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The annual olive oil production in Cyprus is in the range of 2700–3100 t y−1, resulting in the generation of significant amount
of waste. The cocomposting of the olive oil solid residue (OOSR) and the treated wastewaters (with Fenton) from the olive oil
production process with the application of reed beds has been studied as an integrated method for the treatment of wastewater
containing high organic and toxic pollutants under warm climate conditions. The experimental results indicated that the olive mill
wastewater (OMW) is detoxified at the end of the Fenton process. Specifically, COD is reduced up to 65% (minimum 54.32%) by
the application of Fenton and another 10–28% by the application of red beds as a third stage. The final cocomposted material of
OOSR with the treated olive mile wastewater (TOMW) presents optimum characteristics and is suitable for agricultural purpose.

1. Introduction

Olive oil production is considered one of the oldest agri-
cultural industries in the Mediterranean countries. Approxi-
mately 1.8×106 t of olive oil is produced annually worldwide,
where the majority of it is produced in the Mediterranean
basin [1–3]. The average amount of olive mill wastewa-
ter (OMW) produced during the milling process is 1.2–
1.8 m3 t−1. OMW resulting from the production processes
in the Mediterranean region surpasses 30 million t per year
[2, 3]. The treatment of liquid wastes produced from olive
oil production is still a major challenge facing this industry.
The main problem is attributed to its dark colour, high
organic content, and toxicity, which are due to the presence
of phenolic compounds [3, 4]. Chemical oxidation demand
(COD) values of OMW may reach 150 g L−1, most of which
are in a particulate form. Suspended solids up to 190 g L−1

have been recorded [3, 5]. A common way of dealing with
the OMW in many Mediterranean countries is to discharge
it directly into sewer network, convey it to a central lagoon,
or store it in a small pond beside the mill, where it is

left to evaporate until the next season. These ponds often
leak causing ground water pollution and unpleasant odours
problems. Since the setting up of more stringent regulations
concerning public waste disposal, there is a growing interest
in the development of new technologies and procedures for
the purification of this wastewater.

Today, olive tree in Cyprus is grown in compact groves
or, more often, mixed with other crops such as fruit trees,
carobs, and cereals. It is also found scattered on uncultivated
land, steep slopes, rocky ground, or in residential areas. Some
12000 families are engaged in olive growing. The total area
under olive cultivation is about 7400–8000 ha with about
2.2–2.7 million productive trees. It is estimated that olive
trees hold 44.7% of the total agricultural area under perma-
nent crops, followed by trees producing shelled nuts with
18.5%, citrus fruit with 17.3%, and fruit trees of temperate
crops with 12.4%, [6]. This represents approximately 5.6% of
the country’s cropped area and contributed 2.7–2.9% of total
agricultural output. The annual average olive production is
about 13500–15500 t, equivalent to 2700–3100 t of olive oil.
However, owing to the biennial bearing of the trees and the
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cultivation of the olives under rain-fed conditions, yields
are extremely erratic, and olive production exhibits extreme
fluctuations from year to year [7].

Olive mill wastewaters (OMWs) constitute a serious
environmental problem in the Mediterranean Sea region due
to the unique features associated with this type of agro-
waste, namely, seasonal and localized production (typically
between October and March), low flowrates (between 10 and
100 m3 d−1), and high and diverse organic load [8, 9]. The
quantity of olive oil mill solid waste and washing effluents
(OMW) generated, and consequently the environmental
impact, depends on the method of olive oil extraction used
[10]. The traditional cold press method typically generates
about 50% of OMW relatively to the initial weight of the
olives, while the continuous centrifugation process generates
80–110% of OMW due to the continuous washing of the
olive paste with warm water prior to oil separation from
the paste. It is estimated that the annual OMW production
in the Mediterranean Sea area exceeds 30 × 106 m3. OMW
may have COD values as high as about 220 g L−1, and the
organic matter mainly consists of oil, polysaccharides, sugars,
polyphenols, polyalcohols, proteins, organic acids, phenols,
lipids, and tannins, the former with concentrations that
reach up to 10 g L−1 that are known to be biorecalcitrant
[4, 9].

The major concerns regarding OMW treatment are: (i)
organic compounds are difficult to biodegrade, (ii) seasonal
production, and (iii) Olive oil manufacturing industries large
areas [9, 10].

In Cyprus today are based 28 small olive mills which have
the ability to treat all the production of olives and to produce
olive oil. The annual olive oil production is in the range of
2700–3100 t y−1 resulting in the generation of about 18225–
20925 t y−1 of OMW (which is equal with the water con-
sumption) which causes serious environmental problems,
mainly due to its high organic content, 9180–10450 t y−1 of
olive oil solid residue (OOSR), and 1620–1860 t y−1 leaves.
Lagooning as physical evaporation and irrigation for the
OMW and typical composting for the olive oil solid residue
(OOSR) are the main typical systems for the treatment of
those waste until now in Cyprus.

Biological and physicochemical methods commonly used
for OMW treatment include lime precipitation, incineration,
land filling lagooning, anaerobic digestion, and composting
are commonly used in Cyprus. Those methods (physico-
chemical) have the disadvantages of high cost and low
efficiency. More specificly, (a) lime precipitation results in
40% reduction of the organic matter but the production
of large quantities of sludge. Moreover, the effluents after
precipitation as well as the chemical organic sludges that are
produced, have all the toxicity of the initial vegetation water
leading to serious disposal problems [11]; (b) incineration
(with or without concentration) is reliable but expensive
and complicated by high energy demand. Incineration is a
popular technology for solid waste management that can
greatly reduce the overall quantity of waste. However, at the
same time, it is also associated with serious air pollution
concerns [12, 13]; (c) landfilling is another means for
handling solid waste, but it goes hand in hand with land

occupation, groundwater contamination, and air pollution
[12, 14]; (d) lagooning is mainly a physical method for water
evaporation, since a very limited biological degradation
takes place; however, it has significant cost disadvantages
due to land requirements and the necessity for taking
special measures to protect public health [15]. Biological
methods (anaerobic digestion and composting) have certain
clear benefits due to their potential for the utilization
of byproducts (compost for fertilizing, biogas for energy
production, natural colouring substances, and proteins for
cattle feed enrichment). Anaerobic digestion has the benefit
of energy production but also relatively low efficiency (80%)
compared to the high capital cost of the high-technology
installations and equipment [3, 16]. Composting is the opti-
mum method from the environmental point of view, as the
organic matter is totally recovered. Furthermore, it has low
fixed cost, and the final product could be marketable as a
high-quality soil conditioner [17]. Composting is becoming
more and more popular in waste management. In North
America, composting is expected to become as popular as
the collection of plastic bottles in the near future. Although
it is a little overstated, an undeniable fact is that composting
has more advantages when compared with land filling and
incineration [12, 14, 17–22].

The objective of this paper is to study the feasibility
of using an integrated method—including oxidation, com-
posting, reed beds (as a natural filtration process), and
irrigation—for the treatment of wastewater containing high
organic and toxic pollutants from olive oil industries under
warm climate conditions, in order to be a final solution for
the treatment of OWM and OOSR.

2. Material and Methods

2.1. State of the Art

2.1.1. Oxidation Using Fenton Reactions. Fenton’s method
was discovered about 100 years ago, but its application as
an oxidizing process for destroying toxic organics was not
applied until the late 1960s [23]. Fenton reaction wastewater
treatment processes are known to be very effective in
the removal of many hazardous organic pollutants from
water. The main advantage is the complete destruction of
contaminants to harmless compounds, for example, CO2,
water and inorganic salts. The Fenton reaction causes the
dissociation of the oxidant and the formation of highly
reactive hydroxyl radicals that attack and destroy the organic
pollutants. Recently, advanced oxidation processes (AOP)
have been proposed to treat relatively low-strength industrial
wastewaters containing non-biodegradable substances toxic
to microorganisms. Among them, the Fenton method is
cost-effective, easy to apply and effective with relatively low-
strength wastewater containing organic compounds and has
been applied to the decolorization of textile wastewater [24–
27].

The Fenton method consists of four stages. First, pH
is adjusted to low acidity. Then, main oxidation reaction
takes place at pH value of 3–5. The wastewater is then
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neutralized at pH of 7-8 and finally precipitation occurs [28].
The oxidation mechanism in the Fenton process involves the
reactive hydroxyl radical generated under acidic conditions
by the catalytic decomposition of hydrogen peroxide, which
reacts unselectively within 1×10−3 s, with organic substances
(RH), which are based on carbon chains or rings and also
contain hydrogen, oxygen, nitrogen, or other elements. The
reaction mechanism is as follows [26, 29, 30]:

Fe2+ + H2O2 −→ Fe3+ + OH− + •OH,

RH + •OH −→ R• + H2O,

R• + Fe3+ −→ product + Fe2+,

Fe2+ + •OH −→ Fe3+ + OH−,

Fe3+ + H2O2 −→ Fe2+ + H+ + HO2
•.

(1)

Only a few applications of Fenton oxidation to high-
strength wastewater such as effluent from a baker’s yeast
industry effluent or olive oil mill wastewater have been
reported [2, 31].

The Fenton oxidative process is a method of chemical
oxidation and coagulation of organic compounds. It is
performed by the implementation of hydrogen peroxide
(H2O2) and a ferrous salt (Fenton’s reagent) [3, 29, 32–34].
With the addition of Fenton’s reagent, first, soluble organics
are successfully oxidized, and then, with the coagulation
procedure, insoluble organics are successfully removed.
Fenton’s reagent is suitable to process a wide variety of
effluents regardless of their contaminant concentrations and
nature. It is an economical system characterized by its simple
application and possibility of using perfectly mixed tank
reactors. The system can also be adapted to different volumes
and conditions [28].

Compared to other AOPs, Fenton’s reaction presents sev-
eral advantages. H2O2 is environmentally friendly, since
it slowly decomposes into oxygen and water. Besides, the
abundance, lack of toxicity, and ease of removal from
water makes Fe2+ the most commonly used transition metal
for Fenton’s reaction applications. Consequently, numerous
research and fieled studies have been carried out to take
advantage of the potential benefits of the use of Fenton’s
reaction as a remediation process for the treatment water and
wastewater [30, 35, 36].

2.1.2. Composting. Composting of organic wastes is a
microbiologically mediated process with which the readily
degradable organic matter in organic wastes is degraded
and stabilized. During the process, part of organic C is
released as CO2, part incorporated into microbial cells, and
part humified. The organic nitrogen primarily as protein
prior to composting is mineralized to inorganic N (NH4–N
and NO3–N), which is then resynthesized into other forms
of organic N in microbial biomass and humic substances
during the composting process. Degradation of organic C
during composting is carried out by bacteria, fungi, and
actinomycetes, depending on the stage of degradation, the
characteristics of materials, and temperature [19, 37, 38].

Composting provides a simple and a cost-effective alternative
treatment method for sewage sludge by decomposing organic
matter, producing a stabilized residue and disinfecting
pathogens [17, 20, 39, 40]. The composted product can also
be used as a fertilizer or soil conditioner because of its large
content of stabilized organic matter [39]. Compost contains
many essential nutrients and improves soil physical and
chemical properties. It is without a doubt a valuable product
as compost improves soil organic matter content, nutrient
availability soil aeration, and water holding capacity and
reduces soil bulk density.

2.1.3. Treatment with Reed Beds. Plant species used in treat-
ment wetlands have to be able to grow in watery, muddy,
anaerobic conditions, and at the same time, they must be
able to tolerate oscillations in water level, high salinity, and
variations between high and low pH [41]. The exclusive use
of helophytes for wastewater purification was suggested by
several investigators [42–45]. The procedures are numerous
and differ according to the type of water circulation through
the plantations, species selection, and system structure
(number of basins, dimensions, etc.) [45]. A general, reed
beds present the following advantages: (i) operation does not
require any electricity, fuel supply, or specific maintenance
and can be characterized as cost-effective method, (ii) no
mechanical systems are involved in the system, as reed beds
do not break down, (iii) they break down organic materials,
(iv) they are a natural filtration process, and (v) they remove
nutrients such as nitrogen and phosphorus.

Among these helophytes, common reed (Phrugmites aus-
tralis) is one of the cosmopolitan species that is commonly
found on banks of lakes, rivers, and canyons, where it forms
very dense beds [46, 47]. Phragmites australis was successfully
applied to wastewater purification either through reed beds
[45, 48, 49] or through natural ponds [45, 50]. Also, it is
used in treatment wetlands for wastewater as well as sludge
treatment [51]. Hardej and Ozimek [52] evaluated the effect
of sewage sludge on growth and morphometric parameters
of P. australis and demonstrated the high adaptation capacity
of the common reed to the sewage sludge environment,
observing that the shoot density was over two times greater
than that commonly found in natural systems.

Among the constructed treatment wetlands, the hori-
zontal subsurface flow (SSF) type is a widely applied con-
cept. Pretreated wastewater flows horizontally through the
artificial filter bed, usually consisting of a matrix of sand
or gravel, which is rooted by helophytes. This matrix is
colonised by a layer of attached microorganisms (biofilm).
Pollutant reduction is achieved by a combination of physical,
chemical, and biological processes: sedimentation, filtration,
precipitation, sorption, plant uptake, microbial decomposi-
tion, and microbial nitrogen transformations [53–55].

Horizontal subsurface (SSF-h) constructed wetlands
have been extensively used for the treatment of domestic
wastewater [50, 56, 57] and, less frequently, of industrial
sewages [58]. The use of SSF-h systems for OMW disposal
can be assimilated to a direct discharge to the soil, carried out
in completely controlled conditions of sewage application
and without any pollution risk for agricultural soils and
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groundwater. Despite the potential benefits which could
be expected from the use of SSF-h reed beds for OMW
treatment, there is a lack of data about their ability in OMW
pollutant removal [57].

2.2. Collection and Characterization of Raw Materials. The
OMW and the OOSR have been collected from 3 several olive
mills based in 3 different districts of Cyprus: the district of
Famagusta (DF) which is in the eastern part of the Island,
the District of Larnaca (DL) which is about 40 km away from
the olive mills of DF on the south and the district of Paphos
(DP) which is about 300 km away from the olive mills of DF
and 250 km from the olive mill of DL on the west.

The sampling durations were for about 4 months from
October to January, and every second week, 50 kg of OOSR
and 50 L of OMW were taken, and the samples were stored
in the fridge at 4◦C.

For all the raw materials and prepared samples for
composting, the following parameters were measured: mois-
ture, total solids (TSs), total volatile solids (TVSs), ash,
pH value, electronic conductivity (EC), salinity, chemical
oxygen demand (COD), biological oxygen demand (BOD5),
total organic carbon (TOC), organic matter (OM), total
phosphorous (P2O5), Cl2, total kjeldahl nitrogen (TKN),
C/N ratio, C/P ratio, COD/BOD5 ratio, fats and oils, and Cl2
[59–62]. The total phenolic compounds was determined col-
orimetrically at 725 nm on a Shimadzu UV 1240 spectropho-
tometer using the Folin-Ciocalteau reagent according to the
procedures described in detail elsewhere [9, 63]. Caffeic acid
was used as a standard to quantify the concentration of
phenols in OMW. Humic substances were extracted [61, 64]
according to the following scheme: 2.5 g of sample were
shaken for 24 h in ambient temperature using 100 mL of
NaOH 0.5 N. Suspensions were filtered through whatman no.
1 filter paper. Then, the filtrate was dried at 80◦C. The E4/E6
ratio which indicates the characterization of the humics
(if the substrate is characterized as humic or fulvic acids)
were determined after the extraction of the samples with
NaHCO3 0.05 N (1 : 10) in 465 and 665 nm as described by
Schnitzer [64] and Zorpas et al. [61]. Lignin and cellulose
were determined by a digestion technique of the samples with
72% sulphuric acid according to Zorpas et al. [61]. Total
proteins and sugars were determined using colorimetric
method as proposed by Gaudy [65]. The analysis of sodium,
magnesium, potassium and calcium content, specific weight,
porosity, and other extraction substances were determined
according to Handbook of Reference Methods for Soil
Analysis [66].

2.3. Experimental Procedure. The OMW from each district
(DF, DL, and DP) was subjected to Fenton oxidation treat-
ment (Figure 1). The oxidation was carried out batchwise
at 25◦C in an agitated (200 rpm) temperature and pH
controlled glass reactor of 1 L capacity for 4 h. First, the
wastewater sample was diluted, if necessary. Next, H2SO4

(98%) and Fenton reagent were added. As a ferrous salt,
FeSO4 · 7H2O was used, and the hydrogen peroxide was
of 30% concentration. After oxidation, vigorous stirring,

neutralization with lime, coagulation with a weak anionic
polyelectrolyte (2540 Praestol, 0.1%), and flocculation in a
jar test apparatus, the sample was filtered, and the super-
natant liquid was analyzed in terms of COD.

The treated olive mill wastewater (TOMW) is the result
of the Fenton oxidation treatment which was mixed with the
OOSR for further treatment using the composting methods.
Two several compost systems according to the following
scheme:

CS1A: OOSRF + OMWF,

CS1B: OOSRF + TOMWF,

CS2A1: OOSRF + OMWF,

CS2B1: OOSRF + TOMWF,

(2)

where F referred to the wastes produced from Famagusta’s
olive mill.

After the treatment of OMW with Fenton treatment, the
treated olive mill wastewater (TOMW) with the produced
sludges from the Fenton process were proceed for further
treatment in two different systems (Figure 1): (i) in lagoon-
ing for physical evaporation and with typical red beds and
(ii) with cocomposting with OOSR. The amount added to
the system was equal with the final moisture of 60± 5%. For
the composting of the OOSR with the TOMW, two different
systems were used. First, we add to the systems the OOSR
and then the TOMW. The amount added to the system was
equal with the final moisture of 60± 5%.

(a) Compost System 1 (CS1): a typical windrow system
of 6 m length and 1.5 m height. The samples were
aerated using an aerated air force. The samples
were aerated using an aerated air force (oxygen
concentration range in the reactor was between 5–
8%). The temperature (reach from 35◦C to 45◦C in
the surface and from 65◦C to 75◦C in the centre) was
monitored by the air and the mechanical stir of the
windrow every 7–10 days. The moisture was around
60± 5%. Any time that the moisture was less than
40% in the surfaces, the windrow were stirred, and
a treated liquid waste was added. The amount added
to the system was equal with the final moisture of
60± 5%.

(b) Compost System 2 (CS2): an in-vessel reactor of
1 m3 active volume [17, 19, 67]. The thermophilic
phase in the reactor lasted 15 d. The temperature
in the center of the reactor was about 60◦C–65◦C
and the moisture percentage between 60± 5%. The
samples were aerated using an aerated air force
(oxygen concentration range in the reactor was
between 5–8%). A temperature indicator controller
was controlling the operation of the fan in order to
maintain the temperature at about 60◦C, according
to the following principle: minimum air flow (2.3 m3

per m3 active volume) was provided at low tempera-
ture (<30◦C), and maximum air flow (28 m3 per m3

active volume was provided at high temperature
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Figure 1: Flowchart of the process method with the profile view of reed bed section.

(>60◦C). The minimum airflow corresponds to the
minimum oxygen demand for the microorganisms
and the maximum to the necessary air for cooling.
After the thermophilic period, in which the organic
material was biodegraded, the compost was piled to
an enclosed package, where it remained for about
four months to mature.

The fundamental principle of a cocomposting sys-
tem is the biodegradation of the organic matter through
exothermic aerobic bioreactions which take place in the
thermophilic region with the simultaneous evaporation of
the moisture of the wastewater due to the release of thermal
energy [68]. As a critical parameters for the growth of
microorganisms and bioreactions are the oxygen demand,
the moisture (which must be in the range of 60± 5%), the
temperature (which must be retained between 60◦C–65◦C),
and the carbon/nitrogen (C/N) ratio. After the thermophilic
period in which the organic material was biodegraded, the
compost was piled to an enclosed package, where it remained
for about 3 months to mature.

In order to implement further treatment of the TOMW,
all the quantities that remained from the oxidation process
was passed then from horizontals bounds with P. australis
(as indicated from Figure 1).

Seed germination and root length test were performed
on water extracts obtained by mixing 10 g of each sample
with 20 mL of distilled water (DDW) for 2 h. Suspensions
were centrifuged at 5000 rpm for 30 min before being filtered
through Whatman no. 1 filter paper. 10 mL of each test
solution was pipetted into a sterilized plastic petri dish. Also,
one blank with only DDW was carried out. Twenty lettuce
seed were placed in each petri dish and incubated at 22◦C in

the dark for 7 d. The Germination Index (GI) was calculated
according to the following formula, [39, 69]:

GI = (%G)(%L)
100

, (3)

where %G is the grow index,

%L
(
Root Length

) =
(
Root Length of Treatment

)

(
Root Length of Control

) ∗ 100.

(4)

It is important to know that if the 0 < GI < 26, the substrate
is characterized as very phytotoxic, 27 < GI < 66, the
substrate is characterized as phytotoxic, 67 < GI < 100,
the substrate is characterized as nonphytotoxic and if the
GI > 101, then the substrate is characterized as phytonutrient
[17, 19].

2.4. Controlling Parameters Analysis. The aim of the exper-
imental procedure was to determine the influence of some
basic process parameters on the effectiveness of the oxidation
treatment in terms of %COD removal from the OMW. These
parameters are dilution of wastewater, heptahydrated ferrous
sulphate concentration, hydrogen peroxide concentration,
and sulphuric acid concentration. These parameters are
referred to as “controlling parameters” of the system. The
effect of the controlling parameters on the optimization
parameter was estimated by performing a 24 factorial experi-
ment. In general, by using a 2n factorial design, n controlling
parameters interrelate to an optimization parameter through
an appropriate linear model. Their significance can also
be estimated and assessed [69, 70]. Then, most significant
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variables are altered stepwise, aiming at the determination of
the optimal experimental conditions. The levels of the con-
trolling parameters are given in Table 1. The experimental
area of the factorial design was predetermined in previous
preliminary trials. In the 24 factorial designs, 16 experiments
were carried out. Four extra experiments in the centre of the
design (level 0) were also conducted for statistical purposes.
Each experiment was repeated three times, and the results
presented are the mean values.

2.5. Statistical Analysis. Statistical analysis was carried out
using the Microsoft Excel 2010.

3. Results and Discussion

The results obtained indicated that OMW under investiga-
tion is characterized by its extremely high content of organic
compounds, which is reflected by the high values of BOD,
COD, and TOC. Tables 2 and 3 present the physicochemical
characteristics of the OMW and the OOSR from the three
several olive mills. As indicated in Table 2, the COD and the
BOD5 are considered very high which causes serious envi-
ronmental problems [8–10]. The higher COD presented in
the OMW-DL which is 127.4± 36.3 mg L−1, followed by the
OMW-DP which is at 122.9± 34.5 mg L−1 and the OMW-
DF with COD at 118.3± 32.1 mg L−1. The total humics is
considered to be very low (less than 1.4 mg L−1), while the
E4/E6 is below 5. The E4/E6 ratio shows the characterization
of humic materials. As the E4/E6 ratio is below 5, the samples
are characterized as humic acid (whereas if the ratio is
above 5, the sample is characterized as fulvic acid), [19, 61,
64]. The COD/BOD ratio ranges from 2.98 : 1 to 4.05 : 1,
which indicates the presence of poor biodegradable organic
compounds and/or toxic ones [3]. The GI is presented to
be less than 26, and the substrate is characterized as very
phytotoxic either for the OMW and for the OOSR. The
C/N ratio both of the substrates (OMW and OOSR) is
considered to be at very satisfactory levels for composting
process. The variation of the EC is due to the different quality
of the water used in the production line. Similar results
from the characteristic of OMW from Greece are found in
Stoller [9]. El Hajjouji et al. [71] mention that the chemical
characteristics of the OMW from Morocco is for COD
19.2 gO2 L−1, pH is 5, and total phenols is at 1.67 mg L−1.
El-Gohary et al. [3] mention that the COD, TOC, and
BOD values, ranged from 102900 to 207300 mg O2 L−1, from
30000 to 93000 and from 78528 to 135400 mg O2 L−1, respec-
tively, form OMW.

Table 4 presents COD removal efficiency results of the
factorial experiments in all the OMW.

Fenton processes are suitable to treat a wide variety of
effluents irrespective of their concentration and origin and
are characterised by their simple and versatile operation.
As olive oil manufacturing industries are usually small
plants with a low, seasonal wastewater flow, a small Fenton
unit would suffice to cope efficiently with the effluents
produced. Rivas et al. [72] estimated that OMW treatment
(15 mg L−1 of inlet COD and 80–90% COD reduction

achieved in residence times between 1 and 8 h depending
on the operating conditions employed) by Fenton’s reagent
would cost USD 3.2/(m3 of wastewater treated and mg L−1

of COD removed). This value is greater than that of the
conventional biological treatment of OME by about an
order of magnitude, since H2O2 consumption comprises a
significant fraction of the operating costs. In this respect,
studies are needed to optimise the dosage of the Fenton’s
components used, thus avoiding waste of costly chemicals
[10].

From this data, a mathematical model was constructed.
Its adequacy was checked by the Fisher criterion. According
to the latter, the following ratio should follow the F-distribu-
tion with level of importance p = 5%:

F = S2
ad

S2
Y

, (5)

where S2
Y is the standard deviation and S2

ad sthe following
equation:

S2
ad =

∑N
i=1

(
Yi − Ŷi

)2

f
, (6)

where Yi is the experimental i value, Ŷi is the estimated I
value from the model determined, f is the number of degrees
of freedom, and N is the number of trials.

As far as the determination of statistically important
parameters is concerned, the procedure mentioned below
was followed. The coefficient deviation is defined as

S2
(
bj

)
= S2

Y

N
, (7)

where N is the number of trials.
The importance of the coefficient was checked by

t =
∣
∣
∣bj

∣
∣
∣

S
(
bj

) , (8)

where bj is the j linear coefficient. “t” should follow the
Student distribution for importance level p = 5% and
degrees of freedom those of the deviation S2(Y ). After the
mathematical model construction and the determination
of statistically important parameters, an effort to find the
optimum conditions for the effectiveness of the Fenton
oxidation treatment of wood-processing industry wastewater
was made. This was performed through a steepest ascent
method [69].

El-Gohary et al. [3] investigated a similar system for
the treatment of the OMW with Fenton and anaerobic
treatment (USBR: upflow anaerobic reactor). The use of
an integrated treatment scheme consisting of wet hydrogen
peroxide catalytic oxidation (WHPCO) followed by two-
stage upflow anaerobic sludge blanket (UASB) reactor (10 : l
each) for the treatment of olive mill wastewater. The diluted
wastewater (1 : 1) was pretreated according to El-Gohary
et al. [3] using Fenton’s reaction. Optimum operating
conditions namely, pH, H2O2 dose, Fe+2, COD : H2O2 ratio,
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Table 1: Controlling parameters and their levels in the factorial experiment.

Controlling parameters Variation intervals

Units
Representation +1 0 −1

as Level Level Level

Wastewater dilution % X1 0 50 100

FeSO4 · 7H2O addition g L−1 X2 4.0 5.0 6.0

H2O2 (30%) addition mL L−1 X3 2.0 2.50 3.50

H2SO4 (98%) addition mL L−1 X4 0.50 0.25 0.75

Table 2: Composition of the olive mill wastewater.

Characteristics OMW-DF OMW-DL OMW-DP

Total solids (TS), % 6.33± 1.81 6.09± 1.05 6.59± 0.98

Total volatile solids, % of TS 90.36± 3.31 91.93± 4.15 88.12± 3.69

Total organic carbon content, % of TS 62.71± 6.27 60.17± 5.99 64.30± 7.12

Total kjeldahl nitrogen, % of TS 1.28± 0.17 1.31± 0.20 1.25± 0.19

Total phosphorous as P2O5, % of TS 0.84± 0.17 0.92± 0.11 0.88± 0.11

Total phenolic compounds g L−1 8.71± 0.51 9.02± 0.39 490± 0.28

pH 5.66± 0.3 5.52± 0.4 5.58± 0.3

EC mS cm−1 2120± 57 1984± 33 1277± 12

Salinity mg L−1 CaCO3 1058± 91 901± 28 645± 48

BOD5, g L−1 17.3± 5.5 20.1± 9.7 13.7± 3.4

COD, g L−1 70.1± 12.3 57.4± 6.3 45.9± 4.5

COD/BOD5 ratio 4.05± 0.91 3.01± 0.87 2.98± 0.92

Ash, % of TS 9.71± 3.21 8.99± 2.18 9.25± 3.05

C/N ratio 52.25± 5.24 45.93± 4.15 51.44± 6.02

C/P ratio 74.65± 3.81 65.40± 6.17 73.68± 4.15

Specific weight, gr cm−3 1.048± 0.033 1.057± 0.029 1.022± 0.041

Fats and oils, mg L−1 1.46± 0.20 1.45± 0.22 6307.5± 279

Germination index, % 18± 5 16± 7 11± 6

Humics, % 0.94± 0.12 1.04± 0.27 0.89± 0.21

E4/E6 1.34± 0.03 1.53± 0.05 1.44± 0.03

K mg L−1 3.1± 0.45 2.87± 0.50 2.17± 0.21

Ca mg L−1 271.4± 14.1 248.7± 16.9 210.6± 12.2

Mg mg L−1 32.8± 5.3 28.2± 4.7 22.9± 6.1

Na mg L−1 344.3± 15.1 322.6± 16.9 209.1± 17.2

Cl2 mg L−1 401.4± 51.4 367.8± 41.9 212.3± 24.7

TS: total solids; EC: electronic conductivity; COD: chemical oxygen demand; BOD: biological oxygen demand.

and Fe+2 : H2O2 ratio, were determined. The UASB reactor
was fed continuously with the pretreated wastewater. The
final results according to El-Gohary et al. [3] indicated that
the quality of the treated effluent was quite satisfactory.
Residual concentrations of COD, BOD5, TOC, TSS, and oil
and grease, and total phenols were 4055, 2029, 2050, 279, and
97 mg L−1. Corresponding removal were 91%, 85%, 86%,
99%, and 95%, respectively. The degradation of polyphenolic
compounds by Fenton’s reaction was ranged from 80% to
95%. These results according to El-Gohary et al. [3] indicate
that Fenton’s reaction is very efficient as a pretreatment step
for degradation of polyphenolic compounds from OMW.
Therefore, sludge produced from OMW treatment and
solid residues of olive mills could be converted to valuable
products [3].

The TOMWF has been proceeding in cocomposting with
the OOSR from the same olive mill in two several compost
systems as described above.

Table 5 shows the characterisation of the final product
after 120 d of maturity. It was obvious that the B1 sample
of CS2 was presented with better characteristics than the
other final products. The compost quality with respect to
agricultural use depends on its inorganic nitrogen content.
It should not exceed 10% of the total nitrogen, and the
ammonia content should be less than the 0.04% of the dry
matter [73]. The final total concentration did not exceed
the above limit, rendering the compost to be a good soil
conditioner.

Phenolic compounds commonly found in OME can be
classified in three major families as follows:
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Table 3: Composition of the olive oil solid residue.

Characteristics OOSR-DF OOSR-DL OOSR-DP

Moisture 48.71± 2.01 50.12± 1.92 62.1± 2.12

Total solids (TS), % 86.00± 3.33 85.34± 4.01 77.98± 6.71

Total organic carbon content, % of TS 51.45± 4.48 46.79± 3.32 47.12± 3.61

Total kjeldahl nitrogen, % of TS 1.06± 0.15 1.12± 0.07 0.79± 0.10

Total phosphorous as P2O5, % of TS 0.11± 0.01 0.13± 0.01 0.07± 0.01

Fats and oils, % of TS 4.65± 1.09 4.89± 1.21 6.02± 0.93

Total proteins, % of TS 3.29± 0.12 3.97± 0.19 2.43± 0.19

Total sugars, % of TS 1.07± 0.09 1.12± 0.11 0.96± 0.04

Cellulose, % of TS 22.27± 0.44 19.31± 0.96 16.30± 0.47

Hemicellulose, % of TS 16.57± 0.94 14.90± 0.78 9.45± 1.02

Ash, % of TS 3.65± 0.25 4.01± 0.44 3.12± 0.17

Other extraction substances, % of TS 8.38± 0.35 9.45± 0.59 7.12± 0.28

Lignin, % of TS 11.95± 0.45 14.41± 0.87 9.39± 0.68

Potassium as K2O, % of TS 0.83± 0.11 0.91± 0.07 0.87± 0.11

Calcium content, % of TS 0.72± 0.08 0.67± 0.03 0.65± 0.04

C/N ratio 48.53± 5.03 41.77± 3.97 59.64± 4.45

C/P ratio 467.72± 42.1 359.92± 53.9 673.14± 79.98

Specific weight, gr cm−3 1.09± 0.02 1.12± 0.08 1.35± 0.04

porosity, % 52.4± 5.5 49.3± 4.9 28.6± 6.6

Germination index, % 17± 3 21± 5 16± 9

Humics, % 1.03± 0.08 1.18± 0.31 0.92± 0.30

E4/E6 ratio 1.00± 0.05 0.95± 0.07 1.10± 0.13

TS: total solids.

Table 4: Percent COD removal efficiency results of the factorial experiment.

Trial X1 X2 X3 X4 % COD efficiency in OMW-DF % COD efficiency in OMW-DL % COD efficiency in OMW-DP

(1) + + + + 67.06 64.90 63.65

(2) − + + + 60.14 60.92 59.75

(3) + − + + 67.68 65.52 64.26

(4) − − + + 54.67 55.38 54.32

(5) + + − + 64.37 65.21 63.95

(6) − + − + 61.37 62.17 60.97

(7) + − − + 65.53 66.38 65.10

(8) − − − + 69.53 70.39 68.10

(9) + + + − 69.37 68.22 64.95

(10) − + + − 63.76 64.58 63.34

(11) + − + − 64.83 65.68 64.41

(12) − − + − 62.99 63.80 62.58

(13) + + − − 64.99 65.83 64.57

(14) − + − − 61.83 62.63 61.43

(15) + − − − 66.45 67.31 66.02

(16) − − − − 64.30 65.13 63.88

(17) 0 0 0 0 63.37 64.19 62.96

(18) 0 0 0 0 63.91 64.74 63.50

(19) 0 0 0 0 63.68 64.51 63.27

(20) 0 0 0 0 64.37 65.21 63.95

COD: chemical oxygen demand.
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Table 5: Physicochemical characteristics of mature compost (120 d).

Parameters CS1A CS1A1 CS2B CS2B1

Moisture % 32.1± 5.03 26.8± 2.35 28.2± 1.99 22.5± 2.19

pH 7.2± 0.05 7.7± 0.03 7.7± 0.03 7.6± 0.01

Ash, % of dry matter 25.85± 1.87 29.68± 1.33 28.81± 1.66 27.10± 1.51

Organic matter, % of dry matter 74.15± 3.09 70.32± 4.12 71.19± 2.99 72.90± 1.97

Total organic carbon, % of dry matter 40.7± 4.31 37.27± 3.16 40.58± 3.01 39.01± 2.19

Total kjeldahl nitrogen,% 1.13± 0.16 1.33± 0.22 1.30± 0.14 1.44± 0.11

Total phosphorous % 0.45± 0.11 0.55± 0.05 0.61± 0.12 0.52± 0.07

C/N ratio 36.01± 3.41 28.02± 2.13 31.22± 3.04 27.09± 2.21

C/P ratio 90.44± 12.91 67.76± 7.01 66.52± 9.18 75.01± 5.66

Humic substances, % of dry matter 5.84± 1.09 6.35± 0.97 7.04± 1.13 7.15± 0.88

Total phenolic compounds, mg/kg 212± 34 192± 23 188± 51 173± 19

Germination index 124± 21 138± 12 177± 19 201± 9

Grow index % 73± 5 77± 6 77± 10 92± 3

(i) cinnamic acid (C6H5CH=CHCOOH) derivatives
such as coumaric, caffeic, and ferulic acids,

(ii) benzoic acid (C6H5COOH) derivatives such as vanil-
lic, gallic, veratric, syringic, protocatechuic, and
hydroxybenxoic acids,

(iii) tyrosol and related compounds such as hydroxyty-
rosol and hydroxyphenylacetic acid.

Herrera et al. [74] applied Fenton and photo-Fenton
with simulated solar light, and the efficiency was 60% and
100% TOC removal after 25 h of Fenton and photo-Fenton,
respectively, with 10 mM H2O2 added stepwise and 2.6 mM
Fe3+ (Initial pCA= 3.9 mM). Several recent studies [75–
81] have dealt with the treatment of synthetic solutions
containing one or more of the above compounds by means of
AOP, and all of them indicated a strong decrease of the initial
amount.

Figure 2 shows the variation of pH, GI, C/N ratio and
humics formations. pH is a parameter which greatly affects
the composting process. The optimum pH values are 6–7.5
for bacterial development, while fungi prefer an environment
in the range of 5.5–8.0 [17, 20, 73, 82]. Usually during
composting, the pH values are initially low because of
volatile acids production, then the pH increases (due to
the NH4–N), and in the final stage of composting, a
decrease in the pH is expected [21]. Actually, pH higher
than 8.5 joined temperatures in the thermophilic range
favors ammonification that may contribute to the unpleasant
odours’ emissions from composting process.

As shown in Figure 2, the C/N ratio rapidly decreased
during the first 10 d (for all the samples except for the CS1B
which is decreasing until the 25 d). The nitrogen is usually
affected by the action of the proteolytic bacteria and by the
temperature. At high temperatures, the nitrogen is released
to the atmosphere, and the C/N ratio is increasing. Lower
C/N ratio increases the loss of nitrogen by leaching (e.g.,
nitrate mobilization) and ammonia volatilization whereas
higher levels necessitate progressively longer composting
time as nitrogen becomes the microbial limiting nutrient
[83]. It is obvious from Figure 2 that the total nitrogen

seemed to increase during 10–20 d. This was caused by a
decrease in the substrate carbon resulting from CO2 loss
plus the action of the azotobacterial which fix nitrogen from
the atmosphere. The microbial biomass mainly consists of
protein; therefore, the C/N-ratio is about 6.25 : 1, and C : P
ratio is about 100 : 1 [17]. Assuming that in the composting
process about 20% of the organic carbon is transformed
into microbial biomass, then the appropriate initial ratios
of C/N and C/P must be about 30 and 500, respectively.
Table 5 shows that the ratio C/N is from 27.09± 2.13 for
SC2B1 to 36.01± 3.41 for SC1A cured compost while the
C/P ratio is from 66.52± 9.18 for SC2B to 90.44± 12.91
for SC1A. From Table 5 and Figure 2, it is clear that the
quantities of nitrogen are suitable for composting, while
the quantities of phosphorous are in satisfactory levels, but
an extra addition of phosphorus nutrient is subjected. The
C/N ratio for this stabilized compost was considered very
satisfactory for agricultural use.

C/N ratio is used to assess stability and maturity. A
composting process results in the fall of C/N ratio because
of microbial activities (the conservation of nitrogen and the
transformation of carbon to CO2 and humic substances).
It has been reported that when the C/N ratio is less than
20, the compost will be mature and can be used without
any restriction [84]. The ideal C/N ratio or well-matured
compost is about 10, which is usually difficult to achieve. A
final C/N equal to or greater than 30 is thought to inhibit the
mineralization of nitrogen and may actually tie up nitrogen
from the soil [13].

Germination index is a parameter usually used to charac-
terize the compost products. During the composting process
(until the 15th d), the GI was 22–31 due to the fact that
compost was immature. The appearance of the phytotoxicity
in the first step of the composting process has to do with
the decomposition of the organic matter. The immature
composts seem to have high phytotoxicity due to the fact
that phytotoxic compounds (ammonia, ethylene oxide, low
molecular weigh organic acids, or organic pollutants such as
phenolic compounds) [19] are produced by microorganisms
and also because at the first step of composting, the pH
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Figure 2: (a) Germination index during the composting process of the two several compost systems. Refer to Section 2.3 for treatment codes.
(b) pH variation, during the composting process of the two several compost systems. Refer to Section 2.3 for treatment codes. (c) Humic
substances variation, during the composting process of the two several compost systems. Refer to Section 2.3 for treatment codes. (d) C/N
ratio variation during the composting process of the two several compost systems. Refer to Section 2.3 for treatment codes.

is initially low, due to the acid formation (pH < 5.5) and
ammonias (pH > 8.5) [17, 22]. From the 20–75 d (which
we have the formation of humics, Figure 2), the GI were
up to 70 almost for all the samples. Specifically, at 75 d,
the GI is 72± 3 for SC1A, 93± 7 for SCA1, 112± 13 for
SC2B and 138± 15 for SC2B1 compost. From Figure 2 it is
obvious that it is unable to use the substrate for cultivation
before the 80 d of maturity. The substrate is characterized as
nonphytotoxic after 80 d of maturity for the SC1A, 50 d of
maturity of the SC1A1, 40 d of maturity of the SC2B, and
30 d of the SC2B1. It is obvious that the implementation of
the control conditions at the first step of composting using
an in-vessel reactor promotes a better soil condoner faster
than the typical windrow systems. Total humics are presented
at satisfactory levels. The GI after 120 d of composting and
maturity is 124± 21 for SC1A, 138± 12 for SC1A1, 177± 19
for SC2B and 201± 9 for SC2B1, while the humics are
presented from 5.84± 1.09% for the SC1A to 7.15± 0.88%
for the SC2B1.The Grow Index (%G) at the same time was
at 73± 5, 77± 6, 77± 10, 92± 3 for SC1A, SC1A1, SC2B,
SC2B1, respectively.

Comparing the results with other studies caring before,
it was found that the GI from pig compost is 160 while from
compost from a mixture of pig slurry and wood shavings
is up to 217 [85]. According to some other researchers
[39], the GI after 150 d of composting and maturity from
sewage sludge compost with zeolites is 147 for oats, 108
for peppers, and 96 for eggplant cultivations. Composting
is an effective way for handling biodegradable fraction of
waste streams and generating a lucrative product compost.
In today’s markets, the rapid growth of waste compost calls
for a high attention to its product quality. To protect the lands
and plants on which the compost is applied, it is also critical
to have its quality properly assessed. However, evaluation
of the composting product quality has been a challenging
task due to the existence of numerous physiochemical and
biological indicators and various evaluation standards [13,
86]. Alburquerque et al. [87] exhibited GI values higher than
70%, which indicated a clear detoxification of the initial
substrate and was related with the suitable stability and
maturity of the AL compost (AL is the main olive mill
byproduct in Spain known as “alperujo”).
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Figure 3: COD removal using reed beds.

Figure 3 presents the COD removal from the application
of reed beds after the treatment of the OMW with Fenton.
The COD is reduced from 10–28%. Del Bubba et al. [57]
mention that the application of reed bed for the olive mill
wastewater (OMW) treatment has the ability to reduce COD
up to 68.9%, the TKN up to 12.4%, and the total P up to
54.5%

4. Conclusions

The solution of the environmental problems caused by the
production of olive oil is essential for the future of the
olive oil industry. The treatment of liquid wastes produced
from olive oil production is still a major challenge facing
this industry. The main problem is attributed to its dark
colour, high organic content, and toxicity which are due
to the presence of phenolic compounds. In this study, a
combination of chemical oxidation (by the application of
Fenton), reed beds and, composting has been applied for the
treatment of the heavy polluted wastewaters from olive mill
industries. The following conclusions can be drawn from
this study. Firstly, the removal efficiency obtained from the
implementation of Fenton indicated a COD removal up to
65%. Secondly, the use of reed bed as tetrially treatment
gives additional benefits as the reduction of COD existed up
to 28%. Thirdly, the final compost characteristic makes the
compost suitable for agricultural requirements and suggests
that it can be used as an effective product for plant growth
according to the European guidelines [88, 89]. From all
the above, it can be concluded that as far as the pollution
problems caused by olive oil production are regarded, a
solution based on the principles of the clean technology
concept could be the detoxification of wastewaters and the
composting with the olive oil solid residues.
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