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ABSTRACT

Many studies have investigated the effectiveness of a variety of technologies for treatment
of industrial wastewaters with increased concentration of dangerous organic matter. Nowa-
days, there are many ways to solve these kind of problems: biological and enzymatic pro-
cesses, membrane and electromembrane technology, oxidation and advanced oxidation
processes (AOP), evaporation and many others. All of the methods have their advantages,
but also economical and technical limits of their usability. In our case, we dealt with a prob-
lem of landfill leachate treatment. We used reverse osmosis, ozonation and Fenton’s reaction
in various combinations to reduce the organic matter content in the wastewater from the
landfill. The AOP processes we used did not achieve complete destruction of the organic
compounds, but only degraded to simpler organic compounds. The best result was
achieved by combination of ozonation and reverse osmosis.
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1. Introduction

1.1. AOP processes

Chemical oxidation is a widely studied method for
the treatment of the wastewater with high concentra-
tion of organic compounds. Nowadays, there is a
growing interest that has been focused on advanced
oxidation processes (AOP). Most of them, except sim-
ple ozonation (O3), use a combination of strong oxi-
dants, e.g. O3 and H2O2, ultraviolet and ultrasound
irradiation, and catalytic reaction of metal ions or pho-
tocatalyst. Typical AOP processes are [1]:

(1) Homogeneous system

(a) With irradiation:

(i) O3/ultraviolet
(ii) H2O2/ultraviolet
(iii) Electron beam
(iv) Ultrasound
(v) H2O2/ultrasound
(vi) Ultraviolet/ultrasound
(vii) H2O2/Fe

2+/Ultraviolet
(photo-Fenton’s reaction)
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(b) Without irradiation:

(i) O3/H2O2

(ii) O3/OH−

(iii) H2O2/F
2+ (Fenton’s reaction)

(2) Heterogeneous system

(a) With irradiation

(i) TiO2/O2/UV
(ii) TiO2/H2O2/UV

(b) Without irradiation
(c) Electro-Fenton’s reaction

Nowadays, most of AOP processes that have com-
mercial applications are actually a combination of two
or more processes, and usually ozonation is one of them.
Ozone forms a variety of free radicals species through a
sequential decay cycle in water. Ozone also forms
hydroxyl radicals when it reacts with high molecular
organic compounds. At high pH values, free radicals
scavengers such as carbonate ions compete for these
radicals with organic compounds; thus, the effectiveness
of ozonation processes diminishes at high pH [2].

However, many other factors besides the pH influ-
ence the extent of removal of organic compounds by
AOP. The most important is the concentration and
character of organic and inorganic compounds in the
feed water; but the oxidant dose, temperature and
other general water-quality characteristics can influ-
ence the result of oxidation. Another factor in the use
of oxidation for the macromolecular organic com-
pounds removal is that the chemical reactions between
oxidants and organics might produce undesirable
products [1,3]. So the ozonation does not cause the
complete destruction of organic molecule, but “tear” it
to other simpler organic compounds. Hence we use
other technologies, like bioreactor or reverse osmosis,
to remove the organic wastes from the wastewater.

1.2. Reverse osmosis

The reverse osmosis is one of the pressure mem-
brane processes. This process is generally known and
frequently used for water demineralization in many
industrial branches. A semi-permeable membrane is
used for separating substances dissociated in water
[4]. This process is based on the ability of the semi-
permeable membrane to pass water and to retain
micro-organisms, colloids, ions of dissociated salts as
well as molecules of organic substances. The liquid is
able to pass the membrane in case if the hydrostatic
pressure gradient is higher then osmoic pressure.

Literature has shown the reverse osmosis is very
effective in removing organic compounds to a high
degree [1,4].

However, there is some major drawbacks for the
implementation of pressure-driven membrane pro-
cesses, and particularly RO, to the treatment of waste-
water with high organic content: membrane fouling
(which requires extensive pretreatment or chemical
cleaning of the membranes, results in a short lifetime
of the membranes and decreases process productivity)
and the generation of large volume of concentrate
(which is unusable and has to be discharged or further
treated) [5].

1.3. Fenton’s reaction

It is not a selective but an efficient method of
removing organic pollutants. The destruction of the
organics molecule is caused by hydroxyl radical, which
appears in reaction of hydrogen peroxide under the
catalytic action of iron. This reaction, discovered in the
late nineteenth century, shows the first stage of
Fenton’s process—reaction between hydrogen peroxide
and divalent iron in the low pH range [6]:

Fe2þ þH2O2 ! Fe3þ þOH� þOH�

The Fe3+ ions can react with H2O2 and hydroperoxide
radicals to regenerate back to Fe2+:

Fe3þ þH2O2 ! Fe2þ þHþ þOOH�

Fe3þ þ� OOH ! Fe2þ þO2 þHþ

In oxidation of organic molecule, the initiation reac-
tion can take place by two ways:

(1) Dehydrogenation (alkanes and alcohols):

CH3OH� þOH ! CH2OHþH2O

(2) Addition (unsaturated hydrocarbons and
aromates):

OH� þ C6H6 ! C6H6ðOHÞ

2. Experiments and results

2.1. Fenton’s reaction

The wastewater we used was the real water from
the landfill, and it has been pretreated by coagulation
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and filtration before the laboratory experiments.
Because in the Fenton’s reaction the ions of iron are
needed as catalyst for the decomposition of organic
substances, we decided to include this process to the
technological line of landfill leachate treatment after
the clarification—we used FeCl3 as the coagulant in
pretreatment stage and lots of iron ions has been
remains in the water. Subsequently, to use this iron as
a catalyst, it would be necessary only to change the
pH and add the hydrogen peroxide [7,8].

It was decided to provide the experiment with tri-
valent iron salt, with the same dose of ferric chloride,
which was calculated in the coagulation tests—1.2 g/l.
Despite the fact that in this case it could have lower
efficiency in removing organic substances by Fenton’s
reaction—experimentally, it was found that in this case
there was a much lower concentration of iron ions in
treated water. The amount of hydrogen peroxide was
adjusted to a dose of iron, so that the molar ratio of
ferric ion to hydrogen peroxide was 1:10, which
represents about 2.5 g of hydrogen peroxide [1,9].

To Erlenmeyer flask, which was placed on a mag-
netic stirrer, was measured 0.5 l of the sampling
water. This water was the sample of a real clarified
landfill leachate. The pH was adjusted to 2.3 by dos-
ing of sulphuric acid. Ferric chloride was added as a
40% solution, and then while stirring, one portion of
hydrogen peroxide was added. The experiment was
performed at laboratory temperature.

Every 10 min, the samples were withdrawn from
the flask for analysis. Experiment duration was 1 h.

The kinetic of the COD removal during the experi-
ment is shown in Fig. 1.

As we can see from the results, the efficiency of
removing the organic compounds by Fenton’s reac-
tions under these conditions was not higher than 42%.
Furthermore, it was found that the consumption of
acid for pH regulation for the correct course of

Fenton’s reaction is very high and as a result of this,
the water had much higher salinity.

2.2. O3/H2O2

For the ozonation tests, we used the laboratory gen-
erator of ozone LIFEPOOL 1.0/OXCW by LifeTech.
The source of oxygen for generating the ozone was
obtained by the oxygen pressure bottle which supplies
oxygen with purity of 99.5%. Ozonation of water
samples was performed in a glass column of internal
diameter 5.5 cm and a height 80 cm. Glass column was
filled with 1 l sample. The lower part of the column is
fitted with a frit, which ensures an uniform distribu-
tion of ozone in the whole volume of the sample and
provides a relatively small gas bubbles. Just above the
frit and the top of the column are valves for sampling.

With this laboratory unit, the regulation of ozone
generation and oxygen flow can be achieved by the
production of ozone in the range 0.2–7 g/h.

In case of using a combination O3/H2O2, the hydro-
gen peroxide (30% solution) was added all at once in
the start of the experiment directly into the column.

All experiments were performed at laboratory tem-
perature of 21–24˚C.

Experiments were carried out at two pH values:
the original (6.7) and in the high alkaline range (initial
pH value was adjusted to 12). For alkalization process,
concentrated NaOH solution of 5 ml was added to 1 l
of water to adjust the pH to 12 was needed 5 ml to 1 l
of water.

The experimental results can be summarized as
follows:

� During the experiment of the treatment of the
real clarified landfill leachate by ozonation, it
was impossible to reduce the concentration of
COD under the limits of detection. The best
result we achieved was by removing 65% of
COD.

� Ozonation at the original, neutral pH reached a
higher efficiency of COD removing than ozona-
tion at pH 12.

� The kinetic of the COD removal during the
experiment with neutral pH range is shown in
Table 1.

� Addition of hydrogen peroxide brings the
positive result in efficiency of COD removal, only
at ozonation, at neutral pH, but at the cost of
higher consumption of ozone. The lower effi-
ciency of ozonation in the alkaline pH range can
probably be caused by specific content of inor-
ganic solids in the water—high concentrations of
chloride or bicarbonate ions.Fig. 1. The process of removal of COD during the Fenton’s

reaction.
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The parameters of best achieved result:
Sample volume: 1 l, Gas flow rate: 1 l/min, Total

O3 dose: 3.7 g, Relate O3: 2.4 g, H2O2 dose: 1 g.

2.3. Reverse osmosis

The experiment of reverse osmosis was like the
pilot-scale testing of the real landfill leachate. The clari-
fication and the sand filtration were chosen for the
pretreatment of this technology. Pilot testing took place
in the summer for about 50 d. All the technological
components were placed in the storage container of
appropriate size, which was situated in the landfill and
installed in the immediate vicinity of the landfill leach-
ate collection pit. Waste streams have been discharged
back into the pit (Table 2).

How can we see, the treated water has very low
mineralization, and the efficient of COD removal is
nearly 100% (organic compound are under the limits
of quantification).

3. Conclusion

Based on the laboratory and pilot testing, we
designed the technological line for the landfill leachate
treatment. This line includes the pretreatment stage:
clarification and sand filtration, O2/H2O2 process to
reduce the concentration of organic compounds and
reverse osmosis.

The role of pretreatment stage:

� reducing the TSS in the feed water to protect the
membranes and decrease the consumption of
ozone;

� reducing the oils, which can cause problems for
both following technology stages.

The role of O2/H2O2 process stage:

� reducing the concentration of organic compound
to solve the problem with fouling of the reverse
osmosis membranes;

� reducing the concentration of ammonium;
� reducing the concentration of iron.

The role of reverse osmosis process stage:

� removing organic and inorganic compounds
from the water.

Even the combination of these processes will not
be able to solve the problem with large volume of
concentrate (nearly 25% of feed water). To reduce the
volume of concentrate, the next technology stage is
needed—it could be e.g. vaporizer or electrodialysis
process.
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