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� Optimal conditions for ultrasound
and advanced oxidation processes are
studied.

� The use of ultrasound, UV and the
TiO2 catalyst is effective on OMW
oxidation.

� TiO2 can be efficiently used in the
sonophotocatalytic oxidation of
OMW.

� The main active radicals for OMW
oxidation were the OH radicals.
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The treatment of olive mill wastewater (OMW) in Jordan was investigated in this work using ultrasound
oxidation (sonolysis) combined with other advanced oxidation processes such as ultraviolet radiation,
hydrogen peroxide (H2O2) and titanium oxide (TiO2) catalyst. The efficiency of the combined oxidation
process was evaluated based on the changes in the chemical oxygen demand (COD). The results showed
that 59% COD removal was achieved within 90 min in the ultrasound /UV/TiO2 system. A more significant
synergistic effect was observed on the COD removal efficiency when a combination of US/UV/TiO2

(sonophotocatalytic) processes was used at low ultrasound frequency. The results were then compared
with the COD values obtained when each of these processes was used individually. The effects of different
operating conditions such as, ultrasound power, initial COD concentration, the concentration of TiO2, fre-
quency of ultrasound, and temperature on the OMW oxidation efficiency were studied and evaluated. The
effect of adding a radical scavenger (sodium carbonate) on the OMW oxidation efficiency was investi-
gated. The results showed that the sonophotocatalytic oxidation of OMW was affected by the initial
COD, acoustic power, temperature and TiO2 concentration. The sonophotocatalytic oxidation of OMW
ited Arab

zu.ac.ae,
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Radicals
COD
increased with increasing the ultrasound power, temperature and H2O2 concentration. Sonolysis at fre-
quency of 40 kHz combined with photocatalysis was not observed to have a significant effect on the
OMW oxidation compared to sonication at frequency of 20 kHz. It was also found that the OMW oxida-
tion was suppressed by the presence of the radical scavenger. The COD removal efficiency increased
slightly with the increase of TiO2 concentration up to certain point due to the formation of oxidizing spe-
cies. At ultrasound frequency of 20 kHz, considerable COD reduction of OMWwas reported, indicating the
effectiveness of the combined US/UV/TiO2 process for the OMW treatment.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

The Mediterranean area is the source of more than 95% of olive
trees cultivated worldwide (Russo et al., 2016). According to Inter-
national Olive Oil Council, the annual production rate of olive oil
has increased by around 70% from about one million tonnes in
1990 up to more than 2.3 in 2016 (Guarino et al., 2019). There
are nearly 750 million productive olive trees in the world and
the majority of them are located in the Mediterranean countries.
These countries are responsible for more than 90% of the global
production of olive oil (Galliou et al., 2018). The Mediterranean
countries are producing more than 30 � 106 m3 of olive mill
wastewater (OMW) annually [Vaidya et al., 2019]. Jordan is the
home to some of the oldest olive trees in the world. Olive planting
has expanded with subsequent increasing olive production capac-
ity from 73,000 tons in 1990 to 191,000 ton in 2004 and
175,000 ton in 2011. These also corresponded to olive oil produc-
tion of 11,000 tons in 1990, 29,000 tons in 2004 and 27,000 tons
in 2011 (Elnenay et al., 2017). The considerable increase in olive
oil industry is responsible for the generation of the wastes by
either the press process or the three-phase process, which are
the most widely applied technologies for producing olive oil
(Borja et al., 2006). Despite the fact that the OMW is produced sea-
sonally and in smaller quantities compared to other forms of waste
(i.e., domestic sewage); the adverse impacts of OMW on the envi-
ronment are quite high (Aharonov-Nadborny et al., 2018; Koutsos
et al., 2018). Therefore, a special attention has been directed to find
a proper treatment and safe disposal of its wastes over the last
years (Al-Addous et al., 2017).

The waste of OMW is very complex and contains a wide variety
of pollutants. The main characteristics include, strong offensive
smell, high COD and BOD, high concentrations of polyphenol, high
concentration of total solids and acidic pH (Al Bsoul et al., 2019).
These characteristics are greatly influenced by many parameters
such as the harvesting time, type of olives, use of fertilizers, phase
of maturity, and weather conditions. The direct discharge of OMW
effluent into natural water bodies has been forbidden in many
countries and an extensive research to develop sustainable and
effective technologies of treatment is critically needed.

There are several OMW treatment techniques studied to mini-
mize the environmental impacts of OMW disposal. The effective
treatment of OMW typically requires the use of the several tech-
nologies that combine chemical, biological and physical processes.
The common treatment options currently used to remove solids,
colour, odour and to reduce the initial polluting charge are: 1) fil-
tration (Ochando-Pulido and Martinez-Ferez, 2018), 2) membrane
separation (Pulido, 2016; Ochando-Pulido and Martinez-Ferez,
2017; Tawalbeh et al., 2018), 3) adsorption (Abdelhay et al.,
2018; Al Bsoul, 2014), 4) extraction (Messikh et al., 2015; Chiha
et al., 2016), 5) coagoflocculation (Rytwo et al., 2013), 6) settling,
and 7)biological processes that involve microbial decomposition
of chemicals in OMW (Ashkanani et al., 2019).

Different pretreatment and treatment methods are proposed to
decrease the undesirable effects of OMW. The olive mill solid resi-
due proved to be an efficient adsorbent for removal of phenol due
to the large amount of phenolic compounds in OMW (Luo et al.,
2019). After phenol detoxification, traditional wastewater treat-
ment processes will be able to reduce OMW pollution load to per-
mitted levels. Therefore, pre-treatment of OMW before disposal is
required to protect water resources. According to Al-Khatib et al.
(2009), 84% of COD removal from diluted OMW was achieved by
Up-Flow Anaerobic Sludge Bed (UASB) and physical treatment
using FeCl3, CaO and Ca(�OH)2, where improved concrete workabil-
ity and compressive strength were achieved. The remaining oil was
recovered from the solid waste (more than 5% of waste) by using a
Soxhlet device (El-Hamouz et al., 2007). The solid waste was suc-
cessfully transformed into activated carbon to adsorb chromate
ion from water (Abdel-Ghani et al., 2016). Different from what
has been studied in the literature, the current work aims at study-
ing the enhancement of the photocatalysis efficiency using an
ultrasound (US)-assisted photocatalytic oxidation (US/UV/TiO2) or
sonophotocatalytic oxidation. To the best of the authors’ knowl-
edge, such combination of treatment processes has not yet been
reported in the literature. The focus will be directed into the deter-
mination of an effective treatment method that is capable of signif-
icantly increasing the degradations of OMW.

This work aims at investigating the effectiveness of US/UV/TiO2

for OMW oxidation at different conditions including the initial COD
concentration, the concentration of the nano-sized metal oxides,
hydrogen peroxide concentration of (H2O2), concentration of radi-
cal scavenger, ultrasound frequency, power and temperature. The
current research hypothesis relies on the merit of utilizing ultra-
sound as a powerful oxidation technique in combination with
advanced oxidation processes (AOPs) to enhance the generation
of radicals. The use of ultrasound has a positive effect on mass
transfer and surface reactions. Furthermore, it appears that this
combination is promising in water decontamination and for the
complete oxidation of the organic matter.
2. Theory

Advanced oxidation processes (AOPs) have extensively been
used for the treatment of wastewater containing non-
biodegradable organic compounds (Mirzaei et al., 2017; Al
Momani and Jarrah, 2010). They have been also effectively used
as pre-treatment methods to eliminate toxic compounds that inhi-
bit biological wastewater treatment processes (Mekki et al., 2013;
Almomani et al., 2019). Thus, AOPs as pre-treatment process (prior
to conventional biological processes involving microbial decompo-
sition of chemicals in OMW) is currently the most successful tech-
nique for OMW treatment (Cesaro et al., 2013; Al-Qodah et al.,
2014; Al Momani et al., 2004). Recently, the application of ultra-
sound irradiation encompassing the oxidation of organic matters
received increasing attention in water and wastewater treatment.
The process involves cyclical nucleation, expansion and successive
disintegrate of microbubbles which is known as cavitations. Acous-
tic cavitation liberates huge quantities of energy over a small loca-
tion that forms a localized elevated temperature (�5000 K) and
pressure (�1000 atm). Thus, sonochemical oxidation in aqueous



Table 1
Physical and chemical characteristics of olive mill wastewater (OMW). Data are
shown as mean ± standard error of three replicates.

Parameter Value

pH 4.60 ± 0.09
Phenol (g/L) 1.95 ± 0.06
Total Solids (g/L) 55.30 ± 2.00
COD (g/L) 51.25 ± 1.80
BOD2 (g/L) 8.37 ± 0.25
Density (g/L) 1.92 ± 0.08
Conductivity (mS/m) 23.50 ± 0.35
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phase can be attributed to thermal dissociation of water molecule
in the cavities where reactive species such as hydroxyl radicals are
produced in cavitation bubble reactions (Pang et al., 2011;
Almomani and Baranova, 2013). Moreover, alternative processes
include the use of photocatalyst as the nano-sized TiO2 with ultra-
sound or ultraviolet (UV) radiation in the oxidation of organic mat-
ter due to the non-toxicity, stability of the chemical structure,
electrical and optical characteristics (Sponza and Oztekin, 2013).
Photocatalysis efficiency can be improved using high or low fre-
quency (Uğurlu and Karaoğlu, 2011; ElShafei et al., 2017;
Almomani et al., 2016; Moncayo-Lasso et al., 2019). This is due
to the remarkable effects of chemical and physical properties of
ultrasound in the regeneration of the catalyst surface and the for-
mation of free radicals. Thus, the stability of the chemical struc-
ture, non-toxicity, optical and electrical properties of the nano-
sized TiO2 and nano-sized ZnO as photocatalyst resulted in their
extensive uses with UV radiation in the organic impurity oxidation.
Furthermore, when TiO2 photocatalysts are irradiated by US,
organic molecules are oxidized by both the excitation of electrons
in the band gap of TiO2 (Ahmedchekkat et al., 2011) and ultrasonic
splitting of water molecules, according to the following equations:

TiO2 !ht TiO2 e�ð Þ þ TiO2 hþ� � ð1Þ

hþ þ OH�
ads ! �OH ð2Þ

e� þ O2 ! O��
2 ! �OH ð3Þ

H2O!ÞÞÞÞ �Hþ �OH ð4Þ

�OHþ �OH ! H2O2 ð5Þ
where h+ is a hole, �OH � is a hydroxide ion on the catalyst surface
and e� is an electron (Deepthi et al., 2016). This combined process
leads to a continuous cleaning of the photocatalyst by US, which
maintains its reactivity for longer sonication times. Hence, the com-
bination of sonolytic process with AOPs can be a new alternative for
the oxidation of organic compounds (Safa et al., 2019; Vinu and
Madras, 2008; Ai et al., 2010; Luo et al., 2008; Selli et al., 2008).

3. Materials and methods

3.1. Materials

Hydrogen Peroxide solution (30%, H2O2) supplied by Sigma-
Aldrich (Germany). Sodium carbonate (99.5% pure) supplied by
Merck (Germany). The TiO2 Photocatalyst used in this research
was Degussa P-25 (80% anatase and 20% rutile, 55 m2/g, crystallite
size 25–35 nm, pHPZC = 5.6, analytical grade, non porous). All
chemicals were used without additional purification. All solutions
were prepared using deionized water.

3.2. Olive oil mills wastewater samples (OMW)

The OMW used in this study was taken from an olive mill site
located in the northern part of Jordan. The samples were collected
from the effluent stored in a closed pool. The OMW was filtered
and kept in sealed bottles in a refrigerator at 4 �C in the dark.
The range of COD values for OMW samples were between 44800
and 63870 mg/L. The OMW samples used for all sonophotcatalytic
experiments were diluted using deionized water (by an appropri-
ate ratio to obtain different initial COD concentrations). The main
physical and chemical characteristics of OMW samples before dilu-
tion are shown in Table 1. (Each measurement was conducted
three times and the
Wastewater especially industrial effluents such as olive oil mill
wastewaters tend to have very high COD levels, which make this
type of wastewaters difficult to be treated by a single process.
Nowadays, the attention is directed towards the application of dif-
ferent water treatment methods to maximize efficiency. In this
study, the sonophotocatalytic oxidation (US/UV/TiO2) of olive oil
mill wastewaters, was studied in conjunction with varying some
of the oxidation parameters, to reduce the COD in the OMW. Dilu-
tion is necessary for the effective treatment. In practice, this step of
treatment is implemented in secondary or tertiary processes.

3.3. Reactor

Experiments were performed in a cylindrical reactor equipped
with a water jacket. Sonication (Ultrasonic Processor, VCX 750,
Germany) frequency of 20 kHz was applied through a horn (40-
mm diameter) into a cylindrical double-jacketed Reactor. The out-
put acoustic energy was near 525 W. More details on the experi-
mental setup are provided elsewhere (Ahmedchekkat et al.,
2011). The solution temperature was regulated by immersing a
thermocouple in the reacting OMW. A 15W UV lamp with a wave-
length of 254 nm, 1 cm-diameter with 20 cm-length, was fixed
vertically in the reactor. During treatment, the temperature of
the OMW was maintained at 25 �C. Samples were pipetted at dif-
ferent time interval and analyzed immediately. The reproducibility
of the measurements was within 1–3% and each data set was
repeated three times. The results were reported as a mean
value ± standard error.

3.4. Procedure

Diluted OMW samples were treated using different process
configuration including US, UV, US/UV, US/UV/TiO2 under the same
experimental operating conditions. These are 20 kHz Ultrasound
frequency; 300 W US power 10 g/L initial COD; 300 mL volume;
0.25 g/L TiO2; 15 W UV power; 4.5 pH and 25 ± 1 �C temperature).
OMW Samples were taken periodically, centrifuged at 6000 rpm
for 4 min and filtered by syringe filters (Minisart RC25, Sartorious)
to remove the TiO2 nanoparticles. Control experiments (with TiO2

only) were run in order to ensure that no significant oxidation of
OMW occurred.

3.5. Chemical oxygen demand measurement

COD values of the initial and treated samples were determined
by Thomas and Mazas method (Thomas and Mazas, 1986), where
dichromate solution (Aldrich) was used in an acid solution. A sam-
ple of 2 mL of OMW was added and then introduced into commer-
cially available digestion solution (0–15,000 mg/L) to be reacted at
150 �C for 120 min in a thermoreactor (RD 125-Tintometer –
Lovibond-Germany). Each experiment was performed in duplicate
and the average results are shown in this work.
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3.6. Statistical analysis

The effects of different parameters on COD concentrations and
COD removal efficiencies during the sonophotocatalytic oxidation
of OMW were judged based on standard error. All of the experi-
ments were performed in triplicate and the mean value of COD

concentration (C
�
) has been calculated using the following

equation:

C
�
¼

PN
i¼1Ci

N
ð6Þ

where N is the number of runs conducted for the same OMW treat-
ment experiment under the same operating conditions and where Ci
is the COD concentration obtained from each run. Moreover, the
standard error of the mean (rc) was evaluated as follows:

rC ¼ rffiffiffiffi
N

p ð7Þ

where r is the standard deviation that is defined by:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

Ci � C
�� �

vuut ð8Þ

Finally, the COD concentrations are presented as the

mean ± standard error (C
�
�rC) in all error bars in the figures and

the uncertainties in the tables.

4. Results and discussion

4.1. Oxidation of OMW using ultrasound alone and in combination
with other AOPs.

The oxidation of OMW (indicated by the COD Removal %) was
investigated using a variety of AOPs, under the same experimental
conditions including (i) Ultraviolet (UV), (ii) sonication (US) (iii)
UV + TiO2 and (iv) US + UV + TiO2 combination, as summarized in
Table 2. Negligible reduction in OMW COD levels without UV and
US was achieved without US and UV. Nevertheless, only 3% oxida-
tion of OMW was obtained after UV treatment of 180 min versus
5% obtained with sonication. Table 2 shows that the oxidation of
OMW using UV in the presence of TiO2 achieved only 9% versus
19% under US + UV + TiO2 combination after a treatment of
180 min.

The COD removal percentage values of US, UV/TiO2 and the
combination of US/UV/TiO2 were inserted in Eq. (9) to evaluate
the synergistic ratio and the obtained synergistic ratio was 1.35.
This suggests that a synergistic effect can result from the US
+ UV + TiO2 combination. The enhancement of the COD removal
by US on UV + TiO2 process is related to the enlarged physical
effect of ultrasound due to its propagation through the suspended
TiO2 nanoparticle and thus prevents the formation of agglomerates
throughout the process. Thus, this effect finally enhances the for-
mation of the enhanced amount of �OH radicals formed as a result
of the increase in the surface area of the catalyst.
Table 2
Chemical oxygen demand (COD) removal efficiencies resulted from using a variety of
Advanced oxidation processes (AOPs) (olive mill wastewater solution pH = 5.4). Data
are shown as mean ± standard error of three replicates.

Advance oxidation treatment method COD removal (%)

Ultraviolet (UV) 3 ± 0.06
Ultrasound (US) 5 ± 0.15
UV + TiO2 9 ± 0.21
US + UV + TiO2 19 ± 0.47
Synergy ratio ¼ US=UV=TiO2ð Þ
UV=TiO2ð Þ þ US

ð9Þ
4.2. Effect of TiO2 concentration

The obtained results showed that the concentration effect of
TiO2 catalyst was considerable on the COD removal. Four different
concentrations of TiO2 including 0.25, 0.75, 1 and 2 g/L were stud-
ied. The optimum results were obtained at a concentration of 0.75,
which was used in all subsequent experiments, as seen in Fig. 1(a).
It has been observed that the impact becomes almost constant
above 90 min.

Nano-sized TiO2 nanoparticles have a large total surface area
and therefore, provide more chances for the organic compounds
(COD) to adsorb on the surface. The combination of ultrasound,
the photocatalyst TiO2 nanoparticles, and a UV light of 245 nm
wavelength will excite and activate the TiO2 nanoparticles to gen-
erate �OH radicals with oxidative performance. Furthermore, the
temperature of the hot spot produced by ultrasonic cavitation in
the sonicator can reach 104 �C. This will enhance the production
of �OH radicals on the surface of the TiO2 nanoparticles. The follow-
ing steps take place during OMW treatment: (i) mass transfer of
the pollutants (COD) from the bulk solution to the surface of
nano-sized TiO2, (ii) adsorption of pollutants onto the nano-sized
TiO2 surface, and, (iii) initiation of chemical reactions (�OH and
other radicals) on the surface of the nano-sized TiO2 and iv) des-
orption of the products from surface to the bulk solution of the
OMW in the sonicator (Khoufi et al., 2004). At low TiO2 concentra-
tions, the adsorbed pollutant molecules on nano-sized TiO2 sur-
faces decrease in the OMW. Therefore, the COD removal
percentage has decreased since the organics did not find sufficient
available catalytic sites on the surface of the TiO2 nano-particles.
Simultaneously, the generation of �OH is inhibited so as the forma-
tion rate and the number of �OH radicals are reduced.

On the other hand, at high TiO2 concentrations, and beyond a
concentration of 0.75 mg/L, the COD removal also decreased. In
this case, the whole absorbance of system will be affected, higher
scattering effect is observed, hence, the reaction rate will decrease.
Furthermore, and even in the presence of ultrasound, the capacity
and light scattering of TiO2 particles would increase and conse-
quently, the passage of the irradiation though the tested solution
will be suppressed.

These results are in a good agreement with those obtained by
Ahmed et al. (2015), Gonzalez and Martínez (2008) and
Neppolian et al. (2011) where the maximum oxidation of solutions
containing organic matter was obtained at an optimal TiO2

concentration.

4.3. Effect of initial OMW concentration

The effect of the initial COD concentrations of OMW on the
sonophotocatalytic oxidation process was investigated. Three ini-
tial COD concentrations of OMW including 1000, 7500 and
10,000 mg/L at 4.98 pH were studied at the identified optimum
value of 0.75 g/L TiO2 concentration and illustrated in Fig. 1(b).

The COD removal increased up to 48% as the ultrasound time
were increased from 0 to 180 min. The results showed that the
COD removal was not fully achieved under the stated conditions.
This might be due to the generation of high concentration of inter-
mediate compounds that cannot be further oxidized by �OH radi-
cals, hence, accumulated in the system (Sponza and Oztekin, 2013).

The results showed that the removal percentage of COD has
decreased with increasing the initial COD concentration of OMW.
This was probably caused by the insufficient levels of �OH radicals
present. This minimizes the contact opportunities between the



Fig. 1. Variations of chemical oxygen demand (COD) concentrations and COD removal efficiencies with time during sonophotocatalytic oxidation of olive mill wastewater
(OMW): (a) in the presence of titanium oxide; (b) for different initial COD concentrations in the presence of titanium oxide. Error bars represent mean ± standard error of
three replicates.
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organic matter and the �OH radicals. Thus, leading to a decrease in
the removal of COD, as previously reported by (David, 2009).
Another possible explanation would be attributed to the shielding
effect of the OMW in the solution that is responsible for the
decrease in the generation of �OH radicals on the TiO2 nanoparti-
cles surface (Wang et al., 2016). Another possible explanation
might be attributed to the lack of access into the catalyst sites
due to the coverage by the organic compounds (Sponza and
Oztekin, 2013).
4.4. Effect of hydrogen peroxide concentration

The effect of hydrogen peroxide was investigated using three
concentrations of 0, 5 and 10 mmol/L. The results showed that
the removal of COD was slightly improved with increasing concen-
tration of H2O2 as seen in Fig. 2(a). For instance, 33% COD removal
was achieved after about 180 min at 300W with H2O2, while the
respective value without H2O2 was about 28%. The latter effect
can be attributed to the increased production of hydroxyl radicals
in the reaction system as a consequence of the addition of oxidiz-
ing species, such as H2O2, during TiO2 photo-oxidation photocatal-
ysis, and thus the oxidation efficiency of OMW increased.

The effect of addition of oxidizing species, such as H2O2,
throughout sonophotocatalysis is attributed to the increase in
hydroxyl radicals’ formation in the reaction according to Eqs.
(10) and (11) (Subramaniam et al., 2018; El Mragui et al., 2019).
e� + H2O2 ! OH� + �OH ð10Þ

O2
�� + H2O2 ! �OH + OH� + O2 ð11Þ
4.5. Effect of temperature

The effect of three different temperatures including 25, 35 and
45 �C was investigated at 20 kHz, 300 W, TiO2 concentration of
0.75 g/L and shown in Fig. 2(b). The obtained results showed that
the increase in temperature has a positive impact on the COD
removal. For instance, the removal percentages at 180 min were
28, 35 and 39% at 25, 35 and 45 �C, respectively. It is generally
believed that higher temperatures increase the equilibrium vapour
pressure and enhance the bubble production (Galiano et al., 2018).
In addition, the reaction rate and the kinetic constant of the
sonophotocatalytic oxidation are strongly favored at higher tem-
peratures. Similar results were obtained by Entezari et al. (2005)
who investigated the effectiveness of ultrasound assisted catalytic
wet peroxide for the removal of 2-chlorophenol from aqueous
solution (Entezari et al., 2005).

4.6. Effect of ultrasound power

Three ultrasound powers (300, 415 and 525W) were investi-
gated their impact on the COD removal from OMW and illustrated
in Fig. 3(a). The results showed that the COD removals were 28, 35



Fig. 2. Variations of chemical oxygen demand (COD) concentrations and COD removal efficiencies with time during sonophotocatalytic oxidation of olive mill wastewater
(OMW): (a) in the presentence of titanium oxide and hydrogen peroxide; (b) at different operating temperatures. Error bars represent mean ± standard error of three
replicates.
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and 44%, respectively. It is observed that the removal increased
with the increase in power increase and this is due to cavitation
and the formation of bubbles and their collapse leading to
enhanced production of �OH radicals (Al-Qodah et al., 2014).

4.7. Effect of hydroxyl radical scavengers

Sodium carbonate was tested as a scavenger of OH� radicals to
evaluate the role of such radicals in the OMW oxidation process.
OMW containing different concentrations of sodium carbonate
was treated for 180 min. Fig. 3(b) shows the COD removal–time
profiles of OMW during oxidation at 10 g/L of COD, 20 kHz,
300 W, 0.75 g/L of TiO2 and in the presence of sodium carbonate
(as radical scavengers) at a concentration from 0 to 2 mM.

The experimental results revealed that the COD removal was
inhibited in the presence of sodium carbonate and the COD
removal was lower at higher concentrations of sodium carbonate.
The sodium carbonate was used as a scavenger for �OH radicals
in the bubble. This will prevent the �OH radicals accumulation at
the interface. The COD removal was observed to be considerably
inhibited when sodium carbonate was added. It shows that the
hydroxyl radical �OH is an active oxidative intermediate with a sig-
nificant role in the sono-photo-catalytic COD removal process.
These results can be supported by a previous study (Al bsoul
et al., 2010) performed on the ultrasound oxidation of Mycobac-
terium sp.6PY1 in the presence of sodium carbonate. The same
study (at similar condition) verified the presence of hydrogen per-
oxide (H2O2). Therefore, hydrogen peroxide is often used as an
indicator for the formation of the oxidizing species (hydroxyl rad-
ical) during sonication at 20 kHz versus time. After 60 min, the
maximum duration of the sonication experiments, the concentra-
tion of hydrogen peroxide in distilled water was 15 mM.

4.8. Effect of ultrasound frequency

The effect of two ultrasound frequencies, 20 and 40 kHz, on the
COD removal were investigated and shown in Fig. 4. Results
showed that the removal was doubled at lower frequency where
it reached 28% at 20 kHz, whereas only 14% was observed at
40 kHz. While the number of cavitation bubbles is likely to
increase at higher frequency, the sononchemical effect of bubbles
may be reduced. This is attributed to the fact that at lower fre-
quency, the US maintains the reactivity of hydroxyl radicals over
longer durations of time as a result of a continuous cleaning action
of the photocatalyst surfaces (Ola and Maroto-Valer, 2015). In
addition, a more energetic collapse of cavitation bubbles is
expected to occur at low frequency, rather than at high frequency,
because of the larger bubbles radius observed coupled with the
shape oscillations (David, 2009).

4.9. Oxidation kinetics of OMW under optimum conditions

Three models (zero-order, pseudo first-order, second-order)
were studied in this part in an attempt to identify he oxidation
kinetic in order to predict the COD removal at any time for the pro-
posed process. The kinetics of COD oxidation was studied via the



Fig. 3. Variations of chemical oxygen demand (COD) concentrations and COD removal efficiencies with time during sonophotocatalytic oxidation of olive mill wastewater
(OMW): (a) at different ultrasound power; (b) in the presence of sodium carbonate as radical scavengers. Error bars represent mean ± standard error of three replicates.

Fig. 4. Variations of chemical oxygen demand (COD) concentrations and COD removal efficiencies with time during sonophotocatalytic oxidation of olive mill wastewater
(OMW) with two levels of ultrasound frequency. Error bars represent mean ± standard error of three replicates.
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integral method. By this method, trial-and-error procedure was
used to figure out the reaction order. If the assumed reaction order
is correct, the plot of the COD-time data [COD against time (zero-
order), ln COD against time (first-order), COD�1 against time
(second-order)] should give a straight line.

The correlation coefficients, R2, were used to find the fitting
between data obtained experimentally and the predicted data
and the best correlation coefficient (R2) was selected. The general
equation for reaction rate and the integral form that shows the
concentration (COD) profile can be described by Eqs. (12) and
(13), respectively:
� dC
dt

¼ kCn ð12Þ
C1�n ¼ C1�n
0 þ 1� nð Þkt;n–1 ð13Þ
where C is the COD of OMW at any time (mg/L), t is the treatment
time (min), C0 is the initial COD of OMW (mg/L), k and n are the
kinetics constants. The integrated form of a rate expression pro-
posed for the COD oxidation kinetics is certainly the predicted oxi-
dation kinetic equation.



Fig. 5. Experimental and predicted chemical oxygen demand (COD) concentrations for first, second, and pseudo first order models for different initial COD concentrations (a)
1.0 ± 0.03 g/L (b) 7.5 ± 0.13 g/L (c) 10 ± 0.18 g/L with time during sonophotocatalytic oxidation of (olive mill wastewater) OMW in the presence of titanium oxide. Error bars
represent mean ± standard error of three replicates.
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At this stage, the oxidation kinetics of OMW under sonophoto-
catalysis treatment was studied for a large initial COD range of 1–
10 g/L. The experimental operating conditions were selected under
the optimum operating conditions that maximize the COD removal
efficiency including US frequency: 20 kHz; US power: 525W, TiO2

concentration: 0.75 g/L; temperature: 45 ± 1 �C. For the following
initial COD concentrations (10, 7.5 and 1 g/L), the COD removal %
under the optimum operating conditions of the sonophotocatalytic
oxidation of OMW was 48, 52 and 59% respectively.

The kinetics of COD oxidation was studied via the integral
method. The experimental data were analyzed using different
Table 3
Kinetic models tested. Initial concentrations are shown as mean ± standard error of three

C0,exp (g/L) First-order model

C0,cal (g/L)

1.0 ± 0.03 0.896
7.5 ± 0.13 6.905
10.0 ± 0.18 9.598

C0,exp (g/L) Second-order model

C0,cal (g/L)

1.0 ± 0.03 0.932
7.5 ± 0.13 7.008
10.0 ± 0.18 9.710

C0,exp (g/L) Ce,exp (g/L) Pseudo first-order mo

C0,cal (g/L)

1.0 ± 0.03 0.518 ± 0.02 1.007
7.5 ± 0.13 4.946 ± 0.09 7.439
10.0 ± 0.18 7.162 ± 0.09 10.216
kinetic (first order, pseudo first-order, second-order) models. The
fitting to the first order kinetics is shown in Fig. 5. Results show
that pseudo first-order kinetic model was found to fit well for
the COD oxidation kinetics.

As shown in Table 3, the regression coefficient, R2, was 0.9911,
0.9903 and 0.9808 for initial COD of 1, 7.5 and 10 g/L, respectively.
The oxidation rate constant, k, was 0.0309, 0.0257 and 0.0232. For
OMWwith initial COD of 1, 7.5 and 10 g/L, respectively. From these
k values, it can be seen that the oxidation by sonophotocatalysis for
OMW samples is relatively faster when the initial COD concentra-
tion decreased. From Fig. 5 it can be observed that the oxidation
replicates.

k1 (min�1) R2 (–)

0.0044 0.8279
0.0025 0.8368
0.0022 0.8323

k2 (L.g�1.min�1) R2 (–)

0.0074 0.8919
0.0005 0.8755
0.0003 0.8668

del

k1 (min�1) R2 (–) Ce,cal (g/L)

0.0309 0.9911 0.510
0.0257 0.9903 4.860
0.0232 0.9808 6.981
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rate decrease with increasing treatment time. The latter effect may
be attributed to the decreased of the hydroxyl radicals’ competi-
tion in the bulk solution. These results are a good agreement with
those of Chiha et al. (2010) and Al-Qodah et al. (2014).
5. Future research perspectives

The experimental results of the current study will be helpful in
the design and operation of olive mill wastewater treatment units.
The combined treatment method reported in this work can be
adopted effectively to treat other industrial wastewater effluents
in Jordan. Future research perspectives should be directed toward
the application of such combined approach with other advanced
oxidation techniques in an attempt to improve the overall oxida-
tion efficiency.
6. Conclusions

In this work, a study for the removal efficiency of COD from
OMW was conducted. The results showed that the combination
of AOPs such as US, UV, H2O2 in the presence of catalyst (TiO2

nanoparticles) was more efficient for the removal of COD than
using the individual AOPs. This was attributed to the higher
amount of �OH radicals generated. The presence of H2O2 showed
a slight effect on the enhancement of COD removal from OMW.
The rate of COD removal was evaluated and the results revealed
that the rate of COD removal decreased with increasing initial con-
centration of COD in OMW. A maximum COD removal rate was
achieved at 0.75 g/L of TiO2 as opposed to the other investigated
values of 0.25, 1 and 2 g/L. It was noticed that the use of a higher
frequency US did not show a significant improvement on the
removal rate of COD. However, the results showed that the
removal rate at frequency of 20 kHz was higher than that at
40 kHz. This study also reported that the presence of scavengers
such as sodium carbonate inhibited the removal of COD from
OMW. The analysis of the oxidation data showed that the pesudo
first order model is an excellent representation of the sonophoto-
catalytic oxidation. The kinetic study performed in this research
revealed that the data follow the first order model with regression
coefficient in the range of 0.98 to 0.99.
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