al, 2000), Lentinula
(Lentinus) edodes (Vinciguerra et al, 1995, 1897
D’ Annibale et al, 1998) and Phanaerochaete sp.
(Sayadi and Ellouz, 1992; Ben Hamman et al., 1999).

A number of studies have examined the ability of the
edible white rot fungus Pleurotus to degrade OMWW
(Samqust et al., 1991; Tomat et al., 1991; Kissi et al., 2001,
Tsioulpas et al., 2002). The white rot fungi appear quite
effective, achieving removal rates as high as 88% for
COD, 100% for phenolics and 81% for coloration
(Table 6).

Use of Aspergillus for bioremediation of OMWW
has not been as common as the white rot fungi
Hamdi in a number of studies, characterized the ability of
Aspergillus miger to degrade OMWW (Hamdi et al.,
1991a, b; Hamdi and Ellouz, 1992a, b). Reduction of COD
and phenol concentrations >60% were achieved using
A. miger. Similar reductions in COD and phenolics were
found using Aspergillus terreus (Nieto et al., 1993).

Yeasts used m the bioremediation of OMWW mclude
Trichosporon cutaneum (Chtourou et al., 2004), Nadida
tropicalis (Ettayebi et al., 2003) and Saccharomyces sp.
(Gharsallah, 1993). Like the other fungi, these yeasts were
effective at reduction of COD and removal of mono-
and polyphenols.
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Two studies have compared the effectiveness of
different types of fungi for the bicremediation of
OMWW. Fadil ef al. (2003) compared Geotrichum sp.,
Aspergillus sp. and Candida tropicalis. Reduction of
COD (55-63%) and phenolics (44-52%) was similar for all
three fungi. Garcia et al. (2000) compared two white rot
fung1 (Phanerochaete chrysosporidium and Geotrichum
candidum) and two species of Aspergillus (4. miger and
A. terreus). No removal of phenols was observed for
G. candidum. For the other organisms, the efficiency of
the removal of total phenols relative to the total organic
load consumed occurred in the order P. chrysosporidiun
=A. niger =A. terreus.

Anaerobic microorganisms: Anaerobic bioremediation of
OMWW  has  employed, exclusively,
uncharacterized microbial derived from
mumnicipal and other waste facilities (Rozzi et al., 1989,
Martin et al., 1991, Borja et al., 1996, Dalis et al., 1996;
Fiestas Ros de Ursinos and Borja-Padilla, 1996; Zouari
and Ellouz, 1996, Marques et al., 1997, Marques, 2001).
Two significant advantages of anaerobic processes over
aerobic may be the generation of methane which could
potentially be used in remediation or as an energy source
for other processes and the production of a much smaller

almost
consortia

quantity of sludge (Fiestas Ros de Ursmos and Borja-
Padilla, 1996).

Reductions in COD from 70-89% have been reported
for anaerobic processes (Borja et al., 1996, Marques et al.,
1997, Marques, 2001). In addition to a substantial
reduction on COD, Dalis et al. (1996) reported large
reductions (>>75%) in the concentrations of both toxic
phenols and volatile fatty acids using a two stage
anaerobic reactor with an inoculant obtained from a
domestic wastewater facility. However, it is difficult to
evaluate the effectiveness of phenolic reduction inthis
case because the researchers did not report information
on the types of phenolic compounds that were degraded
or the methods used to assay for phenolics. In
contrast, other studies have reported that the build up of
recalcitrant phenolics (e.g., condensed tanmins) (Zouari
and Ellouz, 1996) as well as the presence of long chain
fatty acids (Hwo and Lettinga, 1997) in anaerobic reactors
inhibited bacterial activity.

The presence of compounds toxic to methanogenic
bacteria on OMWW appears to be a significant problem
for anaerobic digestion of OMWW. One approach to the
problem has been to dilute the OMWW to reduce the
concentration of phenolics and fatty acids. However, this
results m the need to treat a substantially larger volume of
wastewater. A number of studies have examined the use
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of aerobic pretreatment of OMWW to remove compounds
that are toxic to methanogenic bacteria. Aerobic
pretreatment has been primarily studied using two
organisms: Aspergillus sp. And white rot fungi. Hamdi
(1991) found that pretreatment of OMWW with 4. niger
more than doubled methane production in subsequent
anaerobic digestion. In other studies, anaerobic digestion
after pretreatment with 4. niger removed over 60% of
COD and resulted in high methane yields (Hamdi ez al.
1992). Similarly, studies wusing A.
demonstrated that aerobic pretreatment greatly reduced
the concentration of phenolics and significantly increase
methane production (up to 23%). Two different white rot
fungi have been used in the pretreatment of OMWW prior
to anaerobic digestion, with different results.
Pretreatment with P. chrysosporiditm reduced the COD
of OMWW but apparently had little effect
polyphenolics that remained in the effluent and inhibited
subsequent methane production (Gharsallah et \
1999). However, pretreatment with G. candidum reduced
the COD, phenolic and volatile fatty acid content of
OMWW and mcreased substrate uptake during anaerobic
digestion (Martin et al., 1993).

Borja et al. (1998) compared anaerobic digestion of
OMWW  pretreated by two different fungi and a
bacterium: G. candidum, A. terreus and Azotobacter

terreus have

o1

al.

chroococcum. These orgamisms decreased the phenolic
concentration and toxicity of OMWW by 59, 87 and 79%,
respectively. One mteresting factor of note from this
study as well as others is that while the white rot fungi
appear to the most effective microorganisms m aerobic
treatment processes (le., superior to Aspergillus and
bacteria) they are the least effective orgamisms for
pretreating OMWW for anaerobic digestion.

Enzymatic treatment: A small number of studies have
examined the enzymes produced by white rot fungi
involved in bioremediation of OMWW. Perez et al. (1998)
demonstrated that OMWW  induced manganese
peroxidase and laccase production in Phanerochaete
Aavido-alba. A comparison of OMWW decolorization by
lignin peroxidase and manganese peroxidase produced by
P. chrysosporium demonstrated that ligmn peroxidase
was a much more effective at breaking down
polyphenolics (produced 70% decolorization of the
OMWW) (Sayadi and Ellouz 1995). D’ Annibale et al.
(2000) found that immobilized laccase from L. edodes
was efficient in reduction of total phencls. However,
the decolorizing  effect  was substantially lower

(approximately 20%) than reported for ligmn peroxidase.
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BIOREACTORS USED FOR DIRECT
OMWW TREATMENT

Bioreactor technology which could be applied to
remove organic pollutants (measured as chemical oxygen
demand) from OMWW 1s based on either aerobic or
anaerobic bioreactor configurations. Aerobic systems
are generally not regarded as being suitable for direct
OMWW treatment, however, the presence of
mtubitors, such as phenols, prevent the successful
growth Furthermore,
bioreactor configurations, such as activated sludge or
sequencing batch reactors are energy intensive, require

as

of aerobic bacteria. aerobic

high nutrient inputs to support treatment are complex to
maintain and operate, produce large quantities of waste
biomass and have high capital construction costs
(Gray, 1999). These are particularly significant points for
treatment of relatively small-scale OMWW streams.

A variety of anaerobic bioreactor types have been
employed for the treatment of OMWW, although most of
the available operations data has been generated at
laboratory or pilot-scale. There are several potential
advantages with this approach including the production
of a usable biogas fuel (typical yields of 7-8 m m™
OMWW), low waste biomass generation (0.15-0.25 kg
kg™ COD removed) and the generation of an excellent soil
conditioner and fertilizer (Lettinga, 1995; Niaounakis and
Halvadakis, 2006). A number of basic bioreactor designs
have been employed in cluding suspended biomass
systems, such as the Upflow Anaerobic Sludge Blanket
(UASB), the Anaerobic Baffled Reactor (ABR), upflow
and gravity-flow filters and the fluidized bed. More
recently, a number of researcher have reported the
development of granular activated carbon-based
bioreactor systems, both simple packed-bed bioreactors
(Bertin et al, 2006) and more complex, moving bed
systems (e.g., EP324314, 1989).

In order to overcome the poor availability of nitrogen
m OMWW and to stabilize bioreactor pH, concentrated
ammonia was often added to the OMWW for experimental
purposes. A number of authors have also successfully
anaerobically co-digested the OMWW with swine manure
(Angelidaki and Ahring, 1997, Angelidaki et al., 2002)
and dairy effluents (Gavalla et al, 1996), an approach
which is potentially aftractive as low-cost nutrients are
provided for digestion in hibitory compounds present
m the OMWW are diluted and the digester can be
operated on a year-round basis (Gavalla et al., 1996;
Angelidaki and Ahring, 2002).

The 1nitial trials on direct anaerobic biotreatment of
OMWW were carried out using Completely Stirred Tank
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Reactor (CSTR) configurations and anaerobic contact
bioreactors. However, a number of features including
the requirement for mechanical mixing and the need
for prolonged (10-25 days) Hydraulic Retention Times
(HRTs) make these systems unattractive for full-scale
applications. A number of trials have also been carried out
with second generation bioreactors. For example, stable
performance has been reported in laboratory-scale
UASB bioreactors at Organic Loading Rates (OLRs) of
5-18 kg m— day (Boari and Mancini, 1990, Zouari and
Ellouz, 1996b; Ubay and Ozturk, 1997) with COD removal
efficiency of approximately 75% at HRTs of 1-2 days.
Khabbaz et al. (2004) reported stable and efficient COD
removal in an ABR bioreactor system but at a maximum
OLR of only 2.5kg m~ day. The use of an anaerobic filter
which combines a UASB and an anaerobic filter for
treatment of diluted OMWW was reported by Borja-
Padilla for treatment of wash water derived from the
purification of wvirgin olive oil with encouraging
results (COD removal efficiencies of =89% at an OLR of
17.9kg m— day and a HRT of 4.8 h).

A number of multi-phase anaerobic digester
configurations have also been employed. For example,
the aquatecOLIVIA process is a two-phase anaerobic
treatment approach, consisting of an initial acidification
step (HRT 2.5 days) and a second methanogenic stage
using a moving bed reactor (HRT 8 days), with hollow
cylindrical supports as a carrier. A semi-pilot process was
installed in Crete in 1999 and achieved COD removal
efficiencies of 92-97% at imposed OLRs (Niaounakis and
Halvadakis, 2006). A second pilot configuration involving
an upflow-sludge bed and ana anaerobic filter operated in
series was described by Dalis ef al. (1996) and achieved
a combined 91% COD removal efficiency at an OLR of
11 kg m ™ day. The use of two state systems is potentially
attractive asa degree of phase separation can be achieved
for example, saturation of long-chain fatty acids and
acidification would predominate in the first phase,
allowing efficient methanogenesis of the acidified stream
in the second phase.

Composting of OMWW: In addition to the use of
bioreactors, composting has been used to treat OMWW.
The most common methodology employed has been the
Rutgers Strategy (Finstein et of., 1985). A mumber of
different bulking agents have been used in compost with
OMWW in cluding solid olive and olive tree waste
(Papadimitriou et al., 1997; Vlyssides ef al., 1999), wheat
straw (Tomati et al., 1995, Galli et al., 1997), maize straw
(Paredes et al, 1996) and cotton waste (Paredes ef o,
2002). Composting typically results in complete reduction
of phytotoxicity 1 a few weeks (Paredes et al., 1996).
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Parades et al. (2000) compared different composts for
treatment of OMWW using cotton waste or maize straw
as bulking agents and poultry manure, municipal waste or
industrial waste from orange juice extraction as nutrient
sources. At the end of composting, the germmation index
of all treatments was over 50% in dicating reduction of
phytotoxicity. The wide range of bulking agents and other
wastes that can be successfully composted with OMWW
suggest that this is a versatile technology that could be
utilized and adapted to local conditions in Cyprus or
elsewhere m the Mediterranean region.

CONCLUSION

There are approximately 35 olive mills in Cyprus
generating 26,000 tons year™ of olive mill wastewater.
OMWW 1s characterized by dark coloration, high organic
content and phytotoxicity, all of which prohibit direct
discharge into freshwater and coastal areas or onto land.
Remediation of OMWW 1s a significant problem 1n all
olive oil producing countries. However, despite the scale
of the problem and significant research investment,
disposal of OMWW remains a serious problem.

Different OMWW treatment processes have been
tested by scientists in the olive oil producing
countries ~ of  the  Mediterranean region. The
effectiveness and efficiency of these methods varies
widely. Regional differences in the composition of
OMWW (due to geographical and chimatic conditions,
tree age, olive type, extraction technology used, use of
pesticides and fertilizers, harvest time and stage of
maturity) indicate the need to specifically address
OMWW produced in Cyprus, especially in view of the
fact that the current practice for management of OMWW
is still limited to the use of evaporation ponds and the
subsequent discharge of solid residue in landfills and/or
on soil. While evaporation ponds offer a good way to
reduce the liquid portion of the waste, they do very little
in reducing the toxicity of the waste, while they
simultaneously impart an odor problem to the areas where
such waste 1s stored. Furthermore, evaporation results in
the loss of large quantities of water which is often an
important and limited resource in Cyprus and in other
olive o1l producing countries.

RECOMMENDATIONS

The extreme variation in the character of OMWW,
based on the process of oil extraction as well as geo-
climatic conditions that may exist in the area of olive
production, makes a unified treatment method difficult.
Further, since such a treatment system will be used in
agricultural areas in, ofter, small and seasonal operations,
it should conform to certain basic characteristics. For
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instance, such a treatment process should be efficient,
cost effective and  site-specific that takes into
consideration the seasonal and spatial character of olive
oil production. The process should reduce the
env rormmental mmpact of the wastewater and will conserve
natural resources essential to the region (e.g., valuable
and scarce water).

This study has presented a detailed overview of the
completed research surounding the biological treatment
(bioremediation) of olive mill wastewater. However, a
number of questions concerning treatment of olive maill
wastewater remain to be answered. Some questions that
even after this review/research, would be interesting to be
answered are provided below:

¢+ What is responsible for the antimicrobial/inhibitory
properties of OMWW-simple phenolics or
polyphenols? What is the role of fatty acids?

+  What is the cause of variation in the effectiveness of
different treatments? Orgamsms effective m some
studies are not effective in others. Is this a result of
differences among strains or of differences on the
composition of OMWW?

¢ The white rot fungi and particularly  P.
chrysosporium are among the most effective
orgamisms in aerobic treatment. However, P.
chrysosporitm was ineffective in pretreating OMEE
for anaerobic digestion. Likewise, G. candidum was
much less effective in pretreatment than other
organisms. Is there a toxic component (for
methanogens ) not removed by the white rot fungi?

»  What are the components of OMWW that are
potentially toxic/inhibitory to microorganisms?

¢ What is the ability of different microorganisms in
dividually and in combination, to tolerate and/or
remove microbially toxic/inhibitory chemicals?

¢+  What are the microorganisms that are the most
effective at reducing COD, removing phytotoxic
phenols and reducing the dark color (polyphenols)
of OMWW?

» How well do treatment methods that have been
traditionally used in municipal wastewater (ie.,
extended aeration) may lend themselves for the
treatment of OMWW?
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