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The aim of this work is to study a pre-treatment process of olive mill wastewaters based on ozonation. The
efficiency of the process depends on the removal of pollutants and on ozone mass transfer performance. In
order to choose an appropriate gas/liquid contactor, the rate constants of three phenolic compounds (gallic
acid, p-hydroxybenzoic acid and p-coumaric acid) were determined by using competition kinetic model.
These constants, obtained at pH 5, were found to be high (from 3.8×104L/mol s to 2.9×105L/mol s),
inducing a diffusion controlled regime (HaN3). Thus, to obtain an efficient ozonation process, gas/liquid
contactor should be adapted to this regime. An ejector was chosen as gas/liquid contactor. In a first time,
treatment of synthetic effluent containing the three phenolic compounds was performed to evaluate
efficiency of the process. Experimental conditions were chosen to obtain a diffusion controlled regime
(HaN3). It appeared that this gas/liquid contactor permits obtaining complete and fast removal of pollutants
with a very efficient ozone mass transfer (up to 90% during removal of phenolic compounds). So, this process
was used to perform the ozonation treatment of olive mill wastewaters from Sfax (Tunisia). It was proved to
be very efficient: up to 80% of phenolic compounds were removed and ozone mass transfer reached 95%
during this oxidation.
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1. Introduction

Wastewaters resulting from olive oil production, called margines,
are a serious environmental problem in Mediterranean countries,
where this activity is located [1,2]. The content of olive mill
wastewaters (OMW) depends on a number of parameters, such as
geographic location, season, soil and weather. Generally acid (pH 4.5
to 5), they present a high organic and inorganic pollutant load [3–5].
In particular, these wastewaters contain high amounts of phenolic
compounds, in concentrations varying from 6 to 20 g/L [6].

Biological degradationmethodswere tested to reduce pollution load
of these wastewaters. Fezzani et al. [7] tested the codigestion of OMW
with olive mill solid waste containing high level of nitrogen source and
obtained COD removal between 16.7% and 58.4%. Ammary et al. [8]
studied the treatment of OMW by using an anaerobic treatment and
obtain total phenol removal of 63%. These methods were limited by the
high phenolic compounds concentration of OMW. The bactericidal
properties these compounds do not allow OMW to be treated in the
traditionalway, as they inhibit the activity ofmicroorganismsduring the
biological treatment step [9,10]. A specific pre-treatment is therefore
needed to remove their toxicity before they are introduced into a
treatment plant. Different treatment methods have been tested
(adsorption on activated carbon, ultrafiltration, and ion exchange
resins) but do not present a high efficiency [11]. In contrast, ozonation
and advanced oxidation processes seem to lead to interesting results
[12,13]. According toRivaset al. [14], ozonation is a suitable treatment to
obtain more biodegradable effluent and permit to use a biological
treatment step. Some studies showed that process based on ozone or
advanced oxidation process allow high COD reductions and a nearly
complete removal of aromatic compounds [15,16]. Moreover, Beltran et
al. showed that in these processes,much of ozone fed in is adsorbed and
reacted [17]. So, ozonation process of these effluents is controlled by
ozonemass transfer, and process efficiency depends on the choice of an
appropriate gas/liquid contactor.

The aim of the present study is to design a pre-treatment process
using ozone, which removes phenolic compounds and transfers ozone
efficiently into water. Firstly, in order to determine the phenomenon
limiting ozone mass transfer (reaction or diffusion) and to choose an
appropriate gas/liquid contactor, the ozonation kinetics of three
phenolic compounds (gallic acid, p-coumaric acid and p-hydroxy-
benzoic acid) were determined. Secondly, treatment of synthetic
effluent containing these compounds was performed in order to
evaluate process efficiency in diffusion controlled regime (HaN3).
Finally, the treatment of olive mill wastewaters from Sfax (Tunisia)
was performed in the selected contactor.
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Table 1
Hatta number.

Ha Regime Place of the reaction G/L contactor characteristic

b0.3 Kinetic Bulk liquid Liquid volume
0.3–3 Transition Partially in film Interfacial area and liquid volume
N3 Diffusion Entirely in film Interfacial area

Fig. 1. Ozonation pilot.
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2. Experimental

2.1. Competition kinetics model

It is admitted that ozonation is a second order reaction [18,19]. To
determine the rate constants for the direct oxidation of phenolic
compounds with ozone, the competition kinetics model was used
[20]. In this method, a phenolic compound is introduced with a
reference compound whose ozonation kinetics constant is known. In
this study, the reference compound was phenol, whose ozonation
kinetics rate constant was determined by Hoigné et al. [21]. To avoid
radical reaction, tBuOH was used as a radical scavenger. The kinetics
equations can therefore be written:

−d½PC�
dt

= kO3=PC⋅½O3�⋅½PC� ð1Þ

−d½phenol�
dt

= kO3=phenol⋅½O3�⋅½phenol� ð2Þ

where [PC] and [phenol] are respectively the phenolic compound and
phenol concentration (mol/L), t the time (s), kO3/PC and kO3/phenol
represent respectively the ozonation kinetics constant of the phenolic
compound and the phenol (L/mol s), and [O3] is the dissolved ozone
concentration (mol/L). The ratio of Eqs. (1) and (2) gives:

d½PC�
d½phenol� =

kO3=CP
kO3=phenol

⋅ ½PC�
½phenol� ð3Þ

By integrating Eq. (3), the following equation is obtained:

ln
½PC�0
½PC�∞

� �
=

kO3=PC
kO3=phenol

⋅ln ½phenol�0
½phenol�∞

� �
ð4Þ

where [PC]0 and [phenol]0 are respectively phenolic compound and
phenol initial concentration (mol/L) and [PC]∞ and [phenol]∞ are
respectively phenolic compound and phenol concentration at the end
of the reaction, while dissolved ozonewas consumed (mol/L). In order
to determine phenol and phenolic compound concentration at the
end of the reaction, ozone has to be added in substoechiometric
amount.

In this study three phenolic compounds were studied: gallic acid,
p-coumaric acid and p-hydroxybenzoic acid. The ozonation kinetics of
dissociating organic compounds strongly depends on pH [18,22]. For
the experiments, initial pH was therefore fixed at 5, which is the
average pH value of olive mill wastewaters, by adding H2SO4.
Experiments were carried out at 20 °C. In each stirred reactor
200 mL of deionised water, 0.32 mg of phenol and phenolic
compound and 10 mg of tBuOH were introduced. In these reactors,
different volumes (5 to 30 mL) of ozone saturated water, were
introduced. The last one was prepared in a bubble column by
introducing ozone in distilled water. Ozone concentration in water
was 0.75 mg/L±0.01 mg/L (measured by carmin indigo method, see
Section 2.3.2). After 10 min, phenol and phenolic compound con-
centrations were determined by HPLC. Different experiments were
carried out by changing the volume of ozone saturated water (5 to

30 mL). According to Eq. (4), the ratio
kO3=CP

kO3=phenol
is the slope of

ln ½PC�0
½PC�∞

� �
vs ln ½phenol�0

½phenol�∞

� �
.

2.2. Ozone mass transfer

Efficiency of treatment process depends on the ozone mass
transfer. So, it is very important to choose a suitable gas/liquid
contactor. The Hatta number is a very important criterion giving
information on the competition between the kinetics of the reaction
and the diffusion inside the liquid film (Table 1). It indicates where
the chemical reaction takes place (in the bulk liquid or in the film) and
allows to choose the appropriate gas/liquid contactor [23]. In the case
of a second order reaction the Hatta number is given by [20]:

Ha =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k⋅½A�⋅DO3

p
kL

ð5Þ

where k is the rate constant of the reaction between ozone and
compound A (L/mol s), [A] the concentration of compound A in the
bulk liquid (mol/L), DO3 the diffusivity coefficient of ozone into water
(m2/s) and kL the mass transfer coefficient (m/s). If ozone reacts with
two or more compounds in liquid phase, the Hatta number is
expressed as:

Ha =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
i
ki⋅½i�⋅DO3

r

kL
ð6Þ

Where ki is the rate constant of the reaction between ozone and
compound i (L/mol s) and [i] is the concentration of compound i in
the bulk liquid (mol/L).

2.3. Ozonation pilot

The ozonation pilot (Fig. 1) uses an ejector as gas/liquid contactor.
In this contactor, water passes through a convergent, generating
depressurization in the mixing chamber into which the ozone is
aspired. This kind of gas/liquid contactor is recommended for a
diffusion controlled regime [18]. Initially, the polluted liquid
contained in a 40 L tank (Fig. 1) is first introduced into the heat
exchanger, then to the ejector (Fig. 2). The temperature T of the liquid
can be held at between 20 °C and 35 °C. The liquid flow rate L can be
controlled between 0.5 and 1 m3/h. The two phases form an emulsion
which is then fed into the mixture tube (height: 1.04 m; diameter:
20 mm), allowing a return of the liquid in the tank. The latter is
surmounted by a cyclone used to separate the droplets of water from



Fig. 2. Ejector.

Fig. 3. Ozonation kinetics of phenolic compounds. pH=5, mphenol=mphenolic compound=
0.32 mg,mtBuOH=10mg, T=20 °C.
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the gas. This gas is fed to the ozone analyzer and to the thermal
destructor.

Ozone was produced from pure oxygen in an LABO LOX ozoniser
provided by the Trailigaz company. This type of apparatus guarantees
an average ozone production of 16 g/h for a concentration of 5% in
weight.

The hydrodynamic properties of this contactor, presented on
Table 2, were determined in a previous study [24]. It was shown that
this ejector presents a high gas hold up and volumetric mass transfer
coefficient.

2.4. Analytical methods

2.4.1. HPLC
Phenolic compound concentration was analysed by means of high

performance liquid chromatographywith a UV detector (210 nm) and
a hypersil C18 column (250 mm long, 4.6 mm internal diameter).
Mobile phase was a mixture H2SO4 (4 mM):acetonitrile/80:20 at a
rate of 1 mL/min.

2.4.2. Dissolved ozone
Dissolved ozone concentration was determined by using the

carmin indigomethod [21]. The attack of trisulfonate carmin indigo by
O3 in an acid medium leads to discoloration of the solution which was
monitored by spectrophotometry at 600 nm. (spectrophotometer
DR2100, HACH).

2.4.3. Total phenolic compounds concentration
Total phenolic compounds concentration was determined by using

the Folin Ciocalteu method [25]. 1 mL of sample, 500 µL of Folin
Ciocalteu reagent, 5 mL of distilled water and 2 mL of 10% sodium
carbonate solution are introduced into a test tube. The mixture is
shaken and allowed to stand for 2h in the dark at room temperature.
Absorbance was then measured by spectrophotometry at 760 nm
(spectrophotometer DR2100, HACH).
Table 2
Hydrodynamic properties [24].

Volumetric mass transfer coefficient (s−1) kL 4×10−5

Gas hold up εG 0.21bεGb0.32
Main residence time (s) τ 0.75bτb1.15

0.8bL (m3h−1)b1; 0.2bG (Nm3h−1)b0.5.
2.4.4. Chemical oxygen demand
The chemical oxygen demand (COD) was measured by method

8000 of HACH with the spectrophotometer DR/2000.

3. Results and discussion

3.1. Determination of ozonation rate constants

ln ½CP�0
½CP�t

� �
vs ln ½phenol�0

½phenol�t

� �
is plotted on Fig. 3. The experimental data fit

well a straight line (regression coefficient R2N0.99). According to
Eq. (4), the slope of these straight lines corresponds to the ratio of the
ozonation rate constant of phenolic compound and the ozonation rate
constant of phenol. The latter was estimated by Bader and Hoigné
[15]: kO3/phenol=5.104L/mol s at pH 5. The values of the calculated
rate constants of phenolic compounds are presented in Table 3.

High rate constants were obtained at pH 5 (3.8×104bkO3/PC (L/
mol s)b2.9×105) showing that these phenolic compounds react
strongly with ozone. These results are close to those obtained with
other methods. Beltran et al. estimated the rate constant of ozonation
of gallic acid between 0.97×105L/mol s at pH 3 and 5.1×105L/mol s
at pH 7 [26]. These high rate constants associated with a high
concentration of phenolic compound in margines induce a diffusion
controlled regime [6]. Subsequently, an ejector, which presents
adapted characteristics for this regime (high gas hold up and volumic
mass transfer coefficient), should be used to transfer ozone into water
during treatment of olive mill wastewater by ozonation.

3.2. Ozonation of synthetic effluent

3.2.1. Operating conditions
Process efficiency was evaluated by performing treatment of

synthetic effluent prepared by introducing 1.6 g of gallic, p-coumaric
and p-hydroxybenzoic acid into 40 L of water. These concentrations
were chosen in order to obtain a pollution load compatible with the
ozoniser capacities and a diffusion controlled regime for the ozone
mass transfer (HaN3). Indeed, in these experimental conditions, by
using rate constant obtained, Ha number was estimated at 9.9 by
using Eq. (6) (with kL=4×10−5m/s and DO3=1.73×10−9m2/s).
Table 3
Ozonation kinetic constant of phenolic compounds — pH 5.

Phenolic compound (PC) r2 Slope kO3/PC (L/mol s)

Gallic acid 0.99 5.82 2.9×105

p-Hydroxybenzoic acid 0.99 0.76 3.8×104

p-Coumaric acid 0.99 0.96 4.8×104
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This experiment was carried out at 20 °C and the effluent was
continuously recirculated at a flow rate of 0.9 m3/h. Initial pH was
fixed at 5 by adding H2SO4. The gas flow rate was 0.3 Nm3/h and the
ozone concentration in the inlet gas was CO3,i=23 g/Nm3. Samples
were collected at suitable intervals of time. Phenolic compound
concentrations were monitored by HPLC, dissolved ozone concentra-
tion was measured by the carmin indigo method and ozone mass
transfer was determined by monitoring ozone concentration in the
inlet and the outlet gas. The efficiency of the mass transfer is given by
the ozone mass transfer ratio:

rO3 =
ðCO3;i−CO3;oÞ

CO3;o
⋅100 ð7Þ

Where CO3,i is the ozone concentration in the inlet gas (g/Nm3)
and CO3,o the ozone concentration in the outlet gas (g/Nm3).

3.2.2. Results and discussion
Evolution of the phenolic compounds concentration and ozone

mass transfer ratio are presented on Fig. 4. It appeared that gallic acid
and p-coumaric acid were completely removed in 15 min, and p-
hydroxybenzoic acid was removed in 20min. During this step, ozone
mass transfer was very high: it was up to 95% in the first 10min and
decrease slowly to be up to 90% after 20min of treatment. Moreover,
no dissolved ozonewas detected. So, during this treatment, more than
90% of produced ozone was transferred into water and consumed to
remove phenolic compounds. These results show that ejector is a very
efficient gas/liquid contactor in these conditions. High ozonation
kinetics constants and phenolic compound concentrations induce a
diffusion controlled regime (HaN3), and the ejector permits to obtain
a very efficient ozonemass transfer which leads to a fast and complete
removal of pollutants. After 20min of treatment, it appeared that
ozone mass transfer is less efficient. It corresponds to ozonation of
phenolic compounds byproducts which are less reactive with ozone
and do not induce a diffusion controlled regime.

3.3. Ozonation of olive mill wastewater

3.3.1. Operating conditions
Olive mill wastewaters were obtained from Sfax (Tunisia). The

main characteristics of this effluent were: pH=5, COD=6.4 g/L, and
insoluble material=3 g/L. It is to be noted that this pollution load was
lower than those usually reported in literature. In order to have a
pollution load compatible with the ozoniser capacities, 6.5 L of this
wastewater was mixed with 33.5 L of tap water before introduction in
the ozonation pilot. The experiment was carried out at 20 °C, with a
liquid flow rate L=0.9 L/h and a gas flow rate G=0.3 Nm3/h. Ozone
concentration in the inlet gas was CO3,i=23 g/Nm3. Samples were
collected at suitable intervals of time. Total phenolic compound
concentration was analysed with the Folin Ciocalteu method. Ozone
mass transfer efficiency (rO3) was determined by monitoring the
Fig. 4. Evolution of phenolic compounds abatement and ozone mass transfer ratio (◊)
gallic acid; (+) p-coumaric acid; (Δ) p-hydroxybenzoic acid; (○) rO3. T=20 °C;
G=0.3 Nm3/h; L=0.9 m3/h; CO3,i=23 g/Nm3.
ozone concentration in inlet and outlet gas. The Chemical Oxygen
Demand (COD) of each sample was measured.

3.3.2. Results and discussion
The evolution of the total concentration of phenolic compounds

(Fig. 5) shows that these compounds were eliminated at the
beginning of the treatment. After 15 min, more than 65% of the
phenolic compounds were removed. Then, removal of these com-
pounds became slower. After 40 min, an abatement of about 80% was
obtained. Subsequently, no evolution in the total concentration of
phenolic compounds was observed.

Evolution of the COD (Fig. 5) was similar: in the first 40 min, a
significant removal of COD was obtained (decrease of about 48% in
COD after 40 min). After this initial period, the COD value remained
constant. Other organic compounds present in margines and phenolic
compounds byproducts could be responsive of this COD.

Evolution of the ozonemass transfer ratio is presented Fig. 5. It can
be seen that in the first 10 min, all the ozone introduced was
transferred in into the liquid (rO3=100%). The lack of dissolved ozone
in the liquid (determined by the carmin indigo method) means that
all the ozone produced was used to oxidise the pollutants present in
the effluent. From 10 to 40 min, rO3 decreased slowly. After 40 min,
the ozone transfer ratio was between 50% and 75%. After this period,
ozone transfer was less efficient, and after 90 min, rO3 was about 50%,
meaning that half of the ozone produced was not used for treatment.

Results show that ozonation is quite an efficient method to remove
phenolic compounds from olive mill wastewaters. In spite of the
presence of many other organic and inorganic compounds, phenolic
compounds were significantly removed at the beginning of the
treatment. In this study, abatement of up to 80% was obtained. Some
phenolic compounds seem to be recalcitrant to oxidation, no further
evolution being observed after 40 min. To remove them, it could be
interesting to use an advanced oxidation process (O3/H2O2, O3/UV).
However, advanced oxidation processes are less selective than
ozonation, and many organic compounds, including non-toxic ones,
would be removed, raising the amount of ozone needed to treat these
wastewaters.

Using the ejector as gas/liquid contactor resulted in a very efficient
transfer of ozone into water during the first 15min (ozone mass
transfer was up to 95%). This phenomenon is due to the presence of
phenolic compounds, which react strongly with ozone and induce a
diffusion controlled regime. Subsequently, the decrease in ozonemass
transfer efficiency is due to the removal of phenolic compounds.
Results therefore show that in a very short contact time (mean
residence time is about 1s), this process can obtain very interesting
Fig. 5. Evolution of COD, total phenolic compounds removal and ozone mass transfer
ratio (Δ) [PC]; (+) COD; (○) rO3. T=20 °C; G=0.3 Nm3/h; L=0.9 m3/h; CO3,i=23 g/
Nm3.
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mass transfer efficiencies since target compounds are present in
solution. By modifying the ozoniser capacities, it should be possible to
use this process in an open circuit configuration. Results show that in
this configuration, the ejector could transfer all the produced ozone in
water and hence remove a high rate of phenolic compounds in a very
short time.

4. Conclusions

Phenolic compounds present in olive mill wastewaters react
strongly with ozone. In a first step, the ozonation kinetics constant
of gallic acid, hydroxybenzoic acid and coumaric acid were deter-
mined by using competition kinetic model. The high values of these
constants (from 3.8×104L/mol s to 2.9×105L/mol s) and the high
concentration of phenolic compounds induce a diffusion controlled
regime. In a second time, ozonation of a synthetic effluent containing
the phenolic compounds was performed by using an ejector as gas/
liquid contactor. It appeared that in a diffusion controlled regime
(HaN3), the process was very efficient: more than 90% of ozone
produced was transferred into water and used to remove pollutants.
So, phenolic compounds removal was fast and complete. Finally an
ozonation process using an ejector as gas/liquid contactor was used to
perform the treatment of olive mill wastewaters coming from Sfax
(Tunisia). Positive results were obtained:

- phenolic compounds present in wastewaters were removed at the
beginning of the treatment, showing that other products present
in this industrial matrix do not interfere with treatment;

- abatement of phenolic compounds reached 80%;
- ozone mass transfer was very efficient since the removal of
phenolic compounds: rO3 was up to 95% during the first 15 min.

This process could be an efficient pre-treatment enabling the
effluent then to be fed to a classical wastewater treatment plant.
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