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a b s t r a c t

In this paper, the results of olive oil mill wastewater (OOMW) using physicochemical pre-treatment
and Fenton and Fenton-like processes are presented. On the other hand, acute toxicities of raw,
physicochemical pre-treated, and Fenton and Fenton-like oxidations applied samples of OOMW on
vailable online 12 September 2009
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dvanced oxidation processes (AOPs)

activated sludge microorganisms using respiration inhibition test (ISO 8192) are presented. Chemical
pre-treatment (acid cracking and coagulation–flocculation) positively affected the biodegradability and
inhibition on activated sludge was considerably removed (>67% COD and >72% total-phenol removal).
Fenton and Fenton-like processes showed high COD (>80%) and total-phenol (>85%) removal perfor-
mance on evaluated effluents. Inhibitory effect of Fenton-like reagents applied samples on activated
sludge mixture was considerably removed. In addition to the toxicity, total-phenol and COD removal

cesse
live oil mill effluent efficiencies of applied pro

. Introduction

Olive oil processing poses a serious environmental pollution
specially in the Mediterranean, Aegean and Marmara regions that
ccount for approximately 95% of worldwide olive oil production.
urrent oil extraction techniques require high quantity of water,
bout 40–120 L per tones of olive mill and, consequently, high vol-
mes of olive mill wastewater (OOMW) are produced [1–4].

OOMW composition varies and depends on climatic, cultiva-
ion parameters and on the milling method applied for the olive
il production [5]. Several traditional and modern processes are
sed for olive oil production, such as traditional pressing process,
hree-phase decanting and two-phase decanting processes. The
raditional methods of extraction based on presses and the continu-
us three-phase decanting processes generate one stream of olive
il and two streams of wastes which is containing aqueous and
olid wastes. During the two-phase decanting process two streams
f wastes are also generated. But, aqueous wastes of two-phase
ecanting process has low organic load than that of three-phase

ecanting process. Three-phase decanting process is generally used
or olive oil production in Turkey [6].

Olive oil mill wastewaters can be characterized by high con-
entrations of several organic compounds, such as organic acids,
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s, their associated operating costs were also determined in this paper.
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sugars, tannins, production cycle or as raw material for other
processes [7]. The main characteristics of OOMW respect to its
pollutant capacity are; in general, 50–100 g/L biochemical oxygen
demand (BOD) and chemical oxygen demand (COD) 80–200 g/L,
total solids 24–120 g/L, total-phenolics 2–15 g/L, fats 0.5–1 g/L, pH
4.5–5.2 g/L [8–12]. The biochemical oxygen demand (BOD) and
COD values are 200–400 times more comparing with the domestic
wastewaters [2,13].

Olive oil is a typical Mediterranean product, the treatment of
olive oil milling wastewater (OOMW) is of crucial importance and
a common problem in several European and Mediterranean coun-
tries [14]. The difficulties of treatment of olive mill effluents are
mainly related to (a) high organic loading, (b) seasonal operation
(typically between December and March), (c) high territorial scat-
tering, (d) localized production low and wastewater flow rates
(between 10 and 100 m3/d) and (e) presence of organic compounds
which are hard to biodegrade such as long-chain fatty acids and
phenolic compounds [15,16].

When disposed into the environment, OOMW create serious
deteriorations such as colouring of natural waters, a serious threat
to the aquatic life, pollution in surface and ground waters, alter-
ations in soil quality, phytotoxicity and odour nuisance [3].

Many different processes have been proposed to treat the
OOMW: lagooning or direct watering on fields [17], co-composting

[18], physicochemical methods (flocculation, coagulation [19,20],
filtration [21,22], open evaporating ponds [23,24], electrocoagula-
tion [25] and ultra filtration/reverse osmosis [26,27]). However, the
reported results identified significant drawbacks and indicated that
no single technology could be applied to OOMW as a stand-alone

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bkiril@uludag.edu.tr
dx.doi.org/10.1016/j.jhazmat.2009.09.025
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Table 1
Environmental characterization of wastewater samples.

Parameter Unit Value

Total COD g/L 115 ± 11
Filtered COD g/L 34 ± 6
Total-phenol g/L 5.58 ± 0.11
Oil and grease g/L 23 ± 2.1
Suspended solids (SS) g/L 32 ± 3.0
Total-N g/L 0.42 ± 0.05
B. Kiril Mert et al. / Journal of Haz

reatment option [28]. On the other hand, most of these treatment
ethods are also not cost effective. Advanced oxidation processes

AOPs) have specific advantages against to conventional treatment
ethods. AOPs can be applied to wide range of organics and waste

treams. Among AOPs, Fenton process is cost effective, easy to apply
nd effective method containing organic compounds [29]. One of
he advantages of the Fenton’s reagent is that no energy input is
ecessary to activate hydrogen peroxide. Therefore, this method
ffers a cost effective source of hydroxyl radicals, using easy-to-
andle reagents. Furthermore, it commonly requires a relatively
hort reaction time compared with other AOPs. Thus, Fenton’s
eagent is frequently used when a high reduction of COD is required
30].

The Fenton oxidation process, in which Fe2+ reacts with H2O2 to
enerate ·OH, was employed to degrade organic pollutants [31]. The
ixture of FeSO4 or any other ferrous complex and H2O2 (Fenton’s

eagent) at low enough pH (2–4), results in Fe2+ catalytic decom-
osition of H2O2 and proceeds via a free radical chain process that
roduces hydroxyl radicals which have extremely high oxidizing
bility and can oxidize hard-to-decompose organic compounds in
short time [32,33]. The following redox reactions will occur [34]:

2O2 + Fe2+ → Fe3+ + HO− + HO• (1)

O• + RH → H2O + R• (2)

This advanced oxidation process (AOP) has been largely studied
nd great efficiencies are reported for the treatment of wastewaters
olluted with different organics. The results show that only 60–80%
OD removal percentages are obtained [35]. As regards the Fen-
on’s process, literature data give an average OOMW polyphenol
emoval up to 99% and a COD removal efficiency of about 70%
33–37]. In the studies which are similar like this study seen that
ower removal efficiencies achieved. As an example, the study by
eltran-Heredia et al. [38] and by Rivas et al. [39], in the treatment
f OOMW with Fenton process reported efficiency is in COD 33%
nd in total-phenol 93%.

Hence, olive oil mill process wastewaters contain high con-
entrations of organics, which lead to the complete inhibition
f activated sludge processes. These wastewaters cannot be dis-
harged to central canal systems without any pre-treatment
peration [3]. As well known, many centralized wastewater treat-
ent plants are generally designed to treat domestic wastewater,
hich should not have an effect on the microorganisms involved

n the biological treatment processes. For this purpose, the acti-
ated sludge respiration inhibition test is an appropriate tool for
he determination of toxicity towards heterotrophic biomass. For
he determination of toxicity of waste streams on activated sludge
r aquatic organisms, various toxicity evaluation methods have
een described in the literature. OECD [40] and ISO [41] have estab-

ished a standard activated sludge inhibition test for evaluating the
oxicity of chemicals, or wastewater to activated sludge bacteria
42]. But, the effectiveness of chemical pre-treatment and advanced
xidation processes employing powerful oxidants in eliminating

oxicity from industrial wastewater or toxic chemicals has not yet
een widely studied in literature.

The main objective of this study is the determination of
ost appropriate pre-treatment process combinations for OOMW,

ccording to changes in acute toxicities of applied treatment
rocesses. In parallel to this aim, acid cracking + chemical treat-
ent (FeCl3·6H2O, FeSO4·7H2O and Al2(SO4)3·18H2O), Fenton and

enton-like processes were studied and acute toxicities of each
rocess on activated sludge [41] were determined.
Total-P g/L 0.12 ± 0.01
pH – 5.2

2. Materials and methods

2.1. Industrial wastewater samples

Composite wastewater samples used in this study were col-
lected from the homogenization tanks of an olive mill plant with
a daily olive processing capacity of 30 tones in Bursa City, Turkey.
Environmental characterization of olive oil mill wastewater is given
in Table 1.

According to Turkish Water Pollution Control regulation, only
COD, oil and grease and pH parameters are stipulated [43]. Final dis-
charge concentrations of COD and oil and grease parameters must
below 230 and 40 mg/L, respectively. Discharge limit of pH in this
regulation is 6–9. Existing levels of these parameters are higher
than the discharge limits. On the other hand other conventional
and important environmental parameters such as total-phenol,
suspended solids (SS), total nitrogen (total-N) and total phospho-
rus (total-P) levels are not included in this regulation. Therefore,
olive oil mill wastewater cannot be treated by means of classical
biological processes.

2.2. Acid cracking and coagulation experiments

Acid cracking was first applied to all samples by adjusting pH
manually to less than 2 using sulphuric acid. The reaction time
for this operation was 3 h. Samples used in all other experiments
such as chemical coagulation, Fenton and Fenton-like tests were
carried out using these acid cracked samples. In chemical treat-
ment experiments using Jar test apparatus (Velp Scientifica FC6S
model, Italy), Al2(SO4)3·18H2O, FeCl3·6H2O and FeSO4·7H2O (sup-
plied from Merck, Germany) reagents were used at varying dosages
between 500 and 6000 mg/L. Optimum pH and reagent doses that
provide best COD removal were determined for each chemical at
room temperature (20 ◦C). One liter of a wastewater sample given
in Table 1 was dosed with each chemical at varying dosages sepa-
rately. One hour sedimentation was applied following coagulation
time of 30 min (20 rpm) after flash mixing for a minute (120 rpm).
Supernatants at the end of sedimentation period were analyzed as
described in Section 2.5.

2.3. Fenton and Fenton-like experiments

Fenton and Fenton-like experiments were conducted at room
temperature using varying FeSO4·7H2O–H2O2 (for Fenton exper-
iments) and FeCl3·6H2O–H2O2 (for Fenton-like experiments)
dosages at varying pH values in order to determine optimum
dosages give better results in COD removal. The pH was manu-
ally adjusted to desired range (pH 2–7) using 1N sulphuric acid

and/or sodium hydroxide before starting the experiments. Dur-
ing the determination of optimum pH value, doses of FeCl3·6H2O,
FeSO4·7H2O (supplied from Merck) and H2O2 (supplied from
Merck, 35%, w/w) were fixed at 500 mg/L. H2O2, FeSO4·7H2O and
FeCl3·6H2O dosages, change between 500 and 3500 mg/L were used
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Table 2
Acid cracking and coagulation results of coagulants on olive oil mill wastewater samples.

Process/coagulants Optimum pH Optimum
chemical
dosage (mg/L)

COD removal
efficiency (%)

Phenol removal
efficiency (%)

Oil and grease
removal
efficiency (%)

Suspended
solids removal
efficiency (%)

Sludge volume
(mL/L)
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Acid cracking (H2SO4) 2 9583 46
Acid craking + FeCl3·6H2O 9 4000 67
Acid craking + FeSO4·7H2O 10 4000 66
Acid craking + Al2(SO4)3·18H2O 8 5000 64

o decide chemical dosages after the optimum pH was determined.
our hour sedimentation was applied following the pH adjustment
7.5–8) after 2 min of rapid mixing at 120 rpm and 20 min of slow

ixing were applied at Jar Test setup. COD and phenol analyses
ere carried out on 50 mL of supernatant which was taken after
h precipitation.

.4. Activated sludge inhibition tests

Activated sludge inhibition tests of raw, physicochemical pre-
reated and Fenton and Fenton-like oxidations applied wastewater
amples were conducted in accordance with a test procedure
escribed in International Organization for Standardization (ISO
192) [41]. Experiments were carried out under constant temper-
ture (20 ± 2 ◦C). Activated sludge used in all tests was withdrawn
irectly from the aeration tank of domestic wastewater treatment
lant in Bursa, Turkey. Sludge was settled for the removal of impu-
ities and then washed with chlorine-free tap water. The sludge
as aerated continuously using aeration pumps. The heterotrophic

iomass used in inhibition tests was fed with synthetic munici-
al wastewater as described in ISO 8192. This synthetic domestic
astewater (SDW) was diluted (CODSDW = 320 mg/L) prior to use.

otal suspended solids (TSS), volatile suspended solids (VSS) and
ludge volume index (SVI) values of domestic sludge were deter-
ined as 3230, 2860 and 230 mL/g, respectively. The F/M ratio was

xed as approximately 0.1 mg COD/mg MLVSS for the measure-
ent of microbial responses at reasonable aeration time (t = 30 and

80 min). According to ISO 8192 procedure, 3-5-di-chlorophenol
as used as a reference toxic chemical for controlling the sensitivity

f activated sludge culture. During these tests, activated sludge cul-
ure was mixed in a 500-mL test flask with distilled water, synthetic

unicipal wastewater and several raw and pre-treated concentra-
ions of industrial wastewater (5–100% volumetric dilutions). pH
f the test mixture was adjusted to 7.5 ± 0.2. The test mixtures
ere aerated for 30 and 180 min test periods. Different diluted

est mixtures for industrial wastewater samples (5–100%) were
repared for activated sludge inhibition test procedure. Approxi-
ately, 300 mL of test mixture was transferred to the respiration

essel and the respiration rate was determined using an oxygen
lectrode (WTW OXI 340i). The respiration tests were conducted
t selected time intervals (5–10 s). Oxygen meter connects with
he computer through a RS-232 interface. Multi Lab Pilot soft-
are was used for this application. The oxygen consumption rate

mg O2/(L h)) and the percent inhibition (IOUR, %) were calculated
t each test condition. The concentration of inhibiting oxygen
onsumption by 50% (EC50) is calculated by interpolation (Eq.
3)).

OUR(%) = RB − (RT − RPC)
RB

, (3)
here RT is the oxygen consumption rate by the test mix-
ure, RB is the oxygen consumption rate by the blank control
nd RPC is the oxygen consumption rate by the physicochemical
ontrol [41]. Further details are described in ISO 8192 proto-
ol.
37 94 92 150
72 >99 >99 450
69 >99 >99 450
63 >99 >99 500

2.5. Analytical procedure

Due to interferences of ferrous ion and H2O2 with the analyti-
cal measurements, pH of supernatant increased with the addition
of NaOH around >11 [44] for the precipitation of ferrous iron as
Fe(OH)3 and MnO2 powder was added to destroy residual H2O2 in
the treated solution [45–47]. The concentration of residual H2O2 in
the test solution was controlled by use of test strips (Merck Merck-
oquant Peroxide Test). Before each analysis, samples were filtered
on 0.45 �m Millipore membranes to remove Fe(OH)3 and MnO2. On
the other hand, for the elimination of oil interference from samples
for phenol determination, pH of supernatant increased with the
addition of NaOH around >12,5 and oil was extracted from aqueous
solution with 50 mL chloroform. Oil containing chloroform layer
discarded and excess chloroform evaporated before phenol analy-
sis. “5530B. Cleanup Procedure” was applied to all phenol including
samples for the removal of nonvolatile impurities from samples
[47]. COD (using closed reflux method), suspended solids (SS), BOD,
oil and grease, total-phenol, total nitrogen and phosphorus were
measured in accordance with Standard Methods [47].

3. Results and discussion

3.1. Acid cracking and coagulation experiments

As mentioned in materials and methods, COD and total-phenol
removal experiments consisted of two stages being chemical
coagulation and Fenton and Fenton-like oxidation processes after
acid cracking in order to compare the results. Characteristics of
OOMW after acid cracking are given in Table 2. Acid cracking
resulted in 46% COD, 37% total-phenol removal and significant
amount of oil and grease removal (94%) (Table 2). Al2(SO4)3·18 H2O,
FeCl3·6H2O and FeSO4·7H2O coagulant were used during the chem-
ical treatment experiments with varying dosages under varying pH
conditions. Optimum pH values, optimum coagulant dosages, COD,
phenol, suspended solids and oil and grease removal efficiencies of
applied coagulants and volumes of produced chemical sludge are
given in Table 2. Among the after acid cracking and three chem-
icals used in this study, FeCl3·6H2O resulted in best COD, phenol,
suspended solids and oil and grease removal for olive oil mill efflu-
ents. COD removal at a FeCl3·6H2O dosage of 4000 mg/L resulted in
an effluent COD of 38,000 mg/L (67%), phenol of 1560 mg/L (72%),
suspended solids of 150 mg/L (>99%) and oil and grease of 100 mg/L
(>99%) (at pH 9). COD of 39,100 mg/L (66%), phenol of 1730 mg/L
(69%), suspended solids of 210 mg/L (>99%) and oil and grease
of 180 mg/L (>99%) removal efficiencies were observed in experi-
ments using FeSO4·7H2O with a dose of 4000 mg/L (at pH 10). While
COD removal at a Al2(SO4)3·18H2O dosage of 5000 mg/L resulted in
an effluent COD of 41,400 mg/L (64%), phenol of 2100 mg/L (63%),
suspended solids of 290 mg/L (>99%) mg/L and oil and grease of
220 mg/L (>99%) (at pH 8). Industrial wastewater supernatants

from remaining from all coagulation pre-treatment were then used
in activated sludge inhibition tests.

Generally, the amount and the characteristics of the sludge
produced during the coagulation–flocculation process are highly
dependent on the specific coagulant used and on the operating
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determination studies were conducted at determined constant
FeSO4·7H2O dosages and pH values. Varying dosages of H2O2
B. Kiril Mert et al. / Journal of Haz

onditions [48]. During the chemical treatment experiments,
remendous amount of chemical sludge generation was observed.
olumetrically, chemical sludge generation was about 450–500 mL
er liter of influent.

.2. Fenton and Fenton-like processes

Fenton and Fenton-like oxidation processes can be most suitably
pplicable to removal of most organics with good energy efficiency.
arameters, affecting the Fenton process, are operating pH, Fe(II)
nd H2O2 concentrations [49–51]. The optimum pH for the Fenton
rocess is given as 3 [52–54], but it has been reported that up to pH
results in high pollutant removal efficiencies.

The high efficiencies of COD and other organic parameters
emoval can be reached by using Fenton and Fenton-like processes
ith oxidation and coagulation [55]. Parameters, affecting the

enton and Fenton-like processes, are operating pH and dosages
f FeSO4, FeCl3 and H2O2 [49,53]. The optimum pH has been
bserved to be 3 in the majority of the cases [53,56] and hence is
ecommended as the operating pH. Also, the oxidation potential of
ydroxyl radicals (•OH) is known to decrease with an increase in
he pH. At low pH, H2O2 is stabilized as H3O2

+ [56] and moreover,
he reaction between OH• and H+ becomes important [54] and
he regeneration of Fe2+ by reaction of Fe3+ with H2O2 is inhibited
57]. On the other hand, the decrease on the oxidation yield of
he process at higher pH values is due to the precipitation of Fe3+

s Fe(OH)3, hindering the reaction between Fe3+ an H2O2, and
herefore the regeneration of Fe2+. Besides, Fe(OH)3 catalyzes
he decomposition of H2O2 to O2 and H2O, thus decreasing the
roduction of OH• [58]. Moreover, at high pH values it is possible
he formation of highly stable Fe(II) complexes [30,53].

In this study, optimum pH value was determined first. During
his determination, pH was adjusted between 2 and 7, and effi-
iencies of COD and colour removal were observed. Maximum COD
nd phenol removal efficiencies were obtained at pH 3 (Fig. 1).
s it is seen from Fig. 1, at these pH values (500 mg/L (1.79 mM)
eSO4·7H2O and 500 mg/L (15 mM) H2O2 dosages) COD and phe-
ol removal efficiencies for olive oil mill wastewater was calculated
s 21 and 23% for Fenton process and 24 and 26% for Fenton-like

rocesses, respectively.

At fixed pH (pH 3 for Fenton and Fenton-like experiments) and
onstant H2O2 concentration of 500 mg/L (15 mM), varied dosages
etween 500 and 3500 mg/L were experienced to determine opti-
um FeSO4·7H2O (0.1–0.7 M) and FeCl3·6H2O (0.1–0.73 M) dosage

ig. 1. Effect of pH on COD and phenol removal during Fenton and Fenton-like
rocesses (CFeCl3 = 500 mg/L, CFeSO4 = 500 mg/L and CH2O2 = 500 mg/L).
Fig. 2. Effect of FeCl3 and FeSO4 concentrations on COD and total-phenol removal
efficiencies during Fenton and Fenton-like processes (pH 3 and CH2O2 = 500 mg/L).

for Fenton and Fenton-like processes. In literature, usually the rate
of degradation increases with an increases in the concentration of
ferrous ions [50,53,56] though the extent of increase is sometimes
observed to be marginal above a certain concentration as reported
by Kang and Hwang [51] and Rivas et al., Lin et al. [39]. Efficiency
of COD removal due to the constant concentration of hydrogen
peroxide and varied dosages of FeCl3·6H2O and FeSO4·7H2O was
illustrated in Fig. 2. As a result, optimum Ferric salt dosages were
determined as follows: CFeSO4 = 3000 mg/L (10.74 mM) for Fenton
process and CFeCl3 = 2500 mg/L (8.93 mM) for Fenton-like process
in this study.

Determination of optimum H2O2 dosage is another impor-
tant parameter for Fenton process which has a crucial role in
deciding the overall efficiency of the degradation processes. The
residual hydrogen peroxide contributes to COD and hence excess
amount is not recommended [49,50]. Optimum H2O2 dosage
(between 500 mg/L (15 mM) and 4000 mg/L (115 mM)) were
applied. Efficiencies of the COD removal at varied dosages of H2O2
and constant concentrations of FeSO4 were illustrated in Fig. 3.

Fig. 3. Effect of H2O2 concentration on COD and total-phenol removal efficien-
cies during Fenton and Fenton-like processes (Fenton process (pH 3 and CFeSO4 =
3000 mg/L) (81% COD removal, 86% phenol removal, 350 mL/L sludge volume),
Fenton-like process (pH 3 and CFeCl3 = 2500 mg/L) (88% COD removal, 91% phenol
removal, 300 mL/L sludge volume)).
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ig. 4. Inhibition values for raw, chemical pre-treated, and Fenton and Fenton-like
rocesses applied OOMW.

As it is seen from Fig. 3, optimum conditions for Fenton and
enton-like processes were determined as pH 3, CH2O2 = 3500 mg/L
100 mM) and CFeSO4 = 3000 mg/L (10.74 mM) (81% COD removal,
6% phenol removal, 350 mL/L sludge volume), and pH 3, CH2O2 =
000 mg/L (90 mM) and CFeCl3 = 2500 mg/L (8.93 mM) (88% COD
emoval, 91% phenol removal, 300 mL/L sludge volume), respec-
ively. Supernatants from Fenton and Fenton-like experiments
ere used in activated sludge inhibition tests. In literature, the opti-
um Fe2+:H2O2 molar ratios for Fenton oxidation are given in the

ange of 1:5 and 1:10 [59]. In this study, Fe2+:H2O2 molar ratios for
enton oxidation are obtained in the range of 1:10.

After the Fenton and Fenton-like experiments, almost the
ame coagulation–flocculation process chemical dosages were
sed. The removal efficiencies obtained from Fenton-like process
xperiments were shown higher total-phenol and COD removal
fficiencies and slightly lower sludge volumes than the coagula-
ion/flocculation process. On the other hand Fenton-like process
ludge was more compact than the coagulation–flocculation pro-
ess sludge.
.3. Activated sludge inhibition tests

Raw, acid cracking applied, coagulated and Fenton and Fenton-
ike-treated effluents of olive oil mill wastewater were subjected
o activated sludge inhibition tests.

able 3
esults of studied processes on OOMW.

Process COD removal (%) Total-phenol removal (%) p

Acid cracking (AC) 46 37 2
AC + chemical treatment 67 72 9
AC + Fenton process 90 91 3
AC + Fenton-like process 93 95 3

able 4
perating costs for the studied processes.a,b

Reagents Basis Cost (D )

FeSO4·7H2O kg 0.41
FeCl3·6H2O kg 0.38
H2O2 kg 0.48
Electricity kW/h 0.116
H2SO4 kg 0.32
NaOH kg 0.30

a Cost of labor and sludge disposal not included.
b Treatment costs were calculated for 30 m3/d flow rate.
s Materials 174 (2010) 122–128

EC20, EC50 and EC90 values of raw (EC20CODRaw = 2990 ± 20 mg/L,
EC50CODRaw = 5489 ± 34 mg/L, EC90CODRaw = 12,302 ± 76 mg/L),
and treated samples (EC20AcidCrakingCOD = 6754 ± 53 mg/L,
EC50AcidCrakingCOD = 12,742 ± 86 mg/L, EC90AcidCrakingCOD = 29,332 ±
124 mg/L, and EC20AC+FentonCOD = 4785 ± 25 mg/L) of OOMW efflu-
ent were determined from ln COD versus IOUR (%) data plots
and given in Fig. 4, respectively. It can be clearly seen from the
figures that some samples show negative IOUR values. Negative
IOUR values show that inhibitory effect of wastewater samples
on activated sludge mixture is not occurred. According to these
data, evaluated un-pre-treated samples have toxic and inhibitory
effects on activated sludge mixture and these effluents almost
cannot be treated by means of classical biological processes. Acid
cracking and physicochemical treatment positively affected the
biodegradability of OOMW effluent and inhibition on activated
sludge was considerably removed. But, inhibition on activated
sludge cannot be completely removed by means of physicochemi-
cal treatment. On the other hand, toxicity can be almost removed
using Fenton and Fenton-like processes. For the determination of
appropriate process for OOMW, main results of this study were
summarized in Table 3 and operating costs of applied processes
were presented. In conclusion, Fenton-like process generally
resulted in higher phenol, COD and toxicity removal efficiencies.

Even though acid cracking + Fenton-like process among other
processes studied in this paper was found to give the best results
(93% COD and 95% total-phenol removal), use of acid cracking and
chemical treatment. But, these removal efficiencies are still not
enough for discharge regulations [43].

Inhibition on activated sludge was not removed by chemical
treatment. But, there is almost no inhibitory effect of Fenton and
Fenton-like reagent applied samples on activated sludge mixture
was determined. Following the AC and Fenton and Fenton-like pre-
treatment alternatives, OOMW can be discharged to central canal
systems for final treatment in centralized wastewater treatment
plants.

3.4. Cost evaluation

All processes were evaluated in terms of their operating costs
(on the basis of chemical requirements) and their cost profiles
were compared (Table 4). Operating costs of all investigated pro-

cesses were found reasonable except ozonation. Therefore, for the
protection of centralized wastewater treatment plants, chemical
treatment of Fenton-like process can be used as a pre-treatment
alternative for OOMW prior to discharge into sewage. Within
this framework, this present investigation can be accepted as a

H CH2SO4 (mg/L) CH2O2 (mg/L) CFeSO4 (mg/L) CFeCl3 (mg/L)

9583 – – –
– – – 4000
– 3500 3000
– 3000 – 2500

Process Treatment Cost (D /m3)

Acid cracking (AC) 1.60
AC + coagulation with FeCl3 3.57
AC + Fenton 4.81
AC + Fenton-like 4.29
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easibility study for the pre-treatment of olive oil mill wastewater
efore discharge to the sewage.

. Conclusions

In this study, acid cracking, chemical treatment and Fenton and
enton-like processes were applied on olive oil mill wastewaters.
hese wastewater samples have toxic nature and high resis-
ance toward degradation by activated sludge microorganisms.
cute toxicities of raw and evaluated samples on activated sludge
icroorganisms were determined using respiration inhibition test

41]. The following conclusions can be drawn from this study.

(i) Raw OOMW have toxic and inhibitory effects on activated
sludge mixture and these effluents almost cannot be treated
by means of classical biological processes.

(ii) The removal efficiencies obtained from coagulation exper-
iments were shown similar phenol and COD removal
efficiencies. FeCl3 resulted in best COD and phenol removal
efficiencies. Chemical pre-treatment was positively affected
the biodegradability, but inhibition on activated sludge was
not removed completely.

iii) Fenton and Fenton-like processes have shown superior
total-phenol and COD removal performance on evaluated sam-
ples. Inhibitory effect of Fenton-like and Fenton’s reagent
applied samples on activated sludge mixture was considerably
removed.

Consequently, Fenton-like process showed a satisfactory COD,
henol and toxicity removal performance and to be economically
ore viable choice for the OOMW before discharge into sewage for

he protection of central wastewater treatment plants.
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