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Abstract

Background. Olive mill wastewater (OMW) generated by the
olive oil extracting industry is a major pollutant, because of its
high organic load and phytotoxic and antibacterial phenolic
compounds which resist biological degradation. Mediterranean
countries are mostly affected by this serious environmental prob-
lem since they are responsible for 95% of the worldwide olive-
oil production. There are many methods used for OMW treat-
ment, such as adsorption, electro coagulation, electro-oxidation,
biological degradation, advanced oxidation processes (AOPs),
chemical coagulation, flocculation, filtration, lagoons of evapo-
ration and burning systems, etc. Currently, there is no such eco-
nomical and easy solution. The aim of this study was to evalu-
ate the feasibility of decolourization and removal of phenol,
lignin, TOC and TIC in OMW by UV/H,0, (AOPs). The oper-
ating parameters, such as hydrogen peroxide dosage, times, pH,
effect of UV and natural sunlight were determined to find the
suitable operating conditions for the best removal. Moreover,
there is no study reported in the literature related to the use of
UV/H,0, and lime together in OMW treatment.

Methods. OMW was obtained from an olive-oil producing plant
(Mugla area of Turkey) which uses a modern production process.
No chemical additives are used during olive oil production. This
study was realised by using two different UV sources, while tak-
ing the time and energy consumption into consideration. These
two sources were mercury lamps and natural sunlight. Before start-
ing AOPs experiments, one litre of OMW was treated by adding
lime until a pH of 7.00. Then, 100 ml was taken from each sample,
and 1 to 10 ml of a 30% H,0O, (Riedel-deHaen) solution was
added. These solutions in closed vessels were laid in the natural
sunlight for a week and their compositions and colour changes
were analysed daily by UV-Vis spectrophotometer. At the end of
the one-week period, they were treated with lime. In this study,
the effect of changes in the initial pH, times and H,O, concentra-
tions on removal was investigated. At the end of all experiments,
changes in colour, phenol, lignin, TOC and TIC concentrations
were analysed according to standard methods.

Results and Discussion. In the samples exposed to natural sun-
light and having an H,0,/OMW ratio of 3 ml/100 ml, a signifi-
cant colour removal was achieved approximately 90% of the
time at the end of 7 days. When the same samples were treated
with lime (pH: up to 7), 99% efficiency was achieved. When
phenol and lignin removals were examined in the same concen-
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tration, phenol and lignin removal were found 99.5%, 35%,
respectively. However, for maximum lignin removal, more use
of H,0, (10 ml H,0,/100 ml OMW) was found to be neces-
sary. Under these conditions, it was found that lignin can be
removed by 70%, but to 90% with lime, at the end of a seven-
day period. Rate constants obtained in the experiments per-
formed with direct UV were found to be much higher than those
of the samples exposed to natural sunlight (k?;,,,=0.3883>>
kb,.,=0.0078; ks, ,=0.5187>>kb,, =0.0146). Moreover, it
should be remembered in this process that energy consumption
may induce extra financial burden for organisations.

Conclusions. It was found, in general, that colour, lignin, total
organic carbon and phenol were removed more efficiently from
OMW by using H,0, UV and lime OMW. Moreover, in the
study, lime was found to contribute, both initially and after radi-
cal reactions, to the efficiency to a great extent.

Recommendations and Perspectives. Another result obtained
from the study is that pre-purification carried out with hydro-
gen peroxide and lime may constitute an important step for fur-
ther purification processes such as adsorption, membrane pro-
cesses, etc.

Keywords: Advanced oxidation processes (AOPs); colour; lig-
nin; lime treatment; olive mill wastewater (OMW); phenols; total
inorganic carbon (TIC); total organic carbon (TOC)

Introduction

Olive oil is extracted mainly in two ways, by traditional
(classical, pressing) and continuous (centrifuging) methods
from the pulp of olive fruits obtained by grinding them in
stone mills. In the traditional method, the ground olives are
pressed in cloth bags and then the liquid mixer is rested in a
series of tanks to separate the oil. In the continuous method,
the crushed olive fruits are pumped into a three-phase de-
canter and the impure oil is then centrifuged (Israilised et al.
1997, Adhoum and Monser 2004).

Olive mill wastewater (OMW) generated by the olive oil
extracting industry is a major pollutant because of its high
organic load and the phytotoxic and antibacterial phenolic
compounds which resist biological degradation. Mediterra-
nean countries are mostly affected by this serious environ-
mental problem, since they are responsible for 95% of the
worldwide olive-oil production. In these countries, about 11
million tons of olives are produced per year from which about
1.7 million tons of olive oil is extracted. The seasonal pol-
luting load of olive-oil production is nearly equal to that of
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22 million people per year (Saez et al. 1992, Kestiolu et al.
2004, Zanichelli et al. 2006). Therefore, OMW must be treated
to remove the phenolic fraction, before being discharged in
receiving water bodies or used for irrigation purposes.

The simplest solution applied towards this direction con-
sisted in constructing artificial big ponds into which OMW
is stored, awaiting its natural evaporation. However, this
method, not only being very slow, but also causes subse-
quent unpleasant environmental pollution linked to genera-
tion of bad odours due to anaerobic activity (Adhoum and
Monser 2004).

There are many methods used for OMW treatment, such as
that proposed by Kestiolu et al. (2004) who studied the
physico-chemical treatment and advanced oxidation pro-
cesses by means of the ozone or Fenton's reagent in the pres-
ence and absence of UV radiation. They showed that the
same COD and total phenol removal efficiencies (99% re-
moval for both COD and total phenol) were found to have
been given by both H,0,/UV and O,;/UV combinations.
Another method was recently applied to the treatment of
OMW and consists of the application of an integrated cen-
trifugation-ultra filtration system (Turano et al. 2002) al-
lowing an efficient reduction of pollution and a selective
separation of some useful product. Traditional physical and
chemical techniques, such as flocculation, coagulation, fil-
tration, lagoons of evaporation, the electrochemical treat-
ment of OMW and burning systems also solve the problem,
but only partially (Israilised et al. 1997, Oukili et al. 2001,
Schwitzguébel et al. 2002, Inan et al. 2004, Adhoum and
Monser, 2004, Ugurlu et al. 2006). In addition, Oukili et al.
(2001) have investigated activated clay as adsorbents for
removal of organic compounds from OMW,, the removal of
phenolic compounds have also been investigated effectively
by using lime (Aktas et al. 2001). Curi et al. (1980) have
tested the treatment of OMW with a mixture of aluminium
sulfate and ferric chloride, calcium hydroxide solution and
also acidifying of the waste with hydrochloric acid solution.
They have determined the clarifying percent of the waste-
water. Calcium hydroxide and aluminium sulphate have also
been used besides magnesium sulphate by Tsonis et al. (1989).
They have reported that COD value dropped to 20-30%
with calcium hydroxide, when it was added until the pH of
the waste reached 11. Several biological studies have also
been conducted to eliminate the pollution effect of OMW
(Hamdi et al. 1992) and the organic content of OMW was
oxidized using monopersulfuric acid (Solinas et al. 1992).
Lallai et al. (2003) have investigated the biodegradation of
phenolic compounds by using aerobic microbial cultures.
As a result, there is no such economical and easy solution
for removal organic compounds from OMW.

Commonly applied method for removal of COD, colour,
phenol and organic compounds from industrial effluents is
Advanced Oxidation Processes (AOPs). AOPs are related to
the formation of OH radicals, which will accelerate the oxi-
dative degradation of numerous organic compounds dis-
solved in wastewater. It has been found that AOPs include
several processes such as ultraviolet/ozone (UV/O;), ultra-
violet/hydrogen peroxide (UV/H,0,), and ozone/hydrogen
peroxide (O3/H,0,) (Ranalli 1987, Kestioglu et al. 2004).
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The UV/H,O, process uses ultraviolet radiation to cleave
the O-O bond in hydrogen peroxide and generate the hy-
droxyl radical (Hung et al. 2004, Glaze et al. 1987). The
hydroxyl radical can then be scavenged by an organic com-
pound to initiate a radical chain degradation of hydrogen
peroxide as in the following reaction:

Radical formation: H,0, — _s20H"®

Hydroxyl radicals produced in either way described above
may attack organic molecules by abstracting a hydrogen
atom from the molecule (Glaze et al. 1987, Hung et al. 2004,
Kestioglu et al. 2004).

In the present study, it was aimed to investigate the decolouri-
zation and removal of some organic compounds (phenol,
lignin, TOC and TIC) from OMW by using AOPs method.
In addition, constant amount of lime was used for all the
experiments after AOPs for increasing the removal efficiency
and to prevent pH decreased. Moreover, there is no study
reported in the literature related to the use of AOPs and
lime together in the OMW treatment.

1 Materials and Methods
1.1 Characterization of the OMW

The wastewater under study was obtained from an olive-oil
producing plant (Mugla area of Turkey), which uses a mod-
ern production process. No chemical additives are used dur-
ing the olive oil production. The characteristics of olive mill
wastewater used in this work are presented in Table 1.

Table 1: Physico-chemical characteristics of olive mill wastewaters sample

Parameters Value
Colour black
pH 5-6
COD (mgl™) 6.12x10°
BOD (mgl™) 55.4
Polyphenol (mg/l) 8.0
Lignin (mg/l) 255
Density (25°C) (g/l) 0.96
Conductivity (uScm™) 7065

1.2 Experimental methods

This study was realised by using two different UV sources,
and taking the time and energy consumption into consider-
ation. These two sources were mercury lamps (OSRAM Ul-
tra V1talux 300 W) and natural sunlight (day and night pe-
riod, total 24 hours). Initially, one litre of OMW was treated
by adding lime until the pH: 7.0. Then, 100 ml from each
sample was taken into ten closed vessels to prevent evapora-
tion and 1 to 10 ml of a 30% H,O, (Riedel-de Haen) solution
was added to these beakers. These solutions were laid in the
sunlight (pane edge in the laboratory) for a week and their
compositions and colour changes were daily observed and ana-
lyzed. At the end of the one week, they were treated with a
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constant amount of lime in such a way that their pH value
became 7.0. The operating parameters were selected: hydro-
gen peroxide dosage, time, pH, effect of UV lamp and natural
sunlight (day and night). When only a mercury lamp was used
as UV source, the time was limited to 5 hours. At the end of
all experiments, changes in colour, phenol, lignin, TOC and
TIC concentrations were analysed. All the experiments were
performed in duplicate and average values were used.

1.3 TOC, TIC, phenol, lignin and decolourization measurement

The concentration of lignin, TOC, TIC, and phenol in OMW
were measured using analysis methods described in APHA
Standard Methods (APHA 1995). The dark colour intensity
was determined by measuring the sample absorbance at 400 nm
(UV-Vis spectrophotometer, Dr Lange).

2 Results and Discussion
2.1 Effect of initial hydrogen peroxide concentration

Much research has evaluated the decolourization of vari-
ous organic compounds in aqueous solutions by UV/H,0,
processes, showing that the H,O, concentration plays a very
important role for the generation of hydroxyl radicals to
remove organic compounds (Hy et al. 1994, Hy and Chang
2005). OMW was added and a particular amount of H,O,
was left under natural sunlight without being subjected to
any treatment. The changes taking place in colour, phenol
and lignin concentrations of all the samples were analysed
daily and the results were plotted as seen in Fig. 1, 2 and 3,
respectively.

OMW is strongly coloured related to lignin, tannin and the
other high amount of organic compounds. This wastewater
contains non-biodegradable product and is known to be a
dark red to black effluent (Adhoum and Monser 2004). As
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Fig. 1: Effect of H,O, concentration on decolourization in different times
and under natural sunlight (Experimental conditions: Temperature, 25°C;
initial pH, 7.0)
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Fig. 2: Effect of H,0, concentration on removal of phenol at different times
and under natural sunlight (Experimental conditions: Temperature, 25°C;
initial pH, 7.0)

seen in Fig 1, it was observed that significant colour removal
was obtained at 3 ml H,0,/100 ml peroxide ratios and by
adding lime treatment. Moreover, one week can be suffi-
cient for this process. At the end of the seven-day period,
colour removal reached 90% at this peroxide concentration
and then, after adding lime, approximately 98%.

When Fig. 2 is analysed, it is seen that a fast phenol removal
was achieved by increasing times and H,O, concentration.
After 3 ml of H,0,/100 ml, a plateau is seen in the removal
percentage. Phenol removal was observed approximately
100% at the end of one-week by using lime. It was reported
that in the process of black water purification performed
with H,0, and clay, polyphenols were removed to 95% with
H,0, and the use of H,0, has two certain advantages (Oukili
et al. 2001). These are:

o A decrease in pH from 7 to 5 because of the production
of acetic acid from the polyphenol oxidation with H,0,
e An important bleaching of the undiluted OMW

Phenolic compounds were removed to a considerable ex-
tent in different H,O, concentrations by increasing time.
Moreover, 2 or 3 unit decreases were observed in the pH of
wastewater. This result can be explained in the above-men-
tioned study; that is, decreases of pH have attributed in-
creases in the number of acidic products. As explained be-
fore, in all the experiments, certain amounts of lime were
used to make sure that the pH was 7.0. It is assumed that
the addition of lime makes a great contribution to the
neutralisation of acidic products, their sedimentation, and
removal from the medium. In addition, the use of lime is of
great importance in terms of bringing wastewaters com-
patible with the discharge standards.

While in low H,O, concentrations, not much lignin removal
was observed over time in connection with the increasing
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Fig. 3 Effect of H,0, concentration on removal of lignin at different times
and under natural sunlight (Experimental conditions: Temperature, 25°C;
initial pH, 7.0)

peroxide amount, increases became very remarkable over
time (see Fig. 3). Furthermore, it was seen that more lignin
removal could be achieved when H,0, treatment was fol-
lowed by lime treatment. When Fig. 3 is analysed, it is seen
for maximum lignin removal, that the use of a high amount
of H,0, could be necessary. When the ratio of H,0, was 1/10,
a 70% removal at the end of the seven-day period became
90% when lime was applied. All of the parameters, as can
be seen later, the least efficiency was achieved with lignin.
Lignin, which is a principal plant constituent and heteroge-
neous aromatic polymer interdispersed with hemicellulo-
ses and occurs surrounding microfibrils. The effluent colour
is primarily due to lignin and its degraded products, which
are chemically stable, resistant to biological degradation
and are intractable to separation by conventional treatment
methods (Hy et al. 1994, Eismann et al. 1997). Even in
very high peroxide concentrations, the fact that lignins were
not being completely removed could be related to its being
more resistant to radical reactions than phenol and other
organic substances.

TOC and TIC values in olive black water are one of the
most important indicators of pollution. When TOC and TIC
concentrations are examined, it is seen, depending on an
increasing peroxide concentration, which TOC decreased
while the TIC concentration increased (Fig. 4). In OMW
samples exposed to natural sunlight, TOC concentration ran
out when 5 ml H,0,/100 ml was used at the end of the 3-
day period. Moreover, when H,O, + lime were used, the
TOC concentration at the end of this period was observed
to reach its minimum level, while TIC was observed to reach
its maximum (5.05 mg/l) (see Fig. 4). Solinas et al. (1992)
was reported that there was a close connection between TOC
change and H,O, concentration. In the study, it was also
reported that the removal of the organic matters can be di-
rectly related with H,O, and OH radicals.
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Fig. 4: Effect of H,O, concentration on removal of TOC at different times
(Experimental conditions: Temperature, 25°C; initial pH, 7.0)

2.2 The Direct effect of UV/H,0,

In OMW samples directly exposed to UV/H,O,, the changes
in phenol and lignin concentrations were investigated. The
results obtained from this investigation were plotted in Fig. 5.
It is seen that in the first 60 minutes, 80% phenol removal
was achieved when UV+lime was used, but removal was
increasing slowly by times. In addition, it can be seen that
the use of lime made a great contribution to the removal of
both compounds and at the end of a 3-hour period, while
100% phenol removal was achieved; for 90% removal of
lignin, 4 hours were required.

In all the parameters investigated, more removal of phenol
and lignin was observed with lime in the samples both ex-
posed to natural sunlight and direct UV in laboratory con-
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Fig. 5: Effect of time on removal of lignin and phenol (Experimental condi-
tions: Temperature, 25°C; initial pH, 7.0; H,0, /OMW ratio, 3 ml/100 ml)
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ditions. Previous study proved that pure lime (Ca(OH),)
could effectively remove the colour, phenol and the other
organic compounds in different wastewater (Aktas et al.
2001). In another study, it was stated that in the experi-
ments where UV and H, O, are used together, possible reac-
tions of organic substances in aquatic medium due to radi-
cal reactions can be as follows (Claze et al. 1987, Carey
1990, Keskinoglu et al. 2004):

OH® +RH ——H,0+R’ (1)
R*+H,0,——ROH +OH" (2)
ROO® + RH —— ROOH + R’ 3)

In our work, 2 to 3 unit decreases were observed in the pH
of wastewater (depending on H,0,). This situation can be
explained through the emergence of the above-mentioned
acidic products in aquatic medium. As stated before, a suit-
able amount of lime was used after all the experimental pro-
cedures (pH: 7.0). Acidic products appearing in Reaction 3
were predicted to have the following interaction with lime.

Mixture of organic pollutants (low pH) + lime —
Stable organic pollutants-lime + organic pollutants (pH: 7.0) (4)

U

When direct UV was applied to wastewaters with different
H,0, concentrations, the obtained results were plotted in
Fig. 6. for phenol and lignin removal. As expected, while
the amount of H,0, increased, the amount of removal in-
creased as well. When 4 ml/100 ml and lime were used, about
98% phenol removal was achieved. In the same H,O, con-
centration, lignin stability was observed when 90% removal
was achieved. Moreover, in all the wastewater samples
treated with H,0O, and lime, a significant amount of increase
in the removal was achieved.
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Fig. 6: Effect of initial dosage of H,O, on removal of lignin and phenol
(Experimental conditions: Temperature, 25°C; initial pH, 7.0; time, 2 hrs)
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2.3 The effect of pH

In general, raising pH results in reducing organic molecule
degradation rates by a UV/H, O, process so that H,0, gener-
ally dissociates into water and oxygen rather than hydroxyl
radicals under an alkaline condition (Ersoy et al. 1998). In the
experiments, the initial suspension pH was adjusted to 1, 3, 5,
7,9 or 11 by adding HCI and NaOH. Then, it was exposed
directly to UV light by using constant H,0,/OMW ratios (3 ml/
100 ml) for 2 hours. At the end of this time period, the samples
were taken and then they were treated with lime so that the
pH was 7.0. Phenol and lignin removal values before and af-
ter lime treatment were plotted in Fig. 7. At very low and
high pH values, removal efficiencies were low. The most
suitable range of pH values for phenol and lignin removal
was found to be between 6 and 9, and, at this range, 85%
lignin and 95% phenol removal were achieved. In the same
studies aiming to investigate the removal of dye molecules with
UV/H,0,, the pH range of 7.2-8.9 has been reported to be
very efficient (Hy and Chang 2005). In another study, at dif-
ferent pH ranges, TOC removal with the UV/H,0, system in
dye substances has been analysed, and it has been reported
that the maximum removal has been achieved in the pH range
of 7-9. Again, in the same study, it has been stated that out-
side of the pH range of 3.3-10.6, the lowest TOC removals
have been achieved (Solinas et al. 1992). Our study con-
firms the above-mentioned results, as the efficiency here was
found to be low at very high and low pH values.
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Fig. 7: Effect of initial pH on concentration of lignin and phenol (Experi-
mental conditions: Temperature, 25°C; time, 120 min; H,O,/OMW ratio,
3 ml/100 ml)

2.4 Kinetics of process

The decolourization, phenol, lignin, TOC and TIC were
conducted using the H,O, process under various operating
conditions such as initial hydrogen peroxide concentration,
natural sunlight and direct UV light power. In this process,
UV and natural sunlight irradiates the hydrogen peroxide
to produce the strongest oxidizing free radicals, such as hy-
droxyl and peroxide radicals, which attack the organics
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Table 2: Summary of the kinetic and other properties of OMW by UV/H,0O, and sunlight (UV/ H,0,) methods (Initial pH:7.0, H,O,/OMW:3 mI/100 ml, 25°C)

Compounds UV / Hz0, Natural sunlight / H20,

Rate constant, k¥ (hour™) I Rate constant, K° (hour™) I
Lignin 0.3883 0.87 0.0078 0.91
Phenol 0.5187 0.90 0.0146 0.92
TOC - - 0.0058 0.91
TIC - - 0.0425 0.83

k? = rate constant by using natural sunlight / H.O»
K’ = rate constant by using UV / H20,

instantaneously as soon as the reaction starts to degrade
the target compound. Besides, the decolourization rate ex-
pression of organic compounds can be simplified as a
pseudo-first order kinetics model as follows (Ersoy et al.
1998, Ugurlu 2005).

€], _
In [Cl,

—kt (5)

The slope of the plot of In C/C, versus time gives the value
of rate constant k, min'. Here, C, is the initial concentration
in milligrams per litre, and C, is the concentration value in
milligrams per litre at time ¢. The above equation may be of
the type y=mx, and a line plot of In C/C, versus ¢ indicates the
validity of a first order reaction of process (Table 2) (y=1In C/
C,, m=—k and x = ¢). Table 2 provides the rate constant (k),
respective 72 values for phenol, lignin, TOC removal and
TIC. When the rate constants presented in Table 2 are exam-
ined, rate constants in the experiments performed with UV
were found to be higher than those of the samples exposed
to natural sunlight (k2. =0.3883>>kb, . =0.0078;
ke )00=0.5187>> kb, =0.0146). These results show, in the
purification processes carried out by considering the sea-
sonal and climatic factors, that the amount of production
and other factors, natural sunlight may play an important
role. However, a late emergence of its results is a disadvan-
tage. On the other hand, it was found that to accelerate the
procedure, direct UV and lime can be used, but that this
induces extra financial burden due to the energy consump-
tion involved in the procedure.

3 Conclusions

When OMW with different H,O, concentrations was exposed
to natural sunlight or UV, important changes were observed
in colour, lignin, phenol, and TOC values. In the samples
exposed to natural sunlight and having peroxide/wastewa-
ter ratios of 3 ml/100 ml, a significant rate of colour removal
was achieved (90%). When the same samples were treated
with lime (pH: up to 7), 99% efficiency was achieved. When
phenol and lignin removals were examined in the same con-
centration, it was found that 90% phenol removal increased
to 100% with lime and 30% lignin removal to 40%. In ad-
dition, when having peroxide/wastewater ratios of 10 ml/
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100 ml, when phenol removal was examined in the same
concentration, it was found that the same phenol removal
of 100% was obtained for the cases with lime and without
lime. However, for maximum lignin removal, more use of
H,0, (100 ml H,0,/1 L OMW) was found to be necessary.
In these conditions, it was found that lignin can be removed
90% by using lime at the end of a seven-day period. On the
other hand, in the experiments carried out under direct UV
light, maximum lignin and phenol removal was achieved at
the end of a five-hour period. However, when the wastewa-
ter obtained at the end of the fourth hour was adjusted in
such a way with lime that the pH was 7.0, maximum effi-
ciency was achieved (100% for phenol and lignin). Rate
constants obtained in the experiments performed with di-
rect UV were found to be much higher than those of the
samples exposed to sunlight (k2 =0.3883>>kb, . =0.0078;
K2 ) ono=0.5187>> kb, =0.0146). However, it should be
remembered in this process that energy consumption may
induce extra financial burden for organisations. When the
effect of pH on the removal was investigated, it was found,
in general, that efficiency decreased at very low and high
ranges. Moreover, in the study, lime was found to contrib-
ute, both initially and after radical reactions, to the efficiency
to a great extent. Another result obtained from the study is
that pre-purification carried out with hydrogen peroxide and
lime may constitute an important step for further purifica-
tion processes (adsorption, membrane processes, etc.).
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