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Abstract
In the present work, chemical/photochemical processes, specifically,
Fenton and Fenton-like reactions were employed to treat a leachate from the
municipal solid waste landfill of Astana (Kazakhstan). Each experiment lasted
120 minutes, and the treatment efficiency was assessed through total organic
carbon (TOC), total inorganic carbon (TIC), total nitrogen (TN) and colour
removal. An annular UV (254 nm) photoreactor operated in a batch recycle mode
was used. The total volume of the solution was 250 mL, and the irradiated volume
in the photoreactor was 56.8 mL. The effect of inorganic carbon, pH, initial H2O2
amount (0-9990 mg L-1), Fe(II) (200-600 ppm) and Fe(III) (300-700 ppm)
concentrations on total carbon and colour removal was studied. The landfill
leachate had initial carbon concentration equal to 5868 mg L-1 and pH 8.16. The
total carbon was by 40-45% inorganic, and nitrogen was 90% inorganic in the
ammonium form. Preliminary experiments showed that inorganic carbon acting
as hydroxyl radicals scavenger inhibited significantly the photo-Fenton treatment.
Without the pretreatment steps only 7.7% TC removal was observed, while 29%
TC (equal to TOC) removal was achieved when the inorganic carbon was
removed at the pretreatment steps. Therefore, pretreatment process in two steps
was applied: continuous air stripping for 24 hours at pH = 12 to remove ammonia
and then pH adjustment to 5 to remove inorganic carbon. The pretreated leachate
was further diluted with tap water in a ratio of 1/2.4 and sent for
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chemical/photochemical treatment. The leachate used as feed to next processes
had initial carbon concentration in the range of 1100-1300 mg L-1 (all carbon was
organic) and pH 5.1-5.3. It was found that the most favourable concentrations of
H2O2 and Fe(II) for carbon removal were 6660 mg L-1 and 400 ppm, respectively,
while ammonia was not affected. The initial pH value was ranged in 2.2-5.3 and
had also a considerable effect on total organic carbon and color removal.
Specifically, the highest TOC removal (44.3%) was achieved when initial pH was
adjusted at 3.01. Using classical Fenton process instead of photo-Fenton process
led to TC removal around only 21%. Finally, the use of Fe(III) instead of Fe(II)
was beneficial in terms of TOC and color removal achieved.
The second part of current work was devoted to the study of the
photocatalytic efficiency of the synthesized Fe-doped TiO2 catalysts with
different iron contents (Fe/Ti weight ratio percentage = 0.5%, 1%, 2% and 4%).
4-tert-butylphenol was used as a target pollutant. The effectiveness of the catalysts
was compared with TiO2 catalyst (P-25). The work was also expanded by
mineralization of 4-tert-butylphenol using UV/H2O2/catalyst process. The
catalysts were characterized via ultraviolet-visible spectrophotometry (UV-Vis),
scanning electron microscopy (SEM), X-ray powder diffraction (XRD) analyses,
while their photocatalytic activities were attended via pH, TC, high-performance
liquid chromatography (HPLC), UV-Vis, atomic absorption spectroscopy (AAS),
ion chromatography (IC). Fe-doped TiO2 catalyst with 4% Fe concentration
demonstrated the highest photocatalytic efficiency.
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Chapter 1 - Introduction
1.1

An overview of master thesis

Since water is the fundamental compound required for live, its quality is
crucial for the welfare and existence of an individual human being and the society
as a whole. Besides inventors, engineers and economists, many others show their
interest in the study of issues related to water and its treatment due to the necessity
of water in our life. The growth of world’s population and water pollution by
urban, agricultural, and industrial garbage have led to a decrease in water purity.
As a result, water sources need some kind of treatment before using.
Progress in the processes of oxidative degradation of organic substances
dissolved in water using catalytic and photochemical methods has been prompted
by the latest evolution in the field of chemical water treatment. These methods are
known as “advanced oxidation processes” (AOPs).
The efficiency of AOPs depends on the generation of reactive free radicals,
such as hydroxyl radicals (•OH), which are the most common choice as they are
highly reactive. The hydroxyl radicals for the AOPs can be obtained from the
various photochemical technologies, such as photo-Fenton, UV light/H2O2, UV
light/O3, UV light/H2O2/O3, UV light/TiO2 and others. The application of AOPs
to the real wastewater treatment has fascinated many researchers. AOPs have been
applied for the treatment of the groundwater and water from sulphide fields,
chemical, food, textile, pharmaceutical, paper and other manufacturing areas.
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1.2

Thesis aims and structure

The main objective of the thesis is to study the degradation of organic
contaminants in the landfill leachate using photo-Fenton and photo-Fenton-like
processes. Landfill leachate is a highly concentrated wastewater produced in solid
waste landfills. Untreated leachates can pollute soil, ground, and surface waters
with various toxic organic compounds, inorganic salts, ammonia and heavy
metals. The treatment efficiency of applied processes will be checked by total
carbon and color removal. This work aims to test several series of experiments
varying different parameters in order to determine the most favorable conditions
for the decomposition of organic pollutants in the leachate.
The second part of this thesis is devoted to the study of the photocatalytic
efficiency of Fe-doped TiO2 catalysts with different concentrations of doping iron
(Fe/Ti weight ratio = 0.5%, 1%, 2%, and 4%). 4-tert-butylphenol is used as a
target pollutant. The effectiveness of the catalysts is compared with the
commercial catalyst Degussa P-25. A combination of catalyst and hydrogen
peroxide under ultraviolet light will also be studied.
The current thesis consists of five chapters, which are: 1) an introduction,
2) a literature review, 3) materials and methodology of the conducted
experiments, 4) the obtained results and their discussion, 5) conclusion of the
work presented in this thesis.
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Chapter 2 - Literature review
This literature review focuses on wastewater treatment technologies, in
particular, photochemical and photocatalytic methods, indicating their benefits
and limitations.
2.1 Pollutants in wastewater
Wastewater can be characterized as a mixture of unwanted components, or
“pollutants,” in water [1]. Currently, wastewater management problems arise due
to the extensive industrialization and increase in urbanized societies and
population. Various substances contained in wastewater are toxic to plants,
animals and people, and impact negatively on the environment [2]. The main
pollutants in wastewater, which are organic substances, nutrients (nitrogen and
phosphorus), hydrocarbons, heavy metals, and microbes, affect adversely both
human health and the environment [3]. Organic waste can be carbohydrates,
proteins or fats, and most organics in wastewater come from animals, plants or
synthetic sources [2]. The main forms of nitrogen in wastewater are ammonia
(NH4+ or NH3), organic nitrogen, nitrate (NO3-) and nitrite (NO2-) [4], phosphorus
is in the form of a soluble orthophosphate ion (PO43-), organically-bound
phosphate or other forms of phosphorus/oxygen. Ammonia in excess
concentration is toxic to aquatic organisms [2]. Despite the fact that oil is one of
the most important energy resources and raw materials of the chemical industry,
an oil spill can lead to serious environmental issues and threaten fisheries, marine
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life and human health [5]. Heavy metals in trace amounts, such as zinc, copper
and iron, are important for the aquatic environment due to their role in several
biochemical processes, however, they become harmful in high concentrations [6].
The proper treatment of wastewater is important for protecting both the
environment and human health.
2.2 Conventional methods and stages of wastewater treatment
Conventional methods, which are physical, biological, chemical processes,
or sometimes a combination of these processes, can be used to remove
contaminants from wastewater. The main objective of wastewater remediation is
the removal of organic compounds, solids, and nutrients from wastewater [7].
Chemical procedures of water treatment are those that include chemical
oxidation or reduction, chemical precipitation, and other chemical reactions,
which include the exchange of electrons between atoms. Stripping, sedimentation,
flotation, adsorption, filtration, and other processes that remove dissolved and
undissolved substances without the need to change their chemical structures are
physical processing methods. The use of living organisms and organic, or in some
cases, inorganic, matter as food, which totally changes the physical and chemical
characteristics of the substances, represents a biological method of water
treatment [8].
A more suitable water treatment process for each specific case can be used
based on the basic properties of the contaminants. For example, the technology of
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physical treatment works well when the basic properties of the removed
substances (dissolved inorganic cations and anions) are taken as a basis [8].
Depending on the degree of treatment in order of increasing the level of
treatment, the following steps of wastewater remediation can be distinguished,
such as preliminary, primary, secondary and tertiary wastewater treatment [9].
The preliminary treatment removes coarse solids and other large substances that
are often found in untreated effluent [9]. Primary treatment removes organic and
inorganic solids through physical sedimentation and flotation processes. During
primary processing, 65% oil and fat, 50-70% of the total suspended solids (SS)
and about 25-50% of the biochemical oxygen demand (BOD) are removed.
During primary sedimentation, part of the organic phosphorus and nitrogen, and
heavy metals related with solids are also removed, but the colloidal and dissolved
components are not removed [9]. The precipitation increased by adding of
chemicals is called chemically enhanced primary treatment (CEPT). Coagulation
of particles occurs when adding chemicals. As a result, an increase in particle size
increases the sedimentation efficiency [10].
Secondary treatment process removes residual organic matter, suspended
solids after primary treatment, and consists of biological wastewater treatment
using microorganisms in a controlled environment [9]. Secondary treatment
removes more than 85% of both total solids and BOD [11]. Solids are removed in
approximately the following ratio: 30% suspended, 65% dissolved and 6%
colloidal solids [9].

17

Tertiary methods, which are granular and membrane filtration, chemical
precipitation, and carbon adsorption [10], are used when it is necessary to
decrease the amount of dissolved phosphate and nitrate or to remove more than
85% of the total solids and BOD [11]. More than 99% of all contaminants from
wastewater can be removed with tertiary treatment, thereby producing water with
a quality similar to drinking water. Tertiary treatment is used only under special
cases, as it is expensive, doubling the secondary treatment cost [11].
Wastewater may have organic compounds that are resistant to conventional
treatment methods, therefore, these methods are considered inefficient to achieve
full mineralization of pollutants [7].
2.3 Advanced Oxidation Processes
Advanced Oxidation Process (AOP) is a chemical treatment method, which
is highly recommended for the removal of problematic organic compounds [7].
The efficiency of AOPs depends on the generation of reactive free radicals
[12], which are atoms or molecules capable of independent existence and
possessing one or several unpaired electrons [13]. Hydroxyl radical plays a central
role in AOP for effluent treatment among a number of radicals [14].
The hydroxyl radical •OH has sufficient characteristics to attack almost all
organic compounds and reacts 106-1012 times faster than the other oxidizing
agents, such as ozone [15].
The hydroxyl radical has the second largest thermodynamic potential of
oxidation after fluorine, as shown in Table 2.1 [16].
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Table 2.1: The redox potential of oxidants [16]

Oxidant
F2
HO•
O•
O3
HO2•
H2O2
HOCl
Cl2

Redox potential, V vs NHE
3.03
2.80
2.42
2.07
1.70
1.78
1.49
1.36

The hydroxyl radical is an powerful oxidizing agent and a highly reactive,
non-selective reagent, which is easy to obtain (Figure 2.1) [17].
Figure 2.1: Characteristics of the hydroxyl radical [17]

AOPs reduce the concentration of a contaminant from a few hundred ppm
to less than 5 ppb, since an attack by the hydroxyl radical results in the complete
destruction of the organic substances [18].
Equation 2.1 is the oxidation process by •OH radical of organic matter (RH) by removing protons. Organic radicals (•R), which are highly reactive, are
produced and can be further oxidized [19].
𝑅 − 𝐻 + 𝐻𝑂• → 𝐻2 𝑂 + 𝑅• → 𝑓𝑢𝑟𝑡ℎ𝑒𝑟 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛

(2.1)
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2.3.1 Classification of AOPs
The hydroxyl radicals can be obtained by several methods, which include:
 Non-photochemical methods that do not use light energy: ozonation at
elevated pH (>8.5), O3/H2O2, O3/catalyst, and Fenton system (H2O2/Fe2+);
 Photochemical

methods:

H2O2/UV,

O3/UV,

O3/H2O2/UV,

photo-

Fenton/Fenton-like systems, and photocatalytic oxidation [18].
In many cases the classical oxidation by ozone or hydrogen peroxide does
not completely mineralize organics to carbon dioxide and water [20], although it
is theoretically assumed that it should occur using AOP [21]. Sometimes the
oxidation intermediates remaining in the solution may be as toxic as or even more
toxic than the parent compound [18].
In recent decades, photochemical methods of water treatment have been
developed. The most obvious goal of photochemical process is to achieve water
quality standards that do not affect the human health, environment, and comply
with government regulations [17].
Photochemical processes contain chemical reactions that occur when
exposed to either UV-Vis radiation, or the Sun or another source, and the reaction
kinetics can be enhanced by adding H2O2, O3, semiconductor or metal salts [22].
Sandip Sharma et al. [15] claim that the photochemical technologies grant
the following benefits for the water and wastewater treatment:
 An increase of the reaction rate in contrast to the similar method without
the light;
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 Prevention of extreme pH modification;
 Allowing the application of diversity of oxidants;
 Creation of useful additions to the organoleptic qualities of purified water.
The design of the reactor (geometry, lamp type, UV lamp power, emission
spectrum of UV lamp, turbulence, hydrodynamics, etc.) and physicochemical
properties of the medium, such as pH, turbidity, transmission of UV radiations,
can drastically change the rate of production of free radicals and productivity of
photochemical process [15,23].
There are several drawbacks associated with the use of photochemical
AOPs: high initial capital costs compared to other technologies, and the need to
pretreat the wastewater to improve its optical properties. The lamps (or quartz
sleeves containing the lamps) can foul significantly by formation of ultraviolet
absorbing films, which leads to a sharp decrease in the intensity of the UV
irradiation that the medium receives. Therefore, there are additional costs due to
the need to periodically replace the UV lamps. Nevertheless, the high cost of
energy sources, such as ultraviolet light, or reagents (ozone and hydrogen
peroxide) is the major issue of photochemical AOPs, limiting their industrial use
[17].
2.3.2 Photolysis of hydrogen peroxide (H2O2/UV)
UV/H2O2 is an alternative way to destroy toxic organic substances, since
this process can occur in nature itself [24].
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Photolytic dissociation of H2O2 in water by ultraviolet irradiation at a
wavelength of 254 nm leads to the formation of hydroxyl radicals [7]. The
following reactions describe the UV/H2O2 process [25]:
𝐻2 𝑂2 + ℎ𝜈 → 2𝐻𝑂•
𝐻2 𝑂2 + 𝐻𝑂• → 𝐻𝑂2• + 𝐻2 𝑂
𝐻2 𝑂2 + 𝐻𝑂2• → 𝐻𝑂• + 𝐻2 𝑂 + 𝑂2

(2.2)
(2.3)
(2.4)

2𝐻𝑂• → 𝐻2 𝑂2

(2.5)

2𝐻𝑂2• → 𝐻2 𝑂2 + 𝑂2

(2.6)

𝐻𝑂• + 𝐻𝑂2• → 𝐻2 𝑂 + 𝑂2

(2.7)

According to Stasinakis A.S. [26], the rate limiting reaction is described by
Equation 2.2. Theoretically, in the process of UV/H2O2, a higher initial
concentration of hydrogen peroxide leads to a higher concentration of hydroxyl
radicals (Equation 2.2), therefore, more of the target compound decomposes.
However, there is a limiting concentration of hydrogen peroxide, since an
overdose of H2O2 will lead to a reaction with •OH radical and the formation of the
perhydroxyl radical HO2•, which is the undesired product (Equation 2.3) [26].
The initial concentration of H2O2, the pH of the wastewater, the presence
of bicarbonate and the reaction time are factors that mainly influence UV/H2O2
process [26]. Andreozzi et al. [27] revealed that the photolysis rate of aqueous
H2O2 is pH dependent and increases in alkaline medium at pH > 10. This can be
explained by the fact that the HO2-anion, which is a result of the ionization of
H2O2, can absorb UV radiation and produce free radicals (HO2• and •OH) [28].
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UV/H2O2 process has some disadvantages. Hydrogen peroxide weakly
absorbs UV radiation, thus it can be considered that most of the light input is used
unreasonably. The bromate formation for this system can interfere with the
process, but a decrease in pH and an increase in the peroxide to ozone ratio can
decrease this problem [7].
The decomposition of pollutants can be accelerated by adding H2O2 to
UV/O3 process due to an increase in the rate of formation of •OH radicals [29].
Kusic et al. [29] conducted a comparative study of the processes of UV, UV/O3,
UV/H2O2 and UV/ H2O2/O3 for the degradation of organic contaminants, and
found that the UV/H2O2/O3 process has the highest degree of mineralization. The
degree of removal obtained after a 1-hour treatment of the organic dye C.I.
Reactive Red 45 was in the following order: UV < UV/H2O2 < UV/O3 < UV/
H2O2/O3 [29].
2.3.3 Fenton’s Reagent, Fenton-like and photo-Fenton processes
The Fenton method is the oldest and most used chemical AOP, in which
the Fenton’s reagent that is a mixture of a soluble iron(II) salt (catalyst) and
hydrogen peroxide (oxidant) is used to destroy Persistent Organic Pollutants
(POPs) [27,30].
Fenton reaction is considered as convenient and economical process [31].
The production of the hydroxyl radical is a key step in the conventional or free
radical Fenton chain reaction. The conventional Fenton mechanism in the absence
of organic substances involves the following reactions [32]:
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𝐹𝑒 2+ + 𝐻2 𝑂2 → 𝐹𝑒 3+ + 𝑂𝐻• + 𝑂𝐻−

(2.8)

𝐹𝑒 3+ + 𝐻2 𝑂2 → 𝐹𝑒 2+ + 𝐻𝑂2• + 𝐻+

(2.9)

𝑂𝐻• + 𝐻2 𝑂2 → 𝐻𝑂2• + 𝐻2 𝑂

(2.10)

𝑂𝐻• + 𝐹𝑒 2+ → 𝐹𝑒 3+ + 𝑂𝐻−

(2.11)

𝐹𝑒 3+ + 𝐻𝑂2• → 𝐹𝑒 2+ + 𝑂2 𝐻+

(2.12)

𝐹𝑒 2+ + 𝐻𝑂2• + 𝐻+ → 𝐹𝑒 3+ + 𝐻2 𝑂2

(2.13)

2𝐻𝑂2• → 𝐻2 𝑂2 + 𝑂2

(2.14)

The reaction (2.8) occurs in acidic conditions. A small amount of ferrous
ions (Fe2+) is needed, as this ion is regenerated from Equation 2.9 between ferric
ions (Fe3+) and hydrogen peroxide, which is called Fenton-like reaction [33]. The
rate of Fenton-like reaction (Equation 2.9) is much slower than the Fenton’s
reaction (Equation 2.8) [34], and this could be due to the lower reactivity of Fe3+
towards H2O2 [35].
The effectiveness of the Fenton’s reagent is highly dependent on pH,
temperature, hydrogen peroxide and catalyst concentrations that control the
regeneration ability of Fe2+ from Fe3+ formed in the process and the oxidation rate
of organic substances by produced •OH [28]. The most favorable pH values for
Fenton reactions are 2.80-3.20 [36]. The ferrous ions are unstable and can be
transformed to ferric ions, forming complexes with hydroxyl, at pH above 4.
Additionally, H2O2 loses its oxidizing ability under alkaline conditions due to its
decomposition to oxygen and water [37]. Therefore, the pH regulation of
wastewater is usually required prior to treatment with Fenton processes.
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Neyens and Baeyens [19] investigated the relation between the reaction
temperature and the H2O2 concentration at pH 3. A high concentration of
hydrogen peroxide and a long reaction time at low temperatures (<40 °C) were
needed to achieve a satisfactory sludge dewaterability, while at a reaction
temperature of 80–90 °C, very low hydrogen peroxide concentrations were
required for satisfactory sludge dewaterability.
Phosphate, sulfate, bromide, chloride and fluoride ions inhibit the Fenton
oxidation of organic matter. This inhibition may be associated with iron
deposition, scavenging of HO•, or formation of a less reactive complex from
dissolved Fe(III) [31].
The Fenton process has the following benefits for water/wastewater
treatment [38]:
 No need for power supply;
 Easy-to-use and inexpensive chemicals;
 A simple and flexible operation that can be easily implemented in existing
plants.
The following negatives of the Fenton process can be noted [30]:
 Significant amounts of chemicals are required to acidify wastewater at pH
2-4 before the treatment and/or to neutralize the treated solutions before the
disposal;
 Iron sludge accumulates and must be removed at the end of the treatment;
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 Relatively high costs and risks because of the H2O2 transportation and
storage;
 Total mineralization is impossible due to the formation of Fe(III)carboxylic acid complexes, which cannot be effectively destroyed by using
the bulk •OH.
Some actions may be taken to minimize these drawbacks. For example, the
amount of added H2O2 can be reduced by optimizing its concentration. Solid ironcontaining catalysts, such as iron-modified clays, zeolites, iron oxides,
mesoporous molecular sieves, alumina, ion-exchange resins, or iron-exchanged
Nafion membranes, easily separated from the treated solutions, can be used to
prevent iron sludge [31]. Iron hydroxide is found as a by-product in the iron sludge
[39]. The sludge disposal should be included in the valuation of this process.
Chemical coagulation was found to be an effective method for removing COD, as
well as flocs [40], which were discovered during a number of studies [39].
The classical Fenton reaction (Equation 2.8) under UV irradiation is called
photo-Fenton process (Equation 2.15), which enhances the catalytic reduction of
Fe3+ into Fe2+ in H2O2 aqueous solutions, thereby increasing the generation of •OH
radicals:
𝐹𝑒 3+ + 𝐻2 𝑂 + ℎ𝜈 → 𝐹𝑒 2+ + 𝐻+ + 𝑂𝐻 •

(2.15)

The predominant form of Fe3+ at pH 2.8–3.5 is the [Fe(OH)]2+ ion, which
is of great importance for the photo-Fenton process [31]. Specifically, the large
accumulation of Fe3+ species in the classical Fenton reaction (Equation 2.8) slows
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down the treatment efficiency. This disadvantage is eliminated in the photoFenton process, as the reductive photolysis of [Fe(OH)]2+ (Equation 2.16)
regenerates the Fe2+ ions that catalyze the Fenton reaction (Equation 2.8) and
provide additional •OH radicals [41]:
𝐹𝑒(𝑂𝐻)2+ + ℎ𝜈 → 𝐹𝑒 2+ + 𝑂𝐻•

(2.16)

Ultraviolet irradiation in the photo-Fenton process can directly decompose
H2O2 molecules into hydroxyl radicals, as in the H2O2/UV process (Equation 2.2)
[28].
Several UV regions can be used by the photo-Fenton process as a source of
light energy, specifically UVA (λ = 315–400 nm), UVB (λ = 285–315 nm), and
UVC (λ < 285 nm). The intensity and wavelength of UV radiation significantly
affect the rate of degradation of organic contaminants. The disadvantage of the
photo-Fenton process is a cost of using UV light [28]. An alternative method is to
use sunlight (λ > 300 nm) as a free and renewable source of energy in the so-called
solar photo-Fenton process [42].
Various AOPs have been shown as possible technologies for treating real
wastewaters. Bandala et al. [43] applied the photo-Fenton process to colored real
wastewater, and the results demonstrated that COD concentrations could be
reduced by 62.6%. The solar photo-Fenton process was used by Sirtori et al. [44]
as a final stage for biological treatment of a pharmaceutical wastewater. The
complete degradation of nalidixic acid and the reduction of toxicity were found,
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which confirms the benefit of using the photo-Fenton process for complete
biological treatment.
Moraes et al. [45] studied the application of photo-Fenton process for the
removal of hydrocarbons from saline wastewater. It was observed that the initial
concentration of Fe2+ and salinity significantly affect the degradation process,
whereas the effect of hydrogen peroxide concentration was insignificant. The
removal of hydrocarbons was higher than 81% in all experimental conditions.
The classical photo-Fenton process was also applied for the treatment of
landfill leachates [46–48]. Primo et al. [46] studied several oxidation processes
and their efficiency of removing organic substances in the treatment of landfill
leachates and recommended using the photo-Fenton process as the most effective
AOP, since it was noted that the removal efficiency decreased in the following
sequence: photo-Fenton > Fenton-like > Fenton > H2O2/UV > UV alone.
More efforts are still required in the studies with real wastewaters, since
most of the work is still on a laboratory scale.
2.3.4 Photocatalytic process: TiO2 and Fe-doped TiO2 photocatalysts
Titanium dioxide has high stability to light illumination, high activity, low
cost and non-toxicity among many semiconductor photocatalysts [49]. Titanium
dioxide can exist in three crystallographic forms: anatase and rutile forms, which
are used most in photocatalysis studies, occur naturally and can be easily
synthesized in the laboratory, and brookite, which is found in nature and is very
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difficult to synthesize. Anatase is more active photocatalyst compared to rutile
[50].
Anatase has an energy bandgap of 3.2 eV and can be activated using UV
radiation with a wavelength up to 387.5 nm [18].
Degussa P25 is a titanium dioxide photocatalyst, which is a mixture of 70%
anatase, 30% rutile. Better degradation efficiency can be obtained with its use
compared to other photocatalysts [49]. Degussa P25 has a high specific surface
area equal to 50 m2 g-1 [50], while anatase has 10 m2 g-1, rutile 20 m2 g-1of surface
area. Given the fact that the main factor influencing the photocatalytic activity is
the surface area, and the photocatalytic activity increases with increasing the
surface area, it can be argued that Degussa P25 is more effective. The large surface
area is due to the small particle size, which gives more active sites. Therefore, the
adsorption rate, the adsorbability of the organic contaminants on the surface, the
photocatalytic activity of catalyst increased as the particle size of the catalyst
reduced [51].
The mechanism of the semiconductor photocatalytic reaction is shown in
Figure 2.2. When a photocatalytic surface is illuminated with light of a
corresponding wavelength (<380 nm) and energy equal to or greater than the
bandgap energy of semiconductor, electrons from the valence band are excited to
the conduction band, which leads to the generation of electron-hole pairs: a
positive hole in the valence band and electron in the conduction band [52].
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Figure 2.2: The principal illustration of photocatalytic process [52]

A titanium peroxide semiconductor absorbs ultraviolet light and generates
hydroxyl radicals in TiO2/UV process. In particular, electrons in the conduction
band (e-cb) and holes in the valence band (hv+vb) are first obtained with UV
illumination of TiO2 (Equation 2.17). Anions of superoxide radical are formed by
the interaction of band electrons with surface adsorbed molecular oxygen
(Equation 2.18), and a hydroxyl radical is obtained by the interaction of band
holes with water (Equation 2.19) [53]:
−
+
𝑇𝑖𝑂2 + ℎ𝜈 → 𝑒𝑐𝑏
+ ℎ𝑣𝑣𝑏
−
𝑒𝑐𝑏
+ 𝑂2 → 𝑂2−•
+
ℎ𝑣𝑣𝑏
+ 𝐻2 𝑂 → 𝑂𝐻• + 𝐻 +

(2.17)
(2.18)
(2.19)

Oxidative degradation of organic compounds can occur through their
reactions with hydroxyl and peroxide radicals, valence band holes, and reductive
splitting through their reactions with electrons [26].
The main factors that affect the TiO2/UV process are reactor design,
temperature, pH of the solution, initial organic concentration, light intensity

30

amount of catalyst, UV irradiation time, and presence of ionic particles. Ionic
species can affect the degradation process by adsorbing pollutants, absorbing
ultraviolet light and reacting with hydroxyl radicals [54].
Laoufi et al. [55] studied the oxidation of phenol in wastewater using
photocatalysis with titanium dioxide, and after 4 hours of irradiation,
approximately 99% of the phenol was removed. Increasing the intensity of light
from 15 W to 400 W and increasing the amount of TiO2 from 0.1 to 1 g L-1
improved the degradation of phenol.
The amount of energy transferred into the medium can be reduced by using
an excessive amount of catalyst as a result of the opacity resulting from the
catalyst particles [54].
Herrmann J.M. found a slight temperature effect for temperatures between
20 and 80 °C and a decrease in the reaction rate at temperatures above 80 °C [56].
The pH of the solution affects the rate of photocatalytic oxidation. The
reaction rate increases at lower pH for weakly acidic contaminants [57], and at
higher pH for contaminants that hydrolyze in alkaline medium [58].
At the same time, Wei and Wan [59] noticed that a pH of less than 2 does
not favour photocatalytic oxidation of phenol. The rate of phenol decomposition
increases with increasing pH and reaches its maximum at pH ~ 6.5. The rate of
phenol oxidation decreases quickly with a further increase in the pH value, and
then increases again when the pH value is above 11.
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The TiO2/UV process is widely used for wastewater treatment. The benefits
of this process are as follows: work under ambient conditions, the absence of mass
transfer limitations when using nanoparticles as photocatalysts, highly oxidizing
photogenerated holes, cheap and readily available TiO2 and the possible use of
solar irradiation [26]. TiO2 can oxidize various organic substances to harmless
substances, such as CO2 and H2O [60].
An increasing number of studies are focused on improving the efficiency
of photocatalysts in order to expand the absorption spectrum to visible light, slow
down the recombination rate between electrons and holes and increase the
efficiency of interfacial charge transfer. This is done by doping metals, metal ions,
non-metal atoms (N, S, I, C), semiconducting oxides into TiO2 [61]. Thus, the
photocatalytic performance under visible light illumination can be increased, and
electrical power and expenses may be notably reduced.
The photocatalytic activity of Fe-doped TiO2 nanoparticles has been
studied by many researchers [62–68]. Choi et al. [62] studied the effects of doping
21 metal ions into TiO2 and found that doping with Fe3+ at 0.1-0.5 % significantly
increases the photoreactivity for both oxidation and reduction.
Zhu et al. [63] prepared Fe-doped nanocrystalline TiO2 (Fe/TiO2) through
a nonhydrolytic sol-gel method. Fe/TiO2 showed a higher activity than either
undoped TiO2 or Fe/TiO2 obtained by conventional hydrolytic sol-gel method
during the photodegradation of methylene blue under visible light irradiation. The
positive effect of Fe-doping on the photocatalytic activity can be explained by the
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formation of intermediate energy levels, which make it easy to activate Fe/TiO2
in the visible region. The most favourable Fe-content in Fe/TiO2 is defined as
0.1% (Fe/Ti molar ratio) [63].
Vargas et al. [64] synthesized 0.05% and 0.1% Fe-doped TiO2 (Fe/Ti molar
ratio) using the sol-gel method in combination with the solvothermal technology
at 200°C and calcined in the temperature range of 350-620°C. The photoactivity
under the ultraviolet and visible light irradiation was tested using degradation of
the non-biodegradable dye Cbacron Yellow LS-R and phenol. The samples
containing only anatase and processed at a temperature of 200°C to 500°C
demonstrated enhanced photocatalytic activity under UV irradiation. UV
photocatalytic activity was significantly lower in samples calcined at 620 °C due
to the loss of their surface area and the presence of other phases. The synthesized
samples had removal efficiencies similar to the commercial photocatalyst
Degussa P25.
Zhu et al. [65] prepared Fe3+-doped anatase nanosized TiO2 photocatalysts
by combining the sol–gel method with hydrothermal treatment. Fe3+-doped TiO2
showed photoactivity under visible irradiation, since its absorption was expanded
to more than 500 nm. The photocatalytic activity of the prepared samples was
verified by photodegradation of the active yellow XRG. 0.40% Fe-TiO2 showed
a higher photoactivity than undoped TiO2 and P25 under UV irradiation, whereas
0.15% Fe-TiO2 was more effective than TiO2 and P25 when irradiated with visible
light. Much more oxygen vacancies in the crystal lattice and on TiO2 surface were
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introduced by doping with Fe3+, and they stimulated H2O adsorption, the
formation of surface hydroxyl groups and photocatalytic activity.
2.4 Landfill leachate
Due to its economic advantages, sanitary landfilling is currently widely
used practice for the disposal of municipal solid wastes (MSW) in most countries
[69]. Landfill leachate is a wastewater generated due to percolation of rain-water
and moisture through waste in landfills and characterized by a high organic
content [70]. Chlorinated organic and inorganic salts, heavy metals and high level
of ammonia-nitrogen are also contained in leachates [69].
Approximately 125 m3 of greenhouse gases with 65% of methane and 34%
of carbon dioxide are produced by one ton of the landfilled MSW [71]. Untreated
leachates can penetrate ground water or mix with surface water, leading to
contamination of soil, groundwater and surface water [32].
Impact on human health, which arises from the leachate, can be not only
from drinking water, but can also occur through the food chain, aquatic plants and
fish that live the media contaminated by leachate. Minamata disease and Itai-Itai
disease caused by chronic mercury and cadmium poisoning, respectively, are the
classic examples of exposure to bioconcentrated toxicants. The pollutants in both
cases are concentrated in fishes from coastal waters containing industrial waste
[72]. The danger of landfill leachate was confirmed by toxicity analysis conducted
using various test organisms (Daphnia similes, Brachydanio rerio, etc.) [69]. It is
necessary to treat the leachate to prevent the methane emission and the pollution
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of ground and surface water, as the leachate has a negative impact on human
health and environment [71]. Usually for this purpose organic material and
ammonia are removed from the leachate [69].
Biologically refractory organic components, ammonia and heavy metals are
the three main problems associated with the treatment and removal of the leachate
[32]. Ammonia at concentrations up to about 2000 mg L-1 can remain in water
over time and be toxic to biological processes for treating the leachate [32].
The landfill leachate is usually characterized by such parameters as pH,
chemical oxygen demand (COD), biological oxygen demand (BOD), total organic
carbon (TOC), the ratio BOD/COD, ammonium nitrogen (NH3-N), total Kjeldahl
nitrogen (TKN), suspended solids (SS) and heavy metals [69].
The composition of landfill leachates depends on the age of the landfill
[73]. Volatile fatty acids (VFA), such as acetic acid, propionic acid and butyric
acid, are the major products of the anaerobic fermentation process that occur
rapidly in young landfill leachates [74]. The acidogenic phase takes place in the
young leachates, which results in the release of large amounts of free VFA [75],
whereas in the mature (stabilized) leachate there is the methanogenic phase, where
the growth of methanogenic microorganisms in the waste and transformation of
the VFA to biogas (CH4, CO2) occur [76]. Young leachate contain large quantities
of biodegradable organic compounds [74]. As leachate matures, refractory (nonbiodegradable) substances, like humic and fulvic acids, dominate the organic
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fraction of the leachate [76]. The characterization of young and mature leachates
is presented in Table 2.2.
Table 2.2: Characteristics of young and mature leachates

Parameters
Age (years)
Composition

pH
NH3-N (mg L-1)
BOD (mg L-1)
COD (mg L-1)
BOD5/COD
COD/TOC
TKN (g L-1)
Heavy metals
(mg L-1)

Young leachate
<5
<1-2
Low molecular weight
compounds, such as
VFAs (acetic acid,
propionic acid and
butyric acid)
4.5-6.5
500-2000
4000-13000
6000-60000
3000-60000
0.4-0.7
>0.6
>2.8
0.1-2

Mature leachate
>10
>10
High molecular
weight compounds,
such as humic acid
and fulvic acid

>2

<2

Reference
[71]
[32]

[71]
7.5-9.0
400-5000
20-1000
5000-20000
100-500
<0.1
<0.3
<2.0
NA

[32]
[71]
[32]
[71]

Biological processes can be not effective for leachates with high content of
toxic components or low BOD5/COD ratio [32]. Young landfill leachate can be
treated by biological processes, as it is characterized by high ratio of BOD5/COD
[77]. Mature leachate has low BOD5/COD ratio and relatively high NH3-N [69].
Physicochemical treatment can be applied for pretreatment or full treatment of
less biodegradable leachate [32].
Various advanced oxidation processes (AOPs) have been studied to treat
landfill leachate [78]. Fenton process can significantly improve leachate quality
in terms of organic content, color and odor. Moreover, toxic organic matter can
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be removed, and biodegradability of organic substances can be increased by
Fenton treatment [32].
2.5 Photodegradation of 4-tert-butylphenol in aqueous solution
Endocrine disrupting compounds (EDCs) are a serious concern for water
quality, since they are contaminants with androgenic or estrogenic activity at very
low concentrations [79].
4-tert-butylphenol (4-t-BP) is an alkylphenol and one of the EDCs with a
poor biological degradability [80] and highly estrogenic effect [81–83]. Table 2.3
summarizes some physical properties and toxicity data of 4-tert-butylphenol.
Table 2.3: Summary of physical properties and toxicity data of 4-tert-butylphenol [84]

Property

Species
Results
Physical properties
Melting point
99.3°C
Boiling point
237 °C (at 1,013 hPa)
Density
0.92 g/m3 at 110°C
Vapour pressure
130 Pa at 60°C
Water solubility
610 mg/l at 25°C
Toxicology
Acute oral toxicology
Rat
LD50 = 4000 mg/kg
Acute inhalation toxicology
Rat
No lethal effects in saturated air
Acute dermal toxicology
Rabbit
LD50 = 2318 mg/kg
Skin irritation
Rabbit
Irritating
Eye irritation
Rabbit
Irritating
Repeated dose toxicity
Rat
NOAEL = 200 mg/kg/day
Carcinogenicity
Rat
Promoting forestomach tumor
Toxicity to reproduction
Rat
NOAEL = 200 mg/kg/day
Experience with human
Depigmentation on skin
exposure
4-t-BP is widely used as a raw material for the production of phosphate
esters, oil field chemicals, fragrances, demulsifiers [85], polymerization inhibitors
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and stabilizing agents in the chemical industry [80]. It is spread in the aquatic
environment, including sea and river waters and sediments, effluent samples from
sewage and wastewater treatment plants [86]. Removal of 4-tert-butylphenol from
the aquatic media is essential for the protection of the environment [87] and
human health [80], since it is a serious water contaminant because it persists in
the environment [88], has acute and chronic toxicity [89] and estrogenic activity
[90].
Heterogeneous photocatalysis has the potential for the decomposition of
organic pollutants in water, but the photocatalytic degradation of 4-tertbutylphenol is practically not investigated [88]. Biological processes could be
applied for degradation of 4-t-BP [86,87], but they took a relatively long time.
Physicochemical treatments, such as advanced oxidation processes, were more
efficient for the decomposition of 4-t-BP. However, the path of photodegradation
of 4-t-BP in aqueous solution is not completely clear [91].
Various researchers have discovered the following by-products during 4-tBP photodegradation: 2,4-di-tert-butylphenol [92], 4-tert-butylphenol dimer
[91,92], 4-tert-butylcatechol [86,91], isobutyl acetate [88], butyl acetate [88],
ethylbenzene [88], 3,3-dimethyl-2-butanone [86], pyruvic acid [86], 6-tert-butyl3-methylanisole [91] and benzene-1,4-diol [91] (Figure 2.3).
Xiao et al. [88] observed isobutyl acetate, butyl acetate, ethylbenzene after
a photocatalytic reaction due to the destruction of aromatic structures, followed
by the reaction with oxygen-containing oxidizing components. This result differs
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from the study of Toyama et al. [86], in which 3,3-dimethyl-2-butanone was a
typical intermediate. According to Toyama et al. [86], 4-tert-butylphenol was
initially hydroxylated to 4-tert-butylcatechol, which decomposed to form 3,3dimethyl-2-butanone and pyruvic acid. The results of these two studies [86,88]
may vary due to different oxidation processes and decomposition methods.
Figure 2.3: By-products of 4-tert-butylphenol photodegradation

Wu et al. [91] found some byproducts (2-nonen-1-ol, 2-decen-1-ol, 2dodecenal) from the breakdown of the benzene ring during the decomposition of
4-t-BP in the presence of H2O2 under UV irradiation of 254 nm. Figure 2.4 shows
the route of 4-t-BP oxidation with HO• [91].
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Figure 2.4: The pathway for 4-t-BP oxidation by HO• [91]
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Chapter 3 – Materials and Methods
3.1 Scope of the study
Based on the literature review, it can be said that currently research on
landfill leachate treatment and photocatalytic activity of synthesized Fe-doped
TiO2 with different iron contents is not enough. 4-tert-butylphenol was used as a
model pollutant for studies with catalysts. The photocatalytic treatment of 4-tertbutylphenol in aqueous solution has not been fully studied. The current work
focuses on the treatment of real landfill leachate and wastewater containing 4-tertbutylphenol using advanced oxidation processes. The main purpose was to
increase the removal efficiency of organic carbon.
Firstly, photo-Fenton and photo-Fenton-like processes were used to treat a
leachate from the municipal solid waste landfill of Astana (Kazakhstan), and the
efficiency of these processes was compared with the Fenton process. Secondly,
the photodegradation of 4-tert-butylphenol in aqueous solution was studied using
Fe-doped TiO2 catalysts, and the effectiveness of the catalysts was compared with
TiO2 catalyst (P-25). The work was also expanded by mineralization of 4-tertbutylphenol using UV/H2O2/catalyst process. This work can help to expand
knowledge on advanced oxidation processes of wastewater treatment.
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3.2 Methodology
35 experiments were conducted using Fenton’s reagent, Fenton-like and
photo-Fenton processes for landfill leachate treatment, and the work included the
following steps:
 Analysis of the effect of inorganic carbon on total carbon and colour
removal;
 Investigation of the UV/H2O2 process;
 Study of the pH effect on total carbon and colour removal;
 Identification of the most favourable initial concentrations of ferrous (200600 ppm) and ferric (300-700 ppm) ions and hydrogen peroxide dosage (09990 mg L-1) on total carbon and colour removal;
 Comparison of the photochemical treatment of leachate with Fenton and
Fenton-like processes.
22 experiments were carried out to examine the efficiency of the
synthesized Fe-doped TiO2 catalysts with different iron contents (Fe/Ti weight
ratio percentage = 0.5%, 1%, 2% and 4%) to remove 4-tert-butylphenol under
ultraviolet light. The combination of catalysts, hydrogen peroxide and UV
irradiation was also investigated on degradation of 4-tert-butylphenol. The
performance of the synthesized catalysts on the mineralization of 4-tertbutylphenol was compared with TiO2 catalyst (P-25). Each separate experiment
was repeated two times and the average was taken using the standard error of the
mean.
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3.3 Materials
In the experiments with landfill leachate, two chemicals were used to adjust
the pH: hydrochloric acid (37% w/w, Sigma-Aldrich) to decrease the pH of the
solution and sodium hydroxide solution (10 M) to increase the pH to the required
value. NaOH solution was prepared from sodium hydroxide (pellets) purchased
from Fisher Chemical. Ammonium iron (II) sulfate hexahydrate ((NH4)2Fe(SO4)2,
99% w/w) and iron (III) chloride anhydrous (FeCl3, ≥97% w/w) were purchased
from Fisher Chemical and used as sources of ferrous and ferric ions, respectively.
Hydrogen peroxide solution (37.6% w/w) received from Skat-Reactiv company
was utilized as a source of hydroxyl radicals.
For the photocatalytic experiments, 4-tert-butylphenol (99%) used as a
model pollutant and titanium (IV) oxide (nanopowder, 21 nm primary particle
size, ≥99.5%) used as a photocatalyst were supplied by Sigma-Aldrich, ultrapure
water was obtained from Direct-Q 3UV equipment. Iron (II) chloride (98%)
purchased from Sigma-Aldrich was used for doping TiO2 photocatalyst.
All chemical reagents were used without further purification. Ultrapure
water was used in all experiments to dilute samples for analysis.
3.4 Landfill leachate characterization
The leachate used during the experiments was collected in the FebruaryMarch period 2018, from the municipal solid waste disposal area of Astana city
(Kazakhstan). This landfill can be considered as mature one since it was obtained
within 10 years, and its pH was equal to 8.16.
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The landfill leachate had the initial carbon concentration equal to 5868 mg
L-1, and about 42% of total carbon was inorganic (approximately 2450 mg L-1).
Total nitrogen of around 2905 mg L-1 was 90% inorganic in the form of
ammonium, the rest was organic nitrogen (285 mg L-1). The ammonium content
in the leachate was investigated with an ion chromatography (IC, 930 Compact
IC Flex supplied by Metrohm). It is well-known that the complexity of landfill
leachate renders the task of GC-MS analysis complex. The FT-IR spectra of the
raw leachate shown in Figure 3.1 was recorded using Agilent Cary 600 Series
FTIR spectrometer to investigate the functional groups and its possible
composition. The spectra was described in Table 3.1.
Figure 3.1: The FT-IR spectra of the raw leachate
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Table 3.1: The description of FT-IR spectra of raw leachate

Wavelength
(cm-1)
3963
3360

Vibration

Functional group or component

C-H stretch
O–H stretch

Aliphatic methylene
Bonded and non-bonded hydroxyl
groups and water
Alkyne group
Asymmetric and symmetric methyl
and methylene groups
Cyanides (nitriles), cyanates,
isocyanates, thiocyanates, and diazo
compounds
Acid (acyl) halide, aryl carbonate,
open-chain acid anhydride, fivemembered ring anhydride
Alkene and aromatic ring
Carboxylate and amide I
Absorbed water
Amines
Aromatic secondary and tertiary
amine
Nitrate
Alcohol and ether
Inorganic sulphates
Silica and clay minerals
Fluoride
Inorganic phosphate
Bromide

2900

≡C-H stretch
C-H stretch

2344-2020

C-N

1791

C=O

1628

C=C stretch
C=O stretch
O-H bend
N-H in bend
C-N stretch

1358

1070
1055-1020
508

N-O stretch
C-O stretch
S–O stretch
Si-O-Si, Si-O stretch
C-F
P-O
C-Br

Preliminary experiments showed that inorganic carbon inhibited
significantly the photo-Fenton process by acting as a scavenger for hydroxyl
radicals [93]. Ammonia at concentrations up to about 2000 mg L -1 can remain in
water over time and be toxic to biological processes for treating the leachate [32].
Therefore, pretreatment process in two steps was applied [94]: firstly, continuous
air stripping for 24 hours at pH = 12 to remove ammonia, and then pH adjustment
to 5 to remove inorganic carbon. When using air stripping, undesired substances
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in the liquid can be removed with a carrier gas, mainly air [95]. The pretreatment
of raw leachate led to 25% degradation of organic contaminants, 89% of
ammonium removal.
The pretreated leachate was further diluted with tap water in a ratio of 1/2.4
and sent for chemical/photochemical treatment. The initial carbon concentration
of pretreated diluted leachate was in the range of 1100-1300 mg L-1 (all carbon
was organic) and it had also approximately 130-180 mg L-1 of total nitrogen and
pH 5.1-5.3.
3.5 Preparation of phenolic solution
A stock solution of 4-tert-butylphenol with a concentration of 300 ppm was
prepared using heating at 35°C in ultrapure water in a 1000 mL flask. The solution
used in this work was prepared by further diluting the stock solution to the desired
concentration of 30 ppm of 4-t-BP. The results of high performance liquid
chromatography (HPLC) showed 30±1 ppm of 4-t-BP. The organic carbon of 4tert-butylphenol (C10H14O, MW = 150.22 g mol-1, carbon present = 79.88% w/w)
in the aqueous solution was 24.5±0.5 mg L-1, which is close to the calculated
theoretical value of 23.96 mg L-1. The stock solution was stored in a refrigerator
at 5.6°C, and its decomposition was not detected.
3.6 Synthesis of Fe-doped TiO2 catalysts
Catalysts of TiO2 doped with iron were synthesized with dopant
concentrations of 0.5, 1, 2 and 4 wt.% using the wet impregnation method. 3 g of
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TiO2 (P-25) was suspended in 100 ml of ultrapure water, and then the required
amount of FeCl2 (iron precursor) was added. The obtained mixture was constantly
stirred for 24 hours and washed three times with distilled water to remove any
precursor of physical adsorption before drying in an air oven at 80°C for 12 hours.
The dried solids were ground in a mortar and calcined at 500°C for 6 hours in a
muffle furnace.
3.7 Reactor configuration
Photochemical/photocatalytic experiments were carried out using the
apparatus shown in Figure 3.2.
Figure 3.2: The experimental setup for photochemical/photocatalytic experiments

The total volume of the treated solution was 250 mL. An annular
photoreactor with 56.8 mL of irradiated volume, operating in a batch recycle
mode, was applied for photochemical/photocatalytic treatment. The solution was
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continuously pumped at a rate of 178 mL min-1 from bottom to top through the
photoreactor using a peristaltic pump drive 5006 purchased from Heidolph. The
Osram lamp with a power of 6 W, located inside the photoreactor, emitted
ultraviolet radiation with a wavelength of 254 nm, and its specifications are given
in Table 3.2.
Table 3.2: Specifications of Osram Puritec HNS G5 6W lamp

Electrical data
Nominal wattage
Nominal voltage
Construction voltage
Nominal current
Lamp current
Photometrical data
Radiated power 200…280 nm (UVC)
Additional product data
Base (standard designation)
Capabilities
Burning position

6W
42 V
42 V
0.16 A
0.16 A
1.7 W
G5
s180

A part of the solution, which was not in the photoreactor, was constantly
stirred with a magnetic stirrer (Bibby Scientific, United Kingdom), the level of
mixing of which was set at 3. The beginning of the experiment was considered
immediately after turning on the UV lamp with the pump. Mettler Toledo LE409
electrode was immersed in the solution for pH measurement, which was carried
out throughout the duration of each experiment.
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3.8 Experimental procedure and characterization methods
All experiments were performed with 250 mL of the total solution. The
initial concentration of compounds plays a significant role in the efficiency of the
decomposition process. Therefore, the effects of inorganic carbon, initial
concentrations of ferrous (200-600 ppm) and ferric (300-700 ppm) ions and
hydrogen peroxide amount in the range of 0-9990 mg L-1, the effect of pH on total
carbon and colour removal of landfill leachate were studied to identify the most
favourable operating conditions. The parameter considered varied, while the rest
remained constant. Each photochemical experiment of landfill leachate lasted 120
minutes, and samples were periodically withdrawn and sent directly to the
analysis. A Vitlab 1000 μL automated pipette was used to take samples. The
treatment efficiency was assessed through pH measurements, TC/TIC/TN
analyses, and color change. The TC/TIC/TN analyses were performed using the
Multi N/C 3100 instrument by Analytik Jena AG (Germany), whereas color
change was detected using a photoLab® 6000 series UV-Vis spectrophotometer.
In experiments with Fe/TiO2 catalysts with iron concentrations of 0.5, 1, 2
and 4 wt.%, the catalysts were sonicated in water for 10 minutes just before use,
an FB15055 ultrasonic bath from Fisher Scientific was used for this purpose, the
technical details of which are given in Table 3.3.
Then, the aqueous solution containing 4-tertbutylphenol in concentration of
30 mg L-1 was mixed with 0.25 g of photocatalyst under constant magnetic stirring
(the total volume of the solution was 250 mL). Before UV irradiation, this solution
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was stirred for 1 hour in the dark so that the system reached adsorption
equilibrium. Each photocatalytic experiment on the mineralization of 4-tertbutylphenol lasted 60 minutes. 88.31 mg L-1 of H2O2 was used for experiments
with a combination of hydrogen peroxide and catalyst (1 g L-1).
Table 3.3: Technical details of the FB15055 ultrasonic bath

Ultrasound frequency
Power consumption total
Ultrasonic power RMS
Ultrasonic maximum peak power
(standard sine-wave modulation)
Heating power

37 kHz
550 W
150 W
600 W
400 W

The photocatalytic activity of the synthesized catalysts was measured via
TC and UV-Vis measurements. 4-tert-butylphenol in the solution was identified
by HPLC (Agilent 1290 Infinity II system), and the content of acetic and formic
acids in the final solution in the experiments with mineralization of 4-tertbutylphenol was detected using IC (930 Compact IC Flex supplied by Metrohm).
The iron content in the solution (Fe leaching) after 1 hour in the dark and after the
completion of the whole experiment was determined using an atomic absorption
spectrometer AAnalyst 400, purchased from Perkin Elmer. The calibration range
was from 0.05 to 3 ppm, wavelength was 248 nm.
The structure and morphology of the fresh and used catalysts were
determined using powder X-ray diffraction (XRD, SmartLab automated
multipurpose X-ray Diffractometer purchased from Rigaku) and scanning
electron microscopy (SEM, Auriga Cross Beam 540, Carl Zeiss). The optical
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properties of fresh catalysts were measured using a UV-Vis spectroscopy
(Evolution 60S UV-Visible spectrophotometer, Thermo Fisher Scientific) in the
wavelength range of 200 to 750 nm. For XRD and SEM analyses, the catalysts
after the experiments were separated from the solution using a table-type low
speed centrifuge (EdLab, Hungary) and dried in an air oven at 105°C for 12 hours.
Prior to TC, UV-Vis, AAS, FT-IR analyses, all samples were filtered using
Agilent Captiva premium syringe filters with a 0.45 µm regenerated cellulose
(RC) membrane. For HPLC and IC analyses, the catalysts were separated from
the solution by filtration through RC membranes with a pore size of 0.2 μm
(Agilent Captiva premium syringe filters).
The removal efficiency was calculated according to Equation 3.1, where Ct is the
concentration after time t and C0 is the initial concentration:
𝐶

𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) = (1 − 𝑡 ) × 100
𝐶
0

(3.1)

3.8.1 Multi N/C 3100
Total carbon, total inorganic carbon and total nitrogen in the liquid samples
taken during the experiments were measured using the Multi N/C 3100 apparatus
from Analytik Jena AG, shown in Figure 3.3.
250 µl from the sample is taken for each repetition; there are 2-3 repetitions
with one sample. The sample is injected by a syringe pump and transferred to the
quartz combustion tube (reactor), which is filled with a platinum catalyst, hightemperature mat and quartz wool. The temperature in the tube rises to 800 °C.
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Oxygen is applied as a carrier gas and oxidant agent. Equations 3.2-3.4 (R is a
carbonic substance) represent the pyrolysis and oxidation processes of the sample.
Thermocatalytic high-temperature oxidation in the presence of a platinum catalyst
occurs in the apparatus, therefore, even very stable complex carbon can be
detected.
Figure 3.3: Multi N/C 3100 apparatus

𝑅 + 𝑂2 → 𝐶𝑂2 + 𝐻2 𝑂

(3.2)

𝑅 − 𝑁 + 𝑂2 → 𝑁𝑂 + 𝐶𝑂2 + 𝐻2 𝑂

(3.3)

𝑅 − 𝐶𝑙 + 𝑂2 → 𝐻𝐶𝑙 + 𝐶𝑂2 + 𝐻2 𝑂

(3.4)

The heated gas is cooled and dried in a condensation coil, where the
condensed water is separated from the testing gas into a TIC condensation vessel.
Carbon dioxide is added to the NDIR detector (non-dispersive infrared absorption
detector), which measures CO2 gas using infrared radiation, and the total carbon
concentration in the sample is calculated according to the absorbed amount of the
light. Total inorganic carbon is measured in a TIC acid reactor. Total nitrogen can
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be measured with CLD (chemiluminescent detector) or ChD (electrochemical
detector), since nitrogen oxides are formed during combustion.
The equipment performed analysis based on the following calibration
ranges:
 TC: 5-50 ppm (linear regression)
 TIC: 5-50 ppm (linear regression)
 TN: 2.5-25 ppm (quadratic regression).

53

Chapter 4 – Results and Discussion
4.1 Landfill leachate experiments
As mentioned earlier, the landfill leachate used was mature, so the photoFenton process is suitable for treatment, because in the case of young leachate,
biodegradable organic pollutants are more beneficial to decompose using
biological processes [32]. The classical photo-Fenton process was also applied for
the treatment of landfill leachates [46–48]. Primo et al. [46] recommended using
the photo-Fenton process as the most effective AOP.
The duration of all experiments with leachate was 2 hours, and classic
Fenton (Fe(II) and H2O2) and Fenton-like (Fe(III) and H2O2) processes without
UV irradiation have been studied along with photochemical processes.
4.1.1 Effect of inorganic carbon on leachate treatment by the photo-Fenton
process
Initially, the effect of inorganic presence on photochemical oxidation was
examined, namely without solution acidification. The experiments were
conducted with 5 mL (6660 mg L-1) of H2O2 and 400 ppm of Fe(II). The total
initial carbon of partially pretreated leachate solution without acidification step
was 3176 mg L-1 with 1541 mg L-1 from inorganic carbon (48.5% of total carbon).
Inorganic carbon is related to the total by Equation 4.1:
𝑇𝐶 [𝑚𝑔 𝐿−1 ] = 𝑇𝑂𝐶 [𝑚𝑔 𝐿−1 ] + 𝑇𝐼𝐶 [𝑚𝑔 𝐿−1 ]

(4.1)
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As it was mentioned earlier, the initial carbon concentration of the leachate
with full pretreatment step was 1342 mg L-1 (all carbon was organic) and it had
pH 5.34, which was reduced to 4.51 during the experiment. Initial pH of partially
pretreated leachate solution without acidification was equal to 10.13, and pH
stayed around 10 throughout the experiment.
The obtained results are shown in Figure 4.1-4.2. It was clear that presence
of inorganic carbon inhibited considerably carbon removal in the photo-Fenton
process since only 7.7% TC removal was observed in contrast to 29% achieved
along with improved color removal (Figure A.1, Appendix A) when full
pretreatment was applied.
Figure 4.1: Effect of inorganic carbon on
TC removal ([Fe(II)]0 = 400 ppm, [H2O2]0
= 6660 mg L-1)
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Figure 4.2: Effect of inorganic carbon on
pH throughout the experiment ([Fe(II)]0 =
400 ppm, [H2O2]0 = 6660 mg L-1)
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The reason is that inorganic carbon (carbonate CO32- and bicarbonate
HCO3-) can affect the total reaction rate by acting as scavenger for hydroxyl
radicals [78,93]. The pH reduction to acidic conditions eliminates this issue, since
CO32- and HCO3- in combination with H+ form unstable carbonic acid (H2CO3),
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which is then decomposes to CO2 and H2O [78]. Besides the scavenging of
radicals, the pH of the solution is too high for the reaction to proceed. Therefore,
the second step of the pretreatment process was pH adjustment to 5 in order to
remove inorganic carbon.
The TIC conversion of the diluted leachate solution without acidification
was zero, as the photo-Fenton process is not intended to remove inorganic carbon
from the solution. The TN value (remaining nitrogen after pretreatment) stayed
unchanged during both experiments at around 180 mg L-1. Based on the obtained
results, for further experiments, pretreated diluted leachate (after full pretreatment
process) was used. Since TIC was removed during the pretreatment stage, all
carbon was organic.
4.1.2 Effect of Fe(II) concentration on leachate treatment by the photoFenton process
The initial concentration of compounds affects the efficiency of the
decomposition process. Therefore, first, the initial concentration of ferrous ions
was varied to find the most favourable one. The hydrogen peroxide concentration
remained constant for these tests at 6660 mg L-1 (5 ml). It was observed that the
increase of Fe(II) concentration from 200 to 500 ppm increased the TC removal
by photochemical oxidation from 8 to 31% (Figure 4.3-4.4). After further
increasing the concentration of Fe(II) to 600 ppm, the achieved percentage of TC
removal decreased slightly to 30.5%. The difference in TC removal between 400
and 500 ppm of Fe(II) is only 2%, and considering that it is more cost-effective
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to use a smaller amount of reagent, it was decided to use 400 ppm of Fe(II) for
further photo-Fenton experiments. In addition, less iron sludge will need to be
treated [54].
According to Deng et al. [32], the removal of organic pollutants by Fenton
process increases with increasing iron concentration, but further removal may
become insignificant when the iron concentration is high. In addition, there is a
limit on the concentration of iron due to scavenging effect of excess iron on •OH
(Equation 4.2).
𝑂𝐻• + 𝐹𝑒 2+ → 𝐹𝑒 3+ + 𝑂𝐻−
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Figure 4.4: Effect of Fe(II) concentration
on the final TC removal achieved ( [H2O2]0
= 6660 mg L-1)
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Figure 4.3: Effect of Fe(II) concentration
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The initial pH for tests with varying Fe(II) concentrations ranged from 5.21
to 5.44 and dropped to about 4.56 during the experiments, possibly due to the
formation of organic acids during the process [96]. A color change after the
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photochemical treatment was also observed, the UV-Vis spectra of the color
change is shown in Figure A.2 (Appendix A).
4.1.3 Effect of Fe(III) concentration on leachate treatment by the photoFenton-like process
As a next step, the effect of concentration of ferric ions on the removal of
organic contaminants during the photo-Fenton-like process was studied. All
experiments were carried out using the same initial concentration of hydrogen
peroxide, equal to 6660 mg L-1 and different initial dosages of Fe(III), which
ranged from 300 to 700 ppm.
Adding Fe(III) instead of Fe(II) in the process was beneficial in terms of
removing TC, especially during the first 15 min (Figure 4.5). The final
conversions in this series of experiments are shown in Figure 4.6.
Figure 4.5: Effect of Fe(III) concentration
on TC removal ( [H2O2]0 = 6660 mg L-1)
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Figure 4.6: Effect of Fe(III) concentration
on the final TC removal achieved ( [H2O2]0
= 6660 mg L-1)
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After increasing the concentration of Fe(III) from 300 to 600 ppm, the
removal of TC by the photo-Fenton method gradually increased from 39% to
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69.5%. However, a further increase to 700 ppm did not improve the TC removal
and remained at 70%. Thus, it was not necessary to investigate higher
concentrations of ferric ions. 600 ppm of Fe(III) was used for further photoFenton-like experiments.
Fe(III) showed the same tendency as Fe(II), namely, increasing the
concentration only to a certain amount increased the degree of treatment [32].
Comparing the results with the photo-Fenton process, it is clear that the
removal efficiency of TC and colour (Figure A.3, Appendix A) in photo-Fentonlike method is higher, although according to Deng et al. [32], it should be exactly
the opposite. Both ferrous and ferric ions are in the chain of Fenton reactions
(Equations 2.8-2.14). Deng et al. [32] states that Fenton-like process has a low
rate of formation of hydroxyl radicals, whereas.at the beginning of the Fenton
oxidation, very rapid formation of hydroxyl radicals can occur due to a higher rate
constant in the Fenton reaction than in the Fenton-like reaction.
The results obtained during the experiments can be explained by chemical
complexity of leachate, especially since the used landfill leachate was mature.
According to Gogate and Pandit [54], the roles, the mechanisms of action, and the
equilibrium concentration of ferrous and ferric ions are complex and unclear in
details. Several studies have been conducted to compare both processes, and the
results obtained are controversial. Rivas et al. [97] found that similar removal
efficiencies of organic matter were obtained with Fenton and Fenton-like
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processes; however, Kim et al. [98] reported that the Fenton reaction had higher
removal than Fenton-like reaction.
4.1.4 Effect of H2O2 dosage on leachate treatment by photo-Fenton and
photo-Fenton-like processes
The effect of hydrogen peroxide dosage was studied by maintaining a
constant initial iron concentration. Experiments were performed for 0, 1332,
3330, 6660, and 9990 mg L-1 of H2O2, which corresponds to 0, 1, 2.5, 5, and 7.5
ml, respectively. 400 ppm of Fe(II) were used for photo-Fenton process, 600 ppm
of Fe(III) for photo-Fenton-like process. The results obtained are shown in
Figures 4.7-4.10.
The most favourable concentration of H2O2 for carbon removal was 6660
mg L-1 leading to 29% TC removal with 400 ppm of Fe(II) and 69.5% TC removal
with 600 ppm of Fe(III).
Figure 4.7: Effect of H2O2 dosage on TC
removal ([Fe(II)]0 = 400 ppm)
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Figure 4.8: Effect of H2O2 dosage on the
final TC removal achieved ([Fe(II)]0 = 400
ppm)
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As in the literature [32], it was noted that a higher initial concentration of
hydrogen peroxide leads to a higher removal of TC. A further increase in the
dosage of hydrogen peroxide to 9990 mg L-1 in photo-Fenton-like process led to
almost the same TC conversion as for 6660 mg L-1 of H2O2, 74.4% and 69.5%,
respectively. Thus, it was more practical to use 6660 mg L-1 of H2O2 for the next
experiments. In the photo-Fenton process, an increase in the H2O2 dosage from
6660 to 9990 mg L-1 resulted in a decrease in the removal of TC from 29% to
23%.
Figure 4.9: Effect of H2O2 dosage on TC
removal ([Fe(III)]0 = 600 ppm)
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Figure 4.10: Effect of H2O2 dosage on pH
throughout the experiment ([Fe(III)]0 =
600 ppm)
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An excess amount of hydrogen peroxide scavenges hydroxyl radicals [32].
An overdose of H2O2 will lead to a reaction with •OH radical and the formation
of the perhydroxyl radical HO2•, which is the undesired product [26]. The
scavenging effect is presented in Equation 4.3.
𝑂𝐻• + 𝐻2 𝑂2 → 𝐻𝑂2• + 𝐻2 𝑂

(4.3)
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The pH during photo-Fenton processes dropped from about 5.27 to 4.58 for
all cases, except for the experiment without hydrogen peroxide, when the pH
fluctuated only slightly from the initial value. During photo-Fenton-like processes
(Figure 4.10), the initial pH value was around 5.18, and it fell as the process
progressed due to the conversion of organic carbon into organic acids, and then
the pH value rose again, as the organic acids began to decompose slowly to CO2,
leaving the solution [96]. Regarding TN, both processes had no impact on it. The
colour change was observed during this batch of photochemical experiments and
is shown in Figures A.4-A.5 (Appendix A).
4.1.5 Effect of pH adjustment on leachate treatment by photo-Fenton and
photo-Fenton-like processes
Finally, the photo-Fenton process was enhanced by changing the initial pH
value of the solution, since pH has a huge impact on the remediation process [28].
The pH effect on the photochemical degradation of organic pollutants was
investigated using 6660 mg L-1 of H2O2 and 400 ppm of Fe(II). The TC removal
and pH results are shown in Figures 4.11-4.12.
Without any pH adjustment the initial pH of the pretreated diluted leachate
was 5.34. First the pH value lowered to 4.02 at 0 minute by addition of 0.15 mL
of HCl (>37% (w/w)), which increased TC removal slightly and was 33%
compared to 29% without pH adjustment. Further, the effect of changing the pH
value throughout the process was studied. For this purpose, the same amount of
hydrochloric acid was added to the solution as in the previous case (0.15 mL), but
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this was done at 30, 60 and 90 minutes by adding 0.05 ml each time. 31% of TC
conversion was obtained, which is less than 33%, achieved by pH adjustment at
0 minute. This proves the assumption that a change of the pH value at the
beginning is better than a consistent change.
Figure 4.11: Effect of pH adjustment on
TC removal ([Fe(II)]0 = 400 ppm, [H2O2]0
= 6660 mg L-1)
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Figure 4.12: Effect of pH adjustment in
terms of pH ([Fe(II)]0 = 400 ppm, [H2O2]0
= 6660 mg L-1)
6
5
4

pH

% TC removal

pH=5.34
pH correction at 0 min (pH=4.02)
pH correction at 30, 60, 90 min
pH correction at 0 min (pH=2,23)
pH correction at 0 min (pH=3.01)

3

2
pH=5.34
pH correction at 0 min (pH=4.02)
pH correction at 30, 60, 90 min
pH correction at 0 min (pH=2,23)
pH correction at 0 min (pH=3.01)

1
0
0

15 30 45 60 75 90 105 120
Irradiation time (min)

0

15 30 45 60 75 90 105 120
Irradiation time (min)

Therefore, the initial pH value was varied from 2.23 to 5.34 to find the most
favourable case. The TC conversions at pH 2.23 and 4.02 were equal to 39% and
33%, respectively. The highest colour and TC removal (44%) corresponded to pH
3.01, while the lowest to pH 5.34 (29%). Remaining nitrogen after the
pretreatment step (approximately 165 mg L-1) was not affected in all cases. The
colour change during these series of experiments is shown in Figure A.6
(Appendix A).
The results obtained (highest TC removal at pH 3) match with the findings
of other scientists [31,36,99,100]. The most favorable pH values for Fenton
reactions are 2.80-3.20 [36]. Pignatello et al. [31] and Coelho et al. [100]
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conducted experiments on Fenton process varying the pH from 2 to 6 in order to
study the pH effect on the degradation rate. The highest efficiency of the processes
corresponded to pH 3 [31], and pH 2.8 [100], respectively. The [Fe(OH)]2+ ion is
of great importance for the photo-Fenton process, and it is formed at pH 2.8–3.5
[31]. The ferrous ions are unstable and can be transformed to ferric ions, forming
complexes with hydroxyl, at pH above 4. Additionally, H2O2 loses its oxidizing
ability under alkaline conditions due to its decomposition to oxygen and water
[37]. [Fe(H2O)]2+ forms at lower pH (below 2) and reacts slowly with H2O2 [101].
Moreover, at lower pH, the scavenging effect of H+ on hydroxyl radicals becomes
more significant, which slows down the process [102]. The reaction between Fe3+
and hydrogen peroxide can be inhibited at extremely low pH [41].
Since the treated leachate with Fe(II) achieved better results by adjusting
the initial pH of the solution, the best case obtained for Fe(II) (pH adjustment to
3) was tested for Fe(III). 6660 mg L-1 of H2O2 and 600 ppm of Fe(III) were used.
The TC removal and pH results are shown in Figures 4.13-4.14.
With the addition of 0.245 ml of hydrochloric acid at 0 min, the pH dropped
to 3.04. After two hours of experiment, the TC showed TC degradation efficiency
of 63%. However, the experiment without adjusting the pH reached 69.5%
conversion. This corresponds to the results obtained by Kim et al. [98], namely
the most favourable value for the Fenton process (pH 3) is not the same for
Fenton-like process. The colour change is shown in Figures A.7 (Appendix A).

64
Figure 4.13: Effect of pH adjustment on
TC removal ([Fe(III)]0 = 600 ppm, [H2O2]0
= 6660 mg L-1)

Figure 4.14: Effect of pH adjustment in
terms of pH ([Fe(III)]0 = 600 ppm, [H2O2]0
= 6660 mg L-1)
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4.1.6 Landfill leachate treatment by Fenton process
The treatment of the pretreated diluted leachate was additionally
investigated for the classical Fenton reaction with 6660 mg L-1 H2O2 for an initial
concentration of Fe(II) in the range of 300-500 ppm. As shown in Figure 4.15,
the results showed the same favourable dosage of Fe(II), as for photo-Fenton
process, i.e. 400 ppm, which corresponds to 21% decomposition of organic
pollutants. Using classical Fenton process instead of photo-Fenton process led to
a lower TC removal: from 29% to 21%. The application of UV light to the
oxidation process has been reported to enhance the removal of pollutants [31]. A
further increase to 500 ppm resulted in 9% of TC removal, as there is a limit on
the concentration of iron due to scavenging effect of excess iron on •OH [32].
In addition, the effect of initial pH value was studied, and the best case
obtained for photo-Fenton process was tested (pH adjustment to around 3). 400
ppm of Fe(II) was used, and TC conversion was 41% after 2 hours. That is, the
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pH correction increased TC removal, as in the photo-Fenton process, specifically,
degradation of organic pollutants increased from 21% (without pH adjustment) to
41% (with pH adjustment to 2.94).
The pH value in this series of experiments basically remained constant, as
it is shown in Figure 4.16. Improvement in the final color of the solution was
observed and is presented in Figure A.8 (Appendix A).
Figure 4.15: TC removal by Fenton
process ( [H2O2]0 = 6660 mg L-1)

Figure 4.16: pH throughout the
experiment in Fenton process ([H2O2]0 =
6660 mg L-1)
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4.1.7 Landfill leachate treatment by Fenton-like process
All experiments were conducted using the same initial H2O2 dosage (6660
mg L-1) and different initial Fe(III) amounts (500-800 ppm). An increase in the
rate of decomposition is observed with an increase in the initial concentration of
Fe(III) from 500 ppm to 800 ppm, which results in 58% and 70% removal of TC,

66

respectively. However, the difference in TC removal between 700 and 800 ppm
of Fe(III) was only 2%, therefore, a higher concentration was not tested.
The effect of initial pH value was also studied, and 600 ppm of Fe(III) and
6660 mg L-1 were used. The initial pH without any pH adjustment was 5.11. As
with photo-Fenton, changing the initial pH value did not improve the treatment.
The initial pH was adjusted to 2.96, 4.06 and 6.62, which resulted in 55, 59 and
63% TC conversions, respectively, compared with 63.24% for the process without
pH adjustment (pH 5.11). pH value was increased to 6.62 by addition of NaOH.
Summary of these experiments is shown in Figure 4.17 and Figure A.9 (colour
change).
Figure 4.17: TC removal by Fenton-like process ([H2O2]0 = 6660 mg L-1)
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4.1.8 Effect of the process used: Fenton, UV-H2O2, photo-Fenton and photoFenton-like
This section is devoted to the comparison of the processes used to
summarize all findings, specifically, the efficiency of photo-Fenton process was
compared with several H2O2-based AOPs: UV-H2O2, classical Fenton, photoFenton and photo-Fenton-like systems. 6660 mg L-1 of H2O2 and 400 ppm of iron
were used. The results are shown in Figures 4.18-4.19.
Figure 4.18: Effect of the process used on
TC removal ([Fe]0 = 400 ppm, [H2O2]0 =
6660 mg L-1)
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Figure 4.19: Effect of the process used on
pH throughout the experiment ([Fe]0 = 400
ppm, [H2O2]0 = 6660 mg L-1)
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The UV-H2O2 treatment did not result in any TC removal, which is in
contrast with the results obtained for simple solutions. Using classical Fenton
process instead of photo-Fenton process led to a lower TC removal: from 29% to
21%. The application of UV light to the oxidation process has been reported to
enhance the removal of pollutants [31]. The photo-Fenton-like process using
ferric (Fe3+) ions instead of ferrous (Fe2+) was found to be the most effective
approach among the ones applied since the highest TC removal was observed
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(48%) along with the highest color removal. The results obtained during the
experiments can be explained by chemical complexity of leachate, especially
since the used landfill leachate was mature. According to Gogate and Pandit [54],
the roles, the mechanisms of action, and the equilibrium concentration of ferrous
and ferric ions are complex and unclear in details.
The greatest improvement in color also corresponds to the UV/ Fe3+/H2O2
(photo-Fenton-like) process, as it shown in Figures 4.20.
Figure 4.20: UV-Vis analysis to observe the effect of the process used on colour change
([Fe]0 = 400 ppm, [H2O2]0 = 6660 mg L-1)
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In total, five remediation techniques were examined for the treatment of
landfill leachate: UV-H2O2, classical Fenton, Fenton-like, photo-Fenton and
photo-Fenton-like systems. A pretreatment stage including air stripping and pH
adjustment was required for ammonia and inorganic carbon removal before the
chemical/photochemical treatment applied. The inorganic carbon removal is
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critical for the success of next steps because it can act as hydroxyl radicals
scavenger. Specifically, only 7.7% TC removal was observed in the presence of
inorganic carbon, while 29% TC (equal to TOC) removal was achieved when the
inorganic carbon was removed at the pretreatment step. No further TIC removal
was noted for the experiment in the presence of inorganic carbon.
It is also worth noting that the TN value was unchanged throughout all
experiments and remained in the range of 130-180 mg L-1, depending on the value
achieved after the pretreatment step. Hydroxyl radicals formed during the Fenton
process, despite the rather strong oxidizing ability, cannot oxidize ammonia [32].
Foam appeared during pretreatment stage and experiments, as shown in the
Figure 4.21. Adding antifoaming agents, such as amyl alcohol, is a possible
solution to this problem [103].
Figure 4.21: An example of foaming during experiments

Foaming occurs because of carbon dioxide produced from carbonate
substances at acidic pH and organic foaming agents in leachate, and results in the
need for a much larger reactor volume [32].
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In addition, iron sludge accumulates and must be removed at the end of the
treatment with iron. The reason of iron sludge formation is conversion of Fe3+ to
ferric-hydroxo complexes [32]. Nafion membranes, easily separated from the
treated solutions, can be used to prevent iron sludge [31]. The sludge disposal
should be included in the valuation of this process. All analyses were performed
with filtered solutions.
As it was mentioned earlier, the colour improvement of leachate was
noticed. The results of UV-Vis spectra for colour change are given in Appendix
A. In addition, Figure 4.22 presents the above observations for several
experiments with photo-Fenton process.
Figure 4.22: The colour change for treatment of pretreated diluted leachate ([H2O2]0 =
6660 mg L-1): (a) pretreated diluted leachate, (b) UV-H2O2 process with 400 ppm of Fe(II),
(c-g) photo-Fenton process in the range of 200-600 ppm of Fe(II), (h) photo-Fenton-like
process with 400 ppm of Fe(III)

Young leachate contain large quantities of biodegradable organic
compounds [74]. As leachate matures, refractory (non-biodegradable) substances,
like humic and fulvic acids, dominate the organic fraction of the leachate [76].
The presence of humic acids leads to the dark colour of the leachate [104], and
their molecular weight increases as leachate matures [105]. Large organic
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compounds are converted into smaller molecules during the treatment process,
which leads to colour improvement. Kim and Hugh [106] also observed an
improvement in the color of the mature leachate through the Fenton process,
resulting in a 92% decolorization efficiency.
4.2 Photocatalytic performance of Fe-doped TiO2 for the degradation of 4tert-butylphenol
The photocatalytic activities of the synthesized Fe-doped TiO2 catalysts
with different iron contents (Fe/Ti weight ratio percentage = 0.5%, 1%, 2% and
4%) was examined, 4-tert-butylphenol was used as a model pollutant. TiO2
catalyst (P-25) was taken as a base catalyst for comparison. Each separate
experiment was repeated two times and the average was taken using the standard
error of the mean.
The catalysts were sonicated in water for 10 minutes just before use. Then,
the aqueous solution containing 4-tertbutylphenol in concentration of 30 mg L-1
was mixed with 0.25 g of photocatalyst under constant magnetic stirring (the total
volume of the solution was 250 mL). Before UV irradiation, this solution was
stirred for 1 hour in the dark so that the system reached adsorption equilibrium.
Each photocatalytic experiment on the mineralization of 4-tert-butylphenol lasted
60 minutes. 88.31 mg L-1 of H2O2 was used for experiments with a combination
of hydrogen peroxide and catalyst (1 g L-1).
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4.2.1 Catalyst characterization
The structure and morphology of the fresh and used catalysts were
determined using powder XRD and SEM. XRD patterns for P-25 and all Fe-doped
TiO2 are shown in Figure 4.23.
XRD pattern was recorded with Cu Kα radiation in the 2-theta angular
range of 10 to 80°. The diffraction peaks at 2θ = 25.3°, 37.8°, 48.0°, 54.0°, and
55.1° are attributed to the anatase phase of TiO2 (ICDD No. 86-1048, 86-1157).
The diffraction peak at 2θ = 27.4° is attributed to the rutile phase of TiO2 [107].
The XRD patterns are typical for TiO2 phase, however, no crystalline iron-related
phase was observed, even at the highest iron concentration. The same results were
obtained in other studies [66,108]. This result can be explained by the fact that
crystalline forms of Fe did not form on the material or that particles of amorphous
iron oxides were very dispersed on the surface of TiO2 particles [109]. The peak
associated with iron cannot be observed in the XRD spectra when a low
concentration of iron is in Fe-doped TiO2 [108] or when a solid solution of irontitanium is formed, which means that all iron ions are incorporated into the TiO2
structures and replace titanium ion or is at interstitial site due to similar ionic radii
(Ti (0.68 Å) and Fe (0.64 Å)) [66,108].
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Figure 4.23: X-ray diffraction patterns for: (a) TiO2, (b) Fe/TiO2 (0.5%), (c) Fe/TiO2 (1%),
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EDS mapping of SEM analysis for all fresh and used catalysts are presented
in Appendix B, and it showed spectra that provide information on the elements
present and their quantities. A well-distributed iron phase on the surface of TiO2
was observed for all Fe-doped TiO2 catalysts.
In addition, X-ray diffraction and SEM analyses showed that the structures
of synthesized Fe-doped TiO2 catalysts remained intact after the photocatalytic
reaction. Thus, it can be concluded that Fe-doped TiO2 catalysts synthesized using
the wet impregnation method are resistant to photocatalytic decomposition of
organic pollutants, which is very important for their application.
The optical properties of fresh catalysts were measured using a UV-Vis
spectroscopy in the wavelength range of 200 to 750 nm (Figure 4.24). The
prepared Fe/TiO2 catalysts had relatively the same absorption as base TiO2, and
only 4% Fe/TiO2 showed a significantly higher absorption in the range of 200365 nm.

Absorbance

Figure 4.24: The UV-Vis spectra of TiO2 and Fe-TiO2 with different iron doping
concentrations
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The shift of the absorption edge in 4% Fe/TiO2 is explained by the transition
of charge transfer between the d-electrons of the iron ion and the conduction or
valence band of TiO2 [110].
4.2.2 UV/Catalyst process
The overall reaction of photocatalytic degradation of 4-tert-butylphenol can
be presented by Equation 4.4.
10 𝐶10 𝐻14 𝑂 + 95 𝑂2 → 100 𝐶𝑂2 + 7𝐻2 𝑂

(4.4)

Photocatalytic degradation of 4-tert-butylphenol by Fe-doped TiO2 was
measured by TC (Figure 4.25), HPLC (Figure 4.26) and UV-Vis analyses (Figure
4.27). For 0 minutes, the lamp turn-on time was taken.
Figure 4.25: TC removal of 4-t-BP by UV/TiO2 and UV/Fe-TiO2
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It can be observed that TC value decreased with time. After 60 min UV
irradiation, 73% of the TC was eliminated by UV/TiO2 process. The TC removal
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increased with increasing iron doping concentration from 0.5% to 4%, resulting
in 65% and 86%, respectively.
Using 2% Fe/TiO2 led to the same TC removal as for TiO2 (P-25), whereas
4% Fe/TiO2 had a higher removal efficiency than TiO2. UV-Vis spectra of 4%
Fe/TiO2 showed the highest absorption (Figure 4.24). Vargas et al. [64] also
reported that synthesized Fe-doped TiO2 had removal efficiencies similar to the
commercial photocatalyst Degussa P25.
According to Zhu et al. [65], 0.40% Fe-TiO2 showed a higher photoactivity
than undoped TiO2 and P25 under UV irradiation, whereas 0.15% Fe-TiO2 was
more effective than TiO2 and P25 when irradiated with visible light. Much more
oxygen vacancies in the crystal lattice and on TiO2 surface were introduced by
doping with Fe3+, and they stimulated H2O adsorption, the formation of surface
hydroxyl groups and photocatalytic activity [65].
Hydroxyl radical are generated during the photocatalytic processes due to
absorption of light by photocatalyst (Equation 2.17-2.19) [53]. Oxidative
degradation of organic compounds can occur through their reactions with
hydroxyl and peroxide radicals, valence band holes, and reductive splitting
through their reactions with electrons [26].
4-tert-butylphenol was effectively mineralized by all studied catalysts
(Figure 4.26).

78
Figure 4.26: HPLC results for 4-t-BP conversion by UV/TiO2 and UV/Fe-TiO2
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Maximum conversion of model pollutant was observed during UV/TiO2
process, reaching 97%. Fe-doped TiO2 had 92-93% conversion of 4-tertbutylphenol. The obtained high values for HPLC analysis, in contrast to the lower
TC removal, are due to the formation of 4-t-BP intermediates, which were not
completely decomposed to carbon dioxide and water. Thus, even if 4-t-BP is no
longer in the solution, but its by-products are present, thereby being displayed in
the TC. As it was mentioned in Section 2.5, the path of photodegradation of 4-tBP in aqueous solution is not completely clear [91]. Various researchers have
discovered the following by-products during 4-t-BP photodegradation: 2,4-ditert-butylphenol [92], 4-tert-butylphenol dimer [91,92], 4-tert-butylcatechol
[86,91], isobutyl acetate [88], butyl acetate [88], ethylbenzene [88], 3,3-dimethyl2-butanone [86], pyruvic acid [86], 6-tert-butyl-3-methylanisole [91], benzene-
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1,4-diol [91], and 2-nonen-1-ol, 2-decen-1-ol, 2-dodecenal from the breakdown
of the benzene ring [91].
In the solution, there is a competition between pollutants and formed
intermediate compounds for oxidizing agents, which reduces the rate of
decomposition of 4-t-BP and the TC removal; similar results were observed in
other studies [111].
Slow TC removal and 4-t-BP conversion after 15 minutes can be explained
by the fact that the active sites of catalysts were occupied by organics [112].
Figure 4.27 shows the UV-Vis absorption data of the 4-t-BP in aqueous
solution after the remediation process. These results are consistent with the results
obtained with the HPLC analysis.
Figure 4.27: UV-Vis absorption spectra of 4-t-BP in aqueous solution after UV/
TiO2 and UV/Fe-TiO2 processes
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The initial pH of the solution was around 6.3, and the change in pH
throughout the experiments was also measured and shown in Figure 4.28.
The pH of the solution affects the rate of photocatalytic oxidation. The
reaction rate increases at lower pH for weakly acidic contaminants [57], and at
higher pH for contaminants that hydrolyze in alkaline medium [58]. At the same
time, Wei and Wan [59] noticed that a pH of less than 2 does not favour
photocatalytic oxidation of phenol. The rate of phenol decomposition increases
with increasing pH and reaches its maximum at pH ~ 6.5. The rate of phenol
oxidation decreases quickly with a further increase in the pH value, and then
increases again when the pH value is above 11.
Figure 4.28: pH value throughout UV/ TiO2 and UV/Fe-TiO2 processes
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4.2.3 UV/H2O2 and UV/H2O2/Catalyst processes
The combination of catalysts, hydrogen peroxide and UV irradiation was
also investigated on degradation of 4-tert-butylphenol. The results (Figures 4.2932) showed that such combination does not improve the performance of the
process.
Initially, a photochemical process with UV/H2O2 was tested, and 31% TC
removal and 100% 4-t-BP decomposition (after 30 minutes) were obtained. Then,
H2O2/TiO2 was examined in the dark. After two hours of treatment in the dark,
the results showed 0% TC removal and 4-t-BP conversion, as the source of UV
light is needed for TiO2 [53]. It can be noted that regardless of the Fe doping
concentration, all Fe/TiO2 catalysts showed TC removal in the range of 58-61%.
The best TC removal was achieved using TiO2 and was 74%.
Figure 4.29: TC removal of 4-t-BP by UV/H2O2, UV/H2O2/TiO2 and UV/H2O2/Fe-TiO2
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The HPLC results showed that an increase in iron doping concentration led
to a decrease in 4-t-BP conversion by UV/H2O2/Fe-TiO2 processes, namely, it
decreased from 95%, which corresponded to 0.5% Fe-TiO2, to 87%, which
corresponded to 4% Fe-TiO2. During UV/H2O2/TiO2, 98% conversion of 4-tertbutylphenol was achieved. The UV-Vis absorption data of the 4-t-BP in aqueous
solution after the UV/H2O2/Fe-TiO2, UV/H2O2/TiO2 and UV/H2O2 processes are
consistent with the results obtained with the HPLC analysis.
Figure 4.30: HPLC results for 4-t-BP conversion by UV/H2O2, UV/H2O2/TiO2 and
UV/H2O2/Fe-TiO2
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Figure 4.31: UV-Vis absorption spectra of 4-t-BP in aqueous solution after UV/H2O2,
UV/H2O2/TiO2 and UV/H2O2/Fe-TiO2
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Figure 4.32: pH value throughout UV/H2O2, UV/H2O2/TiO2 and UV/H2O2/Fe-TiO2
processes
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The results of previously published papers on the efficiency of combining
hydrogen peroxide with a catalyst under UV irradiation are contradictory. Some
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reported that this combination increased the efficiency of the process, since UV
light was combined with both the oxidant and the photocatalyst [113], while
others claimed that the efficiency of the process was reduced due to competition
for ultraviolet irradiation between the oxidant and the photocatalyst [114] or H2O2
adsorption on the surface of catalytic particles, which reduces the activity of the
catalyst [115]. In addition, the reason that the treatment was not enhanced by the
addition of hydrogen peroxide may be that hydrogen peroxide was consumed at
the beginning, since its concentration was low, it was used to oxidize iron, and
the rest of the organic matter was removed using a catalyst [111].
4.2.4 Summary of the results obtained for experiments with catalysts
The all experimental results for the TC removal of water containing 4-tertbutylphenol as pollutant are presented in Figure 4.33. The HPLC results for 4tert-butylphenol conversion are shown in Figure 4.34. The obtained high values
for HPLC analysis, in contrast to the lower TC removal, are due to the formation
of 4-t-BP intermediates, which were not completely decomposed to carbon
dioxide and water. In the solution, there is a competition between pollutants and
formed intermediate compounds for oxidizing agents, which reduces the rate of
decomposition of 4-t-BP and the TC removal.
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Figure 4.33: Summary of TC removal achieved by UV/Catalyst and UV/H 2O2/Catalyst
processes
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Figure 4.34: Summary of 4-t-BP conversion achieved by UV/Catalyst and
UV/H2O2/Catalyst processes
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Vargas et al. [64] reported that synthesized Fe-doped TiO2 had removal
efficiencies similar to the commercial photocatalyst Degussa P25, which is
consistent with the results obtained.
It should also be noted that 31% TC removal and 100% 4-t-BP
decomposition (after 30 minutes) were obtained by UV/H2O2 process. After two
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hours of treatment in the dark, the results showed 0% TC removal and 4-t-BP
conversion by H2O2/TiO2 , as the source of UV light is needed for TiO2 [53].
The HPLC equipment used to analyze the amount of 4-tert-butylphenol
present in the samples could not identify the specific by-products of 4-tert-BP;
other apparatus should be used for this purpose, for example GCMS (Gas
chromatography mass spectroscopy).
Thus, IC analysis was conducted to check the content of organic acids, such
as acetic acid and formic acid, as they may be possible intermediates. The results
are summarized in Table 4.1 and they confirmed the formation of acetic and
formic acids during the photocatalytic oxidation of 4-tert-butylphenol. This is the
only analysis used to identify intermediate products due to the lack of necessary
laboratory equipment.
Table 4.1: Content of acetic and formic acids by IC analysis

4-tert-butylphenol

Sample
TiO2
Fe/TiO2 (0.5%)
Fe/TiO2 (1%)
Fe/TiO2 (2%)
Fe/TiO2 (4%)
H2O2
H2O2 - TiO2
H2O2 - Fe/TiO2
(0.5%)
H2O2 - Fe/TiO2 (1%)
H2O2 - Fe/TiO2 (2%)
H2O2 - Fe/TiO2 (4%)

Concentration,
mg/L
Acetate Formate
2.195
0.304
0.904
0.656
1.009
0.43
0.238
0.292
0.021
0.14
2.851
1.446
2.471
0.361
1.785
1.371
0.929
0.622

0.898
0.833
0.594
0.404
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In addition, the iron content in the solution (Fe leaching) after 1 hour in the
dark (0 min) and after the completion of the whole experiment (60 min) was
determined using AAS. The results are summarized in Table 4.2. Fe leaching
occurred for 4% Fe/TiO2. It is worth noting that this is the only catalyst, which
had the absorption in UV-Vis spectra and TC removal in the case of UV/Catalyst
process higher than TiO2.
Table 4.2: Fe leaching by AAS analysis

Sample
Fe/TiO2 (4%) 0 min
Fe/TiO2 (4%) 60 min
Fe/TiO2 (2%) 60 min
Fe/TiO2 (1%) 60 min
Fe/TiO2 (0.5%) 60 min
H2O2 - Fe/TiO2 (4%) 0 min
H2O2 - Fe/TiO2 (2%) 0 min
H2O2 - Fe/TiO2 (1%) 0 min
H2O2 - Fe/TiO2 (0.5%) 0 min
H2O2 - Fe/TiO2 (4%) 60 min
H2O2 - Fe/TiO2 (2%) 60 min
H2O2 - Fe/TiO2 (1%) 60 min
H2O2 - Fe/TiO2 (0.5%) 60 min

Average concentration, mg/l
0.01
0.14
0.01
0.00
0.01
0.40
0.03
0.02
0.03
0.23
0.05
0.04
0.04
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Chapter 5 - Conclusion
In this work, the photo-Fenton, photo-Fenton-like, UV-H2O2, classical
Fenton and Fenton-like processes were used to treat the leachate generated at the
municipal solid waste landfill in Astana (Kazakhstan). This type of wastewater is
today left untreated in the landfill. The effectiveness of each process was
evaluated by means of carbon and color removal. In addition, the efficiency of the
synthesized Fe-doped TiO2 catalysts with different iron contents (Fe/Ti weight
ratio percentage = 0.5%, 1%, 2% and 4%) was examined to remove 4-tertbutylphenol under ultraviolet light. The combination of catalysts, hydrogen
peroxide and UV irradiation was also investigated for the decomposition of 4-tertbutylphenol. The main conclusions are the following:
a) A pretreatment stage including air stripping and pH adjustment was required
for

ammonia

and

inorganic

carbon

removal

before

the

chemical/photochemical processes applied. The inorganic carbon removal is
critical for the success of next steps because it can act as hydroxyl radicals
scavenger. Specifically, only 7.7% TC removal was observed in the presence
of inorganic carbon, while 29% TC (equal to TOC) removal was achieved
when the inorganic carbon was removed at the pretreatment step.
b) The most favourable concentrations of H2O2 and Fe(II) for carbon removal
were 6660 mg L-1 and 400 ppm, respectively, resulting in 29% TC removal
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during photo-Fenton process and 21% during Fenton process, while ammonia
was not affected.
c) The photo-Fenton process can be significantly enhanced by replacing ferrous
ions with ferric ions. Specifically, using 600 ppm Fe(III) instead of Fe(II) in
the presence of 6660 mg L-1 of H2O2 and UV light increased the color removal
as well as the TC removal from 27% to 69.5%. The most favourable
concentration of H2O2 for carbon removal with Fe(III) was also 6660 mg L-1.
d) The most favorable initial pH value for photo-Fenton and Fenton was found
to be around 3.0 as it resulted in 44% of TC removal during photo-Fenton
process and 41% during Fenton process. The effect of initial pH value was
also studied for photo-Fenton-like and Fenton-like processes, 600 ppm of
Fe(III) and 6660 mg L-1 were used. For both processes with Fe(III), changing
the initial pH value did not improve the treatment.
e) An improvement in the color of the leachate was observed during all
processes.
f) The whole process of landfill leachate treatment including pretreatment and
the best photochemical process (600 ppm Fe(III) and 6660 mg L-1 of H2O2)
resulted in 93.4% TC removal, 100% TIC removal, 88.7% TOC removal,
96.5% TN removal and 98.2% colour removal (at 450 nm).
g) A well-distributed iron phase on the surface of TiO2 was observed for all Fedoped TiO2 catalysts during EDS mapping. X-ray diffraction and SEM
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analyses showed that the structures of synthesized Fe-doped TiO2 catalysts
remained intact after the photocatalytic reaction.
h) Maximum conversion of model pollutant was observed during UV/TiO2
process, reaching 97%. Fe-doped TiO2 catalysts had 92-93% conversion of 4tert-butylphenol. The obtained high values for HPLC analysis, in contrast to
the lower TC removal, are due to the formation of 4-t-BP intermediates.
i) Acetic and formic acids were formed during the photocatalytic oxidation of
4-tert-butylphenol.
j) The combination of catalysts, hydrogen peroxide and UV irradiation did not
improve the performance of the removal.
k) Fe leaching occurred for 4% Fe/TiO2. This is the only catalyst, which had the
absorption in UV-Vis spectra and TC removal in the case of UV/Catalyst
process higher than TiO2, specifically, 4% Fe/TiO2 had 86% TC removal in
contrast 73% achieved with TiO2.
Future work will include a study of the effectiveness of the combined
photochemical, biological and membrane treatment of the leachate. In particular,
the effluent from the photochemical treatment can be directed to biological and/or
membrane processing in order to see the additional effect of the biological
decomposition of organic compounds. As for the Fe-doped TiO2 catalysts, the
effectiveness of the catalysts can be tested by other model pollutants or a
combination of several pollutants. In addition, TiO2 can be doped with other
metals.
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Appendices
Appendix A
All the results of the UV-VIS spectra for color changes during the treatment
of landfill leachate are presented in this section.
Figure A.1: UV-VIS analysis to observe the effect of inorganic carbon on colour change
([Fe(II)]0 = 400 ppm, [H2O2]0 = 6660 mg L-1)
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Figure A.2: UV-VIS analysis to observe the effect of Fe(II) concentration on colour
change ( [H2O2]0 = 6660 mg L-1)
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Figure A.3: UV-VIS analysis to observe the effect of Fe(III) concentration on colour
change ( [H2O2]0 = 6660 mg L-1)
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Figure A.4: UV-VIS analysis to observe the effect of H2O2 dosage on colour change
([Fe(II)]0 = 400 ppm)
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Figure A.5: UV-VIS analysis to observe the effect of H2O2 dosage on colour change
([Fe(III)]0 = 600 ppm)
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Figure A.6: UV-VIS analysis to observe the effect of pH adjustment on colour change
([Fe(II)]0 = 400 ppm, [H2O2]0 = 6660 mg L-1)
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Figure A.7: UV-VIS analysis to observe the effect of pH adjustment on colour change
([Fe(III)]0 = 600 ppm, [H2O2]0 = 6660 mg L-1)
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Figure A.8: UV-VIS analysis to observe colour change by Fenton process ([H2O2]0 = 6660
mg L-1)
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Figure A.9: UV-VIS analysis to observe colour change by Fenton-like process ([H2O2]0 =
6660 mg L-1)
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Appendix B
EDS mapping of SEM analysis of fresh and used catalysts are presented in
this section.
Figure B.1: EDS mapping of SEM analysis of fresh TiO2
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Figure B.2: EDS mapping of SEM analysis of used TiO2 after UV/TiO2
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Figure B.3: EDS mapping of SEM analysis of used TiO2 after UV/H2O2/TiO2
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Figure B.4: EDS mapping of SEM analysis of fresh Fe-TiO2 (0.5%)
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Figure B.5: EDS mapping of SEM analysis of used Fe-TiO2 (0.5%) after UV/Fe-TiO2
(0.5%)
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Figure B.6: EDS mapping of SEM analysis of used Fe-TiO2 (0.5%) after UV/H2O2/Fe-TiO2
(0.5%)
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Figure B.7: EDS mapping of SEM analysis of fresh Fe-TiO2 (1%)
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Figure B.8: EDS mapping of SEM analysis of used Fe-TiO2 (1%) after UV/Fe-TiO2 (1%)
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Figure B.9: EDS mapping of SEM analysis of used Fe-TiO2 (1%) after UV/H2O2/Fe-TiO2
(1%)
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Figure B.10: EDS mapping of SEM analysis of fresh Fe-TiO2 (2%)
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Figure B.11: EDS mapping of SEM analysis of used Fe-TiO2 (2%) after UV/Fe-TiO2 (2%)
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Figure B.12: EDS mapping of SEM analysis of used Fe-TiO2 (2%) after UV/H2O2/Fe-TiO2
(2%)
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Figure B.13: EDS mapping of SEM analysis of fresh Fe-TiO2 (4%)
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Figure B.14: EDS mapping of SEM analysis of used Fe-TiO2 (4%) after UV/Fe-TiO2 (4%)
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Figure B.15: EDS mapping of SEM analysis of used Fe-TiO2 (4%) after UV/H2O2/Fe-TiO2
(4%)

129

