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Olive mills wastewater (OMW) is characterized by its high organic content and refractory compounds. In
this study, an advanced technology for the treatment of the recalcitrant contaminants of OMW has been
investigated. The technique used was either photo-Fenton as homogeneous photocatalytic oxidation or
UV/semi-conductor catalyst (such as TiO,, ZrO, and FAZA) as heterogeneous photocatalytic oxidation for
treatment of OMW. For both the processes, the effect of irradiation time, amounts of photocatalysts and
semi-conductors, and initial concentration of hydrogen peroxide has been studied. At the optimum con-
ditions, photo-Fenton process achieved COD, TOC, lignin (total phenolic compounds) and total suspended
solids (TSSs) removal values of 87%, 84%, 97.44% and 98.31%, respectively. The corresponding values for
UV/TiO, were 68.8%, 67.3%, 40.19% and 48.9%, respectively, after 80 min irradiation time. The biodegrad-
ability expressed by BOD5/COD ratio for treated wastewater was ranged from 0.66 to 0.8 compared to
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0.19 for raw wastewater indicating enhancement of biodegradation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Demand for olive oil is rapidly expanding worldwide due to its
healthy image. Olive oil has gained an increasing popularity due to
its oleic acid content, which may affect plasma lipid/lipoprotein
profiles and richness in antioxidants, which may prevent some
human diseases [1,2]. Olive oil production is an important eco-
nomic activity of Middle East countries. Unfortunately, this activity
leads to the generation of significant amounts of both solid and
liquid wastes composed of many complex colored and recalcitrant
compounds with high organic loads [3,4].

Biological treatment of OMW is a challenge because of the pres-
ence of biologically resistant macromolecule compounds such as
tannins, polyalcohol, polysaccharides, pectin, proteins, and a num-
ber of monocyclic and polymeric aromatic molecules generally
referred to as phenolic compounds in OMW [5-7].

Municipal wastewater treatment plants had to be shut down
during the olive campaign period due to discharges of untreated
OMW with high organic and recalcitrant content into the sewage
[8]. Several methods were tested for the treatment of OMW such
as mechanical, physical, chemical, biological and thermal methods.
An advisable single treatment method that is economically viable
has not been suggested yet.
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One of the most promising OMW treatment technologies is
the advanced oxidation processes (AOPs) which based on the
generation of very reactive and oxidizing free radicals, especially
hydroxyl radicals, have been used with an increasing interest due
to their high oxidant power. Among the AOPs, the homogeneous
photo-Fenton (FeZ*/3*/H,0,/UV) reaction [9-11] and titanium
dioxide-mediated heterogeneous photocatalytic (TiO,/UV-A) treat-
ment process [12-14] have shown recently great promise for the
treatment of industrial wastewater, groundwater and contami-
nated air. These photocatalysts are capable of absorbing in the
near-UV spectral region (300nm<A <400nm) to initiate radical
reactions.

AOPs are very promising methods for the remediation of
contaminated wastewaters containing non-biodegradable organic
pollutants. Although AOPs generally can produce high quality efflu-
ent and cheaper than incineration or wet oxidation technologies,
nevertheless, one of the major drawbacks of these AOPs is that their
operating costs exceed those of biological treatment. One inter-
esting alternative that is gaining importance among the potential
techniques for non-biodegradable or toxic wastewater treatment is
the combination of a photocatalytic oxidation with a subsequent
biological step. In this way the use of one of the photocatalytic
oxidation techniques, the expensive part of the global procedure
is reduced to the attainment of a non-toxic and/or biodegradable
solution, being the rest of the organic matter removed in the biolog-
ical step. Previous studies have attempted the strategy of combining
chemical and biological processes to treat contaminants in wastew-
ater. Many reports have focused on the study of new chemical
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oxidation technologies as a pre-treatment for non-biodegradable
or toxic wastewater combined with a conventional biological treat-
ment [15-17]. These results suggest potential advantages for water
treatment. Recently, very attractive combined systems have been
proposed to treat different kinds of industrial wastewater [18-21].

In UV/TiO,, photo generated holes are generated when TiO, par-
ticles are irradiated with UV light. Hydroxyl radicals are formed
mainly in the oxidation of OH~ or H,O by these photogenerated
holes, and are principally responsible for the destruction of organic
species. Oxygen acts primarily as an efficient electron trap, prevent-
ing the recombination of electrons and photogenerated holes [22].
The mechanism of photo-Fenton process was previously described
[9,15].

This work evaluates the feasibility of enhancing the biological
treatment of the OMW employing the homogeneous photocatalytic
oxidation and the heterogeneous photocatalytic oxidation as pre-
treatment step. The influence of irradiation time, pH, and initial
amounts of both H,0, and Fe2* ions on photo-Fenton process was
investigated. For photocatalytic oxidation (UV/TiO,), the effect of
catalyst type, pH, catalyst dose and irradiation time was investi-
gated.

2. Materials and methods
2.1. Composition of olive mill wastewater

The olive mill wastewater (OMW) used in this work was col-
lected from El-Salhia Olive Mills Company, an olive oil processing
plant near El-Asamalia in the East of Egypt, operating with a
continuous three-phase centrifugation process. Before performing
photocatalytic oxidation processes, the OMW was filtered, diluted
two times with tap water, settled for 1 hand stored at —15°Cin plas-
tic cans. After these procedures, the OMW chemical oxygen demand
was reduced to 117,860 mg/L. For each reaction, a new frozen sam-
ple was used in order to avoid initial composition discrepancies
between them. Table 1 presents the physiochemical characteristics
of OMW.

2.2. Chemicals used

Analytical grade photocatalysts TiO, (anatase), ZrO,,
FeSO4-7H,0 were supplied by Merck. Mixed Al-Fe pillared
clays (called FAZA) were prepared as method mention by Barrault
et al. [23]. The specific characterization of catalysts used in this
study mention, titanium oxide (TiO,-A) (pure anatase, particle size
of 0.02 wm, with a BET surface area of 10m?/g), zirconium oxide
(ZrO,) (average particle diameter 0.03 wm, specific surface area
of 9.8 m?2/g) and FAZA (particle size 0.14mm, and specific areas
according to BET of 240 m2/g). A.R. grade chemicals H,SO4, NaOH
and H,0, (30%) were used without any purification and were
provided by Merck.

Table 1
Characterization of diluted raw wastewater with tap water by factor of 2 after settling
1h.

Parameter Wastewater
TSS (mg/L) 8510

COD (mg/L) 117,860
BODs (mg/L) 22,500
BODs/COD 0.19

TOC (mg/L) 44,250

Oil and grease (mg/L) 6847

Lignin (phenol index) (mg/L) 19,161
Phenol (mg/L) 6294
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Fig. 1. Schematic diagram of photocatalytic oxidation system experimental set-up.

2.3. Description of the photo-reactor

A laboratory photocatalytic oxidation unit was used for the
batch experiments. The schematic diagram of the experimental
set-up used is shown in Fig. 1. It consists of an external stirred
vessel of 1L with a variable speed stirrer, combined with a cylin-
drical photo reactor (0.85L), made from quartz, with a coaxial
and immersed medium pressure UV mercury lamp was used as
the UV emitter and light source (Heraeus TQ150, input energy of
150 W) emitting a polychromatic radiation in the range from 100 to
280 nm wavelength. The lamp emitted a power of 6.2 W in the UV-
C (100 nm <A <280 nm) range (indication Heraeus), corresponding
to 1.32 x 10~ Einstein s~ !. The UV lamp is equipped with a cooling
water jacket to maintain the temperature of the reaction of wastew-
ater at room temperature. There is one cooling circle for cooling
UV lamp. The UV system is placed positioned coaxial inside the
reactor vessel. The UV system is made from quartz glass, which is
available for the transfer of UV irradiation. The reaction chamber
is filled with the wastewater, which is between the reactor walls
and UV lamp system. The reactor was designed for different flow
rates, organic loads, re-circulation rates, and oxidant addition rates.
Mixing was accomplished by means of a closed external circulat-
ing loop through the illuminated part of the photo-reactor by the
use of a peristaltic pump. The flow system was assembled with
polytetrafluorethylene or glass tubing and connectors.

2.4. Reactor runs

The laboratory unit was filled separately with 0.85 L of wastewa-
ter under study. The optimum conditions for either photo-Fenton or
UV/TiO, treatment as a pre-treatment step for biological treatment
were investigated for OMW. In the photochemical oxidation, the
pH of the industrial wastewater was adjusted to the desired value
with H,SO4 or NaOH addition before start-up, and kept at the same
value during the reaction. Then appropriate amount of photocata-
lyst was added into the mixing vessel and was re-circulated in batch
mode through the illuminated part of the photo-reactor by means of
peristaltic pump for 10 min. For photo-Fenton process, the desired
volume of H,0, was injected to the solution. The time at which the
UV lamp was turned on was considered time zero simultaneously
with starting the addition of hydrogen peroxide for photo-Fenton
process. The solution was circulated at a flow rate of 180 Lh~!. After
60 min reaction time the lamp was turned off. The pH of the photo-
treated effluent was adjusted to 7 and the photocatalytic oxidation
effluents were centrifuged before the determination of BODs and
the determination of the other parameters.
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2.5. Analytical methods

Samples were taken periodically at regular time intervals from
the reaction vessel and were determined immediately to avoid
further reaction. As reported in the literature [24], Fenton and
photo-Fenton reactions cannot proceed at pH > 10. Therefore, for
photo-Fenton process, the reaction was stopped instantly by adding
NaOH to the reaction samples before H,0, analysis. One drop of
Na,S,03 (0.1N) was also added to each sample to decompose any
residual hydrogen peroxide and prevent hydrogen peroxide from
reacting with organic substrates during the analysis. Hydrogen
peroxide was detected by a modified iodometric titration method
according to APHA [25]. The physical and chemical characteristics
of the diluted wastewater by factor 2 by distilled were determined
according to APHA [25]. Periodically, liquid samples of 1 ml were
withdrawn from the reactor for determination of a total organic
carbon (TOC) using Phoenix TOC (Model 8000). Three reproducible
runs (<2%) were considered.

3. Results and discussion

3.1. Characterization of raw wastewater and
non-biodegradability indicators

The physiochemical characteristics of raw wastewater listed in
Table 1. The OMW effluents exhibit high COD (117,860 mg/L), low
BOD (22,500 mg/L), high TOC (44,250 mg/L) and high phenol index
levels (19,161 mg/L). The ratio of BOD5/COD in wastewater is nor-
mally used to express the biodegradability of the wastewater. When
the ratio of BOD5/COD is more than 0.3, the wastewater has a better
biodegradability. Whereas the ratio is less than 0.3, the wastewa-
ter is difficult to be biodegraded [26]. The non-biodegradability of
a wastewater have to be confirmed before apply a photocatalytic
oxidation treatment, since classical biological treatments are, at
the present, the cheapest and most environmentally compatible.
Table 1 shows that the ratio of BOD5/COD of the wastewater is 0.19
(<0.3). This indicates that, the wastewater is poorly biodegradable
and cannot be biodegraded by biological treatment.

3.2. Photocatalytic oxidation processes as pre-treatment step

3.2.1. Homogeneous photocatalytic oxidation (photo-Fenton
process)

In this work, photo-Fenton process was selected as a homoge-
neous photocatalytic oxidation pre-treatment step. The effect of
several parameters such as pH, initial amount of Fe2*, initial con-
centration of H,O, and the irradiation time were investigated to
determine the optimum operating conditions for removal of TOC
and COD.

3.2.1.1. Effect of pH. The pH value has a decisive effect on the
oxidation potential of OH" radicals because of the reciprocal rela-
tion of the oxidation potential to the pH value (E°=2.8V and
E™=1.95V). Furthermore, the concentration of inorganic carbon
and the hydrolytic speciation of Fe (IIl) species are strongly affected
by the pH value [27]. Therefore, the role of pH in the photo-assisted
Fenton reaction must be determined. The % removal of TOC and
COD degradation of OMW by photo-Fenton treatment as a function
of pH are shown in Fig. 2. The experiments were carried out at pH
ranged from 2 to 5 at constant amount of Fe2* (0.3 g/L), H,0, (4 g/L)
and irradiation time of 120 min. The results clearly indicate that
the extent of degradation decreases with the increase in pH value
for pH > 3. This demonstrates that the most effective pH value for
degradation of OMW by photo-Fenton treatment is 3. This is con-
sistent with Kuo [28]. More Fe(OH)* is formed at pH 2-4 and the
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Fig. 2. Effect of pH values on TOC and COD removal rate of OMW treatment by
photo-Fenton process. [Initial TOC =44,250 mg/L and initial COD = 11,780 mg/L.]

activity of Fe(OH)* is higher than Fe2* in the photo-Fenton reac-
tions. This may be the reason for the optimal removal of TOC and
COD in this range. At acidic pH values, it has been shown that hydro-
gen peroxide decomposes to produce OH" radicals. For pH values
above 4, the removal strongly decreases because at higher pH val-
ues iron precipitates as hydroxide, which reduces the transmission
of the radiation into the water in the photo-Fenton treatment [29].
Another reason for the inefficient removal at pH> 3 is due to the
dissociation and auto-decomposition of H,0; [30]. Maximum TOC
and COD removals of 84% and 86.5%, respectively, were obtained
with the photo-Fenton treatment within 60 min at pH 3.

3.2.1.2. Effectofirradiation time. The photo-treatment time must be
as short as possible to avoid a high electricity consumption, which
represents about 60% of the total operational cost when using elec-
tric light sources [26]. However, if the fixed pre-treatment time is
too short, the intermediates remaining in solution could still be
structurally similar to initial biorecalcitrant compounds and there-
fore, non-biodegradable. Furthermore, at short photo-treatment
times, the residual H,0, concentration may be high enough to
inhibit the biological stage of the coupled reactor. This oxidant is
not required for all the photochemical processes, but whenever
utilized it has to be eliminated before the biological stage. Fig. 3
indicates that the optimum irradiation time was 60 min at constant
pH (3), initial Fe2* (0.3 g/L) and initial H, O, (4 g/L). Within this time,
about 84% and 86.5% removal of TOC and COD of the wastewater,
respectively, were achieved.

3.2.1.3. Effect of the initial hydrogen peroxide concentration. To
elucidate the role of H,0, concentration on the photocatalytic
degradation of OMW in the photo-Fenton system, some experi-
ments are carried out by varying the initial H,O, concentrations
at constant initial pH (3), initial Fe2* (0.3 g/L) and irradiation time
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Fig.3. Effectoftheirradiation time on TOC and COD removal rate of OMW treatment
by photo-Fenton process. [Initial TOC=44,250 mg/L and initial COD = 11,780 mg/L.]
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Fig.4. Effectof theinitial hydrogen peroxide concentration on TOC and COD removal
rate of OMW treatment by photo-Fenton process. [Initial TOC=44,250 mg/L and
initial COD = 11,780 mg/L.]

of 60min. As shown in Fig. 4, the degradation efficiency repre-
sented by $TOC and %COD removals is demonstrated when H,0,
concentration increases from 0 to 3 g/L, which is explained by the
effect of the additionally produced OH" radicals. However, above
this H,O, concentration, the reaction rate levels off and sometimes
is negatively affected, by the progressive increase of the hydrogen
peroxide. This may be due to auto-decomposition of H,0; to oxy-
gen and water and recombination of OH® radicals (Reactions (1) and
(2)).Excess of H,O, will react with OH" competing with organic pol-
lutants and consequently reducing the efficiency of the treatment,
the H,0; itself contributes to the OH" radicals scavenging capac-
ity. It is found that, the optimal H,O, concentration is 3 g/L for the
treatment of the wastewater under study with 84% TOC and 86.5%
COD removals, respectively, after 60 min irradiation time. This dose
considered less than dose of H,0; used by Gernjak et al. [27], since
their optimum dose of H,0, was 5 g/L.

2H,0; — 2H,0 + O, (1)
OH® +H,0, — HO;" +H,0 (2)

3.2.1.4. Effect of the initial amount of Fe?*. To further elucidate the
role of Fe2* concentration on the mineralization of the effluent, a
series of experiments varying the concentration of iron and keep-
ing fixed the other parameters, at initial pH (3), initial H,0; (3 g/L)
and irradiation time of 60 min. Fig. 5 shows the % removal of TOC
and COD (i.e., mineralization process) as a function of Fe2* concen-
tration. As can be seen, the TOC and COD removals were mainly
influenced by FeZ* concentration. Maximum observed degradation
was obtained with Fe2* concentration of 0.2 g/L with 84% and 86.5%
TOC and COD removals, respectively. This dose considered less than
dose of FeZ* used by Gernjak et al. [27] (0.26 g/L). Nevertheless,
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Fig. 5. Effect of the initial amount of Fe?* on TOC and COD removal rate of

OMW treatment by photo-Fenton process. [Initial TOC=44,250mg/L and initial
COD=11,780mg/L.]
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Fig. 6. Effect of the semi-conductor catalyst on TOC and COD removal rate of
OMW treatment by heterogeneous photocatalytic oxidation processes. [Initial
TOC=44,250 mg/L and initial COD = 11,780 mg/L.]

an excess of ferrous ions in the system produced a decrease in
degradation rate. The possible formation of futile intermediate iron
(IV) species (ferryl iron FeO%*) could be the cause of this negative
behavior, producing a possible side reaction that interferes with the
formation of hydroxyl radicals that are critical for the oxidation of
organic matter (Reactions (3)-(5)) [9,31,32].

H,0; + Fe(ll) - FeO?t + H,0 (3)
FeO?*t + Fe(ll) + H* — Fe(OH)?* + Fe(Ill) (4)
Fe(OH)*™ + H* — Fe(lll) + H,0 (5)

3.2.2. Heterogeneous photocatalytic oxidation

3.2.2.1. Catalyst selection. Catalysts in the form of metal oxides
(TiO,, ZrO,) and composite catalyst from Fe-Al (FAZA) were
examined as semi-conductor catalysts during the heterogeneous
photocatalytic oxidation. Fig. 6 represents the efficiencies of these
selected catalysts on % removal of TOC and COD of OMW after
60 min irradiation time at constant pH value of 4. The amount of cat-
alysts in the terms of catalyst ion concentration used in the reactor
was 2 g/L. TiO, shows a maximum observed photocatalytic activ-
ity and is the most efficient one among the three catalysts used, for
both TOC and COD removals. Thus, TiO, was selected as the catalyst
used in this study for treatment of OMW by using heterogeneous
photocatalytic oxidation.

3.2.2.2. Effect of initial pH values. The most important parameter
that influences the heterogeneous photocatalytic oxidation is solu-
tion pH. Previous studies indicate that pH may affect heterogeneous
photocatalytic oxidation in a number of ways. First, the charge of the
substrate molecules and the surface of the TiO, catalyst are both pH
dependent [30-33]. The pH changes can influence the adsorption
of the substrate molecules onto the catalyst surfaces, an important
step for photocatalytic oxidation to takes place. Second, as indicated
in Reaction (6), OH" can be formed by the reaction between hydrox-
ide ion and positive hole. An alkaline condition would thus favor
OH’ formation and enhance degradation. Third, the TiO, particles
tend to agglomerate under acidic condition and the surface area
available for substrate adsorption and photon absorption would be
reduced [33]. The effect of pH values from 2 to 10 on the heteroge-
neous photocatalytic oxidation of OMW is shown in Fig. 7. Increase
of pH of the wastewater from 2 to 10 increases the %TOC removal
from 38.4% to 70.1% at 60 min reaction time and %COD removal from
40.5% to 72.4% at the same reaction time. In this study, the heteroge-
neous photocatalytic oxidation was observed to be faster in alkaline
pH thanin acidic pH range. Similar observations have been reported
[34-40]. Since there is no wide difference in both %TOC and %COD
removals at pH values of 8 and 10, pH 8 was found to be the optimal
point under the given experimental conditions (TiO,, 2 g/L, irradi-



M.I. Badawy et al. / Journal of Hazardous Materials 169 (2009) 673-679 677

% Removal

0 T T T
2 4 6 8 10

pH values

Fig. 7. Effect of pH values on TOC and COD removal rate of OMW treatment by
UV/TiO; process. [Initial TOC = 44,250 mg/L and initial COD = 11,780 mg/L.]

ation time 60 min). This may indicate that the organic substrates
of OMW are highly susceptible to be attacked by -OH" despite a
weak adsorption of them onto the catalyst. On the other hand, at
pH 2-4, agglomeration of TiO, particles was indeed observed in our
study. This might have reduced the availability of catalyst surface
for substrates adsorption and photon absorption, thus lowering the
heterogeneous photocatalytic oxidation rate at acidic pH.

HO, +h*yg— OH' +H* (6)

3.2.2.3. Effect of irradiation time. OMW (initial COD of 117,860 mg/L
and initial TOC of 44,250 mg/L, initial pH value was 8) was treated
with UV/TiO, process. The treatment of OMW by UV/TiO, process
with addition of 2 g/L TiO, as catalyst at different irradiation time
intervals was studied. Fig. 8 shows the concentration-time profile
for TOC and COD, respectively, during the UV/TiO, oxidation process
of OMW versus irradiation time. It can be seen that the rate of TOC
and COD removals are slower throughout the reaction during the
time intervals from 60 to 90 min. The % removal of TOC reached only
about 69% and 71.4% for TOC removal after 60 and 90 minirradiation
time, respectively. Also, about 71.2% and 71.9% of COD removal was
recorded after 60 and 90 min irradiation time, respectively. These
results imply the presence of organic compounds in the wastewater
that are resistant to further oxidation since both TOC and COD are
not completely removed even after 90 min of irradiation time.

3.2.2.4. Effect of initial amount of TiO,. The amount of semi-
conductor as catalyst is one of the main parameters for the
heterogeneous photocatalytic oxidation studies. In order to avoid
the use of excess catalyst it is necessary to find out the optimum
loading for efficient OMW treatment. The effect of catalyst weight
(TiO,-anatase) on the $TOC and %COD removals of OMW was inves-
tigated from O to 3 g/L of the catalyst, keeping fixed the other
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Fig. 8. Effect of irradiation time on TOC and COD removal rate of OMW treatment
by heterogeneous photocatalytic oxidation processes. [Initial TOC = 44,250 mg/L and
initial COD = 11,780 mg/L.]
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Fig. 9. Effect of initial amount of TiO, on TOC and COD removal rate of OMW treat-
ment by UV/TiO, process. [Initial TOC =44,250 mg/L and initial COD = 11,780 mg/L.]

parameters. The results are shown in Fig. 9. The results clearly
show that both TOC and COD % removals of OMW were found to
be directly proportional to catalyst concentration, indicating a het-
erogeneous regime. The increase of catalyst weight from 1 to 2 g/L
increases the TOC removal from 38.5% to 69% at 60 min irradiation
time and COD removal from 45.6% to 71.2% at the same irradia-
tion time. As expected, the removals of TOC and COD were found to
increase with the increasing concentration of TiO, and approach-
ing a limiting value at high concentration. The limiting value (2 g/L)
mainly results from the following two factors: (a) aggregation of
TiO, particles at high concentrations, causing a decrease in the
number of active surface sites, and (b) increase in opacity and
high scattering of TiO, particles at high concentrations leading to a
decrease in the passage of irradiation through the sample [40-42].
In such a condition, part of the catalyst surface probably became
unavailable for photon absorption and dye adsorption, thus bring-
ing little stimulation to the catalytic reaction and may be the other
reasons for the decrease in both TOC and COD % removals [41-43].
Hence 2 g/L was used as the optimum catalyst dosage for the pho-
tocatalytic reaction.

3.3. Biodegradability enhancement

The key question concerning the combined use of either
photo-Fenton process or UV/TiO, process as a pre-treatment step
and a biological treatment is to probe that the biodegradabil-
ity of the photo-treated effluent and, particularly, the BOD5/COD
ratio increases during the photo-Fenton and UV/TiO, processes,
approaching the value 0.3 that is considered the quantitative index
for organic matter complete biodegradability. Thus, BOD5 and COD
determination of the treated wastewater were carried out in order
to characterize the evolution of the BOD5/COD ratio. The biodegrad-
ability of the treated effluents within 45 and 60 min irradiation time
of photo-Fenton and UV/TiO, reactions was also tested by incu-
bating the pre-treated effluent over a 5-day period as shown in
Fig. 10.

After 60 min irradiation time, the final values of BOD5/COD
values were 0.8 and 0.66 for photo-Fenton and UV/TiO, pro-
cesses, respectively. These results show that the biodegradability
can be enhanced by the photocatalytic oxidation converting the
non-biodegradable organic substrates into more biodegradable
compounds. The ratio of BOD5/COD of the pre-treated homoge-
neous and heterogeneous photocatalytic oxidation for OMW after
45 min irradiation time increased from initial O to 0.4 and 0 to 0.3
for photo-Fenton and UV/TiO, processes, respectively. The result
indicates the biodegradability of photocatalytically treated OMW
with both photo-Fenton and UV/TiO, processes was enhanced.
Therefore, the more appropriate photocatalytic treatment time was
45 min for practical wastewater treatment.
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Fig. 10. Biodegradability enhancement of pre-treated photocatalytic effluents of
OMW. [Photo-Fenton process: 0.2 g/L Fe?*, 3 g/L H,0,, pH=3; UV/TiO,: 2 g/L TiO,,
pH=8.]

Table 2
Characterization of the pre-treated effluents of OMW by using photo-Fenton and
UV/TiO, processes.

Parameter Photo-Fenton effluent? Photocatalytic effluent®
Level % R¢ Level % R¢

TSS (mg/L) 144 98.31 4,350 48.88
COD (mg/L) 15,321 87.00 33,944 71.20
BODs (mg/L) 12,257 45.52 22,403 0.43
BODs/COD 0.80 0.66

TOC (mg/L) 7,080 84.00 13,718 69.00
Oil and grease (mg/L) 124 98.19 1,663.1 75.71
Lignin (mg/L) 490 97.44 11,460 40.19
Phenol (mg/L) 385 93.88 4,146 34.13

2 Optimum operating conditions of photo-Fenton treatment method.
b Optimum operating conditions of UV/TiO, photocatalytic treatment method.
¢ Percent removal.

3.4. Characterization of the pre-photo-treated OMW effluents

Table 2 listed the characterization of the pre-treated efflu-
ents of OMW by using both photo-Fenton and UV/TiO, processes
as pre-treatment steps. As shown in Table 2, the concentrations
of TOC, COD, TSS, phenols, lignin, oil and grease were reduced
by 84%, 87%, 98.31%, 93.44%, 97.44% and 98.19%, respectively, for
photo-Fenton process. The corresponding efficiency removals of
photocatalytic UV/TiO, were 69%, 71.2%, 48.88%, 34.13%, 40.19% and
75.71%, respectively. The BOD5/COD ratios increased to 0.66 and 0.8
for photocatalytic UV/TiO, and photo-Fenton process, respectively.
Also, biodegradability tendency was enhanced by the photocat-
alytic oxidation processes.

4. Conclusions

Raw OMW was determined to be non-biodegradable since the
biodegradability test indicated that the BOD5/COD ratio is about
0.19. The BOD5/COD ratios of both pre-treated photo-Fenton efflu-
ent and photocatalytic UV/TiO, were increased to 0.8 and 0.66,
respectively. The optimum irradiation time for both processes was
60 min that enhance the economical feasibility of the integrated
process. Also, the other optimum operating conditions for both
processes were determined. The results showed the efficiencies of
both processes to reduce the major recalcitrant substances found
in OMW. Phenol and lignin were decreased to 93.44% and 97.44%,
respectively, by using photo-Fenton processes but they decreased
to 34.1%, 40.19%, respectively, after 60 min UV/TiO,. The photocat-
alytic treatment of the final effluent of one of the olive mill industry
was successfully achieved with the both processes. The integrated
system of photocatalytic oxidation followed by biological treatment

appears to be feasible for treating OMW containing recalcitrant
compounds.
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