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TREATMENT OF OLIVE MILL EFFLUENT BY IMMOBILIZED NANO-
ZnO-MAGNETITE

ABSTRACT

Olive mill wastewater (OMW) contains high concentration of organic matter,
acidic pH values, suspended solids and high content of phenols and polyphenols
which are toxic substances. The aim of this study is the removals of COD, total
phenol, total solid (TS), total nitrogen, total phosphorus and polyphenos (caffeic
acid, tyrosol and hydroxytyrosol) in the OMW by Nano-ZnO-Magnetite composite
via adsorption and photocatalytic dagradation. The specific objectives of this study
are to determine the optimum Nano-ZnO-Magnetite concentration, to evaluate effect
of time and pH on the treatment of OMW pollutants for maximum removal of

pollutants, and to investigate the recovery of composite.

For adsorption mechanism, the optimum concentration of Nano-ZnO-Magnetite,
adsorption time and pH was determined as 3 gram per liter, 180 minute and 4,
respectively. The maximum removal efficiencies of COD, total phenol, TS, total
nitrogen and total phosphorus were found as 12, 9, 10, 7 and 10 percent, respectively.
For photocatalytic degradation under UV, the optimum concentration of Nano-ZnO-
Magnetite, irradiation time and pH was determined as 3 gram per liter, 30 minute and
4, respectively. The maximum removal efficiencies of COD, total phenol, TS, total
nitrogen and total phosphorus were found as 80, 75, 70, 97 and 85 percent,
respectively. And also, the maximum removal efficiencies of caffeic acid, tyrosol
and hydroxytyrosol were found as 80, 80 and 51 percent, respectively Nano-ZnO-
Magnetite concentration: 3 gram per liter, irradiation time: 30 minute, UV power:

300 W).

When we used the same Nano-ZnO-Magnetite for fifth times for treatment of
OMW | the COD, phenol and TS removal efficiencies decreased from 80 to 52
percent, 75 to 48 percent and 70 to 56 percent, respectively. The cost to treat one liter

of OMW is around 500 TL.
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IMMOBILIZE EDILMIS NANO-ZnO-MAGNETIT iLE KARASUYUNUN
ARITILMASI

0z

Zeytin karasuyu, yiiksek miktarlarda toksik madde olan fenol ve polifenoller,
yiiksek miktarlarda organik madde, asidik pH ve askida kat1 madde icermektedir. Bu
calismanin amaci, Nano-ZnO-Manyetit kompozitinin adsorpsiyonu ve fotokatalitik
dagradasyonuyla, zeytin karasuyundan KOI, toplam fenol, toplam kati madde,
toplam azot, toplam fosfor ve ploifenollerin (kafeik asit, tyrosol ve hidroksityrosol)
giderimidir. Spesifik amag¢ ise, maksimum kirletici giderimi i¢in, optimum Nano-
ZnO-Manyetit kompozitinin konsantrasyonuna karar vermek, zamanin ve pH
zeytin karasyundaki kirleticilere etkisini degerlendirmek, ve kompositin yeniden geri

kazanimini arastirmaktir.

Adsorpsiyon mekanizmasi i¢in, optimum Nano-ZnO-Manyetit kompozitinin
konsantrasyonu, adsorpsiyon siiresi ve pH, sirasiyla 3 gram bolii litre, 180 dakika ve
4 olarak tespit edilmistir. KOI, toplam fenol, toplam kati madde, toplam azot ve
toplam fosforun maksimum giderim verimleri sirasiyla yiizde 12, 9, 10, 7 ve 10
olarak bulunmustur. UV altinda fotokatalitik dagradasyon i¢in, optimum Nano-ZnO-
Manyetit kompozitinin konsantrasyonu, radyasyon siiresi siiresi ve pH, 3 gram bolii
litre, 30 dakika ve 4 olarak tespit edilmistir. KOI, toplam fenol, toplam kat1 madde,
toplam azot ve toplam fosforun maksimum giderim verimleri sirasiyla yiizde 80, 75,
70, 97 ve 85 olarak bulunmustur. Ayrica, maksimum kafeik asit, tyrosol ve
hidroksityrosol giderim verimleri sirasiyla ylizde 80, 80 ve 51 olarak bulunmustur
(Nano-ZnO-Manyetit konsatrasyonu: 3 gram bolii litre, radyasyon siiresi: 30 dakika,

UV giicii: 300 W).

Biz zeytin karasuyunu aritmak i¢in aym1 Nano-ZnO-Manyetit kompozitini bes
kere kullandigimizda, KOI, toplam fenol, toplam kat1 madde, toplam azot ve toplam
fosforun giderim verimleri sirasiyla, ylizden 80’den 52’ye, 75’den 48’ye ve 70’den
56’a diigmektedir. Bir litre OMW aritima maliyeti yaklasik 500 TL'dir.
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Anahtar kelimeler: Adsorpsiyon, nano-ZnO-Magnetit, fotokatalitik degradasyon,
UV ve giines 15181 radyasyonu.
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CHAPTER ONE
INTRODUCTION

1.1 Introduction

Olive mill wastewater (OMW) management and treatment has been a major issue
of environmental concern in the Mediterranean. Olive oil factories, commonly
known as olive mills, generate as by-product effluents an average daily amount of 1
m’of wastewater derived from the washing of the olives, together with more than 10
m’ of wastewater coming from the centrifugation process used for the extraction of
the olive oil. OMW is an acidic, dark brown stream consisting of water, organic
matter and minerals. In particular, OMW are strong, seasonally generated effluents
with a highly diverse organic load that reaches values as high as 220 g/I. COD and
also contain large amounts of suspended solids up to about 190 g/L.. Amongst other
organic constituents, OMW contain high concentrations of phenolic compounds up
to 10 g/L exhibiting hard non-biodegradable and quite phytotoxic properties
(Mantzavinos & Kalogerakis, 2005; Komilis et al., 2005).O0MW exhibits a series of
characteristics that make their reclamation by conventional physicochemical
treatments extremely difficult. The presence of phytotoxic refractory pollutants, such
as phenolic compounds, organic acids, tannins, long chain fatty acids, an organo
halogenated contaminants, makes these effluents recalcitrant to biological
degradation and thus inhibits the efficiency of biological processes. Moreover, the
physicochemical composition of OMW is extremely variable as it depends on several
factors such as the extraction process, climatic, and cultivation parameters, as well as
the type, quality, and maturity of the olives (Nieto et al., 2011; Niaounakisand &
Halvadakis, 2006).Furthermore, OMW inhibits the microbial activity because of the
biocidal activity of the aromatic compounds contained. Therefore, there has been an
increasing effort for the development of processes capable of purifying OMW (Roig
et al., 2006).

Conventional methods for the removal of phenolic pollutants in OMW can be

divided into three main categories: physical, chemical and biological treatment.



Among them, physical adsorption method is generally considered to be the best,
effective, low-cost and most frequently used method for the removal of phenolic
pollutions. Therefore, the search for low cost and easily available adsorbents has led
many researchers to search more economic and efficient techniques of using the

natural and synthetic materials as adsorbent (Roostaei &Tezel, 2004).

Adsorption, as a simple and relatively economical method, is a widely used
technique in the removal of pollutants. Although the adsorbents used may vary due
to the change in adsorption conditions depending on the type of pollutants, the
properties affecting the efficiency of an adsorbent are; a large surface area, the
homogeneous pore size, well defined structural properties, selective adsorption

ability, easy regeneration, and multiple use (Banat et al., 2000).

Advanced oxidation processes (AOPs) using UV/H,0,, UV/O3; or UV/Fenton’s
reagent are alternative techniques for the destruction of phenolic compounds and
many other organics in wastewater (Chen et al., 1999). Semiconductor mediated
photocatalysis is a well-developed AOPs, which can be conveniently applied for the
complete destruction of phenolic compounds into water and carbon dioxide
(Lathasree et al., 2004). Metal oxide semiconductors such as TiO,, ZnO, SnO,, and
WO;, etc. have been attempted for the photocatalytic degradation of a wide variety of
environmental contaminants (Oppenlander, 2003). While most of the researchers
concentrated on TiO; as photocatalyst, plenitude of studies have also been focused to
explore potential of other metal oxides for the degradation of environmental

pollutants (Daneshvar et al., 2004; Abbruzzetti et al., 2001).



1.2 The Aim of this Master Thesis

The general purpose of the master thesis was

e to evaluate the performance of the adsorption proses of OMW pollutants such
as COD, phenol, TS, total nitrogen, total phosphorous and polyphenols such as
caffeic acid, tyrosol and hydroxytyrosol,

e to investigate the effect of Nano-ZnO-Magnetite concentrations (0.5 g/L, 1.5
g/L, 3 g/L, 7 g/L and 10 g/L), irradiation times (30 min, 60 min, 90 min, 180 min
and 240 min) and pH (4, 7 and10).

e to evaluate the performance of photocatalytic proses generation of Nano-ZnO-
Magnetite nanocomposite under laboratory conditions under UV and sun ligth
powers,

e to compare the yields of adsorption and photooxidation,

e to choose the best treatment mechanism for the treatment of OMW,

e to make a cost analysis for both removal process and

e to detect the recovery of the catalyst.

The aim of this study is the removals of COD, total phenol, total suspended solid
(TS), total nitrogen, total phosphorus and polyphenos (caffeic acid, tyrosol and
hydroxytyrosol) in the OMW by Nano-ZnO-Magnetite composite via adsorption and

photocatalytic processes.

The specific objectives of this study are to determine the optimum Nano-ZnO-
Magnetite dose, to evaluate effect of time and pH on the treatment of OMW
pollutants, and to determine the kinetic model for the removal of pollutants with

adsorption and photocatalytic mechanisms.



1.3 Novelty of this Master Thesis

Many works were done on photocatalytic degradation using TiO,. In this work,
ZnO and magnetite nanoparticle were used as supporter material. Magnetite was
immobilized to ZnO nanoparticles under laboratory conditions. The second
component, zinc oxide (ZnO) is well-known as an important semiconducting and
piezioelectric material promising for optoelectronic and piezoelectric devices,
solarcells, sensor applications, or photocatalysis. Besides this, ZnO is bio safe and
biocompatible (Wang et al., 2004). Among others, zinc oxide appears as promising
photocatalyst, and the quantum efficiency of ZnO is significantly greater than that of
TiO, powder and in some cases, ZnO has proven to be more effective than TiO,
(Chen et al 2006; Kandavelu, 2004). OMW was treated using nano-ZnO-Magnetite
by adsorption and photocatalytic degradation under UV and sunlight. All of these
methods were comprised; the optimum dose and optimum retention time and
optimum pH for maximum removals were detected. A cost analysis was performed,
the reusability of the nano-ZnO-Magnetite, adsorption and photocatalytic kinetics
were reserched. The most economic treatment technology was chosen for the

treatment of OMW.



CHAPTER TWO
OLIVE MILL WASTEWATER

Olive oil is produced from olive trees, each olive tree yielding between 15 and 40
kg of olives per year. Worldwide olive oil production for the year 2002 was
2,546,306 t, produced from approximately 750 million productive olive trees, the
majority of which are in the Mediterranean region (Niaounakis and Halyadakis,
2004). Mediterranean countries alone produce 97% of the total olive oil production,
while European Union (EU) countries produce 80-84%.The biggest olive oil-
producing country is Spain (890,100 t in 2002), then Italy (614,950 t), Greece
(402,703 t) and Turkey (168,700 t), followed by Tunisia, Portugal, Morocco and
Algeria (Niaounakis & Halyadakis, 2004).

In terms of pollution effect, 1 m’> of OMW is equivalent to 100 - 200 m’ of
domestic sewage. Its uncontrolled disposal in water reservoirs leads to severe
problems for the whole ecosystem and especially for the natural water bodies
(ground water reservoirs, surface aquatic reservoirs, seashores, and sea). The most
visible effect is discoloration, a result of oxidation and subsequent polymerization of
tannins. OMW also has a considerable content of reduced sugars, high phosphorus
content, and phenolic load that has a toxic action to some organisms. The high
phosphorus content accelerates the growth of algae resulting in eutrophication

(Fiorentino et al., 2004).

OMW dispersion on the ground and its subsequent metabolization
(bymicroorganisms, insects, earthworms, etc.) to humic extracts or acids also could
lead to soil enrichment with nutrients (i.e., organic matter, nitrogen, phosphorus and
potassium) and a low-cost source of water. However, OMW with high concentration
of potassium affects the cation exchange capacity of the soil, leading to change of
environmental conditions for soil microorganisms and consequently to changes in the
fertility of the soil. Soil porosity also could be affected. Other possible negative
effects include the immobilization of available nitrogen and decreased available

magnesium, perhaps because of the antagonistic effect on potassium. Finally, no land



disposal of OMW should be done without taking under consideration its severe
phytotoxic and antimicrobial properties that may damage the existing crops (Cox et

al., 1997; Paredes et al., 1999; Sierra et al., 2001).

The phytotoxic and antimicrobial properties of OMW have been mainly attributed
to its phenolic content and some organic acids, such as acetic and formic acid, that
are accumulated as microbial metabolites during storage. Its direct application on
plants inhibits the germination of different seeds and early plant growth of different
vegetable species and may cause leaf and fruit abscission as well. Different types of
crops show different reactions to OMW spreading and some of them may tolerate a

certain amount of OMW during early growing stages (Rinaldi et al., 2003).

Biotoxic properties of phenols in OMW constitute a significant inhibitor of the
biological processes that take place in common wastewater treatment plants. Such
plants do not present the desired performance with treatment of OMW. Thus, the
treatment of straight OMW together with domestic sewage is not economically
feasible, because of serious overload of the sewage treatment plant (Rinaldi et al.,
2003). So, research is oriented toward more complex treatment methods that usually

demand higher capital or operational costs.

The problems mentioned above make the technological design of an OMW
treatment plant difficult. Factors that make the economic design of such a plant
difficult are the intense and seasonal production of the waste (maximum 4 month
each winter), the great variability both of synthesis and quantity, the high regional
scattering of olive mills, and the small size of the majority of them in the olive oil

producing regions (Rinaldi et al., 2003).



OMW characterization is summarized in the following Table 2.1.

Table 2.1 Characterization of OMW.

COD;pert Soluble COD Phenol Total Total Total
(mg/L) CODijert (mg/L) (mg/L) Solids Nitrogen | Phosphorous
(mg/L) (mg/L) | (mg/lL) | (mg/L)
8765+50 | 3674+50 | 117.000+ | 660 +20 | 84.250+50 | 330+ 20 890 +20
800

2.1 Treatment of OMW

There have been done many works in literature to find efficient and cost-effective
treatment alternatives for OMW treatment. Various alternatives including the

chemical, physical and advanced methods are summarized for achieving this aim.

2.1.1 Conventional Treatment Methods of OMW

Simple physical processes such as dilution, evaporation, sedimentation, filtration
and centrifugation have been employed to treat OMW. Centrifugation and filtration
increase the pH and conductivity of the effluents and remove organic matter through
phase separation and exclusion respectively. Application of sedimentation followed
by centrifugation and then filtration (Al-Malah et al.,2000), showed that, after
centrifugation, COD was reduced by 21% and BOD by 15%. Additional filtration did

not remove any COD, but a further 16% reduction in BOD was observed.

Coagulation and flocculation processes are an important part of water and
wastewater treatment and have been practiced worldwide for almost a century.
Generally, FeCl;, H,SO4, HCI, Ca(OH),, FeSOy, alum are used in these processes
(Aktas et al., 2001).

In coagulation-flocculation processes, various inorganic materials and organic
poly-electrolytes were investigated by Ginos et al. (2006).Inorganic materials, such

as lime, iron, magnesium and aluminium as well as four cationic and two anionic



commercial poly-electrolytes were added either alone or in various combinations and
evaluated the removal efficiency of TSS, TP and COD. When lime or ferrous
sulphate with cationic poly-electrolytes was used together, the removal efficiency of
COD and total phenol were 10-40% and 30-80%, respectively. In another study, the
effect of lime treatment on  various OMW after a classic
coagulation/flocculation/sedimentation/filtration process, (Aktas et al., 2001) were
determined using a range of lime doses from 10 to 40 gL', revealed that lime
dosing corresponding to a pH increase to 12 for optimal performance, resulting in
62—73% phenol removal depending on the process used for olive oil extraction. More
than 40% COD removal and about 95% oil and grease removal were also observed

with lime treatment process.

Meyssami & Kasaeian (2005), added coagulants, such as chitosan, starch, alum,
and ferric chloride to olive oil-water emulsions and were then they transferred to an
air flotation system. The objective of their experiment was the separation of
coagulated oil droplets from suspension. It was shown that ferric chloride and starch
were not effective coagulants, while alum as the main coagulant and chitosan as a
coagulating aid were effective in reducing primary turbidity of the emulsions (90%).
At optimized conditions of coagulation and flotation stages (100 ppm chitosan, air
flow 3 L/min, aeration time 45 sec, 20 °C, pH 6 the COD reduction reached up to
95%.

2.1.2 Advanced Treatment Methods of OMW

Advanced treatment methods have been extensively studied to treat OMW, and
high removal efficiencies have been reported in literature. In recent years there has
been growing interest in different advanced treatment methods for the treatment of

industrial effluents and therefore for the treatment of OMW as well.

Ozone is a powerful oxidising agent that selectively attacks compounds
containing aromatic rings and double bonds. Small COD reductions of 18-20%

observed after 2 h of ozonation of OMW with an initial CODof 10 gL—1. Thus, can



be attributed to the breakdown of larger organic substances into smaller ones

(Benitez et al., 1999).

Ugurlu and Kula (2007) removed the colour, lignin, total organic carbon and
phenol efficiently from OMW by using H,O,/UV. Beltran et al. (1999) reported that
80-90% COD removal was achieved by using an O3/ H,O,/UV process.

Fenton and Fenton-like processes was applied on OMW treatment and these
processes showed high COD (>80%) and total-phenol (>85%) removal performance
(Kiril et al., 2010).

COD, color and suspended solid (SS) from olive OMW was experimentally
investigated by using electro-coagulation (EC) (inal et al., 2004). Under 30-min
retention time, 52% COD was removed by the aluminum anode and the 42% was
removed by the iron anode. COD values in the range of 10-40 mA/cm? were tested

after 10-min retention time each one. The color removal was 90-97% by this process.

Sonication was applied on OMW treatment by Oztekin and Sponza (2013) and the
maximum COD, color, total phenol and total aromatic amines (TAAs) removal
efficiencies were obtained 63, 82, 78 and 71%, respectively, at 60 °C with sonication

only.

Photocatalytic oxidation has been extensively used to treat olive-oil mill
wastewater (Marques et al., 1996; Vigo & Cagliari, 1999). In a recent study, TiO,
under UV irradiation was used for the treatment of diluted (1/100) olive mill
wastewater. After 24h and in the presence of 1 g 1-1 TiO,, almost 22% and 94% of
COD and phenols was removed (EI Hajjouji et al., 2008).

Lucas and Peres (2009), indicate that the application of Fenton’s reagent is a
feasible method to partially treat olive mill wastewaters allowing achieve a

significant decrease of COD. Fenton’s reagent at initial pH 3.5, temperature = 30 °C,



molar ratio H2021F62+ = 15 and weight ratio R=H,0,/COD= 1.75, leads to a COD
reduction of 70%.

2.1.3 Treatment of OMW by Adsorption

Adsorption is the attachment of dissolved compounds (adsorbate) from polluted
waters to a solid substance (adsorbent) as a result of attractive interaction of the
molecules of the adsorbate with micropores or macropores of the adsorbent having
comparable dimensions to that of the molecules. In the case of OMW, adsorbates are
polyphenols and tannins. The most widely used adsorbents for this purpose are

activated carbon, activated clay, and superabsorbent polymers.

Activated carbon adsorption installations are associated with extremely high costs
coming from both the high initial cost of the material and from subsequently high
operational costs. A possible solution to this economic burden could be the use of
activated carbons produced by olive stone and solvent-extracted live pulp,
inexpensive by-products of the olive oil industry. In this way, the volume of solid
waste also could be reduced (Galliatsatou et al., 2002). The use of activated clay is
another cheap alternative with maximum removal of polyphenols about 81% and

71% for organic matter (Al-Malah et al., 2000).

Adsorption of the OMW onto activated clay reduced the COD by a further 71%
and the phenol content by a maximum of 81% (Azzam et al., 2004).
Adsorption/desorption equilibrium needs special care, as organic matter and phenols
start to desorb after a certain contact time. WITH The combination of four treatment
steps, namely settling, centrifugation, filtration and activated carbon adsorption
(Azzam et al., 2004), achieved a maximum phenol removal of 94% and a maximum

organic matter removal of 83%.
Adsorption on granular activated carbon (GAC) after coagulation / flocculation /

sedimentation showed about 30% COD reduction with a requirement of 50 kg carbon

m > effluent (Kestioglu et al., 2010).
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CHAPTER THREE
ADSORPTION MECHANISM

Adsorption occurs at least partly as a result of and likewise influences and alters
forces active within phase boundaries, or surface boundaries: these forces result in
characteristic boundary energies (Weber, 1972). Classical chemistry defines a system
by the properties of its mass: for surface phenomena with significant properties are
those of the surface or boundary. A pure liquid reduces its free surface energy
through the action of surface tension, which is quantitatively equal to the amount of
work necessary to compensate the natural reduction in free surface energy. A large
number of soluble materials can effectively alter the surface tension of a liquid. If a
material which is active at surfaces is present in a liquid system, a decrease in the
tension at the surface will occur upon movement of the solute to the surface (Weber,
1972). Migration of the substance to the surface or boundary results in a reduction of
the work required to enlarge the surface area, the reduction being proportional to the
concentration of adsorbate at the surface (Weber, 1972). The energy balance of the
system thus favors adsorptive concentration of such surface-active substances at the
phase interface. The tendency of an impurity to lower the surface tension of water is

referred to as hydrophobicity; that is, the impurity 'dislikes' water (Weber, 1972).

The solubility of a substance in water is significant: solubility in the sense of the
chemical compatibility between the water and the solute (Weber, 1972). The more
hydrophilic substance the less likely it is to be adsorbed. Conversely, a hydrophobic
substance will more likely be adsorbed (Weber, 1972).

In the context of solute affinity for the solid, it is common to distinguish between
three types of adsorption (Weber, 1972). The affinity may be predominantly due to:
(1) electrical attraction of the solute to the adsorbent (exchange adsorption): (2) van
der Waals attraction (physical or ideal adsorption): or, (3) chemical reaction

(chemisorption or chemical adsorption).
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Adsorption results in the removal of solutes from solution and their concentration
at a surface, until the amount of solute remaining in solution is in equilibrium with
that at the surface (Weber, 1972). This equilibrium is described by expressing the
amount of solute absorbed per unit weight of adsorbent q (mg/g), as a function of C
(mg/L), the concentration of solute remaining in solution. An expression of this type

is termed an adsorption isotherm.

The adsorption isotherm is useful for representing the capacity of an adsorbent for
adsorbing organics from a waste, and in providing description of the functional
dependence of capacity on the concentration of pollutant. The steeper the isotherm,
that is, the sharper the rise of the isotherm to a given ultimate capacity as
concentration increases, the higher will be the effective capacity at the concentration
level desired for the treated water (Walter & Weber, 1972). Experimental
determination of the isotherm is routine practice in evaluating the feasibility of
adsorption for treatment and in estimating adsorbent dosage requirements. The
Langmuir and Freundlich equations provide means for mathematical description of
the experimentally observed dependence of capacity on concentration. The
adsorption isotherm relates to an equilibrium condition, however, and practical
detention times used in most treatment applications do not provide sufficient time for

true equilibrium to obtain (Walter & Weber, 1972).

Extent of adsorption is generally proportional to specific surface area specific
surface area being that portion of the total surface available for adsorption. If the
mechanism of uptake is one of adsorption on external sites of a non-porous
adsorbent, the rate should vary reciprocally with the first power of the diameter
(Walter & Weber, 1972). This holds also for porous adsorbents when the rate is
controlled by an external resistance, i.e. 'film transport’. Conversely, for cases in
which intraparticle transport controls, the variation should be with the reciprocal of a

higher power of the particle diameter (Walter & Weber, 1972).

Molecular size is of significance if the adsorption rate is controlled by

intraparticle transport, in which case the reaction generally precedes more rapidly the

12



smaller the adsorbate molecule (Weber, 1972). It must be emphasized however, that
rate dependence on molecular size can be generalized only within a particular
chemical class or series of molecules. As shown by Weber and Morris (1963) large
molecules of one chemical class may adsorb more rapidly than smaller ones of
another if higher energies (driving forces) are involved. Many organic compounds
exist, or have the potential of existing. As ionic species, fatty acids, phenolic species,
amines, and many pesticides are a few materials which ionize under appropriate
conditions of pH. Activated carbon commonly has a net negative surface charge:
further many of the physical and chemical properties of certain compounds undergo
changes upon ionization. Most observations point to the generalization that as long as
compounds are structurally simple. Adsorption is at a minimum for neutral species.
As compounds become more complex, the effect of ionization decreases. Studies of
amphoteric compounds indicate an adsorption maximum at the isoelectric point;
consistent with other observations that adsorption is at a maximum for neutral

species (Walter & Weber, 1972).
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CHAPTER FOUR
PHOTOCATALYSIS OVERVIEW

The use of titanium oxide in the photocatalytic splitting of water has been used in
1972 (Fujishima &Honda, 1972). Since that time several studies in this area have
been conducted. A variety of semiconductors have been described as photolysis
catalysts for many types of organic pollutants in water under light illumination
(Hoffman et al., 1995; Peral et al., 1997). In the last twenty years scientists have
developed many ways to understand the mechanism of photolysis (Chen, 2005).
Good examples of photolysis catalysts are solid metal oxides, such zinc oxide and
titaniumoxide. These substances have relatively high band gaps (Eg ~3.0 eV) and
their conductive band edges are more positive potentials than the oxidation potentials
needed for many organic contaminants. Once a photon with energy higher than Eg is
absorbed by the photocatalyst, it excites the electron from Valence Band (VB) to the
Conduction Band (CB).

The corresponding photocatalytic reaction at ZnO surface can be described by the
following six steps:

(a) Adsorption of photons having an energy matches or greater than its
band gap energy of ZnO.

(b) Promotion of an electron e- from the valence band to the conduction
band generation a hole h+ in the valence band.

(c) e- and h+ diffuse and migrate to the surface where they can react.

(d) Recombination of the electron-hole pairs.

(e) Stabilization of e- and h+ at the surface to form a trapped electron and
a trapped hole respectively.

(f) Reduction of a suitable electron accepter.
Among above reaction steps, the absorption of light (step (a)) and subsequent

redox reaction at the surface (step (f)) are the key processes in photocatalysis. Steps

(c) and (e) sometimes occur too fast to be observed in the reaction.
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A well known mechanism for photocatalysis is shown in Figure 4.1.
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Figure 4.1 Mechanism of photo-catalysis .

The longest wavelength of the light source needed to excite the semiconductor
depends on the value of the semiconductor band gap: For ZnO, the value for Eg is

3.2 eV, which is equivalent to wavelength of 387 nm.

4.1 Effect of Catalyst in the Contaminant Degradation via Photodegradation
Under UV

In order to excite the photocatalyst, the photon must have energy higher than the
band gap. To excite zinc oxide, the wavelength of incident light should be equal or
shorter than 387nm (Turchi & Ollis, 1990). Thus degradation of pollutants occurs in
the UV region only, with wavelengths equal or shorter than 387 nm (Turchi &Ollis,
1990). The absorbed photon energy is used in exciting the electron from the VB to
the CB. Consequently, a positive hole (h+) is created in the VB. The electron and the
hole may either recombine or separate away (Turchi & Ollis, 1990). Recombination
may occur inside the catalyst particle or at the surface. To our advantage, we need

electron-hole separation rather than recombination.
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The photo excited electron-hole pairs move oppositely to the outer surface of the
photocatalyst and start degradation of the adsorbed chemical specie by the reaction
of one or more of the transfer reactions (Turchi &Ollis, 1990). The hole can oxidize a
hydroxide ion to yield a hydroxyl radical Alternatively, the hole may react with
water molecule to produce hydroxyl radical (*OH). The electron may react with
oxygen to form super oxide radical anion (*O”"), which can further react to form
hydrogenperoxide and other active oxygen radicals (Turchi &Ollis, 1990). Both
resulting free radicals are able to degrade organic contaminants into water and
carbondioxide and other minerals. The following equations explain the photo-
degradation mechanism using Nano-ZnO (Lev, 2001; Ohko Et al., 2001; Turchi &
Ollis, 1990):

ZnO—hv—ph" + ¢ 4.1)

h*+ OH —— *OH (4.2)

h" + HLO ——H" + «OH 4.3)
e+0; — 50, 4.4)

0, +2¢ + 2H—— H,0, 4.5)
H;O0; +*Oy ——— OH*+OH + O, (4.6)
OHe + MO — degradation products 4.7)

The hydroxide radical reacts with organic compounds (RH) at the catalystsurface
by removing the hydrogen atom on the carbon atom, and converts itto free radical
(Re) and water by the chemical equation as follows (Ohko Et al., 2001; Turchi &
Ollis., 1990):

*OH + RH—R* + H,0 (4.8)
Then, the resulting radical (Re) reacts with the reactive oxygen radicals(*OH) to

form hydroxy-substituted species (ROH),

«OH + R —ROH (4.9)
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Or can form tetra oxide species, which are highly unstable (Lev D., 2001; Ohko
Et al., 2001; Turchi & Ollis 1990):

Re+ 02+ HO;» — [ROOOOH]— CO; + H,O (4.10)

The resulting species releases carbon dioxide.Finally all organic compounds can

be degraded by the oxidation reactionusing ZnO under solar light to carbon dioxide
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Figure 4.2 Photocatalyticgeneration of hydroxylradicals.

and water see Figure 4.2.

4.2 Why ZnO Rather Than TiO;?

In recent years, ZnO has been used as semiconductor photocatalysts. An ideal
photocatalyst should be stable, inexpensive, non-toxic and, of course, highly
photoactive. Another primary criteria for the degradation of organic compounds is
that the redox potential of the H,O/*OH couple (OH *OH + e ; E'= —2.8V) lies
within the band gap of the semiconductor (Hoffman et al., 1995). Several
semiconductors have band gap energies sufficient for catalysing a wide range of

chemical reactions. These include TiO,, WOs3, SrTiOs, -Fe,O3, ZnO and ZnS.

Titanium oxide (TiO;) and zinc oxide (ZnO) have been extensively investigated
as heterogeneous semiconductor photocatalysts (Dhananjeyan et al., 2000). This is

because they offer several advantages such as, the use of oxygen as the only required
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oxidant and their ability to simultaneously catalyze oxidative and reductive reactions.
They also offer low cost, use of sunlight, mild reaction conditions, high
photochemical reactivity, low environmental toxicity and stability to photocorrosion

(Kamat, 1993).

However, ZnO is better because it absorbs large fraction of the solar spectrum and
more light quanta than TiO, (Sakthivel et al., 2003). Researchers have highlighted
the performance of ZnO on degradation of some organic compounds (Gouvea et al.,
2000; Lizama et al., 2002).In addition, ZnO has more functions than TiO, (Kamat et
al.,, 2002).Recently, researchers have pointed out that ZnO can also be used in
theacidic or alkaline conditions through proper treatment (Comparelli et al., 2005;
Fouad et al., 2006). Furthermorethe optimum pH reported for ZnO process is close
to neutral value, whereasthe optimum pH for TiO, mostly lies in acidic region.

Hence the ZnO process is more economical for the treatment of industrial effluents.

Zn0 has been reported to be more efficient than TiO; in some processes such as
the advanced oxidation of pulp mill bleaching wastewater (Yeber et al., 1999), the
photooxidation of phenol (Khodja et al.,2001) and photocatalysed oxidation 2-phenyl
phenol (Serpone et al., 2001). In particular, ZnO has attracted much attention with
respect to the degradation of various pollutants due to its high photosensitivity,
stability and wide band gap. While TiO; is widely employed as a photocatalyst, ZnO
is a suitable alternative to TiO, as it has a similar band gap energy (3.2 eV)
(Sakthivel et al., 2003), with larger quantum efficiency. Higher photocatalytic
degradation efficiencies of contaminant dyes have been reported (Sharma et al.,
1995; Dindar and Icli , 2001). Therefore, more study on ZnO catalyst system is

necessary.

4.3 ZnO Nanoparticles

The rate of photocatalytic degradation of organic pollutant dependson the size of

the catalyst, crystanility, surface morphology and the preparation methods. Nano-

particles of catalyst show distinguished changes in their optical properties compared
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to those of bulk materials as macro size. So particle size and surface area are the
effective parameters of photocatalytic activity of nano-materials. Higher reduction
activity and smaller band gap energy occur for two reasons, firstly there is more
radiation intensity and secondly shorter wavelengths are needed to excite electrons in

nano-materials.

Nano-size particles absorb more radiation, due to their higher surface areas. Effect
of size on the photo-degradation efficiency can be ascribed to following reasons:
when the size of ZnO crystals decreases, the amount of the dispersion particles per
volume in the solution will increase, resulting the enhancement of the photon
absorbance, at the same time, the surface area of ZnO photocatalyst will increase,
which will promote the adsorption of more pollutants on the surface (Daneshvar et
al., 2008). Nano-particles also exhibit blue shift (shorter wavelengths) as the particle
size is reduced (Poole Jr & Owens, 2003). Nano-sized catalysts exhibited higher
reaction rates due to low mass-transfer limitations (Yuan & Keane, 2003). Therefore,
the increased surface area of nano-sized particles and high absorptivity may prove

beneficial for the decomposition of dyes in aqueous media.
4.4 Magnetite Nanoparticles

Magnetite is a ferri magnetic mineral belonging to the family of inverse spinels
with chemical formula [Fe**]s[Fe**Fe**]504, A and B being the tetrahedral and
octahedral sites, respectively (Ozgiir et al., 2005). Fe304 has a cubic inverse spinel
structure which consists of a cubic close packed array of oxide ions where all of the
Fe®* ions occupy half of the octahedral sites and the Fe* are split evenly across the
remaining octahedral sites and the tetrahedral sites (Ozgiir et al., 2005). Both FeO
and y-Fe,O; have a similar cubic close packed array of oxide ions and this accounts
for the ready interchangeability between the three compounds on oxidation and
reduction as these reactions entail a relatively small change to the overall structure.
Fe;O4 samples can be non-stoichiometric. The ferri-magnetism of Fes;O4 arises
because the electron spins of the Fell and Felll ions in the octahedral sites are

coupled and the spins of the Felll ions in the tetrahedral sites are coupled but anti-
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parallel to the former. The net effect is that the magnetic contributions of both sets

are not balanced and there is a permanent magnetism (Greenwood & Earnshaw,

1997).

Magnetite , an inverse spinel
Fe304 , or Fe(FeQ2)2

. octahedral Fe(LII)
@ tctrahedral Feqm)

. oxide anion

Figure 4.3 Chemical structure of Magnetite.

Magnetite (Fe;O4) is a representative of large family of ferrites with spinel
structure. A some of the most important magnetic materials, it has been considered to
have great potential in various fields, such as targeted drug delivery, hyperthermia
treatment of cancer, magnetic resonance imaging, and catalysis because of its unique
magnetic properties, together with low toxicity and biocompatibility (Pankhurst et

al., 2009; Hua et al., 2011).

4.5 Immobilization

In this study, we are used immobilization process for produced Nano-ZnO-
Magnetite. In recent years, considerable attention has been paid to the size and
shape-controllable synthesis of the mono-disperse in organic nanocrystals, owing to
their unique size and shape dependent properties, as well as their potential

applications in technique areas (Mikulec et al., 2000).

However, for these nanocrystals, many of them merely supply one single function

commonly. For example, inorganic semiconductor nanoparticles are widely used as
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fluorescence probes for visualizing biological processes in vitro as well as in vivo;
magnetic nanoparticles are important for magnetic resonance imaging (MRI), drug
delivery, cell labeling, and tracking (Guin et al., 2007). As a practical example of the
technology, multifunctional nanoparticles can be used as reusable catalysts. It has
been shown that it is more convenient to separate catalysts if silicon nano wires and

carbon nanotubes are utilized as carriers (Hu et al., 2007).

However, ineffective separation method could result in the loss of the catalysts.
Now, immobilizing catalytic parts onto the surface of the magnetic nanoparticles is
an effective way to solve the above problem, as they can be separated easily from the

solution with the help of an external magnet (Liu et al, 2009).

Immobilization and the support material influence the photocatalyst activity. The
surface area of the catalyst is minimized since the coating layer has a lower porosity
(Balasubramanian et al., 2004). The type of support material influences the
adsorption characteristics and consequently the decomposition rate of pollutants

(Sakthivel et al., 2002).

Furthermore, immobilized catalyst showed flow rate dependence of the reaction
(Bideau et al., 1995; Kobayakawa et al., 1998).Thus, the support should have the
following characteristics (Pozzo et al., 1997):

(a) transparent to irradiation;

(b) strong surface bonding with the ZnO catalyst without negatively affecting the
reactivity;

(c) high specific surface area;

(d) good absorption capability for organic compounds;

(e) separability;

(f) facilitating mass transfer processes and

(g )chemical inert.

Hereby, synthesis of Fe;04/ZnO nanocomposites is interesting, because these

nanostructures can be served as effective recoverable photocatalysts in not only
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various organic syntheses but also photodegradation reactions. It is well known that
both the surface defects and the interface properties of the metal oxides play
important role in the photocatalytic activities. The reason is that, doping of metal

oxide with other metals cans restraint the recombination of photo-induced hole—

N\

R

Beduchon Bepclion

electron pairs (Wang et al., 2004).

Chusdation Reaction

Figure 4.4 Charge transfer in a coupled semiconductor system.

Thus, ZnO which has photocatalyst effect had small size after it was composited
by Fes;O4. Larger specific surface area led nanocomposites to have much more space
to be available for the absorption. Therefore, the improvement of photocatalytic
degradation percentage was inevitable. On the other hand, in the formation processes
of ZnO crystals, partial Fe>* on the Fe;04 surface entered into the ZnO lattice and the
defects was formed in the lattice. These defects would be shallow potential wells of
electrons or holes. Thus, the chance of recombination of electrons and holes would
decrease and the life span of photo-electrons and holes would extend. Then more
surface oxygen vacancies came in to being and the energy belt of pure ZnOreduced

(Wang et al., 2003).

Subsequently, the rate of photos production increased. All of these would-be favor
to photocatalyst degradation. Nevertheless, with increasing content of Fe;Oy, the
percentage of pure catalysts (ZnO) became smaller, which could decrease the
photocatalytic activity of the composites. Moreover, when increased the content of
Fe;04, excessive Fe'* would capture a large quantity electrons and holes (Wang et

al., 2003; Chen et al., 2008), then the performance of semiconductor became weak.

22



CHAPTER FIVE
MATERIALS AND METHODS

5.1 Wastewater Origin

Raw OMW was taken from an olive mill industry located in Aydin and used

without any pre-treatment, in November 2013.

5.2 Reagents and Chemicals

Nano- ZnO and Magnetite were bought externally. Zinc acetate monohydrate
(99.9%, Merk, India) and N,N-dimethylformamide (DMF) (99.9%, Thomas Baker)
are used as supplied without further purification. Natural magnetite and Nano-ZnO
were purchased from Synergy Laboratory Products Ltd., Turkey. Demineralized
water was used for preparation of reagents solutions. 0.1 M HCI and 0.1 M NaOH

are used to adjust pH vales of olive mill wastewater.

5.3 Experimental Procedures

5.3.1 Batch Reactors for Adsorption Process

The investigations were carried out in batch mode at different conditions of pH,
Nano-ZnO-Magnetite concentrations, and time, to check the propensity of adsorption
process. The adsorption experiments were carried out isothermally in static BATCH
mode at room temperature. The experiments were conducted by adding Nano-ZnO-
Magnetite composite concentrations increasing from 0.5 g/L, 1.5 g/L, 3 g/L, 7 g/L up
to 10 g/L in the OMW in conical Teflon coated glass reactors with a volume of 250
mL. These reactors were placed on a rotating shaker. The pH of the OMW were
adjusted between 4, 7 and 10 during the contact periods of 30, 60, 90, 180 and 220
min. Samples were withdrawn at suitable intervals and were separated from the
Nano-ZnO-Magnetite composite by centrifugation at 9000 rpm for 15 min. The

analyses were carried out in supernatants.
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The amount of maximum adsorption capacity of Nano-ZnO-Magnetite composite

for the pollutant parameters was calculated according to Eq. (5.1):

_ (co—Ce).v

W (5.1

where ge is the capacity of adsorbent ( mg/g), Co and Ce are the initial and
equilibrium liquid concentrations (mg/L), respectively; V is the volume of solution

(L); and W is the weight of adsorbent (g).

5.3.2 Quartz Glass Reactors for Photocatalytic Processes

Photocatalytic degradation experiments were carried out in self-designed quartz
glass reactors. The dimensions of the reactors were 38 and 3.5 cm and the costant
power of the UV lamps was 300 W. The experiments were performed at room
temperature and the pH of the reaction mixture was adjusted from 4 to 7 and 10
using 1 mol/L of H,SO4 and NaOH solution. Photocatalytic experiments were carried
out with a known quantity of Nano-ZnO-Magnetite composite varying between 0.5
g/L, 1.5 g/L,3¢g/L,7 g/lupto 10 g/L AT different irradiations times (30 min, 60
min, 90 min, 180 min and 240 min). Then, they were irradiated in a closed isolated
device with steinlesss cover using UV lamps with constant power of 300 W. Figure

5.1 shows the device used for UV irradiation in an open condition.
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Figure 5.1 The device used for UV irradiation.

And also, photocatalytic degradation experiments were carried out under sunlight
in same quartz glass reactors which have the same dimensions. Experiments were
carried out at different retention times of the day (3 h, 8 h, 15 h and 24 h) and the
reactors were placed at an angle of 90 degrees to the sun. The pH of the reaction
mixture was adjusted from 4 to 7 and 10 using 1 mol/L of H,SO4 and NaOH
solution. Experiments were carried out at the same Nano-ZnO-Magnetite composite
concentrations varying between 0.5 g/L, 1.5 g/L, 3 g/L., 7 g/L and 10 g/L. During the
experimentation, the samples were taken out from the reactors after a definite time
intervals (3 h, 8 h, 15 h and 24 h), then they were centrifuged for 15 min and the
supernatants were analyzed. The sunligth power was measures as 80 W with a light-

meter.

5.4 Synthesis of Nano-ZnO-Magnetite Composite under Laboratory Conditions

Nanoparticle is produced under laboratory conditions and immobilization method
1s used for this purpose. The magnetite sample was ground and sieved to 200-mesh
size, then is washed with demineralized water for 3—4 times. The slurry of magnetite
was prepared in water and it was stirred for 1 h, kept overnight, filtered under
vacuum and the resultant solid cake was exposed to slow evaporation till the

completely dry material was obtained. 10 g of magnetite was added to a solution
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containing 2 g zinc acetate dihydrate dissolved in 250 ml of N,N-dimethyl
formamide and the mixture was sonicated for about 3 h in order to obtain
homogeneous suspension. To this solution, 100 ml of 0.1 M NaOH/H,O solution was
added with constant stirring for 1 h. The nanocomposite powder was obtained after
successive centrifugation and dispersions in alcohol and the solid mass was dried at
75 °C under vacuum incubator for 4 h. Then it is calcinated at 200 °C for 2-3 h in a
Muffle furnace. The dried Nano-ZnO-Magnetite nanocomposite was then used for

adsorption and photocatalytic experimentations.

5.5 Analytical Methods

5.5.1 Chemical Oxygen Demand (COD) Measurements

COD was determined with Close Reflux Method following the Standard Methods
5220-D (APHA-AWWA-WEF, 2005) using an Aqua mate thermo electron
corporation UV visible spectrophotometer. First, the samples were centrifuged for 10
min at 9000 rpm. Secondly, 2.50 ml volume wastewater samples were treated with
1.50 ml 10216 mg/L K,Cr,07 with 33.30 g/LL HgSO,4 and 3.50 H,SO,4 which contains
0.55% (w/w) Ag,SOs,.thirdly, the closed sample tubes were stored in a 148 °C heater
(thermo reactor, CR 4200 WTW, 2008) for 2 h. Finally, after cooling, the samples
were measured at 610 nm with an Aqua mate thermo electron corporation UV visible

spectrophotometer.

5.5.1.1 COD Calibration Curves

KPH was used to prepare the standard solution of 17 gKPH/L, which is equivalent
to 20 gCOD/L (Table 5.1 and Figure 5.2).
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Table 5.1 Absorbance data for COD calibration.

Concentration Absorbance
of COD (mg/L) (Wavelenght at 610 nm)

100 0.111

300 0.148

500 0.234

700 0.274

900 0,326
04 -
035 R =0,9844
0,3 -
0,25 -
0,2 - & Absorbance
0,15 - —— Dogrusal (Absorbance)
0,1 -
0,05 -

-8,88E-16 T T T T )
100 300 500 700 900

Figure 5.2 Calibration curve of the COD.

5.5.1.2 COD Subcategories

The inert COD and soluble inert COD were measured following the methods
proposed by Ekama et al., (1986). The soluble inert COD was measured using the
glucose comparison method. This method involves running three batch reactors, two
with the wastewater to be studied and the third with glucose. One of the wastewater
reactors has the total COD, the second has the total soluble COD, whereas the initial
COD in the glucose reactor is adjusted to equal COD value. The experimental studies
are performed until all the biodegradable COD is depleted, where the COD profiles

reach a plateau and stay unchanged. The difference between glucose COD and

wastewater COD gives the inert COD.
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5.5.2 Phenol Measurements

The total phenol was determined by using analytical kits (Specturoquant N
1.14551.0001, Merck Chemical Company, Germany) and a NOVA-60
spectrophotometer (Merck).

5.5.3 Polyphenol Measurements

HPLC Equipment Specifications: A HPLC Degasser (Agilent 1100), a HPLC
Pump (Agilent 1100), a HPLC Auto-Sampler (Agilent 1100), a HPLC Column Oven
(Agilent 1100) and a HPLC Diode-Array-Detector (DAD) (Agilent 1100) were used.
Figure 8 shows the molecular structure of 3 polypenol namely caffeic acid, tyrosol

and hydroxytyrosol determined in the OMW.

OH

" ) j©\/\f
0
~
PO o
OH OH
Tyrosol Hydroxytyrosol Caffeic Acid

Figure 5.3 The structures of 3 polyphenol detected in the OMW.

Standard Solutions and Calibration Curves: For quantization, an external
standard method was utilized. Peak areas from the HPLC chromatogram were plotted
against the known concentrations of stock solutions at varying concentrations.
Equations generated by linear regression were used to establish concentrations for

OMW and standard solutions.

About 10 mg of a standard of phenolic acids (caffeic acid, tyrosol and
hydroxytyrosol) was weighed accurately and they were dissolved into volumetric
flasks containing 10 mL 1:1 MeOH/distilled water to obtain stock solutions. For
calibration curves, the stock solution was diluted with 1:4 MeOH/distilled water to
obtain the concentration sequence. The linear range and the equations of linear

regression were obtained through such a sequence of 50 mg/L, 20 mg/L, 10 and 5
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mg/L. Mean areas generated from the standard solutions were plotted against

concentration to establish calibration equations.

5.5.3.1 Caffeic Acid

Reagent and Materials: Caffeic acid was purchased from Fluka (Buchs,
Switzerland). Trifluoroacetic acid (TFA), purchased from Merck (Hohenbrunn,
Germany), was of analytical grade. Methanol of HPLC grade was purchased from
Fisher (Fairlawn, NJ). Deionized water (10'180hm) was re-purified by using an

ELGA Purelab UHQ.

HPLC Analysis: A C-18 (5 pm, 4.6 mm 150 mm, Agela, Newark, DE) was
utilized for succeeding optimization. The flow rate of the mobile phase was kept at
0.5 mL/min. Mobile phase A was water containing 0.02% TFA, and phase B was
methanol containing 0.02% TFA. The gradient conditions were as follows: (0-5min,
25% B ; 5-10 min, 25-30% B; 10-16 min, 30-45% B; 16-18min, 45% B; 18-25 min,
45-80% B; 25-30 min, 80% B; 30-40min, 80-25% B. The temperature of column was
controlled at 25 °C. Injection volume was 10 pL. The detection wavelengths of
diode-array detector (DAD) were set at 320 nm. Prior to each run, the HPLC-DAD
system was allowed to warm, and the baseline was monitored until it was stable

before sample analysis.

R? values of calibration graphs of caffeic acid, was found as 0.99 (Figure 5.4).

caffeic, [ADT D
Area = 9452220077 Amt +0

A3 b ol Restd): -2.2107e-1 -
1000
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0— Correlation: 0.99820
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o 25 5 75 10 125 15 17.5 Amuount[ngful]

Figure 5.4 Calibration graph of caffeic acid.
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5.5.3.2 Tyrosol and hydroxytyrosol

Reagent and Materials: Tyrosol were purchased from Fluka (Buchs, Switzerland).
Hydroxytyrosol were purchased from Applichem. Panreac. Phosphoric acid and
acetonitrile (DharmadrugGmbH, Germany) were purchased from Merck
(Hohenbrunn, Germany), was of analytical grade. Deionized water (10"®0ohm) was

repurified by using an ELGA Purelab UHQ.

HPLC Analysis: A C-18 (5 pm, 4.6 mm 150 mm, Agela, Newark, DE) was
utilized for analyzing polyphenols. Elutes were detected at 280 nm. The temperature
was maintained at 40 °C. FOR the mobile phase used was 0.1% phosphoric acid in
water (A) versus 70% acetonitrile water (B) for a total running time of 50 min, and
the following proportions of solvent B were used for the elution: 0-30 min, 20-50%;
30-35 min, 50%; and 35-50 min, 50-20%. The flow rate was 0.5 mL/min, and the

injection volume was 20 pL.

R? values of calibration graphs of tyrosol and hydorxytyrosol were found as 0.99

and 0.99, respectively (Figure 5.5 and Figure 5.6).

tyrozol, DADT E
Ared = 2062376287 Amt -56 546382

AI23 0ol Rest(dy 1.936

0— Correlation: 099706
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1] 10 20 30 40 Amount{ngiul

Figure 5.5 Calibration graph of tyrosol.
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Figure 5.6 Calibration graph of hydroxytyrosol.

5.5.4 Total Solid Measurements

““Total solids’’ is the term applied to the material residue left in the vessel after
evaporation of a sample and its subsequent drying in an oven at a defined
temperature. TS was determined with following the Standard Methods 2540-B
(APHA-AWWA-WEF, 2005) using an incubator with a temperature of 105 °C. A
well-mixed sample is evaporated in a weighed dish and dried to constant weight
(g/L) in an oven at 103 to 105°C. The differences in weight over that of the empty

dish represent the total solids

5.5.5 Total Nitrogen and Total Phosphorous Measurements

The total nitrogen and total phosphorous were determined by using analytical kits
(Specturoquant N 1.14537.0001 and Specturoquant PO4-P1.14729.0001, Merck
Chemical Company, Germany) and a NOV A-60 spectrophotometer (Merck).
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5.6 Instrumental Characterization

5.6.1 X-ray Diffraction (XRD)

XRD measurements were carried out with the RIGAKU D-Max 2200 PC. X-ray
diffraction has been in use in two main areas, for the fingerprint characterization of
crystalline materials and the determination of their structure. Each crystalline solid
has its unique characteristic X-ray powder pattern which may be used as a
"fingerprint" for its identification. Once the material has been identified, X-ray
crystallography may be used to determine its structure, i.e. how the atoms pack
together in the crystalline state and what the interatomic distance and angle are etc

(Loye, 2013).

5.6.2 Fourier Transform Infrared (FT-IR)

FTIR spectra were obtained using the Perkin Elmer FTIR System Spectrum BX.
Fourier transform infrared spectroscopy (FTIR) is a technique which is used to
obtain an infrared spectrum of absorption, emission, photoconductivity or Raman
scattering of a solid, liquid or gas. An FTIR spectrometer simultaneously collects
high spectral resolution data over a wide spectral range. This confers a significant
advantage over a dispersive spectrometer which measures intensity over a narrow

range of wavelengths at a time (Griffiths & Hasseth, 2007).

5.6.3 Scanning Electron Microscope (SEM)

The morphological and structural observation was made on a scanning electron
microscope Vegall/LMU (Tescan, CzechRepublic). SEM is a type of microscope
that uses a beam of high-energy electrons to image a sample. The examined area is
irradiated with a finely focus ion beam, which can scan the sample in a raster scan
pattern. Information about the sample's surface topography, composition, and other
properties such as electrical conductivity is obtained from the signals produced

through the interaction between the electrons and atoms. The types of signals
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produced contain backscattered electrons, secondary electrons, characteristic xrays,
specimen current, transmitted electrons and photons of various energies (Bedard and

Krause, 2007).

5.7 Kinetic Studies

Adsorption is widely used in the removal of contaminants from wastewaters.
Innumerable physical, chemical and biological processes take place at the boundary
between two phases, while others are initiated at that interface. The change in
concentration of a given substance at the interface as compared with the neighboring
phases is referred as “adsorption”. The fundamental concept in adsorption science is
that named as the adsorption isotherm. It is the equilibrium relation between the
quantity of the adsorbed material and the concentration in the bulk fluid phase at
constant temperature. The design and efficient operation of adsorption processes
require equilibrium adsorption data for use in kinetic and mass transfer models.
These models can then be used to predict the performance of the adsorption contact
processes under a range of operating conditions (Banat et al., 2000). In this study,
Langmuir isotherm (Eq. 5.2) and Lagergren’s equation isoterm (Eq. 5.3) were used

for the adsorption of phenol and COD to Nano-Zno-Magnetite composites.

5.7.1 Langmuir Isotherm

The Langmuir adsorption isotherm is often expressed as equation (5.2);

_ gqmKL.Ce
T 1+KL.Ce

5.2)
The Langmuir constants, K1 and g, were calculated by the linearization of Eq.

(5.2): This gives the Eq.(5.3)

Ce 1 Ce

% bam am (53)
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Where q. is the capacity of adsorbent (mg/g), C. is the initial and equilibrium
liquid concentrations (mg/L), qn, is the maximum capacity of adsorbent, respectively;

Ky is the Langmuir isotherm constant.

5.7.2 Lagergren’s Equation for Pseudo-First-Order Reaction

The integrated form of Lagergren’s equation for pseudo-first-order reaction can be

expressed as Eq.(5.4):

log(ge — q) =1og(qe) — (ki/2.303).t (5.4)

where qe, q; are the amount of OMW adsorbed (mg) per unit dry weight (g) of the
adsorbent at equilibrium and at any time t (min), respectively and k; is the rate
constant of pseudo-first-order adsorption (min™). The value of k; and qe can be

calculated from the plot of log (q. — q) versus t.

5.7.3 Recovery of Nano-ZnO-Magnetite Photocatalyst

After first use the Nano-ZnO-Magnetite nanoparticles were filtered after
photocatalytic degradation, washed three times by water and ethanol and dried at 75

’C.
Five sequential treatment steps were investigated in order to detect the effect of
recovery of Nnano-ZnO-Magnetite based on significant removal yields of COD,

phenol and TS under UV irradiation.

5.7.4 Analysis of Variance

Analysis of variance (ANOVA) is a collection of statistical models used to
analyze the differences among group means and their associated procedures (such as

"variation" among and between groups). This method is often used in scientific
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experiments when treatments, processes, materials or products are being compared.
(Rosie Cornish, 2006). In this study, the ANOVA test is used all of the experiments.
a (Alpha) value of ANOVA is taken as 0.05.

35



CHAPTER SIX
RESULT AND DISCUSSION

6.1 Characterization of OMW

The average total inert COD, soluble inert COD, COD, phenol, total solids, total
nitrogen and total phosphorous contents of the raw olive mill effluent were 8765
mg/L, 3674 mg/L, 117000 mg/L, 660 mg/L, 84250 mg/L, 330 mg/L and 890 mg/L,
respectively, while its average pH value was 3.5- 4.5. The samples were stored at

room temperature and shaken well before all the experiments.

Table 6.1 Characterization of OMW

COD;jyert | Soluble COD Phenol Total Total Total

(mg/L) CODjpery | (mg/L) (mg/L) Solids Nitrogen Phosphorous
(mg/L) (mg/L) (mg/L) (mg/L)

8765 + 3674 + 117.000 + | 660 +20 | 84.250+50 33020 890 + 20

50 50 800

6.2 Physicochemical Properties of Nano-Zno-Magnetite

6.2.1 X-ray diffraction (XRD) Analysis Results

XRD was used to verify the chemical composition and the crystal structure of
Fe;04 and ZnO nanoparticles and Nano-ZnO-Magnetite nanocomposite (Hasanpour
et al., 2012). Figure 6.1 shows x-ray diffraction (XRD) patterns of the Fe;O4, ZnO,
Nano-ZnO-Magnetite and Nano-ZnO-Magnetite after treatment. As it is shown in
Figure a, b and ¢ the XRD peaks can match well with peaks of Fe;O4, ZnO and
Nano-ZnO-Magnetite. Figure 9c represents the XRD pattern of Nano-ZnO-Magnetite
core/shell. Considering this figure, it is shown that after coating, we have
enhancement in peak intensity which is caused by overlapping of Fe;Os peaks
(Nikazar et al., 2014). No peaks corresponding to the impurities are detected,

indicating that Fe;04—Zn0O heterostructure were formed during the photodegradation
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process (Wan et al., 2009). After UV irradiation, Fe;04/ZnO nanocomposites have an
amorphous structure as illustrated in Figure d. An amorphous or non-crystalline

solid is a solid that lacks the long-range order characteristic of a crystal (Zarzycki,

1982).
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Figure 6.1 XRD patterns of Fe304, ZnO, Nano-ZnO-Magnetite and Nano-ZnO-Magnetite after UV

treatment.
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6.2.2 Fourier Transform Infrared (FTIR) Analyses Results

Figure 6.2 shows the FT-IR spectra of Fe;O4, ZnO, Nano-ZnO-Magnetite and
Nano-ZnO-Magnetite after UV treatment. It can be seen that the characteristic
absorption of Fe-O bond is at 582.78/cm and 620.21/cm, while that of -OH bond is at
3449.26/cm. The absorptions at 1395.25/cm and 1591.29/cm are characteristic peaks
of the COO-Fe bond, which may be due to the reaction of hydroxide radical groups
on the surface of Fe;O4 (Nikazar et al., 2014). These peaks reveal that magnetite
(Fes04) has been successfully immobilized onto the surface of ZnO. Combining the
XRD results, it can be concluded that ZnO had been coated on the Fe;0;,
successfully. From figure 10d, it can be seen that the pollutants in wastewater binds
to the surface of Nano-ZnO-Magnetit composite after UV irradiation Therefore,
crystal form of Nano-ZnO-Magnetit composite converts the amorphous shape. As a
result, the peak number in the Nano-ZnO-Magnetit composite decreases in the

amorphous shape.
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Figure 6.2 FTIR spectrum of Fe;0,, ZnO, Nano-ZnO-Magnetite and Nano-ZnO-Magnetite after UV

treatment.

6.2.3 Scanning Electron Microscopy (SEM)

SEM images of Nano-ZnO-Magnetite and Nano-ZnO-Magnetite after UV
treatment are presented in Figure a and b before and after treatment, respectively. It
is shown that the dispersion of Nano-ZnO-Magnetite is better than modified Nano-

ZnO-Magnetite after UV treatment. The average particle size was obtained about 500
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nm and lum, in Figures a and b for Nano-ZnO-Magnetite and Nano-ZnO-Magnetite

after UV treatment, respectively.

SR,

(b)SEM images of Nano-ZnO ‘Maig'netite ter

UV treatment

Figure 6.3 SEM images of Nano-ZnO-Magnetite.

6.3 Batch Adsorption Studies

6.3.1 Determination of Optimum Nano-ZnO-Magnetite Concentration

Effect of Nano-ZnO-Magnetite concentrations on the removals of COD, phenol,
total solids, total nitrogen and total phosphorous was investigated in the OMW with
constant adsorption time (180 min.) for the Nano-ZnO-Magnetite nanocomposite
concentrations of 0.5 g/L, 1.5 g/L., 3 g/L., 7 g/ and 10 g/L at a original pH of OMW
(pH: 4.60) at a temperature of +20 °c (Figure 6.4, 6.5, 6.6, 6.7 and 6.8)

From Figure 6.4., as the Nano-ZnO-Magnetite nanocomposite concentrations
were increased from 0.5 g/L to 1.5 g/L, from 1.5 g/L to 3 g/L, from 3 g/L to 7 g/L,
from 7 g/L to 10 g/L, the COD removal efficiency increased from 5% to 8%, from
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8% to 10%, from 10% to 12%, and stabilized to 12%, respectively, at a pH of 4.60 at
a temperature of £20 OC after 180 min adsorption time. This trend can be explained
by the increased active sites for the removal of contaminants along with the increase
of Nano-ZnO-Magnetite nanocomposite concentrations. The rapid adsorption at
initial reaction time may be attributed to the abundance of free active sites on the
surface of Nano-ZnO-Magnetite and easy availability of them for COD in the OMW
although the COD yields were not so high. The maximum COD removal was
obtained as 12 % at 7 g/L Nano-ZnO-Magnetite composite concentration. In
economical point of view the optimum Nano-ZnO-Magnetite composite
concentration was found to be 3 g/L corresponding to a COD removal efficiency of
10%. At this 3 g/ Nano-ZnO-Magnetite composite level, the initial COD
concentration decreased from 117000 mg/L to 102950 mg/L in the effluent. The
increase in Nano-ZnO-Magnetite composite concentration over 3 g/l has not
allowed any additional improvement in COD adsorption. This behavior can be
explained by the saturation of adsorption sites of increasing Nano-ZnO-Magnetite

composite (at 7 and 10 mg/L) through the adsorption process (Han et al., 2000).

A linear relationship between Nano-ZnO-Magnetite composite concentrations and
COD adsorption efficiencies was obtained up to a Nano-ZnO-Magnetite composite
concentration of 7 g/L (R =0.88) while this regression is not significant (ANOVA,
p=0.15> 0=0.05 and F=10.36).
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Figure 6.4 The effect of Nano-ZnO-Magnetite concentration on COD yield (Influent Conc.: 117000
mg/L, T: 20 °C, pH: 4.60, Adsorption time 180 min).

When the concentration of Nano-ZnO-Magnetite increased from 0.5 g/L to 1.5
g/L, from 1.5 g/L to 3 g/L, from 3 g/L to 7 g/L and from 7 g/L up to 10 g/L, the
removal efficiency of phenol increased from 3% to 5%, from 5% to 6%, from 6% to
7% and stabilized to 7%, respectively, at a pH of 4.60 at a temperature of +20 °c
after 180 min adsorption time (Figure 6.5). The maximum phenol removal by
adsorption was obtained as 7% at 7 g/ Nano-ZnO-Magnetite composite
concentration. Low phenol removals at low Nano-ZnO-Magnetite composite
concentrations can be attributed to the ratio of surface active sites in the surface of
Nano-ZnO-Magnetite composite are not enough to adsorbe the total phenol

components in the OMW as reported by Juan-Ding et al., (2013).

A linear relationship between Nano-ZnO-Magnetite composite concentrations and

phenol adsorption efficiencies was obtained up to 10 g/l Nano-ZnO-Magnetite
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composite cencentration (R =0.85) while this regression is not significant (ANOVA

p=0.19 > 0=0.05 and F=8.05).
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Figure 6.5 The effect of Nano-ZnO-Magnetite concentration on Phenol yield (Influent Conc.: 660
mg/L, T: £20°C, pH: 4.60, Adsorption time 180 min).

TS removal efficiencies were found as 12 %, 10%, 9%, 7% and 5% for 0.5 g/L,
1.5 g/L, 3 g/L., 7 g/l and 10 g/L Nano-ZnO-Magnetite nanocomposite, respectively,
at a pH of 4.60 at a temperature of £20 OC after 180 min adsorption time (Figure 6.6).
For maximum removal efficiency of TS, the optimum Nano-ZnO-Magnetite
composite concentration was found to be 0.5 g/L. After 3 g/LL Nano-ZnO-Magnetite
composite, increasing the Nano-ZnO-Magnetite composite concentration from 0.5
g/L to 10 g/L affect negatively the removal efficiency of TS. When the Nano-ZnO-
Magnetite composite concentrations increased above the optimum value, the
adsorption efficiency decreased due to an increase in turbidity of the OMW.
Therefore the active sites are occupied by TS, and adsorption yields decreased due
to having little available active sites on the Nano-ZnO-Magnetite composite surface

(Ip et al., 2010).
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A linear relationship between Nano-ZnO-Magnetite composite concentrations and
TS adsorption efficiencies was obtained (R =0.98) and this regression is significant

(ANOVA p=0.001 < 0=0.05 and F=80.83)
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Figure 6.6 The effect of Nano-ZnO-Magnetite concentration on TS yield (Influent Conc.: 84250
mg/L, T: £20°C, pH: 4.60, Adsorption time 180 min).

Figure 6.7 shows the nitrogen removal rate with different Nano-ZnO-Magnetite
composite concentrations at a pH of 4.60 at a temperature of +20 °C after 180 min
adsorption time. At 0.5 g/ and 1.5 g/l Nano-ZnO-Magnetite composite
concentrations, no removal efficiency of total nitrogen was achieved (0%, Figure
6.7). The total nitrogen removal efficiency was increased to 3% at 3 g/L. Nano-ZnO-
Magnetite composite. When the Nano-ZnO-Magnetite composite concentration
increased to 7 g/L, the maximum removal efficiency of total nitrogen was established
(5%) and maintained stable at 10 g/LL Nano-ZnO-Magnetite composite concentration.
Increasing of Nano-ZnO-Magnetite composite concentrations to 20 g/L or 30 g/L,
did not significantly rise the nitrogen yields (2%) (data not shown). On the other
hand, the high Nano-ZnO-Magnetite concentrations are not economically suitable.
Nano-ZnO-Magnetite composite concentrations had little effect on the removal of

total nitrogen. For the total nitrogen removal, the optimum Nano-ZnO-Magnetite
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composite concentration is 7 g/L. with a yield of 5%. Fes;O4 nanoparticles have
hydrophilic surface, thus, have oxygen functional groups (Ma P, et al., 2008). Murti
et al. (2003), suggested that oxygen functional groups that release CO,, such as

carboxylic functional groups, inhibit the adsorption of nitrogen compounds.

A linear relationship between Nano-ZnO-Magnetite composite concentrations and
total nitrogen adsorption efficiencies was not obtained (R =0.62) and this regression

is not significant (ANOVA p=0.66 > 0=0.05 and F=16.18).
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Figure 6.7 The effect of Nano-ZnO-Magnetite concentration on Total Nitrogen yield (Influent Conc.:
330 mg/L, T: £20 OC, pH: 4.60, Adsorption time 180 min).

Figure 6.8 presents the effects of Nano-ZnO-Magnetite composite concentrations
on total phosphorous removal efficiency. The total phosphorous yield decreased from
20% to 18%, from 18% to 15%, from 15% to 8% and from 8% to 2%, with
increasing of Nano-ZnO-Magnetite composite concentration from 0.5 g/L to 1.5 g/L,
from 1.5 g/L to 3 g/L, from 3 g/L to 7 g/L and from 7 g/L to 10 g/L, respectively, at a
pH of 4.60 at a temperature of 20 °C after 180 min adsorption time (Figure 6.8). A
significant drop was observed in total phosphorous efficiency after 3 g/L. Nano-ZnO-

Magnetite composite (%8). When Nano-ZnO-Magnetite composite concentration
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was 0.5 g/L, the total phosphorous removal efficiency reached the maximum (20%).
Thus, the best Nano-ZnO-Magnetite composite concentration in this study was 0.5
g/LL for the maximum total phosphorous removal. Higher Nano-ZnO-Magnetite
composite concentration than 3 g/L. caused a decrease in total phosphorous removal

efficiency.

A linear relationship between Nano-ZnO-Magnetite composite concentrations
and total phosphorous adsorption efficiencies was obtained (R =0.99) and this

regression is significant (ANOVA p= 2,2407E-06 < a=0.05 and F=4633.2).
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Figure 6.8 The effect of Nano-ZnO-Magnetite concentration on Total Phosphorous yield (Influent
Conc.: 890 mg/L, T: +20 °C, pH: 4.60, Adsorption time 180 min).

Considering all the removal efficiencies for studied parameters in the OMW, an
optimum nanocomposite concentration was chosen for maximum yields. The
optimum Nano-ZnO-Magnetite composite concentration was selected as 3 g/L for

the maximum removals of all pollutant parameters.
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6.3.2 Determination of Optimum Adsorption Time

Figures 6.9, 6.10, 6.11, 6.12 and 6.13 illustrate the effect of the adsorption time on
the removal of COD, phenol, TS, total nitrogen and total phosphorous, respectively.
As aforementioned in the upper section, the optimum Nano-ZnO-Magnetite
composite concentration was found as 3 g/L. Therefore, the effects of adsorption
times on the COD, phenol, TS, total nitrogen and total phosphorous removal
efficiencies were investigated at five different adsorption times (30 min., 60 min., 90
min., 180 min. and 240 min) at a pH of 4.60 at a temperature of +20 °C at constant

3 g/ Nano-ZnO-Magnetite composite concentration.

The adsorption of COD on Nano-ZnO-Magnetite composite was also studied as a
function of contact time in order to find out the equilibrium time for maximum
adsorption. The results from Figure 6.9 shows that the time required for the
adsorption of COD on 3 g/LL Nano-ZnO-Magnetite composite was 180 min for OMW
with an initial COD concentration of 117000 mg/L. From figure 6.9, it can be seen
that as the adsorption time were increased from 30 min, to 60 min, to 90 min, and
to 180 min, the COD yield increased from 2%, to 6%, to 10%, to 15%, and stabilized
to 15%. Further increase of adsorption time to 240 min did not increase the COD
yield. At this adsorption time the COD yield remained constant as 15% as is at 180
min adsorption time. The maximum removal efficiency of COD occurred at 180

min, so this adsorption time was chosen as optimum contact time.
A linear relationship between adsorption times up to 240 min and COD adsorption

efficiencies was obtained (R =0.94) and this regression is significant (ANOVA
p=0.63 >0=0.05 and F=21.01)
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Figure 6.9 The effect of adsorption time on COD yield (Influent Conc.: 117000 mg/L, T: 20 °C, pH:
4.60, Nano-ZnO-Magnetite conc.: 3g/L).

From Figure 6.10, it can be seen that the phenol yield was 3% after 30 minutes,
while the yield increased up to 5% after 90 th minutes. The phenol yield continued to
rise up to 9% after 180 minute at the original pH of OMW (pH: 4.60) at 3g/L. nano-
ZnO-Magnetite and at a temperature of +20 OC. The maximum phenol removal was
obtained as 9 % after 180 min adsorption time. Further increase of time (240 min)
did not affect the phenol removal. Phenols are considered to be one of the important
organic pollutants discharged by OMW into the environment causing significant
damage and threat to the ecosystem in water bodies and human health. Feng et al.,
(2014) found that no phenol adsorption capacity for both the Fe;O4 and Fe3;04/ZnO
hybrid nanoparticles in the first 150 min. In the comparison of the results, in our

study higher phenol adsorption yields were obtained.
A linear relationship between adsorption times up to 240 min and phenol

adsorption efficiencies was not obtained (R =0.96) and this regression is not

significant (ANOVA p=0.25 > 0=0.05 and F=36.42)
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Figure 6.10 The effect of adsorption time on Phenol yield (Influent Conc.: 660 mg/L, T: +20 °C, pH:
4.60, Nano-ZnO-Magnetite conc.: 3g/L).

Low TS removal efficiency (12%) was observed with adsorption at an original pH
of OMW (pH: 4.60) at 3g/L Nano-ZnO-Magnetite and at a temperature of £20 °C as
shown in Figure 6.11. After 30 minutes adsorption times the TS yield reached 12%
with the initial TS concentration of 84250 mg/ at an original pH of OMW (pH:
4.60) at 3g/L nano-ZnO-Magnetite and at a temperature of +20 °C . This TS
concentration decreased to 74140 mg/L. Long adsorption times affect negatively the
removal efficiency of TS. The removal efficiency of TS decreased from 12% to 10%,
to 9% and to 7% with the increasing the adsorption time from 30 min to 60 min, to
90 min, to 180 min and 240 min, respectively. The optimum adsorption time was
found to be 30 min for 12% TS efficiency. At low adsorption time the adsorption
efficiencies decreased as the active sites of Nano-ZnO-Magnetite composite are not
contacted enough time with TS and the activated sites on the composite are low as

reported by Ip et al. (2010).
A linear relationship between adsorption times and TS adsorption efficiencies was
obtained (R =0.94) and this regression is significant (ANOVA p=0.008 < 0=0.05 and

F=24.59)
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Figure 6.11 The effect of adsorption time on TS yield (Influent Conc.: 84250 mg/L, T: +20 °C, pH:
4.60, Nano-ZnO-Magnetite conc.: 3g/L).

Figure 6.12 shows the nitrogen removal efficiency with different adsorption times
at a pH of 4.60, at 3g/L nano-ZnO-Magnetite and at a temperature of +20 °C. After
30 min adsorption time, no removal efficiency of total nitrogen was obtained.
Increasing the adsorption time from 30 min to 60 min, to 90 min, to 180 min
increased the total nitrogen efficiencies to 1%, to 3%, to 5%. The increasing of time
to 240 min did not affect the total nitrogen yield. For maximum yield of total

nitrogen, the optimum adsorption time was found to be 180 min.
A linear relationship between adsorption times and total nitrogen adsorption

efficiencies was not obtained (R =0.94) and this regression is not significant

(ANOVA p=0.51 > 0=0.05 and F=22.81)
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Figure 6.12 The effect of adsorption time on Total Nitrogen yield (Influent Conc.: 330 mg/L, T: £20
oc, pH: 4.60, Nano-ZnO-Magnetite conc.: 3g/L).

Figure 6.13 shows the removal efficiency of total phosphorous. It was found that
total phosphorous efficiency decreased with increasing adsorption time. The total
phosphorous yield decreased from 20% to 19%, to 15%, to 12%, and to 10% with
increasing of adsorption times from 30 min to 60 min, to 90 min, to 180 min and to
240 min at a pH of 4.60, at 3g/L nano-ZnO-Magnetite and at a temperature of £20 °C
(Figure 6.13). The optimum adsorption time can be considered as 180 min for the
maximum removal efficiency of total phosphorus (20%). The maximum total
phosphorus removal efficiency is 20% for 30 min adsorption time. After that the

yield decreased.
A linear relationship between adsorption times and total phosphorous adsorption

efficiencies was obtained (R =0.97) and this regression is significant (ANOVA
p=0.002 < a=0.05 and F=50.65)
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Figure 6.13 The effect of adsorption time on Total Phosphorous yield (Influent Conc.: 890 mg/L, T:
+20 °C, pH: 4.60, Nano-ZnO-Magnetite conc.: 3g/L).

Optimum adsorption time was selected as 180 min because the adsorption
equilibrium was reached within 180 min for maximum yields in all pollutant

parameters studied in the OMW.

6.3.3 Effects of pH on the of Removal OMW throughout Adsorption

The variations in removals of COD, phenol, TS, total nitrogen and total
phosphorous using 3 g/LL Nano-ZnO-Magnetite concentrations under acidic (pH 4),
neutral (pH 7) and alkaline (pH 10) pH’s at a temperature of £20 OC after 180 min
adsorption time were given in Figures 6.14, 6.15, 6.16, 6.17 and 6.18.

From Figure 6.14, it is evident that the maximum removal of COD by adsorption
was observed at a temperature of 20 °C after 180 min adsorption time at a 3 g/L
concentration of nano-ZnO-Magnetite concentration. The solution pH is recognized
as one of the important parameters that governs the adsorption process. Generally,
surface charge of the adsorbents and speciation of ionic contaminants is variable with
variation of solution pH. When the initial pH was increased from 4 to 7 and 10, the

COD removal efficiencies decreased from 12% to 3% and 2%. The maximum
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removal of COD was 12% at a temperature of 20 OC after 180 min adsorption time at

a 3 g/ nano-ZnO-Magnetite concentration.

A strong influence of pH on adsorption kinetics of some pollutants in the OMW is
caused by two reasons: pH affects state of pollutant molecules in solution and surface
chemistry of adsorbents. Because pollutants are often weak electrolytes, they have
ionizable functional groups that depend on pH. Besides, depending on nature of
surface functional groups, adsorbent may be neutral, positively or negatively charged
due to protonation or dissociation of the functional groups (Dolinina and Parfenyuk,
2014). The reason for the better adsorption capacity observed at pH 4.0 may be
attributed to the larger number of H+ ions present, which in turn neutralize the
negatively charged adsorbent surface. At higher pH, the capacity of the adsorbent
recessed. The reduction in adsorption at high pH may be possible due to the
abundance of OH ions, causing increased hinder to diffusion of organics

(contributing to COD) ions (Aluyor et al., 2008).

A linear relationship between pH variations and COD adsorption efficiencies was
obtained (R =0.98) and this regression is not significant (ANOVA p=0.09 > 0=0.05
and F=27).

100 - - 120000
= 90 -
oN
2 w0 - 100000
(&) [ o
§ 70 - 80000 3
£ 60 - S wmconc trati
QO o] oncentration
3 5 60000 2
o 40 - 3 i
| = A COD Efficiency (%)

E a0 40000 3
o 5

20 1 - 20000 3

10 - E.

0 -1 T T - 0 E

4 7 10
pH

Figure 6.14 The effect of pH on COD yield (Influent Conc.:117000 mg/L, T: 20 °C, Nano-ZnO-
Magnetite conc.: 3g/L., Adsorption time: 180 min).
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From Figure 6.15, it can be clearly seen that the removal of phenol was not
affected from the pH changes significantly. The yields of phenol decreased from 9%
to 3% and 1% with increasing of pH from 4 to 7 and 10, respectively, at a
temperature of 20 °C after 180 min adsorption time at a 3 g/L. concentration of nano-
ZnO-Magnetite concentration. The maximum phenol yields by adsorption was 9% at
pH=4.0. At a pH higher than pH,e,, the Nano-ZnO-Magnetite composite surface is
negatively charged attracting cations, whereas at a lower pH, the surface is positively
charged attracting anions. Phenol is a water-soluble weak acid. In aqueous solution,
the phenol molecule dissociates negative anion as illustrated in reaction (6.1). As per
(6.2), hydrogen atom leaves the molecule to form H;O" and resulted in a negatively
charged phenoxide ion. Hence, at low pH value, acidic media, an electrostatic
attraction exists between the positively charged surface of the nanoparticles and the

phenoxide molecules (Clifford & Luis, 1979).

CsHsOH + H,O & C6H5O_ + H3O+ (6 1)

On the other hand, in an alkaline environment, at high values of pH, phenol reacts
with NaOH as per reaction (6.2) to form a positively charged sodium phenoxide,

which prefers adsorption onto a negatively charged surface (Clifford & Luis, 1979).

CsHsOH + NaOH < CgHsONa" + H,0 (6.2)

For the case of OMW, the pollutant amount adsorbed was partly dependent of pH
in region of 4—10. In fact, this result is expected and not far away from the results of
model molecule, phenol. However, adsorption decreased with further increase in
solution pH. This could be probably due to the increase of solubility of the pollutant

at high pH values.
A linear relationship between pH variations and phenol adsorption efficiencies

was obtained (R =1) and this regression is significant (ANOVA p= 2,37035E-17 <
0=0.05 and F=2,74E+32)
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Figure 6.15 The effect of pH on phenol yield (Influent Conc.:660 mg/L, T: £20 °C, , Nano-ZnO-
Magnetite conc.: 3g/L, Adsorption time: 180 min).

Figure 6.16 illustrates the removal of TS with different pH (4, 7 and 10) at a
temperature of 20 OC after 180 min adsorption time at a 3 g/LL concentration of nano-
ZnO-Magnetite concentration. The maximum removal of TS was observed at pH 4
with a yield of 10 %. When the pH of OMW was increased from 4 to 7 and 10, the
removal efficiency of TS decreased from 10% to 4% and 2%, respectively. Pinotti
and Zaritzky, (2001) reported that when the pH value was more than 5.0 it leads to
precipitate the pollutants in the OMW. This shows that the de-stabilization of
suspended solid in alkaline conditions while stabilization of suspended solids under

acidic conditions.
A linear relationship between pH variations and TS adsorption efficiencies was

obtained (R =0.96) and this regression is not significant (ANOVA p=0.11 > 0=0.05
and F=12)
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Figure 6.16 The effect of pH on TS vyield (Influent Conc.:84250 mg/L, T: +20 °C, Nano-ZnO-
Magnetite conc.: 3g/L, Adsorption time: 180 min).

The maximum removal of total nitrogen is observed at pH 10 as % 7 at a
temperature of 20 OC after 180 min adsorption time at a 3 g/L. concentration of nano-
ZnO-Magnetite concentration (Figure 6.17). Opposite to the previous sections when
the removals of COD, phenol and TS decreased with increasing of pH, the yields of
total nitrogen increased from 2% to 5% and 7, with increasing of pH from 4 to 7
and 10, respectively. Change of pH value in adsorption rector system could lead to
the transformation of the chemical characteristics on the surface of Nano-ZnO-
Magnetite composite. Acidic or alkaline species may change the surface chemistry of
the adsorbent by reacting with the surface groups. The functional groups exhibit pH-
dependent interactions with OMW, which result in the transformation of the active

sites (Contescu et al., 1998; Radovic, 1999).

A linear relationship between pH variations and total nitrogen adsorption
efficiencies was obtained (R =0.99) and this regression is not significant (ANOVA
p=0.35 > 0=0.05 and F=75)
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Figure 6.17 The effect of pH on total nitrogen yield (Influent Conc.:330 mg/L, T: +20 °C, Nano-ZnO-

Magnetite conc.: 3g/L, Adsorption time: 180 min).

Figure 6.18 shows the total phosphorous removal efficiency with increasing pH
values of 4, 7 and 10. As is observed in COD, phenol and TS removals, the removal
of total phosphorous decreased from 10% to 3% and 1% with increasing of pH from
4 to 7 and 10, respectively, at a temperature of 20 °C after 180 min adsorption time at
a 3 g/LL Nano-ZnO-Magnetite concentration. Phosphorus removal capacity of Nano-
ZnO-Magnetite has reduced under pH>4. The pH-dependency of the Nano-ZnO-
Magnetite was more significant under acidic conditions. The observed partial pH-
dependency of Nano-ZnO-Magnetite is due to the hindering of pollutant adsorption
on high pH as reported by Yang et al., (2010).

A linear relationship between pH variations and total phosphorous adsorption

efficiencies was obtained (R =0.99) while this regression is significant (ANOVA
p=0.02 < 0=0.05 and F=243)
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Figure 6.18 The effect of pH on total phosphorous yield (Influent Conc.:890 mg/L, T: £20 0C, Nano-
ZnO-Magnetite conc.: 3g/L, Adsorption time: 180 min).

Optimum pH was selected as 4 because adsorption equilibrium was reached at the
original pH of OMW for maximum yields in all pollutant parameters investigated in

the OMW.

6.3.4 Adsorption Capacity of Nano-ZnO-Magnetite

The amount of adsorption capacity of Nano-ZnO-Magnetite for the COD was
calculated according to Eq. (6.3):

_ (Co-Ce).V

q m 6.3)

where . is the capacity of adsorbent ( mg/g), Cy and Ce are the initial and
equilibrium liquid concentrations (mg/L), respectively; V is the volume of solution

(L); and W is the weight of adsorbent (g).
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Table 6.2. Adsorption capacity of Nano-ZnO-Magnetite for COD
Nano-ZnO- 0.5 1.5 3 7 10

Magnetite Conc.

(g/L)
Influent COD 117000 117000 117000 117000 117000

conc.(mg/L)

Effluent 111150 107640 105300 102960 102950
COD
conc.(mg/L)

q. (mg/g) 11700 6240 3900 2006 1405

Table 6.3 Adsorption capacity of Nano-ZnO-Magnetite for phenol

Nano-ZnO- 0.5 1.5 3 7 10
Magnetite Conc. (g/L)
Influent phenol 660 660 660 660 660
conc.(mg/L)
Effluent phenol 640 630 627 615 615
conc.(mg/L)
q. (mg/g) 40 20 11 6.42 4.5

When the concentration of Nano-ZnO-Magnetite nanocomposite increased from
0.5g/Lto1.5¢g/L,to3 g/L,to7 g/LLandto 10 g/L, the adsorption capacity of Nano-
ZnO-Magnetite nanocomposite decreased from 11700 mg/g to 6240 mg/g , to 3900
mg/g, to 2006 mg/g and to 1405 mg/g for COD, respectively. Similarly, When the
concentration of Nano-ZnO-Magnetite nanocomposite increased from 0.5 g/L to 1.5
g/L, to 3 g/L, to 7 g/L and to 10 g/L, the adsorption capacity of Nano-ZnO-
Magnetite nanocomposite decreased from 40 mg/g to 20 mg/g , to 11 mg/g, to 6.42
mg/g and to 4.5 mg/g for phenol, respectively. This may be attributed to many

factors such as availability of solute, interference between binding sites, electrostatic
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interactions, and reduced mixing due to high Nano-ZnO-Magnetite concentration in
the OMW. Many of the adsorption sites, therefore, remain unsaturated due to the
limited availability of the sorbate, which in turn lowers the uptake and the adsorption

efficiency (Abu Al-Rub, et al., 2006).

6.3.5 Adsorption Isotherms of COD on Nano-Zno-Magnetite Nanocomposite

The fundamental concept in adsorption science is named as the adsorption
isotherm. It is the equilibrium relation between the quantity of the adsorbed material
and the concentration in the bulk fluid phase at constant temperature. The design and
efficient operation of adsorption processes require equilibrium adsorption data for
use in kinetic and mass transfer models. These models can then be used to predict the
performance of the adsorption contact processes under a range of operating

conditions (Banat et al., 2000).

In this study, Langmuir isotherm and Lagergren’s Equation For Pseudo-First-
Order reaction were investigated for detect the adsorption kinetic of pollutants (based
on COD and phenol) on the surface of Nano-Zno-Magnetite nanocomposite. The
Kinetics of COD and phenol adsorption were investigated with Lagergren’s equation

( Eqg. 6.5) which is a pseudo-first-order reaction.

6.3.5.1 Langmuir Isotherm

The Langmuir isotherm theory assumes monolayer coverage of adsorbate over a
homogenous adsorbent surface (Langmuir, 1918). Therefore, at equilibrium, a
saturation point is reached where no further adsorption can occur. The Langmuir

1sotherm, expressed in its linearized form by the Eq. (6.4):

Ce 1 Ce
Ze— e 6.4
Je b.qm dm ( )

is applicable if the monolayer coverage of adsorbent with adsorbate takes place on

a homogeneous adsorbent surface. The Langmuir coefficients b and qm representing
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the adsorption equilibrium constant and maximum adsorption capacity respectively,
which were obtained from the intercepts and slopes of the plots Ce/qe versus which

are linear (Eba et al. 2010).

Ce : Effluent COD concentration (mg/L)
ge: COD amount adsorbed on unit adsorbent (mg/g)
gm: Maximum adsorption capacity (mg/g)

b: Adsorption equilibrium constant

y=16,147x - 12,787
R? = 0,9471
80 - 0,5

70 ¢
60 -
50 -
40 - ¢ Ce/ge
30 - *

20 -

10 ¢
0 T T T T 1
111150 107640 105300 102960 102950

Ce

Ce/qe

Figure 6.19 Langmuir isotherm for COD adsorption.

From Figure 6.19, the R? value for linear lines between Ce and Ce/qge showed a
value of 0.9471 for COD adsorbing on the surface of Nano-ZnO-Magnetite.
Langmuir isotherm constant (b) and the maximum capacity of adsorbent (qm) values
were 12.787 unitless and 16.147 mg/g for COD adsorbed on Nano-Zno-Magnetite.
The kinetic constants were meaningfull for Langmuir isotherm. This showed that the
adsorptions of COD to the Nano-ZnO-Magnetite can be explained with Langmuir

isotherm.
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6.3.5.2 Lagergren’s Equation For Pseudo-First-Order Reaction

The integrated form of Lagergren’s equation for pseudo-first-order reaction can be

expressed as Eq.(6.5):
log(qe — qu) = log(qe) — (ki/2.303).t (6.5)

where ge, qt are the amount of OMW adsorbed (mg) per unit dry weight (g) of the
adsorbent at equilibrium and at any time t (min), respectively and k; is the rate
constant of pseudo-first-order adsorption (min™). The value of k; and qe can be

calculated from the plot of log(qe — q¢) versus t.

y =-0,59x + 4,06
R?=0,9179

3,5 -

2,5 - ¢

®log(ge-qt)

1,5

log (ge -qt)

¢
0,5

0 T T T T 1
30 min 60 min. 90 min. 180 min. 240 min.

t

Figure 6.20 Lagergren Isotherm for COD adsorption.

The R? values for Lagergren Isotherm was found to be 0.9179 for COD performed
with Nano-ZnO-Magnetite. The graph between log(qge —qt) and t gives
Lagergren’s the first order rate kinetic constant (k;). The k1 values evaluated from

Lagergren plots were found to be 0.59 min”' for Nano-Zno-Magnetite.
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Table 6.4 Isotherm correlation coefficients of Langmuir isotherm and Lagergren’s equation for COD

adsorption.
Isotherms R’ Value Constants
Langmuir isotherm 0.9471 b= 12.787 unitless
gqm= 16.147 mg/g
Lagergren’s equation 0.9179 k1=0.59 min™'

Among the adsorption isoterm used it was found that Langmuir adsorption
isotherm with isotherm constant (b: 12.787 unitless ) and the maximum capacity of
adsorbent (qm: 16.147 mg/g) values are suitable for the removal of COD from the
OMW.

6.3.6 Adsorption Isotherms of Phenol on Nano-Zno-Magnetite Nanocomposite
6.3.6.1 Langmuir isotherm

From Figure 6.21, the R value for linear lines between Ce and Ce/qe showed a
value of 0.9687 for phenol adsorbing on the surface of Nano-ZnO-Magnetite.
Langmuir isotherm constant (b) and the maximum capacity of adsorbent (qm) values
were 24.26 unitless and 30.54 mg/g for phenol adsorbed on Nano-Zno-Magnetite.
The kinetic constants were meaningfull for Langmuir isotherm. This showed that the
adsorptions of phenol to the Nano-ZnO-Magnetite can be explained with Langmuir

isotherm.

160 - y =30,54x - 24,26

140 - R2=0,9687 Y 3
120 -
100 -
80 - & Ce/qge
60 - 'Y
40 -

Dogrusal (Ce/qe)

Ce/qe

640 630 627 615 615
Ce

Figure 6.21 Langmuir isotherm for COD adsorption.
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6.3.6.2 Lagergren’s Equation For Pseudo-First-Order Reaction

The R? values for Lagergren Isotherm was found to be 0.8836 for phenol
performed with Nano-ZnO-Magnetite. The graph between log(qe —qt) and t gives
Lagergren’s the first order rate kinetic constant (k1). The k1 values evaluated from

Lagergren plots were found to be 0.276 min-1 for Nano-Zno-Magnetite.

y=-0,276x + 0,946
0,8 R?=0,8836

0,2 - ¢ & log(ge-qt)

) Dogrusal (log(ge-qt))
30 min 60 min. 90 min.

log (ge -qt)
o

0,2 -

0,4 -

-0,6 -

Figure 6.22 Lagergren Isotherm for phenol adsorption.

Table 6.5 Isotherm correlation coefficients of Langmuir isotherm and Lagergren’s equation for COD

adsorption.
Isotherms R’ Value Constants
Langmuir isotherm 0.9687 b= 24.26 unitless
gqm= 30.54 mg/g
Lagergren’s equation 0.8836 k1=0.276 min’'

Among the adsorption isoterm used it was found that Langmuir adsorption
isotherm with isotherm constant (b: 24.26 unitless) and the maximum capacity of
adsorbent (qu: 30.54 mg/g) values are suitable for the removal of phenol from the

OMW.
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6.4 Photocatalytic Treatment Process of OMW under UV Light

6.4.1 Determination of Optimum Nano-ZnO-Magnetite Concentration under UV
Light

In this step of this study the pollutants in the OMW were treated via
photodegradation under UV light power in the presence of a nano composite (Nano-
ZnO-Magnetite) generated under laboratory conditions. In the photocatalytic
treatment when Nano-ZnO-Magnetite is illuminated with the light of UV, electrons
are promoted from the valence band to the conduction band of the semiconducting
oxide to give electron—hole pairs. The valence band (hyg") potential is positive
enough to generate hydroxyl radicals at the surface and the conduction band (ecs )
potential is negative enough to reduce molecular oxygen. The hydroxyl radical is a
powerful oxidizing agent and attacks organic pollutants present at or near the surface
of Nano-ZnO-Magnetite. This phenomenon causes photooxidation of pollutants such
as COD, phenol, total solids, total nitrogen and total phosphorous in the OMW
resulting in destructing of them (Galindo et al., 2000).

The mechanism of photodegradation of COD, phenol, total solids, total nitrogen
and total phosphorous on Nano-ZnO-Magnetite nanocomposite surface was as
follows: The excitation of Nano-ZnO-Magnetite nanocomposite by UV energy leads
to the formation of an electron-hole pair. The hole combines with water (H,O) to
form hydroxyl radicals (OH-) while electron converts oxygen (O;) to superoxide
radical (O, ), a strong oxidizing species as shown in the following (Sponza and

Oztekin, 2015):

Nano-ZnO-Magnetite + hv <> Nano-ZnO-Magnetite nanocomposite +

hVB+ + €C137 (66)
Nano-ZnO-Magnetite + hv <> Nano-ZnO-Magnetite (hyg® + ecp ) (6.7)
Nano-ZnO-Magnetite | OH™ + hyg” — Nano-ZnO-Magnetite | OH- (6.8)

Nano-ZnO-Magnetite | OH, + hyg" — Nano-ZnO-Magnetite | OH- + H* (6.9)
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Nano-ZnO-Magnetite | OH- + Redy — OXorg — photodegradation of OMW

pollutants (6.10)

hyg” + Redyrs — Oxory — photodegradation of OMW pollutants (6.11)
OH- + OH- — H,0, (6.12)

H,0; (or 20H:) — 2H" + O, (6.13)

Effects of 0.5 g/L, 1.5 g/L, 3 g/L, 7 g/L and 10 g/L. Nano-ZnO-Magnetite
concentrations on the removals of COD, phenol, total solids, total nitrogen and total
phosphorous in the OMW were studied with constant irradiation time (30 min) at an
original pH of OMW (pH: 4.60) at a temperature of +20 °C with UV lamps with
powers of 300 W (Figures, 6.23, 6.24, 6.25, 6.26 and 6.27).

The effect of the concentration of Nano-ZnO-Magnetite nanocomposite on the
COD removal was studied as shown in Figure 6.23. The photodegradation efficiency
increases with an increase in the amount of Nano-ZnO-Magnetite photocatalyst from
0.5 g/L up to 7 g/L. COD photodegradation efficiencies were found as 62 %, 65%,
72% and 80% for 0.5 g/L, 1.5 g/, 3 g/L and 7 g/L Nano-ZnO-Magnetite
nanocomposite concentrations, respectively, at a pH of 4.60 at a temperature of 20
OC after 30 min irradiation time with an UV lamp having a power of 300 W. Further
increase of Nano-ZnO-Magnetite photocatalyst concentration to 10 g/L did not affect
the COD yield. On the other word, the addition of higher quantities of Nano-ZnO-
Magnetite photocatalyst would have no effect on the photodegradation efficiency of
the polutants in the OMW. Probably the structural decomposition of photocatalysts
and the pore surfaces of photocatalysts might have been covered completely with the
particles of pollutant parameters (COD, phenol) or other radical species (e.g. carbon
based radicals). Low photocatalyst quantity decreases the number of active sites on
the Nano-ZnO-Magnetite surface, which in turn decreases the numbers of hydroxyl

(OH-) radicals (Sponza and Oztekin, 2015).

A linear relationship between Nano-ZnO-Magnetite composite concentrations and

COD photodegradation efficiencies was obtained up to a Nano-ZnO-Magnetite
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composite concentration of 10 g/ (R =0.94) and this regression is significant

(ANOVA p=0.02 < 0=0.05 and F=23.02).
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Figure 6.23 The effect of Nano-ZnO-Magnetite concentration on COD yield (Influent Conc.: 117000
mg/L, T: £20 oc, pH: 4.60, Irradiation time 30 min, UV power: 300 W).

Figure 6.24 shows the degradation efficiency of phenol with increasing of Nano-
ZnO-Magnetite photocatalyst concentrations from 0.5 g/L, to 1.5 g/L, 3 g/L,, 7 g/L
and to 10 g/L at a pH 0f 4.60 at a temperature of +20 OC after 30 min irradiation time
with an UV lamp with a power of 300 W. When the concentration of Nano-ZnO-
Magnetite increased from 0.5 g/L. to 1.5 g/L, 1.5 g/L to 3 g/L from 3 g/L to 7 g/L, the
removal efficiency of phenol increased from 57% to 60%, from 60% to 67%, from
67% to 77%, respectively. When Nano-ZnO-Magnetite photocatalyst concentration
further increased up to 10 g/L, the phenol yield sligtly decreased to 75%. The
maximum phenol removal was obtained as 77% at 7 g/ Nano-ZnO-Magnetite
composite concentration. The enhanced photocatalytic activity of Nano-ZnO-
Magnetite (Fe3O4) possibly can be attributed to the retardation of recombination of
electron—hole pair as reported by Hong et al. (2008) at 7 g/L. Nano-ZnO-Magnetite

composite concentration. Khodja et al. (2001) found that the photoemission intensity
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of the Nano-ZnO-Magnetite composite is lower than that of ZnO, indicating a slower
electron-hole recombination in the Nano-ZnO-Magnetite composite. This is
probably due to the presence of Fe* jons in Nano-ZnO-Magnetite composite. It has
been reported that Fe** jons in Fe;O, can act as a photo-excited electron-trapping site
to prevent the fast recombination of photoinduced charge carriers and prolonged life-
times (Ambrus et al., 2008). In this study, the photo-generated electron in the
conduction band of ZnO might be captured by the Fe™ jons. This would lead to the
formation of reduced iron ions, Fez+, which are relatively unstable in comparison
with Fe**. The Fe?* ions further react with the oxygen dissolved in the reaction
mixture of OMW to generate Fe* ions. A similar phenomenon has been observed in
Fe-doped TiO; and ZnO by various researchers (Yu et al., 2009 and Ba-Abbad et al.,
2013). The presence of Fe* also has been suggested as a trigger for the enhanced

photocatalytic activity.

A linear relationship between Nano-ZnO-Magnetite composite concentrations and
phenol photodegradation efficiencies was obtained up to a Nano-ZnO-Magnetite
composite concentration of 7 g/l (R =0.92) and this regression is significant

(ANOVA p=0.04 < 0=0.05 and F=16.92).
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Figure 6.24 The effect of Nano-ZnO-Magnetite concentration on phenol yield (Influent Conc.: 660
mg/L, T: £20°C , pH: 4.60, Irradiation time 30 min, UV power: 300 W).
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Figure 6.25 shows the photodagradation efficiencies of TS at increasing Nano-
ZnO-Magnetite photocatalyst concentrations of 0.5 g/L, 1.5 g/L, 3 g/L., 7 g/L and 10
g/L. The photocatalytic yields were found as 70 %, 66%, 63%, 57% and 50%,
respectively, at a pH of 4.60 at a temperature of +20 OC after 30 min irradiation time
with an UV lamp with a power of 300 W. It was found that the percentage
photodegradation efficiency decreased with increase in initial concentration of the
Nano-ZnO-Magnetite composite from 0.5 g/L to 10 g/L. Thus could be attributed to
the increase of concentration gradient and saturation of adsorption and photocatalytic
points in the presence of high Nano-ZnO-Magnetite composite. The maximum TS
removal efficiency is 70% at 0.5 g/L Nano-ZnO-Magnetite photocatalyst
concentration. Magnetite (Fe;O4) nanoparticles are easily subject to aggregation in
aqueous system. Fe;O4 nanoparticles exhibit the hydrophilic surface due to presence
of hydroxyl groups. There is hydrophilic interaction between particles and these
particles form the agglomerate and resulted in large clusters (Teja and Koh, 2009).

The agglomerates may cause to increase TS removal efficiency.
A linear relationship between Nano-ZnO-Magnetite composite concentrations and

TS photodegradation efficiencies was obtained (R =0.98) and this regression is

significant (ANOVA p=0.001 < 0=0.05 and F=91.54).
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Figure 6.25 The effect of Nano-ZnO-Magnetite concentration on TS yield (Influent Conc.: 84250
mg/L, T: +20°C, pH: 4.60, Irradiation time 30 min, UV power: 300 W).

Figure 6.26 summarizes the effects of increasing Nano-ZnO-Magnetite
photocatalyst concentrations (0.5 g/L, 1.5 g/L, 3 g/L, 7 g/L and 10 g/L) on total
nitrogen photodegradation yields at a pH of 4.60 at a temperature of +£20 OC after 30
min irradiation time with an UV lamp with a power of 300 W. According to the
aforementioned  Nano-ZnO-Magnetite  photocatalyst ~ concentrations  the
photodegradation yields of total nitrogen were 79%, 75%, 70%, 66% and 54%,
respectively. As the Nano-ZnO-Magnetite photocatalyst concentrations were
increased, the photodegradation yields of total nitrogen decreased as TS parameter in
the OMW. Further increase in catalyst concentration from 0.5 g/L up to 10 g/L
reduces the specific activity of the catalyst because of agglomeration of catalyst
particles and light scattering and screening effect, thus leading to the decreased
photocatalytic degradation efficiency. On the other hand, at high -catalyst
concentration, it is difficult to maintain the homogeneous suspension due to particle
agglomeration, which may also reduce the photocatalytic activity. So the
photodegradation efficiency of total nitrogen decreases gradually as reported by Ma

et al., (2015). This could be attributed to the increasing of turbidity of the OMW
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suspension. This resulting in decreasing of UV ligth and power a result of excess of

Nano-ZnO-Magnetite particles (Goncalves et al, 1999).

A linear relationship between Nano-ZnO-Magnetite composite to concentrations
and total nitrogen photodegradation efficiencies was obtained (R =0.96) and this

regression is significant (ANOVA p=0.003 < a=0.05 and F=45.006).
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Figure 6.26 The effect of Nano-ZnO-Magnetite concentration on total nitrogen yield (Influent Conc.:
330 mg/L, T: +20 oc, pH: 4.60, Irradiation time 30 min, UV power: 300 W).

From Figure 6.27, it can be seen that when the concentration of Nano-ZnO-
Magnetite increased from 0.5 g/L to 1.5 g/L, 1.5 g/L to 3 g/L from 3 g/L to 7 g/L,
from 7 g/L to 10 g/L, the removal efficiency of total phosphorous increased from
37% to 45%, from 45% to 52%, from 52% to 66% and from 66% to 85%,
respectively, at a pH of 4.60 at a temperature of +20 °C after 30 min irradiation time
with an UV lamp with a power of 300 W. The maximum total phosphorous removal
was obtained as 85% at 10 g/l Nano-ZnO-Magnetite composite concentration. This
high yield can be attributed to the irradiation of an aqueous Nano-ZnO-Magnetite
suspension with light energy greater than the band gap energy of the semiconductor

(hv>Eg=3.2 eV) conduction band electrons (e-) and valence band holes (h+) are
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generated as reported by Pelizzetti and Minero, (1993). After this primary event, part
of the photogenerated carriers recombine in the bulk of the semiconductor with heat
emission, while the rest reach the surface where the holes as well as the electrons act
as powerful oxidants and reductants respectively. The photogenerated electrons react
with the adsorbed molecular O, on the Nano-ZnO-Magnetite reducing it to
superoxide radical anion 07, while the photogenerated holes can oxidize either the
nitrogen directly or the OH ions and the H>O molecules adsorbed at the Nano-ZnO-
Magnetite surface to produce OH' Radicals (Pelizzetti and Minero, 1993). Given
above based on the explainations OH' radicals degraded total phosphorus pollutants
from olive mill wastewater. With increasing Nano-ZnO-Magnetite composite
concentration, more surface area of Nano-ZnO-Magnetite is generated and the more

OH radicals are formed, phosphorus removal efficiency increases.

A linear relationship between Nano-ZnO-Magnetite composite concentrations and
total phosphorous photodegradation efficiencies was obtained (R =0.99) and this
regression is significant (ANOVA p=0.003 < a=0.05 and F=200.62).
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Figure 6.27 The effect of Nano-ZnO-Magnetite concentration on total phosphorous yield (Influent

Conc.: 890 mg/L, T: 20 °C, pH: 4.60, Irradiation time 30 min, UV power: 300 W).
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Considering all the removal efficiencies for studied parameters in the OMW, a
significant nanocomposite concentration was obtained for maximum yields
throughout photoxidation of pollutant parameters in the OMW. The optimum Nano-
ZnO-Magnetite composite concentration was selected as 3 g/L for the maximum

removals of all pollutant parameters in the OMW via photocatalysis.

6.4.2 Determination of Optimum Irradiation Time of UV Light

Figures 6.28, 6.29, 6.30, 6.31 and 6.32 illustrate the effect of the irradiation time
on the removal of COD, phenol, TS, total nitrogen and total phosphorous in the
OMW throghout photocatalysis, respectively at a pH of 4.60 at a temperature of 20
OC at constant 3 g/L Nano-ZnO-Magnetite composite concentration with an UV lamp
with a power of 300 W. As aforementioned in the upper section, the optimum Nano-
ZnO-Magnetite composite concentration was found as 3 g/L. Therefore, the effects
of irradiation times on the COD, phenol, TS, total nitrogen and total phosphorous
removal efficiencies were investigated at five different adsorption times (30 min., 60
min., 90 min., 180 min. and 240 min) at a pH of 4.60 at a temperature of +20 C at
constant 3 g/L. Nano-ZnO-Magnetite composite concentration with an UV lamp with

a power of 300 W.

Figure 6.38 illustrates the removal of COD with different irradiation times (30
min., 60 min., 90 min., 180 min. and 240 min) at a pH of 4.60 at a temperature of 20
C after at a 3 g/L concentration of Nano-ZnO-Magnetite nanocomposite. The
maximum removal of COD was observed at 30 min irradiation time with a maximum
yield of 80 %. COD removal efficiencies were found as 80 %, 80%, 69%, 65% and
62% for 30 min., 60 min., 90 min., 180 min. and 240 min irradiation time,
respectively. The removal efficiencies decreased as the irradiation time was
increased from 30 min to 240 min in the OMW, under UV light. The reduction of
yield could be due to the formation of small colourless metabolite organic molecules
which, at least temporarily, remain in the solution, for instance ethanol, glycerol and
simple sugars which can be considered as degradation intermediates (Hajjouj et al.,

2008).) Hajjouji et al., (2008), was investigated the UV/TiO, treatment of olive mill
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wastewater and reported only 22% removal efficiency of COD after 24 h UV

irradiation.

The reduction of COD can be summarized as follows (Lucas & Peres, 2009):
Step 1: COD + UV — partially oxidized species
Step 2: partially oxidized species + UV— CO; + H,O + inorganic salts

A linear relationship between irradiation times and COD photodegradation
efficiencies was not obtained from 30 min up to 60 min irradiation times (R =0.92)
and this regression is not significant. However, a linear relationship between
irradiation times and COD photodegradation efficiencies (R= 0.92) was obtained
from 90 min to 240 min irradiation times and this regression 1s significant (ANOVA

p=0.01 < 0=0.05 and F=18.62).
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Figure 6.28 The effect of Irradiation time on COD vyield (Influent Conc.: 117000 mg/L, T: +20 oc,
pH: 4.60, Nano-ZnO-Magnetite concentration: 3g/L, UV power: 300 W).

Figure 6.29 shows the effect of different UV irradiation times (30 min., 60 min.,

90 min., 180 min. and 240 min) on photodegradation of phenol at a pH of 4.60 at a
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temperature of 20 OC after at a 3 g/l concentration of Nano-ZnO-Magnetite
nanocomposite with an UV lamp with a power of 300 W. From Figure 6.29 it can be
seen that as the irradiation time were increased from 30 min, to 60 min, to 90 min,
and to 180 min, the phenol yield increased from 57%, to 63%, to 65%, to 77%, and
stabilized to 77%. Further increase of adsorption time to 240 min did not increase the
phenol yield. The optimum irradiation time can be considered as 180 min for the
maximum removal efficiency of phenol (77%). Similar results were found by Feng
et al. (2014) in the presence of Fe;04-Zn0O. The percentage of degradation of phenol
was 65.5% under UV light after 150 min irradiation time. The phenol degradation
was only 52% when pure ZnO was used, which is lower than that in the presence of

either Fe;04-Zn0O.

Semiconductors like Nano-ZnO-Magnetite absorb a photon taking a certain
amount of energy and then are transferred from electron band to conductive band.
Meanwhile, an electron vacancy forms and joins the redox reaction with the absorbed
substance, by transmigrating to the electron and vacancy catalyst surface.
Mechanism in the photocatalyst realized through the usage of Nano-ZnO-Magnetite
and reactions arising in this process are outlined as follows reported by Ugurlu and

Karaoglu, (2011).

Nano-ZnO-Magnetite + hv — e, + h'yp (6.14)
0y,e0— 0y (6.15)

0, +H0 — O_ +OH + 0, + HO, (6.16)
H,O + h*vb — HO +H* 6.17)

Due to the high concentration of HO. and O,. absorbed in the particle surface,
organic substances could be broken down through oxidative decomposition as

indicated in Eq. (6.18):

Organic composite + 02.7 + HO — CO; + H,0 + sub composite (6.18)
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A linear relationship between irradiation times and phenol photodegradation
efficiencies was obtained up to a irradiaition time of 180 min (R =0.92) while this

regression is not significant (ANOVA p=0.04 < 0=0.05 and F=16.92).
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Figure 6.29 The effect of Irradiation time on phenol yield (Influent Conc.: 660 mg/L, T: +20 °C, pH:
4.60, Nano-ZnO-Magnetite concentration: 3g/L, UV power: 300 W ).

TS removal efficiencies were observed versus UV irradiation times such as 30
min., 60 min., 90 min., 180 min. and 240 min at an original pH of OMW (pH: 4.60)
at 3g/L Nano-ZnO-Magnetite and at a temperature of 20 °C with an UV lamp with a
power of 300 W as shown from Figure 6.30. After 30 minutes irradiation times the
TS yield reached 67%. The removal efficiency of TS decreased from 67% to 66%, to
65% and to 62% with the increasing the irradiation time from 30 min to 60 min, to
90 min, to 180 min and 240 min, respectively. This TS yield decreased sligthly to
62% after 240 min irradiation times. Long irradiation times affect negatively the
removal efficiency of TS. The optimum irradiation time was found to be 30 min for
67% TS efficiency. These results showed that the photocatalysis of TS in the OMW
was not dependent to irradiation time. Badawy et al. (2009), found that the TS

removal efficiency for UV/TiO, was 48.9% after 80 min irradiation time.
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A linear relationship between irradiation times and TS photodegradation
efficiencies was not obtained (R =0.95) and this regression is significant (ANOVA
p=0.01 < 0=0.05 and F=28.44).
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Figure 6.30 The effect of Irradiation time on TS yield (Influent Conc.: 84250 mg/L, T: £20 °C, pH:
4.60, Nano-ZnO-Magnetite concentration: 3g/L , UV power: 300 W).

Figure 6.31 shows the photodegradation efficiency of total nitrogen with
increasing of irradiation times 30 min., 60 min., 90 min., 180 min. and 240 min at an
original pH of OMW (pH: 4.60) at 3g/L. Nano-ZnO-Magnetite and at a temperature
of £20 °C with an UV lamp with a power of 300 W. When the irradiation time
increased from 30 min to 60 min, from 60 min to 90 min, from 90 min to 180 min,
from 180 min to 240 min, the removal efficiency of total nitrogen decreased from
79% to 75%, from 75% to 70%, from 70% to 68% and decreased from 68% to 65%,
respectively. For maximum yield of total nitrogen, the optimum irradiation time was
found to be 30 min. Ugurlu and Karaoglu (2009) observed that 25.0 mg/L of TiO,
was enough for the 65% removal of the total nitrogen after a irradiation time of 50

min.
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A linear relationship between irradiation times and total nitrogen
photodegradation efficiencies was obtained (R =0.93) and this regression is

significant (ANOVA p=0.01 < 0=0.05 and F=20.83).
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Figure 6.31 The effect of Irradiation time on total nitrogen yield (Influent Conc.: 330 mg/L, T: £20
oc, pH: 4.60, Nano-ZnO-Magnetite concentration: 3g/L, UV power: 300 W).

As shown in Figure 6.32, the photodegradation of total phosphorous decreases
from 66% to 64%, to 55%, to 52%, to 50% along increasing of irradiation times from
30 min. to 60 min., to 90 min., to 180 min. and to 240 min at an original pH of OMW
(pH: 4.60) at 3g/L Nano-ZnO-Magnetite and at a temperature of +20 °C with an UV
lamp with a power of 300 W. Experiments on the photodegradation have shown that
high irradiation time has negatively affected the total phosphorous removal
efficiency. The maximum efficiency is 66% for 30 min irradiation time. After that

the total phosphorus yields decreased.
A linear relationship between irradiation times and total phosphorous

photodegradation efficiencies was not obtained (R =0.52) and this regression is

significant (ANOVA p=0.02 < a=0.05 and F=15.94).
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Figure 6.32 The effect of Irradiation time on total phosphorous yield (Influent Conc.: 890 mg/L, T:
+20 °C, pH: 4.60, Nano-ZnO-Magnetite concentration: 3g/L, UV power: 300 W).

Optimum irradiation time was selected as 30 min because photooxidation
equilibrium was reached within 30 min for maximum yields in all OMW parameters.
Considering the economical needs, shortening the time of pollutant photodegradation
is a necessary goal in this century. The maximum yields should be obtained as short

as photodegradation yields.

6.4.3  Effects of pH on the of Removal OMW throughout Photodegradation
under UV Light

It is well understood that the adsorption capacity of Nano-ZnO-Magnetite
concentration on photocatalyst is a key factor for the degradation efficiency in the
photocatalytic oxidation process. Generally, it is observed that the efficiency of
decomposition of organics over the photocatalyst is more pronounced if large
number of target molecules is adsorbed on the catalyst surface, which either depends
on the acidic/basic nature of the surface of the catalyst or surface modifications
through change in pH of the system (Hur et al., 2006).

The variations in removals of COD, phenol, TS, total nitrogen and total

phosphorous using 3 g/l Nano-ZnO-Magnetite concentrations under acidic (pH 4),
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neutral (pH 7) and alkaline (pH 10) pH’s at a temperature of +20 C after 30 min
irradiation time with an UV lamp with a power of 300 W were given in Figures 6.33,

6.34, 6.35, 6.36 and 6.37, respectively.

From Figure 6.33, it is evident that the maximum removal of COD was observed
at pH 4 at a temperature of 20 C after 30 min irradiation time at a 3 g/L
concentration of nano-ZnO-Magnetite concentration which this pH is the original pH
level of OMW. When the initial pH was increased from 4 to 7 and 10, the COD
removal efficiencies decreased from 80% to 78% and 69%. The maximum removal
of COD was 80% at pH 4.60 at a temperature of 20 OC after 30 min irradiation time
at a 3 g/L concentration of nano-ZnO-Magnetite with an UV lamp with a power of
300 W. In the beginning of the photooxidation, liquid phase compounds responsible
for COD are adsorbed by colliding with the surface of the colloidal nano-ZnO-
Magnetite photocatalyst. Covalent bonds are formed between adsorbate particles and
the adsorbent surface where multiple activated centers were exist on the surface of
nano-composite (Smoczynsk et al., 2014). The reduction of COD efficiency may

results.

A linear relationship between pH variations and COD photodegradation
efficiencies was obtained (R =0.90) and this regression is not significant (ANOVA
p=0.23 > 0=0.05 and F=4.48).
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Figure 6.33 The effect of pH on COD yield (Influent Conc.:117000 mg/L, T: +£20 °C, Nano-ZnO-

Magnetite conc.: 3g/L, Irradiation time: 30 min, UV power: 30
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When the pH of OMW was increased from 4 to 7 and 10, the removal efficiency
of phenol increased from 63% to 72% and 75%, respectively, at a temperature of 20
OC after 30 min irradiation time at a 3 g/L concentration of nano-ZnO-Magnetite
concentration with an UV lamp with a power of 300 W. (Figure 6.34). It is observed
that under basic conditions, the amount of phenol degraded is considerably higher as
compared to acidic medium. These observations can be ascribed to two phenomenon:
(a) Under acidic condition, surface of the nanocomposite is positively charged at
both nano ZnO and Magnetite sites that leads to the protonation of active sites and
therefore, affects the adsorption of phenol moiety. Moreover, the protonation of
phenol occurring under this condition also hindered the adsorption of phenol thereby
affecting its removal. (b) The influence of higher pH can be attributed to two
processes occurring on the surface of the nanocomposite and phenol. Firstly, the
magnetite surface becomes alkaline in nature thus enhancing the adsorption capacity
while the nanosized ZnO surface undergoes surface modification resulting in the
formation of negatively charged species. Both these features are responsible for
cooperative action of simultaneous adsorption followed by photo degradation of
phenol on the surface of nano-ZnO-Magnetite nanocomposite. Secondly, phenol
undergoes deprotonation under highly alkaline condition that also enhances rate of
adsorption on the nano-ZnO-Magnetite nanocomposite throghout photocatalysis
(Meshram et al., 2011). It is seen that maximum phenol removal happens on pH 10.
The reason can be explained with the fact that tannin, lignin and other polymeric
substances may transform into phenol metabolites and degraded with photocatalytic

oxidation as reported by Ugurlu and Karaoglu, (2011).

A linear relationship between pH variations and phenol photodegradation
efficiencies was obtained (R =0.96) and this regression is not significant (ANOVA
p=0.23 > 0=0.05 and F=12).
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Figure 6.34 The effect of pH on phenol yield (Influent Conc.:660 mg/L, T: 20 °C, Nano-ZnO-
Magnetite conc.: 3g/L, Irradiation time: 30 min, UV power: 300 W).

The effect of pH variation (4, 7 and 10) on the TS efficiency was investigated as
shown in Figure 6.35. The efficiency of the TS was found to decrease from 70% to
57% and to 52% with increasing the pH from 4 to 7 and to 10, respectively, at a
temperature of 20 OC after 30 min irradiation time at a 3 g/L concentration of nano-
ZnO-Magnetite with an UV lamp with a power of 300 W. The maximum removal
efficiency was obtained as 70% at a pH of 4. Pinotti and Zaritzky, (2001) reported
that when the pH value was more than pH 5 it leads to precipitate the pollutants in

the OMW. This shows that the stabilization of suspended solid in acidic condition.
A linear relationship between pH variations and TS photodegradation efficiencies

was obtained (R =0.97) and this regression is not significant (ANOVA p=0.12 >
a=0.05 and F=15.18).
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Figure 6.35 The effect of pH on TS yield (Influent Conc.:84250 mg/L, T: £20 °C, Nano-ZnO-
Magnetite conc.: 3g/L, Irradiation time: 30 min, UV power: 300 W).

Figure 6.36 shows the photodagradation efficiencies of total nitrogen at increasing
pH of 4, 7 and 10. The total nitrogen yields were found as 79 %, 83% and 97%,
respectively, at a temperature of 20 °C after 30 min irradiation time at a 3 g/L
concentration of nano-ZnO-Magnetite with an UV lamp with a power of 300 W.
When the pH of OMW increased from 4 to 7 and to 10, the yield of total nitrogen
increased from 79% to 83%, and to 97%.

The dissociative equilibrium of ammonia in water is in accordance with Equation

6.19 (Huang et al., 2008):

NH4+ + H2O — NH3 + H3O+ pKa:9246 (6 19)

Ammonium is in equilibrium with ammonia at a pKa of 9.25. Accordingly at
pH=10.0, NH3 is 85% of total nitrogen (on molar basis) and at pH=12.0, NH3 is over
99% of total nitrogen (on a molar basis). Thus, the decrease of total nitrogen
observed in the OMW was from the removal of aqueous ammonia that was oxidized
by OH- or potentially through volatilization. It is suspected that at the high pH level
(10.0) some of the aqueous ammonia was removed through volatilization as

ammonia is typically found in the gas form at high pH levels (Idelovitch and Michail,
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1981). The decrease in total nitrogen removal was attributed to an increase in
aqueous ammonia removal as reported by Huang et al. (2008). Vohra et al. (2010)
have reported 2 mg/L of NO5 formation when NH,;"-NH3 undergoes a TiO, assisted
photocatalytic degradation at pH 12.0 (although no NO, was formed). Zhu et al.
(2005) have observed the production of NO;, (but not NO3’) after six hours of
ammonia treatment with UV irradiation at pH=10.2. Zhu et al. (2005) have suggested
that UV irradiation with photocatalyst on ammonia decreased the nitrogen products,
such as NH,OH and N,. The results from this present research suggest that total
nitrogen was removed in the system due the conversion of ammonia to other
inorganic compounds via formation of NO, or NO;  Alkaline pH improved the
degradation of total nitrogen, where at pH=12.0 the highest removal (5§9.5% under
UV) was observed by John Bergese (2013).

A linear relationship between pH variations and total nitrogen photodegradation
efficiencies was obtained (R =0.86) and this regression is not significant (ANOVA
p=0.26 > 0=0.05 and F=3).
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Figure 6.36 The effect of pH on total nitrogen yield (Influent Conc.:330 mg/L, T: £20 °C, Nano-
ZnO-Magnetite conc.: 3g/L, Irradiation time: 30 min, UV power: 300 W).

Figure 6.37 illustrates the removal of total phosphorous with different pH (4, 7

and 10) at a temperature of 20 °C after 30 min irradiation time at a 3 g/L
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concentration of nano-ZnO-Magnetite with an UV lamp with a power of 300 W. The
maximum removal of total phosphorous was observed at pH 4 with a yield of 85 %.
When the pH of OMW was increased from 4 to 7 and 10, the removal efficiency of
total phosphorous decreased from 85% to 51% and 37%, respectively. When the pH
of OMW was increased, the removal efficiency of total phosphorous decreased.
Some negative, positive, and neutral functional groups in the OMW can coexist on
the magnetite surface. At pH < pHzero, the FeOH** groups predominate over the
FeO- groups, i.e., although the surface has a net positive charge, some FeO— groups
are still present. At the pHzero, the number of FeOH* groups equals the number of
FeO- groups as the pH increases, the number of FeO— groups increases (Wang et al.,
2010). Therefore, at a pH higher than pHzero, the Nano-ZnO-Magnetite composite
surface is negatively charged, whereas at a lower pH, the surface is positively
charged. In fact, this result is expected since the photodegradation efficiency

decreased with further increase in solution pH.

A linear relationship between pH variations and total phosphorous
photodegradation efficiencies was obtained (R =0.97) and this regression is

significant (ANOVA p=0.08 < 0=0.05 and F=17.28).

100 - - 600
—~ 90 -
o
é a0 A - 500
> m
g 5
5 - 400 O
S 60 - o
£ g M Total Phosphorous
3 50 - - 300 3 Concentration (mg/L)
2 40 - 3
5 200 = ATotal Phosphorous
&, 30 - 8 Efficiency (%)

20 - - 100 g

10 _J g

o . , -0 €

pH

Figure 6.37 The effect of pH on total phosphorous yield (Influent Conc.:890 mg/L, T: £20 oc,
Nano-ZnO-Magnetite conc.: 3g/L, Irradiation time: 30 min, UV power: 300 W).
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Considering the above experiments, the maximum removal efficiency was found
as 80% for COD, 70% for TS and 85% for total phosphorous, respectively. However,
the maximum removal efficiency was found as 75% for phenol and 97% for total
nitrogen at pH 10, respectively. But, for phenol and total phosphorous parameters,
the removal efficiencies was not considerable at lower pH 4 (63% for phenol and
79% for total phosphorous) than that pH 10. Therefore, optimum pH was selected as

4 because economical needs are necessary for the goal of this research.

6.5 Photocatalytic Degradation Processes Under Sunlight

6.5.1  Determination of Optimum Nano-ZnO-Magnetite Concentration under

Sunlight

Effects of 0.5 g/, 1.5 g/L, 3 g/L, 7 g/L and 10 g/l Nano-ZnO-Magnetite
concentrations on the removals of COD, phenol, total solids, total nitrogen and total
phosphorous in the OMW with constant sunlight time (24 h) at a original pH of
OMW (pH: 4.60) with a sunlight with a power of 80 W were given in Figures 6.38,
6.39, 6.40, 6.41 and 6.42, respectively.

Upon exposure to sunlight irradiation, ZnO can be photoexcited to generate
negative electrons (e'c) in the conduction band and positive holes (h'yg) in the
valence band. The photoinduced electron—hole pairs are able to either recombine or
be captured by other molecules, such as water or oxygen, forming reactive oxygen
species (ROS) such as hydroxyl radical (.OH) and superoxide radical anion (.0'2).
The h'yp reacts with water to produce hydroxyl radicals (.OH), whilst the e ¢p reacts
with O, to form superoxide radical anions (.0 and hydrogen peroxide (H,0O,). The
latter also can generate hydroxyl radicals (.OH). These ROS can destroy the
structure of various organic pollutants, leading to the formation of non-toxic carbon

dioxide and water (Pirkanniemi et al., 2002).

Figure 6.38 shows the photodegradation efficiencies of COD at increasing Nano-

ZnO-Magnetite concentrations (0.5 g/L, 1.5 g/LL and 3 g/L) with constant sunlight

86



time (24 h) and constant power of 80 W at an original pH of OMW (pH: 4.60)
according to the Nano-ZnO-Magnetite concentrations given above. The
photodegradation yields were 64%, 67% and 75%, respectively. Further increase of -
ZnO-Magnetite concentration to 7 and 10 g/L did not increase the COD yields. For
maximum removal efficiencies the optimum nano-ZnO-Magnetite concentration was

found as 3 g/L. (Figure 6.37).

A linear relationship between Nano-ZnO-Magnetite composite concentrations and
COD photodegradation efficiencies was obtained up to a Nano-ZnO-Magnetite
composite concentration of 7 g/L. (R =0.82) while this regression is not significant

(ANOVA p=0.11 > 0=0.05 and F=6.11).
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Figure 6.38 The effect of Nano-ZnO-Magnetite concentration on COD yield (Influent Conc.: 11700
mg/L, pH: 4.60, Sunlight irradiation time: 24 h, sunlight power: 80 W).

Figure 6.39 shows the degradation efficiency of phenol with increasing of Nano-
ZnO-Magnetite concentrations of 0.5 g/L, 1.5 g/L, 3 g/L, 7 g/L and 10 g/L with
constant sunlight time (24 h) and a constant power of 80 W at an original pH of

OMW (pH: 4.60). When the concentration of Nano-ZnO-Magnetite increased from
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0.5g/Ltol.5 gL, 1.5 g/Lto3 g/L from 3 g/LLto7 g/L, from 7 g/L to 10 g/L, the
removal efficiency of phenol increased from 34% to 42%, from 42% to 48%, from
48% to 56% and increased from 56% to 61%, respectively. At 10 g/L nano-ZnO-
Magnetite concentration, the maximum removal efficiency of COD was achieved as
61%. Parsedhi and Patil (2008) investigated the sunligth oxidation of 75 mg/L phenol
and found 100% phenol photo-degradation using 2.5 g/L. of ZnO at a sunlight for 8 h.
In our study, the phenol yields under sunligth are low compared to the study
performed by Parsedhi and Patil (2008). In our study 317 mg/L of phenol was treated
with 3 g/L. Nano-ZnO-Magnetite concentration. In our study, as the amount of Nano-
ZnO-Magnetite photocatalyst increases, the photo degradation efficiency did not
increase markedly. This may be due to the fact that as the quantity of ZnO increased;
the number of phenol molecules adsorbed was increased resulting in with limited
active holes in the nanoparticle due to closed holes. On the other hand, the sunligt
power is low. These two items probably decreases the photooxidation yield. Similar
results are reported by Anandan et al., (2006). In their study excess ZnO particles
showed a small effect on the pollutant yields due to screening effect of solution and

scattering of sunlight.

A linear relationship between Nano-ZnO-Magnetite composite concentrations and
phenol photodegradation efficiencies was obtained up to a Nano-ZnO-Magnetite
composite concentration of 10 g/ (R =0.96) and this regression is significant

(ANOVA p=0.02 < 0=0.05 and F=37.66).
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Figure 6.39 The effect of Nano-ZnO-Magnetite concentration on phenol yield (Influent Conc.: 660
mg/L, pH: 4.60, Sunlight irradiation time: 24 h, sunlight power: 80 W).

TS removal efficiencies were found as 59 %, 48%, 38%, 34% and 27% for 0.5
g/, 1.5 g/, 3 g/, 7 g/L and 10 g/L Nano-ZnO-Magnetite nanocomposite,
respectively, with constant sunlight time (24 h) and a constant power of 80 W at an
original pH of OMW (pH: 4.60) (Figure 6.40). For maximum removal efficiency of
TS, the optimum Nano-ZnO-Magnetite composite concentration was found to be 0.5
g/L. This phenomenon can be explained by the turbidity effect of Nano-ZnO-
Magnetite composite. Excess Nano-ZnO-Magnetite composite would affect the

penetration of sunlight through the suspensions due to the light scattering effects
A linear relationship between Nano-ZnO-Magnetite composite concentrations and

TS photodegradation efficiencies was obtained (R =0.92) this regression is

significant (ANOVA p=0.01 < a=0.05 and F=15.49).
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Figure 6.40 The effect of Nano-ZnO-Magnetite concentration on TS yield (Influent Conc.: 84250
mg/L, pH: 4.60, Sunlight irradiation time: 24 h, sunlight power: 80 W).

Figure 6.41 shows the removal efficiency of total nitrogen. It was found that total
nitrogen efficiency decreased with increasing Nano-ZnO-Magnetite concentration.
The total nitrogen yield decreased from 69% to 62%, to 60%, to 39%, and to 33%
with increasing of Nano-ZnO-Magnetite concentration from 0.5 g/L to 1.5 g/L, to 3
g/L, to 7 g/L and to 10 g/L with constant sunlight time (24 h) and a constant power of
80 W at an original pH of OMW (pH: 4.60). The optimum Nano-ZnO-Magnetite
concentration can be considered as 0.5 g/L for the maximum removal efficiency of
total nitrogen (69%). The use of excessive amounts of catalyst may reduce the
amount of sunlight being transferred into the medium due to the turbidity offered by
the catalyst particles (Gogate and Pandit, 2004). However, the maximum total
nitrogen removal was achieved as 97% at 0.5 g/l Nano-ZnO-Magnetite

concentration under UV light (Figure 6.41).
A linear relationship between Nano-ZnO-Magnetite composite concentrations and

total nitrogen photodegradation efficiencies was obtained up to a Nano-ZnO-

Magnetite composite concentration of 10 g/LL (R =0.98) this regression is significant
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(ANOVA p=0.0008 < 0=0.05 and F=111.22).
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Figure 6.41 The effect of Nano-ZnO-Magnetite concentration on total nitrogen yield (Influent Conc.:

330 mg/L, pH: 4.60, Sunlight irradiation time: 24 h, sunlight power: 80 W).

Effect of nano-ZnO-Magnetite concentrations of 0.5 g/L, 1.5 g/L, 3 g/L, 7 g/L and
10 g/L on the removal of total phosphororus in the OMW were illustrated in Figure
6.42 with constant sunlight time (24 h) and a constant power of 80 W at an original
pH of OMW (pH: 4.60). As the Nano-ZnO-Magnetite concentration increased from
0.5 g/Lup to 1.5 g/L, to 3 g/L, and to 7 g/L, the phosphorous removals increased
gradually from 47% to 61%, to 65%, to 72%, respectively. The number of available
adsorption and catalytic sites on the catalyst surface increases with increasing in
catalyst concentration, resulting in the observed enhancement in photocatalytic
degradation efficiency. At 10 g/l nano-ZnO-Magnetite concentration, the removal

efficiency of total phosphorous remains constant.

A linear relationship between Nano-ZnO-Magnetite composite concentrations and
total phosphorous photodegradation efficiencies was obtained up to a Nano-ZnO-
Magnetite composite concentration of 7 g/L. (R =0.84) while this regression is not

significant (ANOVA p=0.12 > 04=0.05 and F=7.54).
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Figure 6.42 The effect of Nano-ZnO-Magnetite concentration on total phosphorus yield (Influent
Conc.: 890 mg/L, pH: 4.60, Sunlight irradiation time: 24 h, sunlight power: 80 W).

Considering all the removal efficiencies for studied parameters in the OMW, an
optimum nanocomposite concentration was chosen for maximum yields. Since the
concentration of Nano-ZnO-Magnetite should be optimized, the cost of the
photocatalyst should be as low as. The optimum Nano-ZnO-Magnetite composite
concentration was selected as 3 g/L. for the maximum removals of all pollutant

parameters.

6.5.2 Determination of Optimum Irradiation Time of Sunlight

Figures 6.43, 6.44, 6.45, 6.46 and 6.47 illustrate the effect of the sunlight
irradiation time on the removal of COD, phenol, TS, total nitrogen and total
phosphorous, respectively. As aforementioned in the upper section, the optimum
Nano-ZnO-Magnetite composite concentration was found as 3 g/L. Therefore, the
effects of irradiation times of sunlight on the COD, phenol, TS, total nitrogen and
total phosphorous removal efficiencies were investigated at four different sunlight
irradiation times (3 h., 8 h., 15 h. and 24 h.) at a pH of 4.60 at constant 3 g/L. Nano-

ZnO-Magnetite composite concentration with a sunlight with a power of 80 W.
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Figure 6.43 shows the removal efficiency of COD. It was found that COD
efficiency increased with increasing sunlight irradiation time. The COD yield
increased from 54% to 65% and to 76% with increasing of sunlight irradiation times
from 3 h to 8 h and to 15 h, then, the removal efficiency at 76% for COD after 24 h
at a pH of 4.60 at constant 3 g/L. Nano-ZnO-Magnetite composite concentration
under sunlight with a power of 80 W (Figure 6.43). The optimum sunlight irradiation

time can be considered as 15 h for the maximum removal efficiency of COD (76%).

A linear relationship between irradiation times and COD photodegradation
efficiencies was obtained up to a irradiation time of 15 h (R =0.89) while this

regression is not significant (ANOVA p=0.16 > 0=0.05 and F=8.33).
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Figure 6.43 The effect of sunlight irradiation times on COD yield (Influent Conc.: 117000 mg/L, pH:
4.60, Nano-ZnO-Magnetite concentration: 3 g/L, Sunlight power: 80 W).

Phenol removal efficiencies were found as 32 %, 40%, 54% and 56 % for 3 h, 8
h, 15 h and 24 h sunlight irradiation times, respectively, at constant 3 g/L. Nano-
ZnO-Magnetite composite concentration at a original pH of OMW (pH: 4.60) with a

sunlight power of 80 W (Figure 6.44). For maximum phenol removal efficiency
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(54%), the optimum sunlight irradiation time was 15 h. In our study, in the
photooxidation experiment phenol removal efficiency did not ncreased makedly with
increasing sunlight irradiation time. This could be attributed to the split of
multiphenolic substances to phenols. According to Roig et al. (2006), in the first
phase of phenol photooxidation, aromatic intermediates are formed with increase of

the total phenol concentration.

A linear relationship between irradiation times and phenol photodegradation
efficiencies was obtained up to a irradiation time of 24 h (R =0.94) and this

regression is not significant (ANOVA p=0.13 > 0=0.05 and F=15.36).
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Figure 6.44 The effect of sunlight irradiation times on phenol yield (Influent Conc.: 660 mg/L, pH:
4.60, Nano-ZnO-Magnetite concentration: 3 g/L, Sunlight power: 80 W).

Low TS removal efficiency (34%) was observed with sunlight irradiation at an
original pH of OMW (pH: 4.60) at 3g/L. Nano-ZnO-Magnetite with a sunlight at
apower of 80 W as shown in Figure 6.45. After 3 h sunlight irradiaiton times the TS
yield reached 26% with the initial TS concentration of 84250 mg/L at an original
pH of OMW (pH: 4.60) at 3g/L. nano-ZnO-Magnetite with 80 W sunlight. This TS
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yield increased to 30%, 32% and 34% with increasing sunlight irradiation times to 8
h, to 15 h and to 24 h, respectively. Long sunlight irradiation times slightly affect the
removal efficiency of TS. For maximum yield of TS, the optimum sunlight

irradiation time was found to be 15 h (32%).

A linear relationship between irradiation times and TS photodegradation
efficiencies was not obtained up to an irradiation time of 15 h (R =0.95) and this

regression is significant (ANOVA p=0.06 > 0=0.05 and F=19.95).
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Figure 6.45 The effect of sunlight irradiation times on TS yield (Influent Conc.: 84250 mg/L, pH:
4.60, Nano-ZnO-Magnetite concentration: 3 g/L, Sunlight power: 80 W).

Figure 6.46 shows the nitrogen removal efficiency with different sunlight
irradiation times at a pH of 4.60, at 3g/L. Nano-ZnO-Magnetite with sunlight at a
power of 80 W. After 3 h sunlight irradiation time, the removal efficiency of total
nitrogen was 28%. Increasing the sunlight irradiation time from 3 h to 8 h, to 15 h, to
24 h increased the total nitrogen efficiencies from 35%, to 38%, and to 39%. For
maximum yield of total nitrogen, the optimum sunlight irradiation time was found to

be 15 h.
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A linear relationship between irradiation times and total nitrogen
photodegradation efficiencies was not obtained up to an irradiation time of 24 h (R

=0.89) and this regression is not significant (ANOVA p=0.17 > 0=0.05 and F=7.15).
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Figure 6.46 The effect of sunlight irradiation times on total nitrogen yield (Influent Conc.: 330 mg/L,
pH: 4.60, Nano-ZnO-Magnetite concentration: 3 g/L, Sunlight power: 80 W).

Figure 6.47 shows the removal efficiency of total phosphorous. It was found that
total phosphorous efficiency increased with increasing sunlight irradiation time. The
total phosphorous yield increased from 62% to 65%, to 68% and to 72% with
increasing of sunlight irradiation times from 3 h to 8 h, to 15 h and to 24 h at a pH of
4.60, at 3g/L nano-ZnO-Magnetite with 80 W sunlight power. The optimum sunlight
irradiation time can be considered as 24 h for the maximum removal efficiency of

total phosphorus (72%). The photogenerated reactive oxygen species
A linear relationship between irradiation times and total phosphorous

photodegradation efficiencies was obtained up to a irradiation time of 24 h (R =0.99)

and this regression is significant (ANOVA p=0.002 < 0=0.05 and F=448.66).
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Figure 6.47 The effect of sunlight irradiation times on total phosphorous yield (Influent Conc.: 890
mg/L, pH: 4.60, Nano-ZnO-Magnetite concentration: 3 g/L, Sunlight power: 80 W).

Optimum sunlight irradiation time was selected as 15 h because the removal
efficiency equilibrium was reached within 15 h for maximum yields in all pollutant

parameters studied in the OMW.

6.5.3  Effects of pH on the of Removal OMW throughout Photodegradation
under Sunlight

The variations in removals of COD, phenol, TS, total nitrogen and total
phosphorous using 3 g/l Nano-ZnO-Magnetite concentrations under acidic (pH 4),
neutral (pH 7) and alkaline (pH 10) pH’s after 15 h irradiation time with sunlight
with a power of 80 W were given in Figures 6.48, 6.49, 6.40, 6.51 and 6.52,

respectively.

From Figure 6.48, it is evident that the maximum removal of COD by photo
degradation under sunlight was observed at a 3 g/L. concentration of Nano-ZnO-
Magnetite concentration after 15 h irradiation time with sunlight at a power of 80 W.

As the initial pH was increased from 4 to 7 and 10, the COD removal efficiencies
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decreased from 76% to 64% and 58%. The maximum removal of COD was 76% at

pH 4.60 under sunlight irradiation.

A linear relationship between pH variations and COD photodegradation
efficiencies was not obtained (R =0.98) and this regression is significant (ANOVA
p=0.09 > 0=0.05 and F=27).
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Figure 6.48 The effect of pH on COD yield (Influent Conc.: 117000 mg/L, Nano-ZnO-Magnetite

concentration: 3 g/L, Sunlight irradiation time: 15 h, Sunlight power: 80 W).

From Figure 6.49, it can be clearly seen that the removal of phenol was affected
sligtly from the pH changes significantly. The yields of phenol increased from 56%
to 61% and to 64% with increasing of pH from 4 to 7 and 10, respectively, at a 3 g/L.
concentration of Nano-ZnO-Magnetite concentration after 15 h irradiation time with
sunlight with a power of 80 W. The maximum phenol yield under sunlight was found

as 64% at pH=10.
A linear relationship between pH variations and phenol photodegradation

efficiencies was not obtained (R =0.98) and this regression is significant (ANOVA
p=0.10 > 0=0.05 and F=48).
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Figure 6.49 The effect of pH on phenol yield (Influent Conc.: 660 mg/L, Nano-ZnO-Magnetite

concentration: 3 g/L, Sunlight irradiation time: 15 h, Sunlight power: 80 W).

Figure 6.50 illustrates the removal of TS with different pHs (4, 7 and 10), at a 3
g/L. concentration of Nano-ZnO-Magnetite concentration after 15 h irradiation time
with 80 W sunlight power. The maximum removal of TS was observed at pH 4 with

a yield of 34%. When the pH of OMW was increased from 4 to 7 and 10, the

removal efficiency of TS decreased from 34% to 28% and 25%, respectively.

A linear relationship between pH variations and TS photodegradation efficiencies

was obtained (R =0.98) and this regression is not significant (ANOVA p=0.08 >

0=0.05 and F=27).
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Figure 6.50 The effect of pH on TS yield (Influent Conc.: 84250 mg/L, Nano-ZnO-Magnetite
concentration: 3 g/L, Sunlight irradiation time: 15 h, Sunlight power: 80 W). (6rnegin ¢ikt1 alindiginda

bu grafik figure 53 olmus ve sonrasinda 6.51. ile devam etmis.

Figure 6.51 shows the photodegradation efficiencies of total nitrogen at increasing
pH of 4, 7 and 10. The total nitrogen yields were found as 28 %, 30% and 39%,
respectively, at a 3 g/L concentration of Nano-ZnO-Magnetite concentration after 15

h irradiation time with sunlight with a power of 80 W.
A linear relationship between pH variations and total nitrogen photodegradation

efficiencies was obtained (R =0.94) and this regression is not significant (ANOVA
p=0.37 > 0=0.05 and F=7.40).
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Figure 6.51 The effect of pH on total nitrogen yield (Influent Conc.: 330 mg/L, Nano-ZnO-Magnetite

concentration: 3 g/L, Sunlight irradiation time: 15 h, Sunlight power: 80 W).

Figure 6.52 illustrates the removal of total phosphorous with different pHs (4, 7
and 10) at a 3 g/LL concentration of Nano-ZnO-Magnetite concentration after 15 h
irradiation time with sunlight with a power of 80 W. The maximum removal of total
phosphorous was observed at pH 4 with a yield of 72 %. When the pH of OMW was
increased from 4 to 7 and 10, the removal efficiency of total phosphorous decreased
from 72% to 60% and 45%, respectively. When the pH of OMW was increased, the

removal efficiency of total phosphorous decreased.
A linear relationship between pH variations and total phosphorous

photodegradation efficiencies was obtained (R =0.99) and this regression is

significant (ANOVA p=0.02 < a=0.05 and F=243).
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Figure 6.52 The effect of pH on total phosphorous yield (Influent Conc.: 890 mg/L, Nano-ZnO-

Magnetite concentration: 3 g/L, Sunlight irradiation time: 15 h, Sunlight power: 80 W).

6.6  Kinetic Investigation of Photocatalytic Degradation of COD with using

Nano-Zno-Magnetite Nanocomposite

In this study, zero-order kinetic, first-order kinetic and second-order Kkinetic
models were investigated to detect the removal kinetics of COD and phenol on the

surface of Nano-Zno-Magnetite nanocomposite throughout photodegradation under

UV.
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6.6.1 Zero-Order Kinetics

Zero-order kinetics is always an artifact of the conditions under which the reaction
is carried out. For this reason, reactions that follow zero-order kinetics are often
referred to as pseudo-zero-order reactions. Clearly, a zero-order process cannot
continue after a reactant has been exhausted. Just before this point is reached, the
reaction will revert to another rate law instead of falling directly to zero as depicted

at the upper left (Chemwiki, n.d.).

This situation commonly occurs when the COD or phenol removal reactions are

catalyzed by attachment to a solid surface of Nano-Zno-Magnetite nanocomposite.
General equation of Zero-order reactions is shown below (6.20):
[A] =kt + [A] (6.20)
1s in the form y = mx+b where slope = m = -k and the y-intecercept =b = [A]°
where A’ is the influent concentration of OMW (mg/L) and A is the effluent

concentration of OMW (mg/L) at any time t (min), respectively and k is the constant

. .1
of pseudo-zero-order reaction (min ).
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Figure 6.53 Pseudo-zero-order reaction of COD and phenol.

The R? values for Pseudo-zero-order reaction was found to be 0.9212 for COD
and 0.9312 for phenol, respectively, performed with Nano-ZnO-Magnetite. Pseudo-
zero-order reaction’s the zero order rate kinetic constant is ko. The ko values
evaluated from Pseudo-zero-order reaction plots were found to be 6020 min™ for

COD and 36.7 min™" for phenol, respectively.
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6.6.2 First-Order Kinetics

A first-order reaction is a reaction that proceeds at a rate that depends linearly on

only one reactant concentration.

Differential rate laws are generally used to describe what is occurring on a
molecular level during a reaction, whereas integrated rate laws are used for
determining the reaction order and the value of the rate constant from experimental

measurements Chemwiki (n.d.).

The equation describing first-order kinetics is given below:
In[A]-In[A]°= —k; t (6.21)
where A’ is the influent concentration of OMW (mg/L) and A is the effluent

concentration of OMW (mg/L) at any time t (min), respectively and k; is the constant

of pseudo-firs-order reaction (min'l).
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Figure 6.54 Pseudo-first-order reaction of COD and phenol.

The R? values for Pseudo-first-order reaction was found to be 0.8985for COD and
0.9168 for phenol, respectively, performed with Nano-ZnO-Magnetite.  Pseudo-
first-order reaction’s the first order rate kinetic constant is k;. The k; values
evaluated from Pseudo- first -order reaction plots were found to be 0.185 min™ for

COD and 0.179 min™ for phenol, respectively.
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6.6.3 Second-Order Kinetics

In a second-order reaction, the sum of the exponents in the rate law is equal to
two. The two most common forms of second-order reactions will be discussed in

detail in this section (Chemwiki n.d.).
The equation describing first-order kinetics is given below:
1/ [A]t=kt + 1/[A] (6.22)
where A’ is the influent concentration of OMW (mg/L) and A is the effluent

concentration of OMW (mg/L) at any time t (min), respectively and k; is the constant

. .11
of pseudo-second-order reaction (min ).
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Figure 6.55 Pseudo-second-order reaction of COD and phenol.

The R values for Pseudo-second-order reaction was found to be 0.8043 for COD
and 0.8816 for phenol, respectively, performed with Nano-ZnO-Magnetite. Pseudo-
second-order reaction’s the second order rate kinetic constant is k. The k, values
evaluated from Pseudo-second-order reaction plots were found to be 6E-06 min™ for

COD and 0.0009 min™ for phenol, respectively.
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Among the photocatalytic reaction kinetics used it was found that first-order
kinetic is suitable for the removal of COD (Rzz 0.8985, k;: 0.185 min'l) and phenol
(R2: 0.9168, k;: 0.179 min'l) throughout photooxidation in the OMW with

meaningfull photocatalytic rate constants.

6.7 Identification of Phenolic Compounds in the OMW by HPLC

Calibration graphs were plotted for the three polyphenols (caffeic acid, tyrosol
and hydroxytyrosol) illustrated in Figure 6.56, 6.57 and 6.58, respectively. They will
be used for making measurements on HPLC analysis. For each of a phenolic
compound has been studied four different concentrations (1 mg/L, 10 mg/L, 20 mg/L
and 50 mg/L) for drawing calibration graphs. R* values of calibration graphs of
caffeic acid, tyrosol and hydroxytyrosol was found as 0.99, 0.99 and 0.99,
respectively (Figure 6.56, 6.57 and 6.58).
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Figure 6.56 Calibration graph of caffeic acid.
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Figure 6.57 Calibration graph of tyrosol
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Figure 6.58 Calibration graph of hydroxytyrosol.

6.7.1 Measurement of the Concentration of Phenolic Compounds by HPLC in

Raw OMW

The concentrations of the phenolic compounds identified in the raw sample of
OMW were determined quantitatively. HPLC technique was used to identify and
quantify the caffeic acid, tyrosol and hydroxytyrosol phenolic compounds contained
in the raw OMW. For this purpose, a standards mixture solution of phenolic

compounds was analysed. Sample concentrations were calculated, based on peak
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areas compared to those of each of the external standards. The phenolic compounds
were identified by their retention times in comparison with external standards (Fki et
al., 2005). As a result of this analysis, tyrosol and hydroxytyrosol were measured at A
= 280 nm and caffeic acid was measured at A = 320 nm. Figure 6.59 and 6.60 shows
the concentration of caffeic acid, tyrosol and hydroxytyrosol phenolic compounds,

respectively, containing in raw OMW.

Figure 6.59 shows that 7.07 mg/L concentration of caffeic acid has been found in
raw OMW as a result of HPLC measurements. Hajjouj et al., (2007) have found a
close result to our study. They studied that the analysis of the amount of polyphenols
in the olive mill wastewater and the amount of caffeic acid were found as 5.7 mg/L.
In another study was performed by Mulinacci et al. (2001) and similar results are

reported. 4 mg/L concentration of caffeic acid was found in OMW.
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Figure 6.59 The concentration of caffeic acid found in raw OMW.

According to the results of chromatograms in HPLC analysis, 112.6 mg/L
concentration of hydroxytyrosol and 172.7 mg/L concentration of tyrosol was
identified in raw OMW illustrated in Figure 6.60. In a study investigated by
Akardere (2012), polyphenols were analyzed in the olive oil mill effluents. 115.9
mg/L and 50.3 mg/L concentration of hydroxytyrosol and tyrosol were found,

respectively, and these data are consistent with our results.
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Figure 6.60 The concentration of tyrosol and hydroxytyrosol found in raw OMW.

The results showed that hydroxytyorosl and tyrosol were most abundant phenolic
compounds in OMW (Figure 6.60). Hydroxytyrosol and caffeic acid show a
powerful antioxidant activities (Cofrades et al., 2011; Obied et al., 2007).
Hydroxytyrosol inhibits human LDL oxidation, inhibits platelet aggregation and
exhibits anti-inflammatory and anticancer properties (Bouallagui et al., 2011; Obied
et al., 2007). The caffeic acid also was found in OMW samples, but at very low
concentrations (Figure 6.59). Obied et al., (2008) reported that caffeic acid shows a
higher antioxidant activity than hydroxytyrosol. Tyrosol showed similar
concentrations with hydroxtytrosol in the OMW (Figure 6.60). Samuel et al. (2008)

is reported to be effective in preserving cellular anti-oxidant defenses.

6.7.2 Measurement of the Concentration of Phenolic Compounds by HPLC in
Treated OMW with Nano-ZnO-Magnetite under UV Irradiation

By using 3 g/l Nano-ZnO-Magnetite nanocomposite with 30 min irradiation time
at pH 4 and a temperature of +20 °C with an UV power of 300 W during
photooxidation, the concentration of caffeic acid decreased from 7.07 mg/L to 1.47
mg/L (4,00184¢™) (Figure 6.61) and the caffeic acid yields were recorded as 80%
(Table 6.6). Baransi et al. (2012), investigates the adsorption of the phenolic

compounds caffeic acid on PAC (powdered activated carbon) and TiO,, as well as
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their degradation via direct photocatalysis. 90% removal of caffeic acid was obtained
within 0.5 h of UV exposure time at PAC concentration of 0.45 g/L while in our
study, 80% removal of caffeic acid efficiency was found with 30 min UV irradiation

time at a 3 g/LL Nano-ZnO-Magnetite nanocomposite concentration.
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Figure 6.61 The concentration of caffeic acid found in treated OMW with UV photooxidation (Nano-
ZnO-Magnetite concentration: 3 g/L, T: £20 0C, pH: 4.60, UV irradiation time: 30 min, UV power:
300 W).

And also, the removal efficiencies of tyrosol and hydroxytyrosol were obtained as
80% and 51%, respectively. Their concentrations decreased from 172.7 mg/L to 34.8
mg/L for tyrosol and from 112.6 mg/L to 55.2 mg/L for hydroxytyrosol, respectively,
after treatment with 3 g/LL Nano-ZnO-Magnetite nanocomposite under 300 W UV

irradiation after 30 min irradiation time (Figure 6.62, Table 6.6).
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Figure 6.62 The concentration of tyrosol and hydroxytyrosol found in treated OMW with UV

photooxidation.

Table 6.6 Removal Efficiencies of polyphenols (caffeic acid, tyrosol and hydroxytyrosol) in OMW.

Polyphenols Raw OMW Treatment of Removal
(mg/L) OMW with UV Efficiency
photooxidation (%)
(mg/L)
Caffeic acid 7.07 1.47 80
Tyrosol 172.7 34.8 80
Hydorxytyrosol 112.6 55.2 51

6.8 UV Absorption Spectra of OMW

The UV-visible spectra of the OMW were recorded on a spectro photometer in
the wave lentgs changing from 190 nm to 1100 nm. UV absorption spectra
of raw OMW and treated OMW with UV light were illustrated in Figures 6.63
and 74, respectively. The maximum absorbances were recorded at between
2600 and 4000 at wavelentgs between 180 nm and 380 nm in raw omw. When
OMW were irradiated under UV light with 3 g/ Nano-ZnO-Magnetite
nanocomposite, spectral changes were observed (Figure 6.64). The

maximum absorbances decreased close to zero after UV treatment. The reason of this
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can be explained by the production of polyphenols namely caffeic acid, tyrosol

and hydroxytyrosol after photodegradation of OMW.
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Figure 6.63 Change in UV absorption spectra in the raw OMW.
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Figure 6.64 Change in UV absorption spectra in the treated OMW under UV irradiation (Nano-ZnO-
Magnetite concentration: 3 g/L, pH: 4.60, UV irradiation time: 24 h, UV power: 300 W).

6.9 Determination of Inert Chemical Oxygen Demand (COD) Fractions of Olive
Mill Wastewater

In this study, in order to determine inert fractions of olive mill wastewaters batch
experimental studies were carried out. This analysis is important for modelling,
design and operation of olive mill wastewater treatment systems and determination
of discharge limits. Experimental study conducted on three parallel batch reactors
operated with wastewater sample for 41 days until the COD and glucose levels were
stabilized and a plateau was observed with unchanged COD concentrations during

consecutive 7 days.
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Figure 6.65 shows the total inert COD and soluble inert COD fractions of raw
OMW. Total inert COD and dissolved inert COD of OMW tests were performed. As
a result after the inert COD of glucose reached close to zero, the total inert COD of
raw OMW was found as 8765 mg/L. The soluble inert COD of raw OMW was found
as 3674 mg/L, respectively.
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Figure 6.65 Total inert COD and soluble inert COD of raw OMW (T: £20 0C, pH: 4.60).

Figure 6.66 illustrated the total inert COD and soluble inert COD fractions of
treated OMW at a original pH at a temperature of 20 °C after 30 min irradiation time
at a 3 g/L concentration of nano-ZnO-Magnetite with an UV lamp with a power of
300 W. After treatment with 300 W UV, the total inert COD and soluble inert COD
concentrations of OMW obtained as 694 mg/L and 395 mg/L, respectively.
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Figure 6.66 Total inert COD and dissolved inert COD of treated with UV irradiation of OMW (T: £20

0C, Nano-ZnO-Magnetite conc.: 3g/L, Irradiation time: 30 min, UV power: 300 W, pH: 4.60).

The resulting total inert COD and soluble inert COD of OMW removal efficiency

via photocatalytic treatment was found to be 92% and 89%, respectively as shown in

Table 6.7.

Table 6.7. Removal Efficiencies of total inert COD and soluble inert COD of OMW.

Parameter Raw OMW Treatment of Removal
(mg/L) OMW with UV Efficiency
(mg/L) (%)
Total Inert 8765 694 92
COD
Soluble Inert 3674 395 89
COD

6.10 Determination of Recovery of Nano-ZnO-Magnetite

The main handicap in applying photocatalytic processes for the reclamation of
industrial effluents relies in the cost of the catalyst. In this sense, the difficulty in

recovering the catalyst poses the main technical-economical drawback. To solve this
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problem, a novel photocatalyst with ferromagnetic properties such as magnetite for
ease of recovery and high effectiveness in the treatment of OMW was developed
Magnetic separation provides a very convenient approach for removing and
recycling magnetic particles (such as magnetite) by applying external magnetic
fields. The incorporation of magnetic components into ZnO nanoparticle-based
catalysts may, therefore, enhance the separation and recovery of nanosized Nano-
ZnO-Magnetite (Ye et al., 2010). The evolution of COD, phenol and TS degradation

rates were determined.

From Table 6.8 it can be clearly seen that the utilization of Nano-ZnO-Magnetite
composite first, second, third, fourth and fifth times, the removal efficiency of COD
decreased from 80% to 75%, to 70%, to 64% and to 52%, respectively. Likewise, the
removal efficiency of phenol was decreased from 75% to 68%, to 62%, to 54% and
to 48%. The TS removal efficiency also decreased from 70% to 63%, to 59%, to
57% and to 56%, respectively, after first, second, third, fourth and fifth times
utilisation of the same Nano-ZnO-Magnetite composite . Although in this study very
high recovery yields were not obtained this partly reduce the cost spending for

nanocomposite.

Table 6.8 Recovery of Nano-ZnO-Magnetite (T: 20 — 30 °C, Nano-ZnO-Magnetite Concentration: 3
g/L, UV irradiation time:24 h, UV power: 300 W, pH: 4.60).
Parameters First Second Third Forth Fifth

Treatment Treatment Treatment Treatment Treatment

COD 80% 75% 70% 64% 52%
Phenol 75% 68% 62% 54% 48%
TS 70% 63% 59% 57% 56%
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6.11 Cost Analysis

Cost analysis for 1 liter treatment of OMW under UV light was shown in Table
6.9. Considering all the removal efficiencies for studied parameters in the OMW, the
optimum Nano-ZnO-Magnetite composite concentration was found as 3 g/L for the
maximum removals of all pollutant parameters in the OMW via photocatalysis.
Electricity, UV lamp and Nano-ZnO-Magnetite composite was used for treatment of
OMW. All the comsumptions were calculated and are given in Table 6.7. Total cost
of treatment OMW was obtained as 505.33 TL for treat 1 liter of OMW. 500 TL was
spent for 20 UV lamps, while the chemical cost and nanocomposite cost were only

5.33 TL for 1 liter OMW treatment.

Table 6.9 Cost Analyis of treatment OMW under UV light

Cost Analysis Treatment of OMW under UV light
Uv 1 UV lamp: 25 TL

20 UV lamp: 20 * 25 =500 TL
Electricity consumption 24 hour UV irradiaition: 1.12 TL
Chemicals Magnetite (Fe;O04)(1 kg): 12.99 €

Zinc acetate monohydrate (500 g): 78.40 €
N,N-dimethylformamide (DMF) (1 1t): 152 €

Cost analysis for treatment of 1 For 3 g Nano-ZnO-Magnetite:
liter OMW: 10 g magnetite: 0.1299 € (0.3935 TL)

3 g Nano-ZnO-Magnetite was used 2 g Zinc acetate monohydrate: 0.3136 € (0.95
for treatment of 1 liter OMW under | TL)
UV light. 10 g magnetite, 2 g Zinc 250 mL N,N-dimethylformamide (DMF): 31.25
acetate monohydrate and 250 mL | € (2.87 TL)
N,N-dimethylformamide (DMF) was
used for prepare 3 g Nano-ZnO-

Magnetite.
Total cost for treatment of 1 liter 500 TL +1.12 TL + 0.3935 TL + 0.95 TL + 2.87
oMW TL = 505.33 TL

The cost of chemicals is calculated according to market prices. Electricity costs are
calculated according to the consumer price industrial units. Recent euro exchange rate was

used to convert the Euro currency Turkey (1€ = 3.03 TL).
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6.12

A Summary for Statistical ANOVA Test Results

The sensitive operating parameters in adsorption process are listed below;

TS and total phosphorous parameters are sensitive in determination of optimum
Nano-ZnO-Magnetite concentration.

TS and total phosphorous are sensitive in determination of optimum adsorption
time.

Phenol and total phosphorous are sensitive in determination of optimum pH.

The sensitive operating parameters in photocatalytic process under UV light are

listed below;

All pollutants (COD, phenol, TS, total nitrogen and total phosphrous
parameters) are sensitive in determination of optimum Nano-ZnO-Magnetite
concentration and optimum irradiation time.

Total nitrogen and total phosphorous parameters are sensitive in

determination optimum pH.

The sensitive operating parameters in photocatalytic process under sun light are

listed below;

Phenol, TS and total nitrogen are sensitive in determination of optimum
Nano-ZnO-Magnetite concentration.

Total phosphorous is sensitive in determination of optimum sunlight
irradiation time.

Total phosphorous is sensitive in determination of optimum pH.

120



CHAPTER SEVEN
CONCLUSION

This work aimed to study olive mill wastewater treatment process based on
adsorption and photocatalytic oxidation using Nano-ZnO-Magnetite. UV and
sunlight was used for energy source and the removal efficiencies of pollutant

parameters were compared under different operational conditions.

Five pollutants removal efficiencies (COD, phenol, TS, total nitrogen and total
phosphorous), polyphenols (caffeic acid, tyrosol and hydroxytyrosol),
nanocomposite concentration, time and pH were investigated for two treatment
processes and adsorption process. Table 7.1 shows the comparison of removal

efficiencies.

Table 7.1 The comparison of removal efficiencies.

Maximum Removal Efficiencies (%)
Treatment Processes
OPTIMUM Total Total
COD Phenol TS
Nitrogen Phosphorous
Adsorption
(3 g/LL Nano-ZnO-
12% 9% 10% 7% 10%
Magnetite and 180 min
pH: 4 pH:4 pH:4 pH:10 pH:10
adsorption time)
Photocatalytic
treatment under UV
light
80% 75% 70% 97% 85%
(3 g/ Nano-ZnO-
pH: 4 pH:10 | pH:4 pH:10 pH:4
Magnetite and 30 min
irradiation time)
Photocatalytic
treatment under sun
light
76% 64% 34% 39% 72%
(3 g/L Nano-ZnO-
pH: 4 pH:10 | pH:4 pH:10 pH:4
Magnetite and 24 h
irradiation time)
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Table 7.1 shows that;

The adsorption processes are not suitable for treatment of OMW with using Nano-
ZnO-Magnetite. The removal efficiencies of COD, phenol, TS, total nitrogen and

total phosphorous are too low.

The removal efficiencies of COD (80%-76%), phenol (75%-64%) and total
phosphorous (85%-72%) from the UV studies are slightly higher from the sunlight

studies.

The removal efficiencies of TS (70%-34%) and total nitrogen (97%-39%) from
the UV studies are strongly higher from the sunlight studies.

For maximum removal efficiencies of COD, TS, total phosphorous and total
nitrogen pollutant parameters of OMW, the optimum irradiation time was selected as
30 min for UV and 15 h for sunlight. Much lower time was spent for photocatalytic

studies under UV light (30 min) compared to sunlight irradiation time (15 h).

For maximum removals of COD, TS and total nitrogen the optimum pH was
found at pH: 4 .60 which this is the pH of the original pH value of OMW. This
decrease the cost of the chemical utilized in both photocatalytic studies (under UV

light and sunlight).

In this study by using Nano-ZnO-Magnetite nanocomposite through advanced
treatment with UV photooxidation, The removal efficiencies of caffeic acid, tyrosol
and hydroxytyrosol were found as 80%, 80% and 51%, respectively. UV

photoxidation process was suitable for removal of polyphenolic compounds.

In this study, recovery of nano-ZnO- Magnetitewith five treatment sequential
steps was investigated. The removal efficiencies of COD, phenol and TS was only
decreased from 80% to 75%, from 75% to 68% and from 70% to 63%, respectively,

for second treatment recovery cycle. After five treatment cycle, the removal
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efficiencies of COD, phenol and TS was decreased to 52%, from 48% to 56%,
respectively. According to resuls, the recovery and reuse of photocatalyst minimizes

the operating costs of the treatment process.

Cost analysis was made for removal of OMW under UV light. Total cost of
treatment OMW was obtained as 505.33 TL, while 500 TL was spent for 20 UV
lamps. Only 5.33 TL was spent for treatment of 1 liter OMW.

Nano-ZnO-Magnetite can be re-used in the treatment processes. This decrease the

cost of treatment.

Recommendations for future studies

Some of the recommendations for future studies are listed below:

e Nano-ZnO-Magnetite have been recommended to be efficient photocatalysts
for the degradation of various toxic, organic pollutants such as COD, phenol,
TS, total nitrogen and total phosphorous in OMW.

e The investigations also suggest that the coexistence of photocatalyst and
lights exposure is necessary for photocatalytic degradation of OMW.

e Various operating parameters such as irradiation time of UV light, pH of the
OMW, concentration of catalyst Nano-ZnO-Magnetite and type of catalysts
have a considerable effect on degradation efficiency of pollutants in OMW.

e Optimization of the photodegradation parameters is essential from the
viewpoint of efficient design and the application of photocatalytic oxidation

processes to sustainable OMW treatment process.
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