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ASSESSMENT OF MOLECULAR SIZE DISTRIBUTION EFFECTS O N
THE NONSELECTIVE OXIDATION OF TRACE METAL HUMIC ACI D
BINARY SYSTEM

The objective of this research to investigate tfieces of zinc ions on the nonselective
photocatalytic degradation of humic acid in aquemeslium. The photocatalytic oxidation
of humic was carried out using Tiegussa P-25 as the photocatalyst. The degradation
kinetics was assessed based on pseudo first dideradsorption experiments were also
evaluated by using appropriate adsorption isothefifhe complex interactions between
the surface properties of titanium dioxide andrt@ecular size dependent fractions of the
humic acid were studied. The role of the metal e@mplexation as expressed by the
“binary system effect” on the photocatalytic degtamh efficiency of humic acids with
respect to molecular size fractions was deduceé. &tperiments were conducted with
different molecular size fractions such as rawbsQu4n filtered fraction, 100 kDa fraction
and 30 kDa fraction of Aldrich humic acid solutionthe presence and the absence of zinc
ion The molecular and structural characteristiceshef humic acid molecule relative to
changes during photocatalytic oxidation were evalli@n a comparative basis by UV-vis

and fluorescence spectroscopy.

The declining trend of the specified UV-vis paraenst the related changes in the
fluorescence spectra indicated the oxidative degiaa of humic acid. As confirmed by
the spectroscopic evaluation of the molecular dig&ribution, photocatalytic degradation
of humic acid led to the formation of lower molemulsize and higher UV-absorbing
compounds. The complexity of the structure of huag@ molecule and the presence of
zinc ions in the system can change the photocatadyidation properties of humic acid
through oxidation and adsorption processes. Theoreaf insignificant changes could be

attributed to low concentrations of zinc with resfp® humic acid concentration.



Vi

MOLEKULER BUYUKLUK DA GILIMININ HUM iK ASIiT- iz METAL iKiLi
SISTEMININ SELEKTiF OLMAYAN OKS iDASYONU UZERINE ETKILERININ
DEGERLENDIRILMESi

Bu argtirmanin amaci, sulu ortamdaki himik asitlerin se@lmayan fotokatalitik
bozunma Uzerinde ¢inko iyonlarinin etkilerini gnanaktir. Himik asitlerin fotokatalitik
oksidasyonu Ti@ Degussa P-25 fotokatalizor kullanilarak yapstmi Bozunma kinegi
birinci dereceden reaksiyon kinetik modelleri tmdan dgerlendirilmistir. Adsorpsiyon
deneyleri de uygun adsorpsiyon izotermleri kullarak dgerlendirilmistir.
Titanyumdioksit ytizey 0©zellikleri ve humik asitin abekiler buyUklge baimh
fraksiyonlari arasindaki karmiéx etkilesimler argtiriimistir. Himik asidin fotokatalitik
bozunma verimliginde molekiler buyukige ba&iml fraksiyonlara bgli olarak metal
iyonu komplekslgmesinin roli 1kili sistem etkisi" ile ifade edilerek ortaya
cikarilmaktadir. Deneyler c¢inko vatinda ve yoklgunda Aldrich himik asit
solisyonunun ham, 0.45 um filtre edignfiiaksiyonu, 100 kDa ve 30 kDa fraksiyonu gibi
farkli molekuler boyut fraksiyonlari ile yapilgtir. HUmik asitlerin fotokatalitik
oksidasyona kamli olarak dgisen molekuiler ve yapisal 6zellikleri UV-vis ve flsans

spektroskopisi ile karlastirmali olarak dgerlendiriimektedir

Belirtilen UV-vis parametrelerinde iy egilimi ve buna bgh olarak floresans
spektrumundaki dgsiklikler himik asitlerin oksidasyon parcalanmasg@istermektedir.
Molekuler buyukluk dagilimi verilerinin  spektroskopik olarak gerlendiriimesiyle
onaylandgl gibi, humik asitlerin fotokatalitik olarak pargamasi dgilk molekiler
agirhkh ve yuksek UV-absorbe eden hilelerin olusumuna neden olmaktadir. Himik
asitlerin karmgk molekll yapisi ve sistemde cinko iyonlari v@rlioksidasyon ve
adsorpsiyon proseslerinde humik asitlerin fotoktal oksidasyon 6zelliklerini
desistirebilir. Onemsiz dgisikliklerin nedeni cinkonun humik asit konsantrasyioa gore

disUk konsantrasyonlarda bulunmasi nedenirigdnabilir.
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1. INTRODUCTION

The decomposition of plant, animal and olical material in soil and water produces
a variety of complex organic molecules collectivelgfined as natural organic matter
(NOM). NOM can be divided into two fractions; hygiwbic (humic substances), and
hydrophilic (hon-humic subtances). NOM is potemyiaihportant in binding and transport
of inorganic and organic micropollutants; it mayomote the formation of harmful
byproducts during chlorination of drinking waterhel functionality of NOM and its
susceptibility to water treatment processes is gwe by a number of factors such as
polymeric molecular structure and molecular sizetion profiles. Chemical composition
varies with molecular size and differences in tliiensical composition between size
fractions may have significant results on the emwinental chemistry and geochemistry of
humic substances. The differences in the structiatacteristics, chemical environments
and functional group contents of the humic acidctfoms also affect the adsorption
capability.

Humic acids are heterogeneous anionic macromolkecole low to moderate
molecular weight containing both aromatic and aiph components with primarily
carboxylic and phenolic functional groups. The higffinity of humic acids for
complexation with various pollutants including hgametals and pesticides causes
contamination of ground and surface water. Durinigrenation step, humic acid can form
very toxic disinfection (chlorinated organic compds including trihalomethanes) by-
products which exhibit mutagenic properties in kirig water treatment. Because of these
reasons, several methods are used to remove thie haids from water such as advanced
oxidation processes (Benoit et al., 1993; Kainuleaiet al., 1994; Uyguner and Bekbolet,
2005b).

Molecular weight is one of the essential propertiegt need to be measured to
understand the physical and chemical charactesigticd chemical reactivity of humic
acids. Lower molecular weight molecules have smatblius, permitting nanopore
adsorption, tend to be more hydrophilic resultinggreater bioavailability and increased
mobility through porous media, and display rapitfugion allowing for rapid adsorption



to mineral surfaces. On the other hand, higher cutde weight humic acid molecules tend
to be more aromatic resulting in enhanced hydroghotganic carbon partitioning, have
higher electrostatic potential, greater metal bigdcapacity, and tend to increase the

adsorption affinity resulting in decreased mobility

Photocatalytic oxidation is used for breaking dawganics into simpler components
of water and Cg destroying organic pollutants, bacteria and \@s sletoxifying drinking
water, purifying air streams and removing metadenfiwaste streams. Ty@an be used in
photocatalytic reactors for degrading contaminamtiéquid and gas streams (Carp et al.,
2004). Due to the surface oriented nature of pladtdgsis, adsorption of humic acids onto
TiO, should also be considered as an effective pararwetehe efficiency of degradation.
On the other hand, acid-base properties of, a0 govern the adsorption process since
the main functional groups residing on the humicletgle express pH dependent
deprotonation capabilities.

The presence of dissolved metal ions is commonaiiral waters as well as in
industrial wastes and they can affect the rate effidiecny of photocatalytic reactions.
Since humic substances display a key role in thdinty of many elements in the
environment, the behavior of metal-humic acid caarps deserves to be investigated. The
main objective of this research is to investigaie eéffects of zinc ions on the nonselective
photocatalytic degradation of humic acid and itdanolar fractions in agueous medium.
The spectroscopic properties of each size fracivene characterized and compared by
UV-vis spectroscopy and fluorescence spectroscapgmission and synchronous scan
modes. The molecular and structural characterisiicthe humic acid molecular size
fractions relative to changes during both photdgais and adsorption experiments were
monitored by UV-vis and fluorescence spectroscopy.



2. THEORETICAL BACKGROUND

2.1. Natural Organic Matter

Natural organic matter is the broken down orgamétter that comes from plants and
animals in the environment. Basic structure of N@Vtcomprised of cellulose, tannin,
cutin, lignins, proteins, lipids, aminoacids anthgie sugars. NOM displays wide range
properties in terms of acidity, molecular weighdamolecular structure (Goslan et al.,
2002).

NOM is present throughout the ecosystem and prevmlgrition to living plant and
animal species in the environment. Because ofalsbdity, it has an important role in
transporting the contaminants in the environmedrntah pass through soil and mainstream
water with waterflow. NOM in water is usually aséom living or decayed vegetation
and microbial decomposition processes. One of tlst nmportant source of organic
matter in fresh water supply is algal and cyanadr@adtbiomass, which is mostly aliphatic
and devoid of lignins. The NOM in many water sosrége comprised of hydrophobic
(humic and fulvic acids), hydrophilic (non-humicbstances), carboxylic acids, amino
acids, carbohydrates and hydrocarbons.

NOM affects potable water quality in the areas isirdection by-products (DBPS)
formation, biological regrowth in the distributiegstem, affects organoleptic properties of
water, such as; color, taste and odour (Siddig@l.etl997; Khan et al., 1998). For this
reason, the treatment of water to remove naturghroc matter has a significant
importance. The characteristics (molecular weigthtarge, hydrophobic and, aromatic
nature etc.) of natural organic matter with its meonstituent, humic substances, give the
opportunity of several removal methods. Becaus¢heflarge molecular size, filtration
through nanofiltration membranes can be used whekiNoncentration and color is high.
Because of the charge and colloidal nature, NOM lmarremoved by coagulation and
flocculation. The color of NOM may effectively bemoved by ozonation (or another

strong oxidative method.



The methods to remove natural organic matter inkagrg water treatment include
coagulation, ion exchange, chemical oxidation, mamé filtration and activated carbon
adsorption (Letterman, 1999). Recently researchesadvanced oxidation processes
(AOPs) such as ozone (Siddiqui et al., 1997) andmrogen peroxide (Toor and
Mohseni, 2007), with or without being photoassistath UV light are performed. The
combination of these treatment processes has edsmtan improved removal efficiency
of NOM compared to that of single process (Feagh@l., 2004).Oxidation processes
have also been applied in the treatment of drinkireger. The main purpose of these

processes is to improve the biodegradability of N(Hdigné, 1998).

2.1.1. Humic Substances

Humic substances are the natural organic polyelgtes that form by the microbial
degradation of plant and animal tissues and biooutgs (lipids, proteins, carbohydrates
and lignin) dispersed in the environment afterdkath of living cells. Humic substance is
a supramolecular structure of small bio-organicenoles (having molecular mass < 1000
Da) self-assembled mainly by weak dispersive fosigsh as van der Waals foreer,
and CH= bonds into only large molecular sizes (Piccold)20 It is known that humic
substances are the most stable fraction of orgaratier is soils and can persist for

thousands of years (Stevenson, 1994).

Humic substances are classified into three caieg@epending on the solubility in
alkali or acid solutions: (i) fulvic acids (FA), uwdh are soluble in water under all pH
conditions. Fulvic acids remain in solution aftemoval of humic acid by acidification.
Fulvic acids are light yellow to yellow-brown inloo; (ii) humic acids (HA); which are
not soluble in water under acidic conditions (pR2)<but are soluble at higher pH values.
They can be extracted from soil by reagents. Theydark brown to black in color. Humic
acids are completely soluble only in strongly basitution. Their solubility increase with
increasing pH and decrease with increasing inextedlyte concentration (Kipton et al.,
1992); (iii) humin, which is not soluble in water @any pH value. Humins are black in
color. There are not so much differences betweenitacids, fulvic acids and humins.
They are all part of a heterogeneous supramolesyttem and the differences between

the subdivisions are because of variations in cbaingiomposition, acidity, size, molecular



weight, degree of hydrophobicity and self-assooreti of molecules. The chemical

properties of humic substances are presented urd-@)1 (Stevenson, 1982).

Hurmic substances
(pigmenteld polymers)

L -1 -1
Fulkvic acid Humic acid HLImin
Liciht e llowy
el loww brEcrn

increase in intensity of colour _—
increase in dedree of palymerization —

T O00—— increase in malecularweidght — 300 000 ?
4594 increase incarbon content —B2%
48%% decrease in o¥ygen content —30%
1400 decrease in exchange acidity ——=A00

decrease in degree of solubility ——

Figure 2.1. Chemical properties of humic substari¢éevenson, 1982).

Humic substances (HS) represent most of totalnocgaarbon in global carbon cycle,
forming the major organic fraction in soils (betmeg0% and 80%) and the largest
fraction of natural organic matter in stream, rjiweetland, lake, sea, and ground waters
(Senesi and Loffredo, 1999). The removal of hunibssances has become increasingly
important in light of the potential to form carcgenic disinfection by products (Hu et al.,
2006).

2.1.1.1. Structure and Composition of Humic Sulbsta. Humic substances vary in

composition depending on their source, location #mel method of extraction. The
elemental composition ranges cover the three tygfebumic substances, the carbon
content of a humic material could display a vaoiatirend in the following series, FA <
HA < Humin (van Loon and Duffy, 2000). Humic acidgntain more hydrogen, carbon,
nitrogen and sulfur than fulvic acids. The range etdmantal composition of humic
substances is 40-60% carbon, 30-50% oxygen, 4-586oggn, 1-4% nitrogen, 1-2%
sulfur and 0- 0.3% phosphorus.



Hydrophobic

Figure 2.2.Portion of the structure of humic acid (WandrusZ&Q)0.

Three general properties representing the majorackexistics of humic substanc
could be explained by their polyfunctionality, macrolecular chare and hydrophilicity.
The structural diversity of humic acids could als® displayed by computer simulati

studies (Figure 2.2).
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Figure 2.3 The model structure of humic acid (Stevenson, 1.



Studies related to the structural analysis hawevatthat humic substances have both
aromatic and aliphatic characteristics (Figure.Zl8e dominant functional groups which
cause to surface charge and reactivity of humicstauges are phenolic and carboxylic
groups (Stevenson, 1994umic substances are complex aromatic macromoleauli
aminoacids, aminosugars, peptides, aliphatic comg®uncludes linkages between the
aromatic groups. The hypothetical structure for tumcid contains free and bound
phenolic OH groups, quinone structures, nitroget @xygen as bridge units and COOH
groups placed on aromatic rings. It contains cayh@mine, hydroxyl, and phenol groups
(Brady, 1990).

2.1.1.2. Environmental Effects of Humic Substant&smic substances have important

physiological properties; many of these are coretedp their sorptive properties.
Chemical influences include physicochemical reastiocof the compounds such as
sorption, coagulation, acid-base interactions, dergtion reactions and chemical changes
such as oxidation, reduction, hydrolysis and phwototical reactions. Physical influences
include processes that transport or disperse clasniBiological influences are uptake

and depuration by organisms and food chain (SafidtMacCarthy, 1989).

Humic substances in drinking water are reeddbecause of many reasons. They give
brown/yellow colour and undesirable taste to théewthat is not aesthetically pleasing for
domestic consumers. The colour is unsuitable fepidyper, beverage and textile industries.
It is also well known that humic substances updoraiation form mutagenic halogenated
compounds such as trihalomethanes (Aiken et a85119he undesirable trihalomethanes
formation may lead to the deterioration of humamltie (Rook, 1974; Singer, 1999).
Humic acids are the most important sunlight abssrie natural waters and they can
photosynthesis the oxidation of certain aquaticlypahts and biologically important
substances (Aiken et al., 1985).

2.1.1.3. Influences of Aquatic Humic Substances Oratment Processe$iumic

substances compete for adsorption sites with targefpounds in coagulation treatments
and activated carbon adsorption (Goel et al., 19&&)se plugging and fouling problems
on membranes (Yoon et al., 1998; Kulovaara et1&99), form soluble complexes with

many heavy metal ions and organo-pollutants (Suaifet MacCarthy, 1989), promote the



formation of bio-film in water distribution pipeles (Volk and LeChevallier, 2002),
increase the bacteria regrowth potential in digtidn system resulting in pipe corrosion
(Camper, 2004) and most importantly they can aksactr with chlorine during water
disinfection process to form disinfection byprodustuch as trihalomethanes (THMSs),
haloacetic acids, and haloacetonitriles (Richard$688).

Humic acids (HA) are among the most widebcurring natural products and are
present in lakes and rivers as water-soluble comg®{Suffet and MacCarthy, 1989).
Humic acids show colloidal behavior and interacthwother chemical species in the
natural environment. They can form complexes wittals and organic pollutants such as

pesticides, insecticides and herbicides (Bennetaiics, 1993).

Many different treatment technologies suah enhanced coagulation, advanced
oxidation methods (Kitis and Kaplan, 2007), addorp{Peng et al., 2006; Uyguner et al.,
2007), biofiltration (Melin and Odegaard, 1999; 8cka et al.,, 2006), membrane
processes (Petala and Zouboulis, 2006), and phatgsas (Bekbolet et al., 1998; Selcuk
et al., 2003; Murray and Parsons, 2004) were agpheorder to remove humic acid from
water. By using low-cost adsorbent for adsorpt®one of the most efficient methods in
humic acid removal. In the past years, differergoaldents have been used for humic acid
adsorption including activated carbon, clays, zeaind metal oxides. It is necessary to
understand the behavior of HAs, in established atetnative processes, especially those

inducing chemical changes in the humic structure.

Lots of different humic molecules in digerphysical associations are mixed together
in natural environments. Hence, it is difficult teeasure their exact concentrations and
separate them to a certain class of bio-organieocuté¢s. The concentrations of humic acid
classes can be estimated out of concentrations rghn@ matter (typically from
concentrations of total organic carbon (TOC) orsdiged organic carbon (DOC)). The
presence of humic acid in water intended for petabt industrial use can have a
significant effect on the treatability of that watand the success of chemical disinfection
processes. The suitable methods of determining dvagid concentrations are essential in

preserving water supplies, especially from uplaeadty catchments in temperate climates.



Humic substances generally constitute 30-50% ef dissolved organic carbon
(DOC) of natural DOM in surface waters (Thurman Matgan, 1981). In surface waters,
the humic content which is dissolved organic carid®C) varies from 0.1 to 50 mg'L
in dark-water swamps. In ocean waters, the DOCesafiiom 0.5 to 1.2 mgtat the
surface, and the DOC in samples from deep grouredw/és between 0.1 and 10 mg.L
About 10% of the DOC in surface waters is founduspended matter, either as organic or

organically coated inorganic particulates.
2.2. Trace Metals

Trace metals are the metals in small quantitieztly@t molecular level, that present
in animal and plant cells and tissue. They mayrethie water through corrosion products
or simply by the dissolution of small amounts oftat® with which the water comes in

contact.

Trace metals may interact with other componentscivipresent in the natural
system, such as dissolved low-molar-mass organinavganic ligands, high-molar-mass
particulate organic or inorganic materials, andnbiv organisms. Although they are a
necessary part of nutrition; if they are taken hggrantities, they can be toxic. Trace
metals such as iron, copper, chromium, cadmiund, legercury, manganese and zinc are
the major constituents of the aquatic systems. AtoAbsorption Spectrometer and
Inductively Coupled Plasma Emission Spectrosco@P]lcan be used to identify these
metals. The natural concentration of metals inhfresiter varies dependent on the metal
concentration in the soil and the underlying geimalgstructures, the acidity of the water,
its humus content and particulate matter conceatratl he toxicity of metals is dependent

on their solubility, pH, different types of anioasd cations.

Metal ions, especially form of metal salts, aresdiged in groundwater and surface
water when the water contact with rock or soil thattains metals. Metals can also enter
with discharges from sewage treatment plants, indiligplants, and other sources. The
metals found in the highest concentrations in @htwaters are calcium and magnesium.
These are usually connected with the carbonatsndi6s>). Calcium and magnesium are

non-toxic and absorbed by living organisms easian tthe other metals. If the water is
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hard, the toxicity of a toxic metal is reduced. e other hand, in soft water, the same
concentrations of metals may be more toxic (Kawtaal., 2009). From the point of view
of health; metals can be divided into two groupstats with an undesired effect (Fe, Mn,
Cu, Zn, Co, Ba, Ag) and metals giving a negativecteffect (As, Cd, Cr, Hg, Ni, Pb, Sb,
Se). Heavy metals have a tendency to accumuldteeibody and the food chain, because

of this reason they can give chronic damage in (idpostoli et al., 2006).
2.2.1. Zinc

Zinc is an essential trace element in all biolagisystems studied and plays a
fundamental role in the structure and function aimerous proteins, including
metalloenzymes, transcription factors, and hormoeweptors. After ingestion, zinc in
humans is initially transported to the liver andtdbuted throughout the body, where it is
found in all tissues, organs, and fluids. Zinc shges can even cause birth defects. Zinc is
naturally present in water. Zinc does not volatilfrom water but is deposited primarily in
sediments through adsorption and precipitatiors fbund in the environment primarily in
the +2 oxidation state. The primary anthropogeniaaes of zinc in the environment (air,
water, soil) are related to mining and metallurgperations involving zinc and use of
commercial products containing zinc. Waste stredinoen zinc and other metal
manufacturing and zinc chemical industries, dormestaiste water, and run-off from soil
containing zinc can discharge zinc into waterw&sspended (i.e. undissolved) zinc may
be dissolved with changes in water conditions (@.solution speciation) or may sorb on
to suspended matter. It dissolves in acids to foydrated ZA" cations and in strong bases
to form zincate anions, which are hydroxo complexeg. [Zn(OH)]” and [Zn(OH)]*
(Essington, 2004).

Environmental toxicity of zinc in water is depenti@pon the concentration of other
minerals and the pH of the solution, which affdog figands that associate with zinc
(Heijerick et al.,, 2002; Paquin et al., 2002; Samtet al., 2002). Zinc has a strong
tendency to react with acidic, alkaline, and inafgacompounds. Zinc processing plants
have attempted to limit releases to the environnigntusing techniques such as water
reuse and control of particulate emissions. In tadi liquid effluents are limed and

allowed to settle so that zinc can precipitate asitthe hydroxide (Lloyd and Showak,
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1984). Desorption of zinc from sediments occursasity increases (Helz et al., 1975),
apparently because of displacement of the adsarimedions by alkali and alkaline earth

cations, which are abundant in brackish and salisters.

Zinc in aerobic waters is partitioned into sedinsetitrough sorption onto hydrous
iron and manganese oxides, clay minerals, and argaaterial. The efficiency of these
materials in removing zinc from solution varies @ckng to their concentrations, pH,
redox potential, salinity, nature and concentraiohcomplexing ligands, cation exchange
capacity, and the concentration of zinc. Preciitabf soluble zinc compounds appears to
be significant only under reducing conditions ighiy polluted water. Zinc can occur in
both suspended and dissolved forms in surface waissolved zinc may occur as the free
(hydrated) zinc ion or as dissolved complexes amupounds with varying degrees of
stability. The transport of zinc in the aquatic eorment is controlled by anion species. In
natural waters, complexing agents, such as hunnilc e&n bind zinc.

Zinc usually remains adsorbed to soil and does vadatilize from soil. Zinc
accumulation in soil resulting from waste disposalcurred primarily as inorganic
precipitates. The mobility of zinc in soil also @epls on the solubility of the speciated
forms of the element and on soil properties suchati®n exchange capacity, pH, redox
potential, and chemical species present in sodieumnaerobic conditions, zinc sulfide is

the controlling species.

Zinc undergoes reactions in sediment and soil wimgl precipitation/dissolution,
complexation/dissociation, and adsorption/desonptin acidic sediments and soils, more
zinc is available in ionic forms, and cation exapanprocesses influence its fate.
Depending on the nature and concentrations of atimdrile metals in sediments and soils,
competition for the binding sites probably occumnsthe absence of suitable binding sites,
zinc may be mobilized. In alkaline soils, the chetnyi of zinc is dominated by interactions

with organic ligands.

As an element, zinc does not degrade in the envieon. Degradation of an element
is a nuclear process by definition, and stable efgm) such as zinc, typically undergo such

processes only at insignificant rates in the emwirent. Zinc can change from one form to
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another, sometimes reversibly, in numerous chemezdtions that can proceed under a

wide range of common environmental conditions.

Elementary zinc does not react with water moleculég stability of zinc complexes
depends on the pH of the water and the natureeotdmplex. When the pH of the water
decreases, the concentration of zinc ions in thiemghase increases at the same rate as
that of the release of zinc from the sediment. Bibty increases with increasing acidity.
Above pH 11, solubility increases. At lower pH vedu zinc remains as the free ion. The
free ion (ZA") tends to be adsorbed and transported by suspesuiets in unpolluted
waters. In polluted waters in which the concentratbf zinc is high, removal of zinc by
precipitation of the hydroxide is possible. Zinmazcur in both suspended and dissolved
forms in surface water. Dissolved zinc may occuthes free (hydrated) zinc ion or as
dissolved complexes and compounds with varying ekgrof stability. In anaerobic
environments and in the presence of sulfide ionsgipitation of zinc sulfide limits the
mobility of zinc. The relative mobility of zinc isoil is determined by the same factors that
affect its transport in aquatic systems (i.e. sititybof the compound, pH, and salinity)
(Selim and Iskandar, 1999). Zinc dissolves in wagZnOHaq0r Z1t*4q In the following
reaction; the zinc ion form a protective, waterolnble zinc hydroxide (Zn (OH) layer

with dissolved hydroxide ions:
Zn+ 20H « Zn (OH) (s) (2.1)

If zinc, Zn(s) reacts with 'Hons, hydrogen gas is released that could funteact

with oxygen;
Zn(s) +2H Zn"" (aq) + H(9) (2.2)

The average zinc concentration in seawater is uf-6*. River waters contain 5-10
ng L zinc. Algae contain 20-700 mg'|sea fish and shells contain 3-25 m{j bysters
contain 100-900 mgt and lobsters contain 7-50 mg LThe World Health Organization
(WHO) stated a legal limit of 3 mg'Lzn** in drinking water. The limit set by EPA is 5
mg L* Zn®*. When ISKI {stanbul Su ve Kanalizasydidaresi) Water Quality Reports

were checked, it was observed that the Zn condérirs less than 0.1 mglin finished
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istanbul drinking water. At concentrations of ab8umg L' zn**, zinc may give an

unwanted flavour to watei§Ki, 2010).

The binding of protons and metal ions bymiw substances cause many
environmental problems such as the transport andvhilability of heavy metals, the
impacts of acid rain on soils and the migratiomagfionuclides in groundwaters (Tipping,
1998). For these reasons, metal-HS complexatiolyspkn important role in the
environment, since heavy metals are continuousky mmcreasingly released into the
environment by numerous human activities (Bakef12(Ban Vicente de la Riva et al.,
2002). The binding of metal ions by humic substanise one of the most important
environmental qualities of humic substances. Timslihg can occur as chelation between
a carboxyl group and a phenolic hydroxyl group,caslation between two carboxyl

groups, or as complexation with a carboxyl grougyFe 2.4).
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Figure 2.4. Binding of a metal ion, ¥ by humic substances (a) by chelation between
carboxyl and phenolic hydroxyl, (b) by chelationveeen two carboxyl groups, and (c) by

complexation with a carboxyl group (Manahan, 2001).

Zinc-humic acid complexes may be 50% dissociatgoHab.5 and the dissociation
rate may be higher as the pH decreases (Guy arkl&fzati, 1976). Therefore, as the pH
of the water decreases, the concentration of zins in the water phase increases at the

same rate as that of the release of zinc fromeHersent.

The presence of a strong metal-complexing liganddcturther influence the effect
of pH on the release of zinc. The zinc in the soiutphase was determined by the
interactions between concentration of the complgtigand, the competing cation in the

solution and the pH (Lombnees et al, 2008).
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2.3. Photocatalysis

Photocatalysis is a reaction which uses light tivate a substance which further
modifies the rate of a chemical reaction withoutngeinvolved itself. In chemistry,
photocatalysis is the acceleration of a photoreactn the presence of a catalyst. In
catalysed photolysis, light is absorbed by an dmbrsubstrate. In photogenerated
catalysis the photocatalytic activity depends or #bility of the catalyst to create
electron—hole pairs, which generate free radichjgiroxyl ions; OH) able to undergo
secondary reactions. Its comprehension has beea pussible ever since the discovery of
water electrolysis by means of the titanium dioxiégure 2.5).

The photocatalysis is based on the combined udevofenergy UV-A light and
semiconductor photocatalysts. The anatase formi©@f & the preferred semiconductor
photocatalysts, because it is inexpensive, nonguaootosive, non-toxic, capable of
photooxidative destruction of most organic pollasarchemically and biologically inert
and commercially available. Photoinduced reactivity titanium dioxide has been

extensively discussed by Carp and co-workers (Eagb., 2004).
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Figure 2.5. Simplified Ti@photocatalytic mechanism.

The most important feature of this process is #@egation of the «OH radicals upon
irradiation. The oxidation reactions of the adsdri@H ions or HO molecules with the
photogenerated holes yield HOe radicals which cagrade a great variety of organic
compounds (Mills and Le Hunte, 1997; Pichat, 1997).
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Photocatalysis over a semiconductor oxide such@sis initiated by the absorption
of a photon with energy equal to or greater thabidind gap of the semiconductor (3.2 eV
for TiO,), producing electron-hole (8" pairs. Following irradiation, the TiQparticle can
act as either an electron donor or acceptor foremués in the surrounding media.
However, the photoinduced charge separation in B#&bg particles has a very short
lifetime because of charge recombination. Therefdras important to prevent hole-
electron recombination before a designated chemézadtion occurs on the TiBurface.
The formation of redox pair could be followed bgpective reactions or a recombination

reaction resulting in the dissipation of the reaxzgpecies (Equations 2.3-2.4).

(i) Formation of redox pair through light absorption(& Eyg):
TiO2 + hv (UV) - TiOz(€cp + h+VB) (2.3)

(i) Direct recombination reaction leading to the inzatiion of the electron hole pair:
TiO» (e'CB + h+\/B) - TiO, + heat (24)

(iii) Photogenerated holes’{fz) may directly oxidize the organic substrate, Shaned
to the oxide surface. The principal hole trapsaatsorbed KO molecules and OH
forming HO radicals. The HQ) radicals adsorbed on the semiconductor surface

are the prominent reactive species due to thein bigdant power (E= +2.80 V)

and possible competing reaction leads to the faamatf hydrogen peroxide.

h've +S - S* (2.5)
h'vg + HO - HO + H' (2.6)

h've + OH — HO' 2.7)
HO' + HO — H0; (2.8)

(iv)On the other hand, in the presence of electronesaprs (i.e. € reduction

reactions may take place leading to the followieguence of the reactions:
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€+ 0 - O (2.9)
€cp + HO; - OH + HO (2.10)
O, +H" - HO, 12)
O+ HO, - HO; + O (2.12)
HO; + HG, - Oz + HO, (2.13)
Hz0z « HO, +H' pK:=11.6 (2.14)
HO" + HO, - H;0 + O (2.15)

Heterogeneous photocatalytic process takes placeigh a complex sequence of
reactions. The relevant reactions at the,E@face causing the degradation of the organic
compounds could be outlined by equations (2.3)5(2.Hydroxyl radicals are created
from water when UV light is absorbed by the titanidioxide layer. The energy causes
electrons to move to the conduction band of the,Tie positive holes remaining in the
valance band can accept electrons from molecule€O®@H radical is formed from the
reduction of the dissolved oxygen in the aqueoustisa combining with a hydroxyl
radical.

Photocatalytic oxidation is used for breaking dawganics into simpler components
of water and C@ destroying organic pollutants, bacteria and asjsletoxifying drinking
water, purifying air streams and removing metadsrfrwaste streams. T¥@an be used in

photocatalytic reactors for degrading contaminantguid and gas streams.

Adsorption plays a prominent role in catalytic piaegradation of organic
molecules. Photodegradation of humic substanceaulgs occurs soon after adsorption of
the molecules almost reaches equilibrium. Photbeasatakes place at the surface; the
concentration of substrate adsorbed to the sudaeetly influences the overall rate of

adsorption.

The presence of dissolved metal ions can induceuwsreffects on the rate and
efficiency of photocatalytic reactions. The efféeststrongly dependent on the type and
concentration of the metal ion resulting in eitharincrease in the photocatalytic rate or in
an inhibitory effect (Litter, 1999). Photocatalytemoval of humic acids is influenced by
the presence of metal ions (Karabagaip1998; Uyguner, 1999).
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2.4. Adsorption

Adsorption is a process that occurs when a gagjoidl solute accumulates on the
surface of a solid or a liquid (adsorbent), formiagmolecular or atomic film (the
adsorbate). Adsorption can be classified as phlyartsorption, chemical adsorption, and
exchange adsorption. In the physical adsorpticeretiare weak forces of attraction or Van
der Waals’ forces between molecules and it is sbky. In the chemical adsorption,
adsorbed molecules form a layer on the surfacereTaee much stronger forces between
the molecules, so it is rarely reversible. Exchaad®orption refers to electrical attraction
between the molecules due to opposite charge osutiace. Adsorption is operative in
most natural physical, biological, and chemicaltays, and is used in industrial
applications such as activated charcoal, synthetisins and water purification.
Decolorization can be efficient by adsorption anthwegligible loss of other materials
(Weber, 1972).

The most common industrial adsorbents are activedeabn, silica gel, and alumina,
because they present large surface areas per eigihtwAdsorption is related with surface
area of adsorbent, pore size distribution and Hasacteristics of the adsorbed molecules.
There are other factors that affect the adsorpgioch as pH and temperature. Generally,
adsorption increases at pH ranges where the spleai@snot any charge. Many organics
form negative ions at high pH, positive ions at Ipkd, and neutral species in intermediate
pH ranges. Moreover, pH affects the charge on tittase, altering its ability to adsorb
materials. Many organic pollutants in water arehhygadsorbed by decreasing pH because
of neutralization of negative charges at the carbarface with increasing hydrogen

concentration.

When temperature is increased the adsorption exierrieases because adsorption
reactions are exothermic. The total amount of egatved in the adsorption of a definite
guantity of solute on an adsorbent is termed tta¢ beadsorptionjAH which is the change
in the heat content of the system when adsorptamurs. Since temperature effects on
adsorption are important, measurements are uscathed out at a constant temperature
therefore graphs of the data are called isotherm.
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2.4.1. Adsorption Isotherms
In the process of adsorption, adsorbate gets aeldanb adsorbent.
Adsorbate + AdsorbentAdsorption (2.16)
B 2 AB (2.17)
According to Le-Chatelier principle, the directioh equilibrium would shift in the
direction where the stress can be relieved. In chsgpplication of excess of pressure to
the equilibrium system, the equilibrium will shift the direction where the number of

molecules decreases. Since number of moleculegsas=s in forward direction, with the

increases in pressure, forward direction of equiin will be favored.

Adsorption Isotherm

e
]

E

Saturation Pressure

f’ﬂ s
P——7P;s

Figure 2.6. Basic adsorption isotherm.

Figure 2.6 is the graph between the amooingslsorbate (x) adsorbed on the surface
of adsorbent (m) and pressure at constant temperditom the Figure 2.6, it can be seen
that after saturation pressurg &lsorption does not occur anymore. It can beagxgdl by
the reason that there are limited numbers of vaearan the surface of the adsorbent. At
high pressure, when all the sites are occupiedagess reached and further increase in
pressure does not cause any difference in adsorptaress.
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Adsorption isotherms for solutes in dilstution can be classified to according to
initial slope. Different solutes show different laefor on the adsorbent (Weber, 1972), so
their adsorption isotherms can be termed accorttingeir shapes resembling the letters,
such as “S” type, “L” type, “H” type, “C” type (&3k et al., 1960). The four main classes

are shown in Figure 2.7.

The S-curve isotherm is characterized by an ihytisinall slope that increases with
adsorptive concentration. This shows that at lomceatration the affinity of the soil solid
phases for the adsorbate is less than that ofdaihedution for the adsorptive. When the
metal concentration exceeds the complexing capatithese ligands, adsorption on the
solid soil particles increases and the isothernedabn its characteristic S-shape. The S-
curve isotherm occurs also as a result of intevastamong adsorbed organic molecules
that cause the adsorbate to become stabilizedeosalid surface and cause to enhanced
affinity of the surface for the adsorbate with g&sing amounts adsorbed.

L-curve isotherm

S-curve isotharm

C c
/ C-curve izotherm
Q H-curve isotherm Q
c c

Figure 2.7. The four general categories of adeaptotherm (Sposito, 1989).

The L-curve isotherm, which typically is concavelte concentration axis, shows an

initial slope that does not increase with adsogptiencentration. This is the result of high
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affinity of the soil solid phases for the adsorbattdow surface coverage combined with a
decreasing amount of adsorbing surface with pregrgs adsorption. While the
concentration of the adsorbate increases, the anubdihe remaining adsorbing surface is

decreased.

The H-curve isotherm, that large initial slope cades very high affinity of the soll
solid phases for the adsorbate, which is causesbbyific interactions between the solid
phases and the adsorbate or by significant var\sals interactions in the adsorption

process.

The C-curve isotherm shows an initial slope thataims independent of adsorptive
concentration until the maximum possible adsorpfidns type of isotherm is produced by
a constant partitioning of a substance betweemtkeacial region and the soil solution or
by an increase in the amount of adsorbing surfadeeaamount adsorbed increases.

2.4.1.1. Freundlich Isothernkreundlich isotherm is a non-linear adsorptionildgium

model that describes the adsorption occurrenceketerogenous surfaces composed of
different adsorption sites. The correspending fdanna!

b = Ki CoH" (2.18)

Where ;
ga = Amount of solute adsorbed per unit weight of d@ldsorbent, mg adsorbate/g
adsorbent
Ce= Concentration of the solute remaining in the sotuat equilibrium, mgt*
K¢ = Constant which relates to adsorption capacity

1/n = Constant which relates to adsorption intgnsit

The equation does not imply any particular mechmara$ adsorption. It is purely
empirical, and has been found to be most satigfadato the low concentration range
(vanLoon and Duffy, 2000) and it is very useful &e®e it accurately describes much

adsorption data.
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2.4.1.2. Langmuir Isothernit is based on the assumptions that the sorptoneéch

molecule is independent of surface coverage ane sanaddition sorption occurs only on
localised sites and involves no interactions betweerbed molecules. This model is
predicated on the assumptions that the energy rptisn for each molecule is the same
and independent of surface coverage and that sarpticurs only on localized sites and
involves no interactions between sorbed moleclesilibrium is reached when the rate
of adsorption of molecules onto the surface is $hene as the rate of desorption of

molecules from the surface. The correspending ftansu

1 1 1
= + (2.19)
qA qmax K qmax Ce

ga = Amount of solute adsorbed per unit weight ofd@aldsorbent, mg adsorbate/g
adsorbent

C.= Concentration of the solute remaining in the sotuat equilibrium, mgt*

K = Binding constant

Omax = Maximum quantity adsorbable when all adsorpsites are occupied.

The Langmuir adsorption isotherm was fogk layer adsorption and gives a curve
that describes the fraction of the surface arethefadsorbent covered with solute, as a
function of the concentration of the solute in ttwmtacting liquid phase. The Langmuir
isotherm is a curve, convex to the solute conceatraxis, and flattens out when the total
surface is covered with solute. The isotherm farlde layer adsorption is similar to single
layer adsorption but the initial convex part of theve is sharper. The adsorption isotherm
only tends to linearity at very low concentratiafssolute (at very low surface coverage)

and so symmetrical peaks will only be achieved wéty small samples.

Although the Freundlich equation is bagycampirical, it generally agrees quite well
with the Langmuir equation at very high concentmasi sincen must reach some limit
when the surface is fully covered.
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2.4.1.3. BET IsothernThe BET (Brunauer, Emmet, Teller) model assumetsatmumber

of layers of adsorbate molecules form at the setf&arther assumption of the BET model

is that a given layer need not complete formatioorgo initiation of subsequent layers.

2.5. Summary of the Previous Studies Performed fdhe Assessment of

Photocatalytic Treatment and Adsorptive Interactiors of Humic Acids

In recent years, many studies were focused ondakLttive removal of humic acids
in natural waters since these substances are ktmWw& major precurcors of carcinogenic
disinfection by-products that produced during cimlation. Bekbolet and co-workers have
been studying about photocatalytic degradationadsbrption of humic substances since
1996.

2.5.1. Photocatalytic Treatment Studies

Bekbolet and co-workers (1996) studied éffect of TiQ photocatalyzed oxidation
on the degradation and decolorization of humic .a8uisorptive behavior of humic acid
was studied followed by Ti© photocatalytic oxidation of humic acid. After the
photocatalytic oxidation of humic acid, a decrease organic compounds and
decolorization and an increase in biodegradabwigre observed. A slight decrease of

adsorptivity was also observed after irradiation.

Bekbolet and Balcioglu (1996) investigated theuefice of hydrogen peroxide and
bicarbonate ion on the photocatalytic degradatibhumic acid. Bekbolet and Balcioglu
reported that in the presence of 1x*10 H,0,, which was the optimum amount, reaction
rate for TOC and color removal of 50 mg humic acid were increased by 1.6-1.8 times.

Bekbolet and Ozkosemen (1996) reported the desteucdmoval of humic acid in
aqueous medium by photocatalytic degradation psocHse effects of the photocatalyst
concentration, pH and humic acid concentration wevestigated during photocatalytic
degradation of humic acid. The optimum Fi@ncentration was found as 1.0 mg Tl
was also found that acidic medium was more faverdblk experiments because of

positively charged surface characteristic of i@ was concluded that photocatalytic
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oxidation of humic acid by using Ti@ould be effective pretreatment method to keep the

trihalomethane levels below the limit of 106L™.

Bekbolet and co-workers (2002) investigated the tgdatalytic degradation
efficiencies of the two commercial titania samplesgussa P-25 and Hombikat UV-100,
in aqueous solution by using humic acid. The pletadgtic degradation efficiencies and
adsorption capacities for Degussa P-25 were foangethigher than for Hombikat UV-
100. It was concluded that there was certain degand between the adsorption
characteristics and the photocatalytic decolomratiates but no dependency onto the
surface area of Tigpowders.

Uyguner and Bekbolet (2005a) studied on the spectenges of humic acids during
oxidation processes and the effects of the molesit@ distribution of photocatalytically
treated humic acid samples. It was found that ggratiation of the higher molecular size
fractions of humic acid to lower molecular weiglongpounds leads to decreasing in the
TOC value for raw humic acid comparing with the responding treated humic acid
fractions. It is also observed that the fluoreseespectra of all the fractions of treated

humic acid have lower wavelengths than raw humid &actions.

Uyguner and Bekbolet (2005b) studied the photogatatemoval of model humic
and fulvic acids of different origins by using Li®@egussa P-25 as the photocatalyst. It
was reported that there were substantial differemecghotocatalytic removal efficiencies
of humic and fulvic acids on the basis of theirelse chemical and physical properties

such as molecular weight, molecular size, elemawaposition and source of origin.

Uyguner and Bekbolet (2007) examined the impaadaqefeous Cr (VI) and Mn (11)
species on the photocatalytic oxidation of humids@s a major component of natural
organic matter in aquatic systems. The experimestlts were evaluated in terms of
Langmuir-Hinshelwood rate with respect to Cglebecause of the pseudo-first-order rate
constant explains the overall removal tendency ©ogeall competitive and consecutive
reactions. The presence of these ions affecteddberptive properties of the photocatalyst
and the photocatalytic oxidation rate of humic acithe impact of manganese ion on the

photocatalytic oxidation could be better explainederms of L-H kinetics where 15%
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increase was observed with respect to Gedawhile 54% decrease observed in the

presence of chromium.

Selcuk and Bekbolet (2008) studied the photocatalgthd photoelectrocatalytic
treatment methods for removing humic acid undefeddht experimental conditions.
Photoelectrocatalytic system was performed for leuatid oxidation in the presence of
chloride anion and humic acid to observe the segigctof photoelectrocatalytic system.
To investigate the inhibitory effect of carbonapeaes, the system was performed in the
presence and absence of carbonate species. lep@aged that the attraction of humic acid
to the surface of Ti@was stronger than that of chloride ions and caat®ions retarded

HA degradation at basic condition.

Uyguner and Bekbolet (2010) investigated the rerheffaciency of agueous humic
acid solutions by Ti@photocatalytic degradation in the presence of IQuspecies. The
photocatalytic oxidation studies of the moleculeredractions of humic acid were also
performed. The photocatalytic removal of humic acdcreased when the system
contained both humic acid and Cu (ll) comparedumic acid alone. Both in the presence
and absence of copper ions the removal rate cdestdrihe size fractions displayed an
increasing trend as Raw < 0.45um filtered fractib®) kDa, 30 kDa. Batch equilibrium
adsorption experiments were also evaluated forgiigbbinary and ternary systems. Even
though the presence of Cu (Il) species signifigaallered the isotherm shape irrespective
of the spectral parameters, no significant diffeeenvas attained for TOC. ;Kalues
displayed an inconsistent effect of Cu (ll) speciesile adsorption intensity factor 1/n, 1
denoted a prevailing favorable type of adsorptmmV,s, and Colokss. TOC adsorption
profile showed a rather linear-type adsorptionxgsessed by 1/n < 1 both in the absence
and presence of Cu (ll) species.

2.5.2. Adsorption Studies

Uyguner and Bekbolet (2004) investigated the effett the chromium ion
concentration on the adsorption of humic acid an,. The adsorption of chromium ions
on TiO; in the absence of humic acid has also been stagigcho direct relationship could

be assessed between \alues and increasing chromium ion concentrati©olor,ss and



25

UV.s4 are used as parameters to evaluate the adsoretieots of humic acid and
chromium ions on the oxide surface. It was fourat the presence of chromium inhibit

the adsorption capacity of humic acid onto iO

Uyguner and colleagues (2007) investigated the rptlsa and coagulation
characteristics of humic acid samples that follayio ozonation, photocatalysis and
sequential oxidation systems. The structural ptogeeof humic acid significantly changed
after the applied oxidation systems that suppobtgdhe low values of Colgss, UV2sy,
TOC and decrease of fluorescence intensities. Usigeh al. (2007) used two types of
activated carbons in adsorption experiments (PA€ @AC) and aluminum sulfate and
ferric chloride in coagulation experiments. It waand that Colof;s removal efficiencies
for untreated, photocatalytically oxidized, ozomkat@nd sequentially oxidized humic acids
increased for PAC, respectively. Calgrremoval efficiencies for untreated, sequentially
oxidized, photocatalytically oxidized, and ozonatedmic acids increased for GAC,
respectively. On the other hand, WY removal efficiencies for untreated,
photocatalytically oxidized, ozonated, and seqadlgtoxidized humic acids decreased for
PAC, respectively. UM, removal efficiencies for untreated, ozonated, eatjally
oxidized, and photocatalytically oxidized humic dscidecreased for GAC, respectively.
The adsorption capacities at Calgrare higher than at UV centers after treatment.
Amongst all treatment methods, ozonation showsld¢hst removal efficiency for both
coagulants. Between the two coagulants, alum catigalwas favored for each treatment
step with removal efficiencies no less than 91%.

Ulker (2008) studied the effect of molecular sizacfionation on the sorption
properties of humic acid onto metal ion dopE@®, (Fe), and TiQ modified with an
organic substance (ascorbic acid) samples in casgrato TiQ Degussa P-25. It was
aimed to investigate the complex interactions betwthe surface properties of titanium
dioxide and the molecular size dependent fractafnthe humic acid in order to provide
information in relation to the photocatalytic dedgion of humic acids with surface
modified TiQ, powders. The adsorption profiles of the selectadvi$ parameters of
humic acid and its molecular size fractions ontorebdiO, displayed various
characteristics that were followed by fluorescepoaperties. The adsorption profiles of

the Cologss and U\ss, of humic acid and its molecular size fractions &eddoped TiQ
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exhibited distinct differences with respect to ganditions of the humic acid and bare
TiO, system. The use of ascorbic acid modified ;Té@pressed comparatively different
adsorption patterns respect to bare ;T&3 well as the Fe doped TiQMolecular size
fractions of humic acid displayed higher ¥alues and lower 1/n values. The observed
differences in adsorption behavior of raw humicdaes well as the molecular size
fractions could be explained by the probable ditxeis the attraction sites on both of the

organic moieties.
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3. MATERIALS AND METHODS

3.1. Materials
3.1.1. Humic Acid

Humic acid was supplied from Aldrich (Aldrich Cotd., USA). Stock humic acid
(1000 mg %) solution was prepared by dissolving 1 g humiadni 1000 mL distilled
deionized water. In this step, the ultrasonic satmn bath is used to provide complete
dissolution of humic acid. Stock humic solution vetsred in a dark glass container and
was protected from light to prevent light inducesbjdadation. 20 mgt solutions, which
were used during experiments, were prepared framnstbck solution by using distilled
deionized water. Humic acid samples were filteremmf 0.45 pum Millipore cellulose
acetate membrane filters. After filtration with 8.4 m filters, all humic acid samples were
fractionated using ultrafiltration stirred cellsanappropriate molecular fractions such as
100 kDa and 30 kDa.

3.1.2. Titanium Dioxide Powder

Semiconducter metal oxide, Ti@owders was provided from Degussa (P25 grade).
TiO, P-25 had a BET surface area of 50 + ¥5gthand average particle size of 20-30 nm.
TiO, P-25 powders were mainly anastase in crystal 0@ anatase and 30% rutile).
Homogeneous slurry of TiQvas obtained by sonicating the solution for 3 rtesu

3.1.3. Zinc

Stock zinc solution (1000 mg ™) was prepared from Zinc (Fluka) Atomic
Spectroscopy Standard Solution according to thendara Methods using distilled
deionized water (APHA, AWWA, WPCF, 1999). 0.1 m@ Iconcentrations of zinc
solutions were prepared from 1000 mg &tock zinc solution before experiments. The
required concentrations of zinc ions were addethfppepared stock solutions directly to
the humic acid solutions
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3.1.4. Laboratory Equipments

3.1.4.1. Specific Instrumentdlolecular size fractionation of humic acid and cfied

measurements for humic acid samples such as U\spectroscopic measurements,
fluorescence spectroscopic measurements and TQ@l (@oganic Carbon) measurements

were done by using following instruments:

Perkin Elmer Lamda 35 UV-vis Double Beane&mphotometer was used to record
the UV- visible absorption spectra employing Hellonzartz cuvettes of 1.0 cm optical
path length. Perkin Elmer LS 55 Luminescence Spphtitometer was used to measure
the fluorescence spectra in emission and synchsoscan modes employing Perkin Elmer
guartz cuvettes of 1.0 cm optical path length. Sitinu TOC-V WP Total Organic Carbon
Analyzer was used for analyzing TOC. Amicon Modeb@ Ultrafiltration Stirred Cell
System was used for molecular size fractionatiohuwmhic solutions.

3.1.4.2. General Laboratory Instruments and MalteriThe other general laboratory

applications and measurements were done by usenigliibwing instruments:

Memmert Water Bath Shaker Model WB/OB 7-M8itich EBA 20 Centrifuge, Ultra
Sonic Waterbath LC30, IKA-Labortechnik Magneticr&t, Memmert Oven, Scaltec SBA
31 Balance, Sterile Millex-HA Millipore Filter angkveral types of glassware.

3.2. Methods

3.2.1. Photocatalytic Degradation

3.2.1.1. Experimental Set-Upuring experiments, the used light source was\W2Black

Light Fluorescent Lamp (BLF) which had an outpuécpum ranging between 320-440
nm. The lamp exhibited a maximum emission at 365ameh no emission below 300 nm
and above 500 nm. The intensity of incident lighteasured using ferrioxalate
actinometery (Hatchard and Parker, 1956) was 2BB4xjuanta ¢. The lamp was built

into a lamp housing which provides a location ofch® above the surface of the solution.

The experimental set up was prepared as detailguiewvious literature (Bekbolet et al.,
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2002). A cylindrical pyrex reaction wessel with iardeter of 7.5 cm and a height of 3.5
cm was used as the photoreactor. The volume ofio@amixtures was 50 mL. During

experiments, continuous stirring was provided lmagnetic stirrer. The photoreactor was
enclosed by a mirror casing and the whole systesypdaced in a box. The inner walls of

the box were covered with Al-foil.

3.2.1.2. Experimental Procedurall experiments were conducted under neutral pH

conditions (pH6.7). The photocatalytic degradation of humic aothtion was performed
in the absence and presence of zinc ions. In dodassess the direct interaction of light
with humic acid reactions were carried out in theemce of photocatalyst. Dark reactions
were also carried out to evaluate the probabl@lraidsorption of humic acid onto TiO

Also, the preliminary reactions were performedhe absence of photocatalyst.

For each set of experiments, 20 mighumic acid solution was prepared by dilution
from the Aldrich humic acid stock solution. (In serof these experiments, the required
amounts of zinc were added to humic acid solutidB@)mL of 20 mg [* humic acid was
added directly to reaction vessel onto weightednigimL™* TiO.. First of all, the prepared
slurry was sonicated for three minutes to provideoanogenous mixture. Than, it was
placed on a magnetic stirrer to be irradiated fentatn reaction periods. The distance
between the BLF lamp and the solution surface viasm. After these steps, the mixture
was poured into 50 mL volumetric flask and filledtiwdistilled deionized upto 50 mL
limit to compensate the volume loss due to the eratfpn of water observed especially at
longer irradiation periods. Prior to analysis, Ti®as removed from the suspension by
filtering through 0.45 um filters. The clear hunaicid samples were analysed by means of
UV-vis spectra and fluorescence spectra as wellbpsthe specified UV-vis and
fluorescence parameters. All of the experimentsevearried out both in the presence and

absence of zinc.
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3.2.2. Adsorption

3.2.2.1. Experimental Procedur&dsorption experiments were conducted to determine

the effects of molecular size dependent fractidnsumic acid solution on Ti@surfaces.
100 mL Erlenmeyer flasks were used for experimeiésh flask was filled with 50 mL
humic acid solution. Increased amounts of Jvi@re added into each Erlenmeyer flask in
the range of 0.1 mg mtto 1.0 mg mL*. One extra flask was filled with only raw humic
acid solution to compare with other sets. Each $anwas sonicated for evenly
distribution of TiQ in the slurry. The samples were immersed in theemlaath at room
temperature which is equipped with shaking devide flasks were kept shaking for 24
hours. After this time period, the samples weretrdeiged for 10 minutes at 5000 cycles

min™. The supernatant was filtered by the 0.45um Miligpsyringe filter.

The effect of metal ions (Zn) on the adsorpwas studied in the presence of zinc
ions at different molecular fractions such as Qub filtered fraction, 100 kDa fraction
and 30 kDa fraction of humic acid. The clear hura@d samples were evaluated by

specified UV-vis parameters, fluorescence parammeted DOC.

3.2.3. Molecular Size Fractionation with Ultrafiltration

Humic acid solutions were fractionated using a 50 Amicon Model 8050
ultrafiltration stirred cells into appropriate molgar sizes; 100 kDa and 30kDa. Following
filtration through 0.45 pm filters, humic acid sde® were fractionated into different
molecular size fraction such as 100 kDa and 30 kRaising ultrafiltarion stirred cell
system and Millipore YM series cellulose membrardse cell was run on a magnetic
stirrer with 50 mL samples. A nitrogen gas tubeigoed with a pressure control valve
was attached to the stirrer reactor to provideogherating pressure inside the cell (Figures
3.1-3.2).
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Figure 3.1 Schematic diagram of stirred cell sys.
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Figure 3.2 The parts of Amico®050 stirred ultrafiltration cel.
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Millipore YM series cellulose membrane filters wid mm diameter and with
nominal molecular weight cutoffs 100 kDa and 30 kiere used within stirred cell. At
the beginning of each run, the membranes were ikegistilled deionized water for 15
minutes and then the cell was operated on a magsiatier and run with 50 mL distilled
deionized water. After use prior to storage YM meanies were washed with 0.1 M
NaOH solution and stored in 10% ethanol/water smhuiat refrigerator. Fractionated

humic acid solutions were stored in dark glassié®t cold rooms.

3.2.4. Analytical Methods

3.2.4.1. Total Organic Carbon (TOC) Analysiotal organic carbon (TOC, mglL

measurements of humic substances were performed Shimadzu TOC Vwp Total

Organic Carbon Analyser. TOC is determined as ttghnic matter in water. Dissolved
organic carbon (DOC) is the organic carbon remginm a sample after filtering the

sample typically using 0.45 um filters.

3.2.4.2. UV-vis Spectroscopic Measurememt¥-vis absorption spectra were recorded

on a Perkin Elmer Lamda 35 UV-vis double beam sppbbtometer employing Hellma
guartz cuvettes of 1.0 cm optical path length. Huatid samples were characterized by
UV/vis spectra. The UV-vis absorbance values wereonded for specified UV-vis
parameters such as Caolgy UVses, UVagy and UVessThe specified parameters are
explained as follows;

Colonss : Color forming moieties, absorbance at 436 ni, m
UVses : Organic matter content, absorbance at 365mim,
UV.g : Organic matter content, absorbance at 280mim,

UV.ss : Organic matter content, absorbance at 254nmfn,

3.2.4.3. Fluorescence Spectroscopic Measuremielistescence spectra in the emission

and synchronous scan modes were recorded on anPhkier LS 55 Luminescence
Spectrometer equipped with a 150W Xenon arc lantpaaned sensitive photomultiplier
tube. 1-cm path length quartz cells were used. mbthod of measuring fluorescence is

that the cuvette holder excites the sample oveetitee path length and reads the emitted
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light at right angles. Both the excitation and @mission slits of the instrument were 10
nm. A scan speed of 400 nm rlimas used with a slit width opening of 10 nm. Opgni
the slit wider allows more light energy from thege light source to excite the molecules
in the sample. The emission spectra were scanned tbe range of 380-550 nm at a
constant excitation wavelength of 360 nm. Synchusngcan spectra were recorded in the
excitation wavelength range of 200-600 nm excitatiwavelength range using the
bandwidth ofAL = 18 nm between the excitation and emission mamoeators (Senesi,
1990).
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4. RESULTS AND DISCUSSIONS

In this study, photocatalytic degradation and apison experiments were carried out
to investigate the complex interactions betweenstiméace properties of titanium dioxide
and the molecular size dependent fractions of theitiacid. In order to assess the effects
of zinc on these experiments, the reactions wes@ @nducted in the presence of this ion.
The role of the metal ion complexation as expressethe “binary system effect” on the
photocatalytic degradation efficiency of humic a&cidith respect to molecular size

fractions will be deduced.

Photocatalytic degradation experiments were cordineith different molecular size
fractions such as 0.45 um filtered fraction, 100akfPaction and 30 kDa fraction of
Aldrich humic acid solution. The humic acid fractiowere photocatalytically degraded in
the presence of 0.1 mg MITiO, Degussa P-25 for certain reaction periods up © 12
minutes. The experiments were carried out at neplra conditions. The preliminary
experiments were also performed; i. in the presafdeght and absence of Tiand ii.
under dark conditions in the presence of catalgshe absence of light, the catalyst doses
were chosen as 0.25 mg thiIiO, Degussa P-25 in the absence of zinc and 0.1 m§ mL
TiO, Degussa P-25 in the presence of 2.5 mgihc.

Complementary adsorption experiments were performigad raw humic acid and
different molecular size fractions, such as Qub filtered fraction, 100 kDa fraction and
30 kDa fraction of humic acid solution. The Tif@adings changed in the range of 0.1-1.0
mg mL'and zinc concentration was kept constant in alkerpents as 0.1 mgL

4.1. Material Specification

Humic acid molecular size fractions were prepam@meding to the methods outlined
in Materials and Methods section. Following filtcat through 0.45 pum filters, humic acid
samples were fractionated into different molecsiae fraction such as 100 kDa and 30
kDa.
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4.1.1. Spectroscopic Analysis of Humic Acidnd Its Molecular Size Fractions

The characterization of the humic acid and its makr size fractions i.e. 0.45m
filtered fraction, 100 kDa fraction and 30 kDa fiians were assessed with respect to their
UV-vis spectroscopic and fluorescence spectroscpaperties. Fluorescence spectra
were recorded both in emission and synchronous stastes. DOC contents were also

determined.

4.1.1.1. UV-vis Spectroscopic Properties of Hudaid and Its Molecular Size Fractions.

The UV-vis absorbance values were measured bet2@@600 nm wavelength region.
For the humic acid solutions, absorbance valuesaoiples were recorded at 436 nm, 365
nm, 280 nm and 254 nm wavelengths for specifie@rpaters of Colags, UV3gs5 UVago
and UV,ss The absorbance values of humic acid were deateagth increasing

wavelentgh.
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Figure 4.1. UV-vis spectra of raw, 0.45um filterfeaction, 100 kDa fraction and 30 kDa

fraction of humic acid.

In the Figure 4.1, it could be also easily obserred the absorbance values showed

a gradually decreasing trend with decreasing mddecsize fraction. As expected,
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absorbance values of the raw and 0.45um filter@ctibn of humic acid were very close to
each other. The absorbance values of 30 kDa fraatiohumic acid recorded to be
significantly lower than other molecular size fianos at all wavelengths as shown in
Figure 4.1. 30 kDa fraction of humic acid exhibitexty low absorbance values causing to
difficulties while recording absorbance values. WS-absorbance values of different
fractions of humic acids as represented by thecatdd parameters followed an order as
Raw > 0.45um filtered fraction > 100 kDa > 30 k@& an indicator of organic carbon
content, UVs, was found to be 0.440 ¢hior raw humic acid, 0.4337 ¢hfor 0.45 pm
filtered fraction, 0.2052 cthfor 100 kDa fraction and 0.0567 &nfor 30 kDa fraction.

[ ®wColor436,m-1  mUV365,m-1 UV280,m-1 ®UV254,m-1 |
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E aw 0. 45pm filtered 100kDa 20kDa

Figure 4.2. Comparative presentation of the smeti)V-vis parameters of raw, 0.45um
filtered fraction, 100 kDa fraction and 30 kDa fiao of humic acid.

Since humic acid was supposed to pass through h4fsjer, raw and 0.45um
filtered fraction of humic acid displayed nearlgthame absorbance values as illustrated in
Figure 4.2. On the other hand, the absorbance yatid00 kDa fraction of humic acid
was less than the half of the raw humic acids’ diace values for specified parameters
of Colongs UVies, UVagy and U\bss Moreover 30 kDa fraction of humic displayed

significantly lower organic content as expressedheyspecified UV-vis parameters.
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It was reported that while UV-vis absorbance valdeplayed a decreasing order,
the contents of carbon, hydrogen, nitrogen andisgliould also decrease with decreasing
molecular weight of the fraction. On the other hath@ oxygen contents should increase.
Carboxylic and phenolic carbon contents of the lruacid molecular size fractions tended
to increase with decreasing molecular weight (@haisd Kretzschmar, 2001).

4.1.1.2. Fluorescence Spectroscopic Propertiedunhic Acid and Its Molecular Size

Fractions.Emission scan fluorescence spectra of raw, 0.45jienetd fraction, 100 kDa
fraction and 30 kDa fraction of humic acid wereptaged in Figure 4.3. The emission
scan spectra were scanned in the range of 3804568 i constant excitation wavelength
of 360 nm.
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Figure 4.3. Emission scan fluorescence spectrawf 0.45um filtered fraction, 100 kDa
fraction and 30 kDa fraction of humic acid.

In Figure 4.3, the emission scan spectra gave dsog emission fluorescence
intensity with decreasing molecular size fractiofisere was a characteristic peak at ~ 450
nm wavelength for raw, 0.45um filtered fractionQIKDa fraction and 30 kDa fraction of
humic acid. Upto about 425 nm wavelength, the trehdaw humic acid and 0.45 pm

filtered fraction of humic acid were overlappingftéx 425 nm wavelength, raw humic
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acid gave higher fluorescence intensities than Q@iltered fraction of humic acid with
little changes. On the other hand, trend of 100 kidetion and 30 kDa fraction of humic
acid were crossed over in the region of 380-410wemelength. After this wavelength

region, 30 kDa fraction of humic acid gave the IstM@uorescence intensities in spectra.

| Raw —045um ——100kDa ——30kDa |
[a—
=
200 250 400 450 500 550
Wavelength, nmm

Figure 4.4. Synchronous scan fluorescence spettraw, 0.45um filtered fraction, 100

kDa fraction and 30 kDa fraction of humic acid.

Synchronous spectra was recorded in the range®@6A0 nm excitation wavelength
by using the bandwidth ofAh =18 nm between the excitation and emission
monochromators. On the other hand, the synchrosyoestra was presented in the range of
300-550 nm wavelength because of very low absosaatues at the region that was
lower than 300 nm wavelength. In Figure 4.4, thechyonorous scan fluorescence spectra
gave decreasing fluorescence intensities with ctgpedecreasing molecular size fraction.
Two main peaks were observed at 400 and 470 nm lareytds. While raw, 0.45 pum
filtered fraction and 100 kDa fraction of humic ddiad similar fluorescence intensities
with small changes, 30 kDa fraction of humic acadl lvery low fluorescence intensities.
Also, for 30 kDa fraction of humic acid, the pedk-a400 nm wavelength was found to be

nearly indistinguishable.
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4.1.1.3. Specific Parameters of Humic Acill of the specific parameters as UV-vis

spectral parameters (Colgg UVzes, UVago and U\bss), fluorescence spectral parameters
(Flemiss and Flyy), dissolved organic carbon (DOC) and derived patarms (Scofss,
SUVA3ze5, SUVAs, SUVAs, SFlemiss and SEh) for raw, 0.45 um filtered fraction,
100 kDa fraction and 30 kDa fraction of humic awidre presented in Table 4.1.The
highest fluorescence intensities were recorded &t Am and 470 nm wavelengths
therefore the fluorescence spectral parametersni{fbnd Fly,) recorded at these
wavelengthsvere chosen for emission scan and synchronousfieaescence intensity

indicators respectively.

Specific UV absorbance (SUVs4, m* mg'L) was used to present DOC normalized
aromatic moieties (UM4) whereas specific color absorbance (S@eAm™ mg'L) was
defined as Col@gd/DOC to signify organic carbon normalized colornmiing moieties.
SUVA36s was also calculated in a similar fashion as the raf the U\kes absorbing
species to DOC. Skhisswas calculated as the ratio of thenfzk values to DOC. SEj,

could be explained as DOC normalizegfl

The order of Colags was showras; Raw > 0.45 um filtered fraction > 100 kDa
fraction > 30 kDa fraction as expected. The sarderowas also observed for other UV-vis
spectral parameters, such as;hlVUV,goandUV,s4 As seen in Table 4.1, the order for
fluorescence intensities and the DOC values of husmaids could also be presented as;
Raw > 0.45 um filtered fraction > 100 kDa > 30 kDa

While the SCo0Ags SUVAgss, SUVA and SUVAs, values for raw, 0.45um
filtered fraction and 100 kDa humic acid were ngadjual each other with low changes,
values for 30 kDa fraction of humic acid was obedrito be< 50% of other fractions of
humic acid for SCofss, SUVAgzes5, SUVA0 and SUVAs, SUVA values greater than 4
reflect the presence of highly hydrophobic fracsioRor SUVA ratios in the range of 2 —
4, humic acids were normally dominated with mixturgdrophobic and hydrophilic
fractions. SUVA < 2 significantly represented hygplndic properties (Edzwald et al.,
1985). The calculated SU\s& and SCoAgs parameters for both raw and treated humic
acid samples showed a generally decreasing treadtlgi proportional to the size fractions
(Uyguner and Bekbolet, 2005a).
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Table 4.1. Specific parameters of raw, 0.45unrer@d fraction, 100 kDa fraction and 30

kDa fraction of humic acid.

Humic Acid Raw 0.45um 100kDa 30kDa

UV-vis spectral parameters

Colorzs, M 8.19 7.51 3.01 0.41
UV3es, m™ 16.56 15.77 6.92 1.40
UVago, m* 37.85 37.25 17.40 4.66
UVas mt 44.00 43.37 20.52 5.67
Fluorescence spectral parameters

Flemis 115.7 104.9 88.7 68.9
Flsyn 32.8 31.3 27.5 13.5
Dissolved organic carbon

DOC, mg L' 6.750 6.469 3.104 1.608

Derived parameters: SCa#, SUVAgss, SUVA0 SUVAs. (M mgt L)
Skilss SFLyn(cm™ mg* L)

SCoAs36 1.213 1.161 0.970 0.255
SUVAzes 2.453 2.438 2.229 0.871
SUVA2g0 5.607 5.758 5.606 2.898
SUVA2s4 6.519 6.704 6.611 3.526
SFlemis 17.14 16.22 28.58 42.85
SFkyn 4.859 4.838 8.860 8.396

For SFLmis parameters, the order was 30 kDa fraction > 108 kBction> Raw >
0.45 pm filtered fraction. For Sk, the order was changed as 100 kDa fraction> 30 kDa
fraction > Raw> 0.45 um filtered fraction. The differences coule &itributed to the
possible conformational changes attained duringafiltration process leading to the

formation and dissappearance of the fluorophomeigs (Kulovaara et al, 1999).
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4.2. Photocatalytic Degradation of Humic Acid
Prior to the photocatalytic degradation experimemsésng raw, 0.45um filtered
fraction, 100 kDa fraction and 30 kDa fraction afnhic acids in the presence and the
absence of zinc, the preliminary experiments warged out.
4.2.1. Preliminary Experiments
Preliminary experiments were carried out under davkditions as well as in the
absence of the photocatalyst. The preliminary studiere performed also in the presence

of zinc ion to observe the effects of humic acid amc ions as a binary system.

4.2.1.1. Experiments Carried Out Under Dark Coodg. To observe the effect of light in

photocatalytic degradation of humic acids and thesable adsorptive interactions, the
experiments were carried out under dark conditidhg. dark experiments were performed

in the presence of 0.25 mg MO, dose with raw humic acid.
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Figure 4.5. UV-vis spectra of raw humic acid dgrpreliminary experiments conducted

under dark conditions in the presence of 0.25 mg fiD..
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For UV-vis spectroscopic evaluation of raw humicidacuring preliminary
experiments in the absence of light, UV-vis absoceavalues were recorded in the 200-
600 nm wavelength region. As seen in Figure 4.8, WV-vis spectra of humic acids
monotonously decreased with increasing wavelength lboroad and featureless trend. As
expected, no significant change was observed widteasing time. Dark experiments were
also carried out in the presence of 0.1 mg'mliO, and 2.5 mg [* zinc. The UV-vis

absorbance spectra were recorded in the regio@®@BR0 nm wavelength (Figure 4.6).
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Figure 4.6. UV-vis spectra of raw humic acid dgrpreliminary experiments conducted
under dark conditions in the presence of 0.1 mg'miO, and 2.5 mg ! Zn (Initial

represents raw humic acid and zinc binary system).

As seen in Figure 4.6, significant increases in Wi/-absorbance values of the
samples were observed in the spectral region ofZ330nm. After ~240 nm wavelength,
the UV-vis spectra of raw humic acid and zinc bynsystem followed the similar trend of
raw humic acid with lower absorbance values. Tha détained from dark reactions of
humic acid for Colaojzs and UVssswere given in Figure 4.7. Raw humic acid and 0.2b m
mL? TiO, interaction resulted in an initial adsorptive remloof 53% and 48% for
Colonze and U\s, respectively. The same trend was observed thomighhe

experimental periods.



43

* Colord 36 254

1.20

1.00
=
£ 080 -
=
=
T 060 -
- -
Hg * * . - *
= 040 4
o
=

0.20 -

000 T T T T T T T T T T T T

0 10 20 =0 40 S0 &0 T0
Time, min

Figure 4.7. Normalized Colgg and U\bs4values of raw humic acid with respect to time

in the presence of 0.25 mg MIO,.
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Figure 4.8. Normalized Colgg and U\bs4values of raw humic acid with respect to time

in the presence of 0.1 mg MTiOand 2.5 mg L Zn.
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The removal percentages for Calgrand U\bs, were obtained from dark reactions
of humic acid in the presence of 0.1 mg hLiO, and 2.5 mg [* Zn were resulted with
81% and 70%, respectively (Figure 4.8). Althoughvdo TiO, dose was utilized,

significantly higher adsorptive removal was attdine

In the study of Uyguner and Bekbolet (20@#fliminary experiments of humic acid
(10 mg LY and 0.05 mg * manganese ion without irradiation in the presesfoeatalyst
(0.25 mg mL* TiO,) revealed an initial adsorptive removal of appnuaiely 35% with
respect to UYs, removal of humic acid. This condition was explainey a surface
complexation model. Moreover, in the study of Uyguand Bekbolet, 2007, preliminary
experiments were alsmnducted in the presence of chromium ion conceotrs ranging
from 0.05 mg L*to 0.20 mg L* and 025 mg mL* TiO, as catalyst. The presence of humic
acid decreased the adsorption efficiency of chromions because of the competitive
adsorption on the active sites of Tiyguner and Bekbolet, 2004). In adsorbed state, t
coordination of metals by ligands such as carbgy&nolic or sulfhydryl groups is similar

to the equivalent process taking place in solufidyguner and Bekbolet, 2007).
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Figure 4.9. Emission scan fluorescence spectraawf mumic acid during preliminary
experiments conducted under dark conditions irptiesence of 0.1 mg mMLTiO, and 2.5

mg L* zinc (Initial represents raw humic acid and ziimaby system).
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For fluorescence spectroscopic evaluation of ramnib acid during preliminary
experiments in the absence of light, the emisstam spectra was scanned in the range of
380-560 nm at a constant excitation wavelength 60 3im. The emission scan
fluorescence spectra of raw humic acid gave a eakbout 450 nm wavelength. As
expected, no significant difference was observedFiotrend during 60 minutes of time
displaying nearly same fluorescence intensity \@lugth overlapping trend under all

conditions (Figure 4.9).
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Figure 4.10. Synchronous scan fluorescence spetteaw humic acid during preliminary
experiments conducted under dark conditions irptesence of 0.1 mg miLTiO, and 2.5
mgL™* zinc (Initial represents raw humic acid and ziivaby system).

The synchronous scan fluorescence spectra rectwdéuke preliminary experiments
of humic acid in the presence of zinc were showfigure 4.10. The synchronous scan
fluorescence spectra for raw humic acid displaystap peak around wavelength of 470
nm. There was also a moderate peak at 390 nm wagthlevith a comparatively lower
intensity. By the addition of Ti@and zinc to the system, minor decreases were \aater
for FI values up to 400 nm wavelength. After 450 mavelength, all samples were

showed nearly same trend with low FI values.
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4.2.1.2. Experiments Carried Out in the Absenc@iGh. To observe the effect of light

intensity in photocatalytic degradation of humiada¢the experiments were carried out in
the absence of TKDSimilar experiments were also performed in thespnce of 2.5 mg'L

! zinc. The UV-vis spectra were recorded between@@Dnm wavelength region for UV-
vis spectroscopic evaluation of raw humic acid wmyirpreliminary experiments in the

absence of Ti@
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Figure 4.11. UV-vis spectra of raw humic acid dgrpreliminary experiments conducted
in the absence of T¥O

UV-vis spectra of of all of the humic acid sampigsplayed a broad, featureless and
monotonously decreasing trend with increasing wength. Besides the expected trend,
slightly significant changes in absorbances wersenlked by increasing time (Figure
4.11). Furthermore, as seen in Figure 4.12, afggnt increase in UV-vis absorbance
values was observed in the spectral region of 2@+n for humic acid and zinc binary
system. After ~240 nm wavelength, the UV-vis sgectrraw humic acid and zinc binary
system followed the similar trend of raw humic awadh lower absorbance changes. As
expected, there was no significant absorbance ehafitfy increasing time and all trends

were overlapping except raw humic acid.
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Figure 4.12. UV-vis spectra of raw humic acid amt binary system during preliminary
experiments conducted in the absence of, T@h = 2.5 mg [}, initial represents raw

humic acid and zinc binary system).
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Figure 4.13. Normalized Colgs and U\ss, values of raw humic acid and zinc binary

system with respect to irradiation time in the aleseof TiQ (Zn = 2.5 mg ).
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As illustrated in Figure 4.13, in the absence otcznormalized fraction of Colgg
and UVss, were found to be nearly the same. Moreover, inpiiesence of zinc, Colgg
had similar normalized fraction. On the other hahe, removal efficiency was decreased
in the presence of zinc for WYY, and showed the highest remaining ratio with 75% as
shown in Figure 4.13. The retardation effect obsegron the photocatalytic degradation of
humic acid could be explained by the adsorptiomin ions on humic acid or the surface

of TiO, resulting in blockage of active sites of the ploatalyst.

The emission scan fluorescence spectra was scamiieel range of 380-560 nm at a
constant excitation wavelength of 360 nm for flsmence spectroscopic evaluation of raw

humic acid in the presence 2.5 mid tinc (Figure 4.14).
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Figure 4.14. Emission scan fluorescence spectravohumic acid and zinc binary system
during preliminary experiments conducted in theealos of TiQ (Initial represents raw

humic acid and zinc binary system).

The emission scan fluorescence spectra of raw haniitgave a peak at about 450
nm wavelength. As expected, no significant charvgee observed for FI trend up to 60
minutes. Nearly the same fluorescence intensityieslwith overlapping trend were

recorded for all time periods.
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Figure 4.15. Synchronous scan fluorescence spettraw humic acid and zinc binary
system during preliminary experiments conductethéabsence of TikXInitial represents

raw humic acid and zinc binary system).

The synchronous scan fluorescence spectra for awnichacid displayed a sharp
peak around wavelength of 470 nm (Figure 4.15)r8 eas also a moderate peak about
380 nm wavelength with a comparatively lower intBnswith the addition of zinc to
humic acid, two new peaks were observed at 395 min4@5 nm wavelengths. On the
other hand, there was no significant change intteed of synchronous fluorescence

spectra of preliminary experiments conducted inaieence of Ti@

4.3. Photocatalytic Degradation of Humic Acid andZinc Binary System

For the assessment of the photocatalytic degradafibumic acid (AHA), different
molecular size fractions such as 0.45 um filtemeattfon, 100 kDa fraction and 30 kDa
fraction were also used. Moreover, the experimemse also carried out in the absence
and in the presence of zinc ion for comparison pseg. Photocatalyst, Tibadings were
kept constant as 0.1 mg mMland zinc concentration was also constant as 0.L fig all

experiments.
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The physical-chemistry of humic acid-cation intéi@ts were less understood due to
the complex structure and heterogeneity of humidsaexpressing a wide distribution of
types and number of metal binding sites (Kinnibueghal., 1999). Trace metals did not
necessarily compete for the same sites on the haondg since they had different affinities
for different binding sites. Conformational changlest occured when trace metals bound
to the different sites caused either a competingntranced effect (Cao et al., 1995). The
overall effect of these interactions could be eiteeahancement or retardation of the

photocatalytic degradation efficiency.

4.3.1. Photocatalytic Degradation of Raw Humic Ad

Humic acid solution was subjected to photocatalybaedation according to the
method explained in the Materials and Methods secihe oxidized humic acid samples
were evaluated by UV-vis spectra and fluorescepeetsa as well as by the specified UV-
vis and fluorescence parameters. The results wesepted under appropriate subheading

for the humic acid and molecular size fractionthim presence and absence of zinc.

4.3.1.1. UV-vis Spectroscopic Evaluation of Rawnhiti Acid During Photocatalytic

DegradationThe UV-vis spectrum of humic acid showed a gragudéclining trend with
the respect to increasing wavelength in the 20046®0region as seen in Figure 4.16.
Uyguner and Bekbolet (2005a) also reported thatJ¥eris spectra of humic acids broad,
featureless and monotonously decrease with inergasavelength during photocatalytic
degradation. Irradiation time dependent changes veéso followed by spectroscopic
properties during humic acid photocatalytic degtiatastarting with t = 0 min which was
the initial titanium dioxide introduction to humiacid solution prior to irradiation
(Uyguner and Bekbolet, 2005a). Initial adsorptigmoval of raw humic acid could also be
visualized by examining the recorded UV-vis speaifaraw humic acid under dark
conditions. Moreover, the UV-vis spectra of raw hounacid during photocatalytic
degradation showed that t=0 min and t=10 min hadlai trend. Also, for irradiation
periods of t=20 min and t=30 min, the UV-vis spadtllowed the same trend with lower
absorbance values than t= 0 min. After irradiatiome of 30 minutes, the degradation of
humic acid displayed a significant decrease inUkevis absorbance retaining the similar

trend.
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Figure 4.16. UV-vis spectra of raw humic acid dgrphotocatalytic degradation (Initial

represents raw humic acid).

The effect of prolonged irradiation time was shownthe spectra recorded for 90
and 120 minutes. It could be easily noticed thateghvere no significantly characteristic
absorbance recordingd<{300nm, UV3,=0.030 cn') after long irradiation time periods

such as 120 minutes.

Furthermore, the photocatalytic degradation of lwatid was evaluated in terms of
UV-vis parameters as expressed by CgipruVses, UVzgo and UVess The remaining
fractions of the specified parameters were displayéh respect to irradiation time for
simplicity purposes (Figure 4.17hitial adsorptive removadf humic acid could also be
assessetly the specified UV-vis parameters. The removackeifficies were 43%, 42%,
40% and 40% for Colass, UV3es, UV2g0 and UVbs,, respectively. While 49% of Colge
was removed in 10 minutes of irradiation, followipyotocatalysis 83% removal was
achieved after 60 minutes. In long irradiation tipexiods such as 120 minutes, Cgier
was detected as < 1% for humic acid that coulddmsidered as an overall removal of the

color forming moieties.
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Figure 4.17. Normalized Colgg, UVses, UV2g0, and U\ss, values of raw humic acid with

respect to irradiation time.

For UVas4, 40% removal was observed in 10 minutes of irtamhiatime. Similar to
Colornzs, UVas4 was removed from the suspension in significantwantsas 69% and 88%
after 60 and 120 minutes irradiation times, respelst Moreover, almost 80% and 71%
degradation was achieved in 60 minutes forz;dd®ind U\sbgg, respectively. In longer time
periods, the removal percentages reached to 94% 888d for U\ges and U\sgy,
respectively. The removal efficiencies followed asig trend of Colags > UV3s5>UVogo

>UV 54 irrespective of the irradiation time.

4.3.1.2. Fluorescence Spectroscopic Evaluation Re#fw Humic Acid During

Photocatalytic DegradationThe fluorescence spectra of treated humic acidpksm

showed general decreasing intensity profiles witlieasing photocatalytic irradiation time
(Uyguner and Bekbolet, 2005a). The emission scaordscence spectra of humic acid
samples were displayed in Figure 4.18. The fluanese spectra of the samples were
recorded by excitation at 360 nm causing a maj@kpet the wavelength of 450 nm.
Although an irradiation time dependent general el@ging trend in fluorescence intensity
could be visualized, the maximum fluorescence sitgrwas observed for 40 minutes of

irradiation time with reference to the raw humiadac
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Figure 4.18. Emission scan fluorescence spectrawfhumic acid during photocatalytic
degradation (Initial represents raw humic acid).
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Figure 4.19. Synchronous scan fluorescence speatraaw humic acid during
photocatalytic degradation (Initial represents raunic acid).
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The synchronous scan fluorescence spectra recdi@edhe photocatalytically
treated humic acid were shown in Figure 4.19. ymelsronous scan fluorescence spectra
for raw humic acid displayed a sharp peak arouneeleagth of 470 nm. There was also a
moderate peak around 390 nm wavelength with a caatipaly lower intensity. Uyguner
and Bekbolet (2005a) reported that raw humic aeid & sharp peak around 473 nm and a
moderate peak around 400 nm. Peuravuori and coemori002), ascribed the peak
around 460 nm wavelength to polycyclic aromaticsistimg of seven fused benzene rings.
The synchronous scan fluorescence spectra of haoits photodegradation led to the
gradual decrease of Fl in the region of 470-600wawelengths. It could be indicated the
degradation of the high molecular weight componaithumic acids and formation of
lower molecular size fractions of humic acidswenrgpexted during photocatalysis
(Uyguner and Bekbolet, 2005a). After long irradiatitime periods, the characteristic
sharp peak of raw humic acid at 470 nm wavelengthptetely disappeared. On the other
hand, emergence of new peaks at 375 and 425 nniemagtles were also noticed. At these
wavelengths, comparatively similar fluorescencesnsities were recorded for extended

irradiation time of 120 minutes.

4.3.2. Photocatalytic Degradation of 0.45um Filtexd Fraction of Humic Acid
Photocatalytic degradation of 0.45um filtered fi@ctof humic acid samples were

evaluated by both UV-vis spectra and fluorescempeetsa recorded in emission scan and

synchronous modes. The specified UV-vis and flumeese parameters were also

presented.

4.3.2.1. UV-vis Spectroscopic Evaluation of 0.45Hittered Fraction Humic Acid During

Photocatalytic Degradatios followed for raw humic acid, a similar declinirecay

trend in UV-vis absorbance spectra were also recbfdr 0.45um filtered fraction of
humic acid (Figure 4.20). Comparison of UV-vis dpecof raw and 0.45um filtered
fraction of humic acid reveals the role of filtati through 0.45 um fitler as observed by
the elimination of overlapping chromophoric groujsplaying “shoulder effect” (Figure
4.16).
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Figure 4.20. UV-vis spectra of 0.45um filtered cfran of humic acid during
photocatalytic degradation (Initial represents Q#iltered fraction of humic acid).

Moreover, UV-vis spectra of the photocatalyticallgated 0.45um filtered fraction
of humic acid could be distinctly differentiatedtivrespect to the duration of the exposure
to the light intensity (e.g. 60 mins). Followingopynged irradiation conditions (120 mins),
significantly lower UV-vis absorbance recordingsravattained as could be expressed by
very low UVsss (0.050 crit) and complete elimination of color forming moitiése.

C0I0r436).

Photocatalytic degradation of 0.45um filtered fi@ectof humic acid was also
evaluated in terms of UV-vis parameters as expde$se Colokzs, UV3es UVago and
UV 254 (Figure 4.21). Initial adsorptive removefficienciesof 0.45um filtered fraction of
humic acid were 34%, 32%, 29% and 29% for C@iprUVses, UVagp and Ulbsy,
respectively. The general descreasing trend detefcte all of the UV-vis parameters
displayed the same approach as was recorededwdrumic acid. While 45% of Colg#s
was removed in 10 minutes of irradiation, 81% reatavas achieved after 60 minutes. In

120 minutes of irradiation time, the removal of @gls reached to 97%.
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Figure 4.21. Normalized Colgs, UV3es, UVago and U\bs, values of 0.45 pm filtered

fraction of humic acid with respect to irradiatitime.

Significantly lower removal trend was observed i/ absorbing centers as a4
36% removal was observed in 10 minutes irradiatiore followed by a slightly slower
rate reaching to removals to about 67% and 88% &fieand 120 minutes irradiation
times, respectively. However, 77% and 69% degradatias achieved in 60 minutes for
UV3esand Ulbgo, only 0.05% of UVMesand 0.10% UVYgowas remained in solution in 120
minutes of irradiation time. Almost complete elimiion of the UV-vis parameters (L0

%) explains the removal of humic acid moities bptolcatalysis in 120 mins.

4.3.2.2. Fluorescence Spectroscopic Changes ofith4Sltered Fraction of Humic Acid

During Photocatalytic Degradatioihe emission scan scan fluorescence spectra extord

under post-irradiation conditions for the photobaially oxidized samples 0.45um
filtered fraction of humic acid were shown in Figut.22. A general decreasing trend was
attained for the emission fluorescence index resbr@t maximum wavelength of 450 nm
with resspect to irradiation period. The fluoresmemtensity could still be detected for

120 min of irradiation time.
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Figure 4.22. Emission scan fluorescence spect@4fum filtered fraction humic acid
during photocatalytic degradation (Initial represef.45um filtered fraction of humic
acid).
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Figure 4.23. Synchronous scan fluorescence spettta45um filtered fraction humic
acid during photocatalytic degradation (Initial megents 0.45um filtered fraction of humic
acid).
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No significant change was attained in the emisflimorescence intensity of 0.45um
filtered fraction of humic acid for the initial aoiptive removal of humic fractions. The
photocatalytically treated humic fractions display& consistent formation tendency of
fluorescent moieties during oxidative degradatidme decrease of the fluorescence
maxima was indicative for the destruction of thghhdegree of conjugation and aromatic
structures of humic acids (Uyguner, 2005). Appraatiety 50% FI removal at emission
fluorescence maximum wavelength of 450 nm wasredthfor 120 minutes of irradiation

time.

Synchronous scan fluorescence spectra of 0.45 |ienefi fraction of humic acid
displayed a major peak around ~470 nm and a mimak paround ~370 nm with
comparatively similar fluorescence intensities (fFegg4.23).Synchronous scan spectra of
0.45 pm filtered fraction of humic acid exhibitedmgar fluorescence properties in
comparison to raw humic acid (Figure 4.19 and Fegi23). Parallel to the findings of
Korshin et al., 1999, and Carvalho et al., 2004jeaeral decrease around 470-600 nm
wavelengths was observed for all of the appliedlaxon systems. It was reported that in
large humic molecules, intrafluophore energy trans$hortened the apparent decay
lifetimes of fluorophores whereas in smaller molesulifetimes of fluorophores increase
because of weaking of excitation energy. While dpplied oxidation methods decreased
the size of humic acid molecule and destroyed soméhe aromatic chromophores
involved in the energy transfer, the decrease ofinFbxidized humic acid samples
correlated with this hypothesis (Uyguner and Be&h&007).

The characteristic peak of humic acid was signifisaquenched even with the sole
action of TiQ prior to irradiation. These conditions showed thportance of initial
adsorption of humic acid on to TiOAfter 120 minutes of irradiation, the charactecis
sharp peak of 0.45 um filtered fraction of humicdacompletely disappeared, the major
peak around 370 nm decayed in intensity and angink of low intensity around 350 nm
wavelength emerged. The disappearance of the d¢hastic peak of humic acid after
photocatalysis was observed and this could bebat&idl to the removal of carboxylic
functional groups (Uyguner and Bekbolet, 2005a).
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Considering the expected complete filtration of hwrmacid through 0.45 pm
membrane filter, observed similarity for both oéthumic acid samples could possibly be
related to the structural properties. However,rdg@mrded synchronous scan fluorescence
spectra of both of the samples under post treatm@mditions indicated the presence of
structural changes leading to diverse reactivdigsng photocatalysis.

4.3.3. Photocatalytic Degradation of 100 kDa Framin of Humic Acid

Photocatalytic degradation of 100 kDa fraction afmic acid samples were
evaluated by UV-vis spectra and fluorescence spexdrwell as by the specified UV-vis

and fluorescence parameters.

4.3.3.1. UV-vis Spectroscopic Evaluation of 100kB@ction of Humic Acid During

Photocatalytic Degradation100 kDa fraction of humic acid was subjected to
photocatalysis and evaluated in the same manneepasted for raw humic acid and
0.45um filtered fractions of humic acid. Followittge general trend observed for humic
acids, The UV-visible spectra displayed a descendiand with increasing irradiation

time periods from time zero to 90 minutes (Uyguared Bekbolet, 2005a).
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Figure 4.24. UV-vis spectra of 100 kDa fraction kafmic acid during photocatalytic
degradation (Initial represents 100 kDa fractiomamic acid).
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Taking into account the initial UV-vis spectral feges of the 100 kDa fraction of
humic acid, the attained absorbance recordings veggeificantly lower than the
considerably higher molecular weight fractions (Feg4.24). The decrease of the UV
absorbing properties of each humic acid fractiouldobe a consequence of the
decomposition of the humic acid to smaller molecud&e fractions (Uyguner and
Bekbolet, 2005a). Consequently for longer irradmtiime conditions, UV-vis absorption
spectra approached to very low absorbance valuassi@ering the lower initial UV-vis
absorbance of 100 kDa fraction with respect to leuseid and 0.45um filtered fractions of
humic acid, UV-vis spectra were recorded signifisamp to irradiation period of 60
minutes. Especially after 30 minutes of irradiatp®riod, Colosss values became close to
zero, while U\ss4 absorbance could be still detected geh& 0.050 cnt). As presented
absorbance values recorded for wavelength regid00f375 nm could be considered as

significant irrespective of the irradiation peri(@ 60 mins).
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Figure 4.25. Normalized Colgg, UV3es, UV2g0 and U\bs, values of 100 kDa fraction of

humic acid with respect to irradiation time.

Photocatalytic degradation of 100 kDa fraction ofrfic acid was also evaluated in
terms of UV-vis parameters as expressed by G@JodVszss, UVagy and Uss, (Figure
4.25). Initial adsorptive removaf 100 kDa fraction of humic acid could also beessed

by the specified UV-vis parameters. The removatieiicies were 38%, 39%, 35% and
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35% for Colokzs, UV3es, UVagg and U\kss respectively. Moreover, 68% removal of
Colorgs and 53% removal of U), were recorded at the end of 10 minutes of
photocatalytic treatment that could also be expladiby the adsorptive and desorptive
interactions taking place during the early staggshotocatalysis. On the other hand, in 40
minutes, the removal efficiecies of all of the Uiséyparameters were found to be30 %
followed by irradiation period of 60 minutes at wiithe removal efficiency reached up to
99%. At the end of 60 minutes of irradiation tinad, of the UV-vis parameters i.e.
Colorzs, UVses, UVago, and UVes,expressed an almost complete degradation of 100 kDa
fraction of humic acid € 1% ) (Figure 4.25).

4.3.3.2. Fluorescence Spectroscopic Evaluation06fKDa Fraction Humic Acid During

Photocatalytic DegradationEmission scan fluorescence spectra of photocataliyt

treated 100kDa fraction humic acid samples werplayed in Figure 4.26. It could be
noticed that excitation wavelength of 360 nm causeabjor peak in the region of 450 nm

as recorded for the raw humic acid and 0.45unrdittdraction of humic acid.
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Figure 4.26. Emission scan fluorescence specti®@fkDa fraction of humic acid during

photocatalytic degradation (Initial represents kD@ fraction of humic acid).
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Although a slight shift to lower wavelengths (~ ®)was recorded in the emission
maxima of fluorescence emission scan spectra, cosopa were based on thgax at 450
nm. A significant decrease in FI was recorded matral adsorption of 100 kDa fraction of
humic acid. Starting from time zero to 90 minutdserperimental sequence emission
fluorescence intensities slightly declined. Esplciafter 40 minutes of irradiation time,
the major started to disappear. At 90 minutes raidiation time, there was no detectable

peak in the emission scan fluorescence spectra.
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Figure 4.27. Synchronous scan fluorescence spettt@®0 kDa fraction of humic acid

during photocatalytic degradation (Initial represel00 kDa fraction of humic acid).

Synchronous scan spectra of 100 kDa fraction ofibuamnid as shown in Figure
4.27, displayed a major peak around ~470 nm andharmpeak around ~370 nm. Initial
adsorptive removal of 100 kDa fraction of humicdacobuld also be visualized by the
synchronous scan fluorescence spectra displaymqata significant Fl decrease at 470 nm
wavelength. Following oxidative treatment both thwrescence spectral features as well
as the FI were changed. Even after 10 minutesadiation time, the peak &fax 470 nm

started to disappear.

Upon irradiation during photocatalysis, the oxidaly treated 100 kDa fraction of

humic moieties displayed synchronous scan fluoresespectra exhibiting a shift to lower
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wavelengths. For the irradiation period of 40 mastthe minor peak detected at the
wavelength of 370 nm could still reflect the preserof fluoresence emitting humic
moities. For longer irradation periods of 50 mirsuéed 60 minutes, the synchronous scan

fluorescence spectra demostrated a featurelesaeeqgi
4.3.4. Photocatalytic Degradation of 30 kDa Fraatin of Humic Acid

Photocatalytic degradation of 30 kDa fraction ofrfiwiacid samples were evaluated
by UV-vis spectra and fluorescence spectra as agllby the specified UV-vis and

fluorescence parameters

4.3.4.1. UV-vis Spectroscopic Evaluation of 30kDaaddon Humic Acid During

Photocatalytic DegradatioB0 kDa fraction of humic acid was subjected to phatalysis

and evaluated in the same manner as reported igrd5um filtered fraction and 100

kDa fraction of humic acid.
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Figure 4.28. UV-vis spectra of 30 kDa fraction lmimic acid during photocatalytic
degradation (Initial represents 30 kDa fractiomoinic acid).

UV-vis spectra of the 30 kDa fraction of humic adidplayed a decaying shape for

all of the samples in the 200-600 nm wavelengthoregrhe general decline in specific
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absorbance values towards smaller size fractions eemsistent with the findings of
Alberts and co-workers (2002), who have studied rtt@ecular size fractions of fresh
water natural organic matter. Considering theahitlV-vis spectral features of the 30 kDa
fraction of humic acid, the attained absorbancendings were significantly lower than
the considerably higher molecular weight fractiofs/en for comparatively shorter
irradiation time conditions (i.e. 20 minutes), Uiéabsorption spectra approached to very
low absorbance values. Considering the lower initi&-vis absorbance of 30 kDa
fraction of humic acid with respect to raw, 0.45filtered fraction and 100 kDa fraction
of humic acid, UV-vis spectra could only be recardegnificantly up to irradiation period

of 30 minutes.
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Figure 4.29. Normalized Colges, UVses, UVogo and U\bs, values of 30 kDa fraction of

humic acid with respect to irradiation time.

Photocatalytic degradation of 30 kDa fraction ofriiwi acid was also evaluated in
terms of UV-vis parameters as expressed by G@JoUVsss, UVago and UVess (Figure
4.29). Initial adsorptive removaf humic acid could also be assessgdhe specified UV-
vis parameters. The removal efficiencies were 6896, 49% and 47% for Colgg,

UV 365 UVago and U\bs,, respectively.
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For the irradiation period of 10 minutes, the readmfficiency of 30 kDa fraction of
humic acid was higher than all of the other higmelecular size fractions irrespective of
the expressed UV-vis parameter. While 73% of Gegdowvas removed in 10 minutes of
irradiation, 97% removal was achieved after 40 @suFor U\4ss, the removal of 30 kDa
fraction of humic acid was reached to 97% upordiaton period of 40 minutes. WY,
was removed from the suspension about 63% and %&¥18® and 40 minutes irradiation

times, respectively.

4.3.4.2. Fluorescence Spectroscopic Evaluatid@@d@dDa Fraction of Humic Acid During

Photocatalytic DegradationEmission scan fluorescence spectra of photocataliyt

treated 30kDa fraction of humic acid samples wespldyed in Figure 4.30. It could be
noticed that excitation wavelength of 360 nm causeagjor peak in the region of 450 nm
as recorded for the raw humic acid, 0.45um filteiradtion of humic acid and 100 kDa
fraction of humic acid. Although a slight shift tower wavelengths (~ 10 nm) was
recorded in the emission maxima of fluorescencesgiom scan spectra, comparisons were
based on th&max at 450 nm.
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s ] 11111
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— 0T i

250 400 450 500 550 &00

Wavelength, nm

Figure 4.30. Emission scan fluorescence spectB)dDa fraction of humic acid during

photocatalytic degradation (Initial represents B@ Kraction of humic acid).
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A significant decrease in FI was recorded for atiidsorption of 30 kDa fraction of
humic acid. Starting from time zero to 20 minutdésergperimental sequence, emission
fluorescence intensities declined. Especially é3@minutes of irradiation time, the major
started to disappear and even at 40 minutes dafiatian time, there was no detectable

peak in the emission scan fluorescence spectra.

Imtial —0Ormin = 10 mun 20rmin —30min —40rmn

300 350 400 450 500 350 &00
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Figure 4.31. Synchronous scan fluorescence spett&d kDa fraction of humic acid

during photocatalytic degradation (Initial repretse30 kDa fraction of humic acid).

Synchronous fluorescence scan spectra of each ulalesize fractions such as 100
kDa and 30 kDa fraction of humic acids exhibiteddecreasing trend in terms of
fluorescence intensity (Uyguner and Bekbolet, 200Sgnchronous scan spectra of 30
kDa fraction of humic acid as shown in Figure 4.8ikplayed two main peaks around
wavelengths of 470 nm and 370 nm. Initial adsosptemoval (t=0) of 30 kDa fraction of
humic acid could also be visualized by the syncbosnscan fluorescence spectra

displaying a quite significant FI decrease at hajtthe fluorescence maxima wavelengths.

Following oxidative treatment both the fluorescespectral features as well as the
FI were significantly changed that could also bsuglized by the spectra recorded even

after 10 minutes of irradiation time. Further inigtbn conditions (20 min) resulted in
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decreased fluorescence intensities and for thdiatian period of 30 minutes the absence
of both of the peaks demonstrated the formatioditbérent fluoresence emitting humic
centers revealing a contnium of fluorescence irtiess Upon further irradiation period of

40 minutes, the synchronous scan fluorescencergpgmostrated a featureless regime.

4.3.5. Photocatalytic Degradation of Raw Humic Ad in the Presence of Zinc

For the assessment of the photocatalytic degradafioumic acid in the presence of
0.1 mg L* zinc, different molecular size fractions such a#5Qm filtered fraction, 100
kDa fraction and 30 kDa fraction were also use@ ioomparative manner as presented
previously for the humic acid fractions. The ox&lizraw humic acid samples in the
presence of zinc were evaluated by UV-vis specatthfluorescence spectra as well as by

the specified UV-vis and fluorescence parameters.

4.3.5.1. UV-vis Spectroscopic Evaluation of Rawntiei Acid During Photocatalytic

Degradation in the Presence of Zi/-vis spectra of the raw humic acid in the preseaf

zinc showed a gradually declining trend with resgedncreasing wavelength in the 200-
600 nm region (Figure 4.32). Contrary to the UV-sfmectra of humic acid, a substantial
increase in absorption was observed in the speagabn of 200-235 nm. The UV-vis
spectra of “initial” followed the same trend of ramumic acid in the 235-600 nm
wavelength region. In the study of Uyguner and Bxdd&t) 2007, the similar conditions
were observed in the UV-vis spectra of humic acidhie presence of manganese ions.
Irradiation time dependent changes were also fatblwy spectroscopic properties during
humic acid photocatalytic degradation starting witee O min which was the initial
titanium dioxide introduction to the humic acid wibn prior to irradiation. Initial
adsorptive removal of humic acids could also baialiged by examining the UV-vis
spectra with respect to the UV-vis spectra recoradgahic acids under dark conditions.
Moreover, in the absence of zinc the UV-vis speofraaw humic acid showed that the
irradiation period of 10 min didnot significantlyter the removal profile as seen by the
UV-vis spectra recorded for t=0 min and t=10 mird lae similar trend (Figure 4.16).
After irradiation time of 30 minutes, the degradatof humic acid displayed a significant

decrease in the UV-vis absorbance retaining thédasitnend.
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Figure 4.32. UV-vis spectra of raw humic acid dgrphotocatalytic degradation in the
presence of zinc ("Raw’” represents raw humic aciaitial” represents raw humic acid

and zinc binary system).
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Figure 4.33. Normalized Colgg, UV3es, UV2g0, and U\ss, values of raw humic acid with

respect to irradiation time in the presence of zinc
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Furthermore, the photocatalytic degradation of luagid in the presence of zinc
was evaluated in terms of UV-vis parameters asesgad by Colags, UV3ss5 UVago and
UV 254 The remaining fractions of the specified paramseteere displayed with respect to
irradiation time for simplicity purposes (Figure8d).Initial adsorptive removalsf humic
acid were found to be 42%, 44%, 43% and 42% foioGge UViss, UVagy and Ulbs,,
respectively. The presence of zinc did not altgnificantly (< 5%) the initial adsorptive
removal of humic acid onto T In 30 minutes of irradiation time, all of the UNs
parameters expressed more than 50 % removal effiee While 54% of Colass was
removed in 10 minutes of irradiation, following pbcatalysis 79% removal was achieved
after 60 minutes. 46% removal was observed in 1Gutes irradiation time for U
Similar with Colokss, UVass was removed from the suspension about 65% after 60
minutes irradiation times. Comparatively lower remloefficiencies were expected for
UV,s4 with refence toColorss (Uyguner and Bekbolet, 2007; Uyguner and Bekbolet,
2010). In case of Udsand U\hbgg parameters, 76% and 68% degradation efficiencers w

achieved in 60 minutes, respectively.
With reference to the UV-vis spectral featurestamas in Figure 4.32, to fulfill the
purpose of the maintaining a reliable absorbancerdings in the visible region, no

further irradiation period was applied.

4.3.5.2. Fluorescence Spectroscopic Evaluation R#fw Humic Acid During

Photocatalytic Degradation in the Presence of EZmission scan fluorescence spectra of

humic acid in the presence of zinc were displaye#figure 4.34. In accordance with the
conditions set forward for raw humic acid, the fiescence spectra of the samples were
also recorded by excitation at 360 nm which resluitea major peak at the wavelength of
450 nm. Although no general decreasing trend irssiom fluorescence intensity could be
visualized with respect to irradiation time, theximaum fluorescence intensity could still
be detected significantly for 60 minutes of irrditia time with reference to the raw humic
acid (Figure 4.18). In relation to the fluoresceroaission scan spectra recorded for raw
humic acid, no distinct comparative evaluation ddo deduced for the assessment of the
effect of the zinc ions in binary system. HowewBg role of initial adsorptive interaction
could still be visualized by the fluorescence emissscan spectra recorded for t=0

condition.
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Figure 4.34. Emission scan fluorescence spectravohumic acid in the presence of zinc
during photocatalytic degradation ("Raw” represenaw humic acid, “Initial” represents

raw humic acid and zinc binary system).
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Figure 4.35. Synchronous scan fluorescence spettaw humic acid in the presence of
zinc during photocatalytic degradation ("Raw’” megents raw humic acid, “Initial”

represents raw humic acid and zinc binary system).
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Synchronous scan fluorescence spectra recordethéophotocatalytically treated
humic acid in the presence of zinc were shown igufeg 4.35. Synchronous scan
fluorescence spectra for raw humic acid in the gares of zinc displayed a sharp peak
around wavelength of 470 nm. There was also a mtelpeak at 390 nm wavelength with
a comparatively lower intensity. When the synchimacan fluorescence spectra of
photocatalytic degradation of humic acid in theemo® of zinc was compared to the
synchronous scan fluorescence spectra in the preseinzinc, it was observed that the
high fluorescence trend of 30 min irradiation timas disappeared by the addition of zinc
(Figure 4.19). Under prolonged irradiation condisd60 mins), the fluorescence intensity
maxima at 470 nm was completely removed and a h&wvelscence intensity maxima at
375 nm was found to be significantly evident wittedectable intensity value. The shift of
fluorescence maxima to lower wavelengths could ygmkned by the formation of new
fluorophores during photocatalysis (Uyguner and dédt, 2005a). Moreover, the
observed shift was also found to be present irmbdsence of zinc.

4.3.6. Photocatalytic Degradation of 0.45um Filted Fraction of Humic Acid in the

Presence of Zinc
Photocatalytic degradation of 0.45um filtered fi@etof humic acid in the presence
of zinc were evaluated by UV-vis spectra and flsoemce spectra as well as by the

specified UV-vis and fluorescence parameters.

4.3.6.1. UV-vis Spectroscopic Evaluation of 0.45fkitiered Fraction of Humic Acid

During Photocatalytic Degradation in the Present&m UV-vis spectra displayed a

logarithmic decaying shape for all of the samplesimed after photocatalytic treatment of
0.45um filtered fraction of humic acids in the mese of zinc (Figure 4.36). The presence
of zinc ions caused a dramatic effect on the UVsgsctra of humic acid. A substantial
increase in absorption was observed in the speagabn of 200-235 nm. The UV-vis

spectra followed the same trend of raw humic acithe 235-600 nm wavelength region.
For longer irradiation time periods, the spectravetd very low absorbance values

especially at ~ 250 nm wavelength.
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Figure 4.36. UV-vis spectra of 0.45um filtered cfran of humic acid during
photocatalytic degradation in the presence of %itiRaw” represents 0.45um filtered
fraction of humic acid, “Initial” represents 0.45n filtered fraction of HA and zinc binary

system).

The photocatalytic degradation profile afitiic acid in the presence of metal ions
displayed the same basic, featureless pattern ofotonous decline as a function of
wavelength and a decrease in the absorbance valagobserved with the increasing
irradiation time during photocatalytic oxidation y@uner and Bekbolet, 2007, Uyguner
and Bekbolet, 2010). In general, chromophores dhatesponsible for the absorbances in
the UV-vis spectral region consist of conjugatedildde bonds and lone pair of electrons
like those associated with oxygen, sulphur, anddel atoms. It was assumed that the
interactions of natural organic matter with metalsk place primarily at the sites that form
the strongest bond i.eoordinate bonding and chelating sites followedthy attraction
with the weaker sites i.electrostatic bonding and water bridging sitegy&hson, 1994).
However, the effect of these interactions could Ibetverified clearly by the observed
featureless UV-vis spectra that were recorded uallexperimental conditions, therefore
more specific spectroscopic tools should be empldge the elucidation of the structural

and conformational changes (Uyguner, 2005).
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Figure 4.37. Normalized Colgg UVses, UVago and UVss, values of 0.45um filtered

fraction of humic acid with respect to irradiatisme in the presence of zinc.

Photocatalytic degradation of 0.45um filtered fi@etof humic acids in the presence
of zinc was also evaluated in terms of UV-vis pagters as expressed by CabgrUVses,
UV2g0 and U\ss, (Figure 4.37). Initial adsorptive remowatficienciesof 0.45um filtered
fraction of humic acid in the presence of zinc wienend to be 43%, 42%, 41% and 40%
for Colonses UVsss, UVagoand Ulbs,, respectively. The presence of zinc ions alteretifini
adsorptive removal of 0.45um filtered fraction efnfic acid by approximately 20%. The
removal percentage for photocatalytic degradatiof.45um filtered fraction humic acid
in the presence of zinc is higher than in the atsai zinc in short time periods, such as
10 minutes. 48% removal of W4 and 44% removal of Uddowere also recorded at the
end of 10 minutes.While 51% of Colgswas removed in 10 minutes of irradiation period,
76% removal was achieved after 60 minutesddWas removed from the suspension
about 42% and 60% after 10 and 60 minutes irradidimes respectively. Furthermore at
the end of 120 minutes of irradiation tinse10% of humic acid was found to be present as
expressed by all of the specified UV-vis paramet&fter 180 minutes of irradiation time
period, no detectable UV-vis parameter could beairstl for the photocatalytic

degradation of 0.45um filtered fraction of humiddaia the presence of zinc.
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4.3.6.2. Fluorescence Spectroscopic Evaluatiof.45um Filtered Fraction of Humic

Acid During Photocatalytic Degradation in the Preseof Zn.Emission scan fluorescence

spectra of photocatalytically treated 0.45um fdtkfractionof humic acid in the presence

of zinc samples were displayed in Figure 4.38.
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Figure 4.38. Emission scan fluorescence spect@d&jum filtered fraction of humic acid
during photocatalytic degradation in the presenteinc ("Raw” represents 0.45um
filtered fraction of humic acid, “Initial” repremnts 0.45um filtered fraction of HA and

zinc binary system).

It could be stated that through the excitation winic moities at wavelength of 360
nm caused a major peak in the region of 450 nmassalso recorded for the raw 0.45um
fillered fraction of humic acid in the absence of zinc. The fluoresee intensities
displayed an increasing trend with respect to msire irradiation period from time 0 to
60 minutes. While the trend observed for the emisscan fluorescence spectra of the
0.45um filtered fraction of humic acid and zinc din system at t=0 min condition
displayed the lowest fluorescence intensity profie spectrum of 50 minutes of reaction
period crossed over with the recorded emission spactrum for the photocatalytically
treated sample for 60 minutes. The highest flu@ese intensities were obtained at 60

minutes of reaction time expressing the formatibnew highly fluorescent centers. After
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prolonged irradiation time periods, the emissiomnsdluorescence peak at 450 nm

disappeared and the trend became close to a fiorear

Synchronous scan spectra of 0.45 um filtered fvactif humic acid in the presence
of zinc displayed a continuum of fluorescence isi@s with respect to wavelength

except for certain irradiation time periods (Figdr89).
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Figure 4.39. Synchronous scan fluorescence spet@at5um filtered fraction of humic
acid during photocatalytic degradation in the pneseof zinc ("Raw” represents 0.45um
filtered fraction of humic acid, “Initial” repremnts 0.45um filtered fraction of HA and

zinc binary system).

Synchronous scan fluorescence spectraddf dm filtered fraction of humic acid did
not exhibit similar fluorescence properties in camgon to raw humic acid. After
increased irradiation time periods, while the mageek at 450 nm was disappeared, the
new peaks were occurred at 345 and 395 nm. Thenqresf different peaks at different
wavelengths could be attributed to the presenanaf For “initial” representing 0.45um
filtered fraction of HA and zinc binary system arav humic acids, the UV-vis spectra

followed the same trend.
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The recorded synchronous scan fluorescence spdina photocatalytically treated
0.45 um filtered fraction of humic acid in the pFase of zinc samples under posttreatment
conditions indicated the presence of structuralngba leading to the formation and
removal of fluorescent centers during photocatalyBhe increase in the FI for 60 minutes
irradiation time had been associated with the esireg content of C=0, aromatic C and
COOH groups (Senesi, 1990).

4.3.7. Photocatalytic Degradation of 100 kDa Fraiin of Humic Acid in the Presence
of Zinc

Photocatalytic degradation of 100 kDa fraction oiriic acid in the presence of zinc
were evaluated by UV-vis spectra and fluorescepeetsa as well as by the specified UV-

vis and fluorescence parameters.

4.3.7.1. UV-vis Spectroscopic Evaluation of 100akBraction of Humic Acid during

Photocatalytic Degradation in the Presence of 0@ kDa fraction of humic acid in the

presence of zinc was subjected to photocatalysisemaluated in the same manner as
reported for 100 kDa humic acid in the absenceraf @gigure 4.24). In general, the UV-
vis spectra of 100 kDa fraction of humic acid ie foresence of zinc showed a gradually
decreasing trend with the respect to wavelengther?200-600 nm region. The presence of
zinc ions caused a dramatic effect on the UV-viscja of humic acid (Figure 4.40). A
substantial increase in absorption was observethenspectral region of 200-235 nm.
Under all irradiation conditions, the UV-vis spectollowed the same trend of 100 kDa
fraction of humic acid in the 235-600 nm wavelengégion. Moreover, the UV-vis
spectra displayed AAbs < 0.003 in the wavelength region of 230-350 nm fold by a
complete overlapping trend in the wavelength re@b850-600 nm indicationg the role of
overlapping chromophores rather than the elimimatibthe UV-vis absorbing centers. It
should also be considered that the recorded alpgtigst were quite low to be considered
as significantly discriminative. Moreover, the U\s\spectra displayed the importance of
the UV-absorbing centers (Wd, UVogo and U\bss) with respect to the color forming
moities (Colokse) for the assessment of an indicative parametdr dbald be used the

photocatalytic degradation of humic acid.
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Figure 4.40. UV-vis spectra of 100 kDa fraction kafmic acid during photocatalytic
degradation in the presence of zinc ("Raw” remmts 100 kDa fraction of humic acid,

“Initial” represents 100 kDa fraction of HA andn binary system).

B Colord 36 ATIV 365 W 280 * 1TV 254
1.20
1.00 =
2 080
= i
T 060 -
8= |
o
£ 040 -
Z 1 * e
0.20 & A *
[ r
DUD T T T T T T T T T T T T T T T T - T
0 10 20 30 40 50 &0 70 20 a0 100
Irradiation time, min

Figure 4.41. Normalized Colges, UV3s5 UVago and Ulss, values of 100 kDa fraction of

humic acid with respect to irradiation time in fhresence of zinc.



78

The effect of prolonged irradiation time was aldwwn by the UV-vis spectra
recorded for 60 and 90 minutes. It was observed there were no characteristic
absorbance recordings after long irradiation tirmaquls. For example, in 90 minutes the
absorbance values nearly reached to zero at 35Wanmlength. These conditions were
provided for 0.45 um filtered fraction of humic @t 180 minutes irradiation time.

Photocatalytic degradation of 100 kDa fraction oiriic acid in the presence of zinc
was also evaluated in terms of UV-vis parametemxasessed by Colggs, UV3zgs, UVago
and UVbs4 (Figure 4.41). The detected initial adsorptive ogal efficiency of 100 kDa
fraction of humic acid were 53%, 50%, 43% and 42% G@olonzs, UV3es5, UVago and
UV 54 respectively. The effect of zinc ions on theiatiadsorption of 100 kDa fraction of
humic acid could be regarded as significantly gretitan the effect observed for 100 kDa
fraction of humic acid in the absence of zinc. Whb% of Colaszs was removed in 10
minutes of irradiation period, 81% removal was aehd after 60 minutes. In 120 minutes
of irradiation time, the removal of Colgg reached to 97%. For Uy, 36% removal was
observed in 10 minutes irradiation time. &d¥was removed from the suspension about
67% and 88% after 60 and 120 minutes irradiatiore$, respectively. In early stages of
irradiation; such as 10 minutes, removal efficienyl00 kDa fraction of humic acid in
the presence of zinc is more than the removalieffay attained for 100 kDa fraction of
humic acid in the absence of zinc. While 82% of dZgk removed in 10 minutes of
irradiation, 65% removal achieved for Wi The removal of U¥ss and U\bgy are about
14% more than the photocatalytic degradation of RD@ fraction of humic acid in the
absence of zinc. At the end of 60 minutes of iaidn time, 98%, 97%, 94% and 93% of
removal was achieved for 100 kDa fraction of humadtd in the presence of zinc, for

Coloryzs UVses, UVago, UVas,, respectively.

4.3.7.2. Fluorescence Spectroscopic Evaluatiol@ff kDa Fraction of Humic Acid

During Photocatalytic Degradation in the Preserfcgno Noticeable changes in the shape

of the emission scan fluorescence spectra of 100 fk&xtion of humic acid were seen in
Figure 4.42. The maximum fluorescence intensitykpeas also recorded at 450 nm
wavelength in accordance with the previously ingeséd humic acid and humic acid zinc

binary systems.
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Figure 4.42. Emission scan fluorescence specti®@fkDa fraction of humic acid during
photocatalytic degradation in the presence of giRRaw” represents 100kDa fraction of
humic acid, “Initial’” represents 100 kDa fractiai HA and zinc binary system).

In general it was observed that from time zero @ rlinutes of experimental
sequence, all of the emission fluorescence intessitecreased. The major peak recorede
at 450 nm wavelength was not found to be detectfide 40 minutes of irradiation perios
and upon further irradiation time periods, the tratosed to a linear form. The similar
trend was also observed for emission scan fluonescespectra of 100 kDa fraction of

humic acid in the absence of zinc.

Synchronous scan fluorescence spectra 0fKla fraction of humic acid in the
presence of zinc displayed diverse properties asnishn Figure 4.43. Two major peaks
could be detected for 100 kDa fraction of humiaagnc binary system in the wavelength
region of 350 nm to 550 nm. The presence of weflndd peaks detected at around
wavelength of 300 nm could be considered as spdoifihe studied system although some
minor remarks could also be directed to the systemposed of 0.45 um filtered fraction

of humic acid and zinc.
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Figure 4.43. Synchronous scan fluorescence spetti®0 kDa fraction of humic acid
during photocatalytic degradation in the presentceimc ("Raw” represents 100 kDa
fraction of humic acid, “Initial” represents 10RDa fraction of HA and zinc binary

system).

From a broader point of view, after 20 minutesrddiation, the characteristic sharp

peak of raw 100kDa fraction of humic acid in thegance of zinc completely disappeared.

4.3.8. Photocatalytic Degradation of 30 kDa Fraatn of Humic Acid in the Presence

of Zinc
Photocatalytic degradation of 30 kDa fractad humic acid samples in the presence
of zinc were evaluated by UV-vis spectra and flsoemce spectra as well as by the

specified UV-vis and fluorescence parameters.

4.3.8.1. UV-vis Spectroscopic Evaluation of 30 kBeaction of Humic Acid During

Photocatalytic Degradation in the Presence ofA@mentioned before, UV-vis spectra of

humic acid displayed a monotonously decreasingdtreith increasing wavelength. The
presence of zinc ions caused a dramatic effech@tJi/-vis spectra of humic acid (Figure

4.44). A substantial increase in absorption waeoiesl in the spectral region of 200-235
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nm. UV-vis spectra followed the same trend of rammit acid in the 235-600 nm
wavelength regions. Due to the initial very low Wi$ absorbance values of 30 kDa
humic acid both in the presence and absence of especially after photocatalytic
degradation of humic acid, the UV-vis spectra digptl significantly low absorbance
values throughout the whole wavelength region.
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Figure 4.44. UV-vis spectra of 30 kDa fraction lmimic acid during photocatalytic
degradation in the presence of zinc ("Raw” remms 30 kDa fraction of humic acid,

“Initial” represents 30 kDa fraction of HA andret binary system).

Photocatalytic degradation of 30 kDa fraction ofriiwi acid was also evaluated in
terms of UV-vis parameters as expressed by G@JoUVsss, UVago and UVess (Figure
4.45). It could be stated that the initial adsagtiemovakfficiencyof 30 kDa fraction of
humic acid and zinc binary system were found taabes9%, 62% and 60% for @4
UV,g0 and U\bs,, respectively. Considering the significant low @wis in 30 kDa fraction
of humic acid, the initial adsorptive removal ofl@ass should not be taken into account.
Moreover, significantly higher removal efficiencie®re attained for the 30 kDa fraction
of humic acid in the presence of zinc in comparigothe 30 kDa fraction of humic acid in
the absence of zinc. While 56% of Calgwas removed in 10 minutes, 71% remowak
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achieved after 30 minutes of irradiation time. dgMwvas removed from the suspension
about 74% and 88% after 10 and 30 minutes of @atauh periods respectively.
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Figure 4.45. Normalized Colges, UVses, UVogo and U\bs, values of 30 kDa fraction of

humic acid with respect to irradiation time in fhresence of zinc.
Almost 89% and 87% degradation was achieved in Bites for U\bgsand Ulsgo,
In long irradiation time periods, such as 60 misuteo recordable absorbance readings

were obtained as could also be verified by the Ws/absorption spectra.

4.3.8.2. Fluorescence Spectroscopic Evaluatid@d0dDa Fraction of Humic Acid During

Photocatalytic Degradation in the Presence ofEAnission scan scan fluorescence spectra

for oxidized 30 kDa fraction of humic acid in theepence of zinc were shown in Figure
4.46. Raw 30 kDa fraction of humic acid had a paadund 450 nm with relatively high
fluorescence intensity with respect to the tre@@#&Da fraction of humic acid samples.

With increasing irradiation time, a gradual decesas emission fluorescence
intensity became evident in the emission scan ésmgnce spectra. The spectrum of 10
minutes of reaction period crossed with 15 minofesradiation emission scan spectrum.
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The similar situation was also observed for the ssimon fluorescence spectra
recorded for 20 and 25 minutes of irradiation p@sicEmission scan fluorescence spectra
of “initial” displayed significantly lower intenségs which were nearly in a linear trend

without any significant peak at 450 nm wavelength.

E.awr
—() min
5 min

] () min

F1

=15 min
20 min
25 min
20 min

Initial

350 400 450 500 550 600
Wavelength, nin

Figure 4.46. Emission scan fluorescence spectB)dDa fraction of humic acid during
photocatalytic degradation in the presence of ¢iRRaw” represents 30 kDa fraction of

humic acid, “Initial” represents 30 kDa fractiaf humic acid and zinc binary system).

Synchronous scan fluorescence spectra of recongi@agdohotocatalytic degradation
of 30 kDa fraction of humic acid in the presenceiaot were shown in Figure 4.46. Initial
adsorptive removal of 30 kDa fraction of humic aitidhe presence of zinc could also be
visualized by the synchronous scan fluorescencetrspdisplaying a quite significant FI
decrease at 475 nm wavelength. Following oxidatreatment both the fluorescence
spectral features as well as the FI were signiflgarhanged that could also be detected by
the spectra recorded even after 10 minutes ofiatiat time. Upon further irradiation
period of 20 minutes, the synchronous scan fluemse spectra demostrated a featureless

regime.
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Figure 4.47. Synchronous scan fluorescence spett&d kDa fraction of humic acid
during photocatalytic degradation in the presenteioc ("Raw” represents 30 kDa
fraction of humic acid, “Initial” represents 3Ma fraction of humic acid and zinc binary

system).

From a specific point of view, it could also betsththat the peak detected around
300 nm wavelengths for the 100 kDa fraction of hwaxid in the presence of zinc could
not be detected for this binary system. The reasmuld be attributed to the specific
fluorescence properties of the molecular size iwast of the humic acids both in the

absence and presencezofic.

4.4. Comparative Evaluation of the Photocatalyti®egradation of Humic acid and

Its Molecular Size Fractions

For comparison purposes, photocatalytic degradatia@ of humic acid and its
molecular size fractions both in the presence amkrece of zinc were evaluated. The
removal efficiencies as expressed for the specifis@vis parameters for raw, 0. 45um
filtered fraction, 100 kDa fraction and 30 kDa fiiao of humic acid at 30 min and 60 min

of irradiation times were calculated and given abl€ 4.2.
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Table 4.2. Removal efficiencies of raw humic addd45 pm filtered fraction, 100 kDa
fraction and 30 kDa fraction of humic in the presznand absence of zinc after

photocatalytic degradation.

Humic acid and Removal efficiency, %

molecular size Coloryss UV3es UV2sg0 UV2s4
fractions 30 min| 60 min | 30 min| 60 min | 30 min | 60 min| 30 min | 60 min
Raw 61 83 57 80 48 71 46 69
0.45um ff* 62 81 58 77 50 69 48 67
100 kDa f** 89 99 83 97 76 93 74 93
30 kDa f** 95 - 99 - 91 - 90 -
Binary system; Humic acid and its molecular sizefiions in the presence of zinc

Raw 66 79 63 76 56 68 53 65
0.45 pm ff* 60 76 57 71 51 63 47 60
100 kDa f** 91 98 86 97 76 94 73 93
30 kDa f** 71 - 89 - 87 - 88 -

*filtered fraction, ** fraction

In general, the removal efficiencies of humic aaidl its molecular size fractions in
the absence of zinc changed in the order as 0.4Bjened fraction< Raw < 100 kDa < 30
kDa, for the specified UV-vis parameters such abiGg UVsss, UVago and UVes, The
similar order was also observed for humic acid @sdmolecular size fractions in the
presence of zinc, as 0.45um filtered fraction < Ra®00 kDa. It could be stated that 30
min of irradiation period resulted in 50 % degradation efficiency irrespective of the

substrate and condition.

In performing the photocatalytic degradation expents using humic acid as the
substrate, 0.4%um filters are used for the removal of the photdgata(e.g. TiQ).
Through filtration, besides the removal of the sumjed photocatalygiarticles, humic
acid molecules are also expected to pass totalyedVer, during the preparation step of
humic acid solutions, total dissolution of the hanacid sample should be attained.
Therefore in principle, raw humic acid and 048 filtered fraction of humic acid should

express equal reactivities towards oxidation.Theeoled differences could be explained
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by the structural and conformational changes thahmhave been occurred during
filtration. Lower molecular size fractions of humiacid displayed higher removel
efficiencies for all of the substrates both in firesence and absence of zinc. The reason
could be expressed both by considerably lowerainitoncentrations and experimental
conditions. Since photocatalyst dose is one of mh&or operational parameter in
photocatalysis, the higher effective surface area qubstrate concentration resulted in

higher degradation rate in case of 100 kDa fractioth 30 kDa fraction of humic acid.

In the presence of metal ions under the compleratomditions, a change within the
molecular size fractions of humic acids would bpested through the formation of new
humic moieities induced by intra- and intermolecladging (Uyguner, 1999; Uyguner
and Bekbolet, 2007; Uyguner and Bekbolet, 2010 Tdrmed metal-humate complex
displays distinctly different UV-vis and fluores@en spectral features which could be
assessed by instrumental analyses that are prdssmfiar for humic acid and zinc binary
system. The resultant effect would be either endiaienit or retardation of photocatalytic
degradation performance. Considering the presedtd, the presence of zinc ions

displayed a retardation effect under the specgaerimental conditions.

4.5. Kinetic Evaluation

In relation to the UV-vis and fluorescence speaopsc characterization of raw and
0.45 pm filtered fraction, 100 kDa fraction and KDa fraction of Aldrich humic acid,

photocatalytic degradation data were processedysieudo first order kinetic model.

45.1. Kinetic model

Organic compounds (e.g. humic acid) present in itluminated titania slurry
undergo many chain and consecutive reactions. Inidaal case, all intermediate
compounds are fully mineralized to carbon dioxidel avater. However, under the
specified experimental conditions the resultanttsmhs contained a measurable amount of
organic contents either expressed by UV-vis pararsetor DOC. Photocatalytic
degradation of humic substances are known to obeydo first order kinetic (Bekbolet et
al., 1998; Bekbolet et al., 2002).
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Pseudo first order kinetic model is expressed byfeHowing equation;
R=-/dA=k A 4.1)

The terms represent the following meanings;
R: Pseudo first order rate in terms of the spetiti%v/-vis parameters (thmin™)
A: Specified UV-vis parameters tjn
t: Irradiation time (min) and

k: Pseudo first order reaction rate constant {hin
The related half life,;f, (min) values could also be assessed by the Equétid);
12E 0.693/k (4.2)

According to the data obtained by photocatalytigrddation experiments, pseudo
first order reaction rate constants, half-life ey related correlation coefficients of
photocatalytic degradation and rates are calcul&d>0.70) and given in respective
tables.

4.5.2. Kinetic Modeling of Photocatalytic Degradabn of Raw Humic Acid

The kinetic evaluation of the experimental datatf@ photocatalytic degradation of
raw humic acid revealed the following pseudo fostler kinetic model parameters for
Colorze UVses, UVagoand Ubssas presented in Table 4. 3. Pseudo first orderadiagjon
rate constansts (k, miih were found to be 2.39xf02.21x1(, 1.73x1% and 1.61x18
for the UV-vis parameters specified as CedgrUVses, UVago and U\bs,, respectively.
Lower rate constants were attained with respeqihmtocatalytic degradation of humic
acid in the presence of copper ions (Uyguner arkb@&et, 2010). The removal of color
forming moieties was found to be relatively fastiean the UV absorbing centers (~ >
30%) as expressed by Wad and U\ss,,
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Table 4.3. Pseudo first order kinetic model patansefor the photocatalytic degradation

of raw humic acid.

Parameter k, min t1/o, MiN Rate, it min™
Coloryse 2.39x10° 29 0.1957
UV 365 2.21x10 31 0.3660
UVago 1.73x10° 40 0.6548
UVas4 1.61x10° 43 0.7084

The corresponding half life,(t, min) values were found to be in the range of 29¥in.
Photocatalytic degradation rates (R} mnin) were calculated by using the kinetic rate
equation (4.1.) and expressed by the decreasirgg ofdJV,54> UV2g0> UV365> ColOly36.
Uyguner and Bekbolet (2005a), studied the pseudbdrder model reactions and reaction
rate constants k (mih for humic acid removal were found to be decreg#inthe range of
2.98x10° to 2.01x1CF for specified UV-vis parameters of Calgg UVsgs, UVago and
UV 254

4.5.3. Kinetic Modeling of Photocatalytic Degradabn of Raw Humic Acid in the
Presence of Zinc

The kinetic evaluation of the experimental datatfer photocatalytic degradation of
raw humic acid in the presence of 0.1 mghinc revealed the following pseudo first
order kinetic model parameters for Calgr UVsgs, UVago and UVbs,as presented in Table
4.4,

Pseudo first order degradation rate constants {fi;)nwere found to be 2.48x¥0
2.18x10% 1.70x10% and 1.54x18 for the UV-vis parameters specified as CalgruVags,
UVg0 and U\ss,, respectively. The corresponding half life(tmin) values were in the
range of 28-45 min. Photocatalytic degradationsrd®, nm' min') were calculated by
using the rate equation (4.1) expressed by remamalee decreasing order of G/ >

UV 280> UV365> ColOlzs
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Table 4.4. Pseudo first order kinetic model patansefor the photocatalytic degradation

of raw humic acid in the presence of zinc.

Parameter k, min t1/o, MiN Rate, it min™”
Colornzs 2.48x10° 28 0.2031
UV 365 2.18x10° 32 0.3610
UVago 1.70x10° 41 0.6434
UVas4 1.54x10° 45 0.6776

The presence of zinc ions altered the pseudodidgr kinetic model rate constants
by < 5% for all of the specified parameters. The rerhagates were also found to be
comparatively similar to the raw humic acid photatdic degradations profile. The
reason could be attributed to the considerably dowcentrations of zinc with respect to
humic acid concentration. The free binding siteburhic acids could still be available for
the pre-adsorption of humic acid onto Fi€urface. The color forming moieties as well as
the UV absorbing centers were removed by adsorptna TiG, surface by 40% both in

the presence and the absence of zinc ions.

4.5.4. Kinetic Modeling of Photocatalytic Degradabn of 0.45 um Filtered Fraction
of Humic Acid

The kinetic evaluation of the experimental datatfer photocatalytic degradation of
0.45 um filtered fraction of revealed the followimgseudo first order kinetic model
parameters for Colggs, UV3e5 UVagoand UVsssas presented in Table 4.5.

Pseudo first order degradation rate constanstsigk!) were found to be 2.73x¥0
2.36x10% 1.79x10% and 1.63x18 for the UV-vis parameters specified as CalgruVags,
UVg0 and U\bsy, respectively. The removal of color forming moietigas found to be
relatively faster than the UV absorbing center8%90) as expressed by Wi and U\ss,

The corresponding half lifey(t, min) values were in the range of 25-43 min. Tabte
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Table 4.5. Pseudo first order kinetic model patansefor the photocatalytic degradation

of 0.45 um filtered fraction of humic acid.

Parameter k, min t1/o, MiN Rate, it min™
Colorse 2.73x10° 25 0.2050
UV 365 2.36x10° 29 0.3722
UV 250 1.79x10° 39 0.6668
UVas4 1.63x10° 43 0.7069

Photocatalytic degradation rates (R;* mnin™®) were calculated by using the rate
equation (4.1) expressed by the decreasing ord&@E, > UVag0 > UV3es > Cololss.
Considering that the 0.45um filtered fraction ofrhic acid should express similarities
with raw humic acid, the pseudo first order degtiatiakinetic parameters were also

expected to be similar (Tables 4.3 and Table 4.5).

4.5.5. Kinetic Modeling of Photocatalytic Degradabn of 0.45 um Filtered Fraction

of Humic Acid in the Presence of Zinc

The kinetic evaluation of the experimental datatf@ photocatalytic degradation of
0.45 um filtered fraction of humic acid in the mese of 0.1 mg t zinc revealed the
following pseudo first order kinetic model parammstéor Colokss, UV3es, UVago and

UVs4as presented in Table 4.6.

Table 4.6. Pseudo first order kinetic model patansefor the photocatalytic degradation

of 0.45 um filtered fraction of humic acid in theepence of zinc.

Parameter k, min t1/2, MIN Rate, it min™
Coloryss 2.58x10° 27 0.1938
UV 365 2.56x10° 27 0.4037
UV 250 2.33x10° 30 0.8679
UVos4 2.34x10° 30 1.0149
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Pseudo first order degradation rate constanstifk) were found to be 2.58x10
2.56x107% 2.33x10” and 2.34x18 for the UV-vis parameters specified as CglgruVsgs,
UV2g0 and U\ks, respectively. The corresponding half lifg(tmin) values were in the
range of 27-30 min. Photocatalytic degradationsrd®, m' min') were calculated by
using the rate equation (4.1) expressed by theedsitrg order of U¥,> UV,50> UV3es>
Colonse Photocatalytic degradation rate constants caledldor the specified UV-vis
parameters indicated similar reactivities expragsire role of complexation resulting in
conformational alterations. These changes in birsgistem structure might lead to the
formation of new sites open to TiQurface interactions. The effect of the preserianc
ions on the photocatalytic degradation performasfc@.45 um filtered fraction of humic
acid could be regarded as insignificant for Cglprand U\kgs whereas a slight

enhancement in the removal rate could be indicatedV,soand UVbs,

4.5.6. Kinetic Modeling of Photocatalytic Degradaon of 100 kDa Fraction of Humic
Acid

The kinetic evaluation of the experimental datatf@ photocatalytic degradation of
100 kDa fraction of humic acid revealed the follogipseudo first order kinetic model

parameters for Colgfs, UV3es, UVago and UVessas presented in Table 4.7.

Table 4.7. Pseudo first order kinetic model patansefor the photocatalytic degradation
of 100 kDa fraction of humic acid.

Parameter k, min ty/2, Min Rate, ri min™
Colonzs 6.51x10° 11 0.1959
UV 365 5.47x10° 13 0.3785
UV g0 4.39x10° 16 0.7639
UV 254 4.26x10° 16 0.8742

Pseudo first order degradation rate constansti(k?) were calculated as 6.51x1,0
5.47x10%, 4.39x10% and 4.26x18 for the UV-vis parameters specified as CalgruVags,
UVg0 and U\s,, respectively. The removal of color forming maastiwvas found to be

relatively faster than the UV absorbing centers>(30%) as expressed by ki and
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UV,ss. The corresponding half life 1(3, min) values were in the range of 11-16 min.
Photocatalytic degradation rates (R! min™) were calculated by using the rate equation
(4.1) expressed by the decreasing order ofdy¥ UV250> UV3es> Colonzs The pseudo
first order kinetic parameters displayed considgraiigher removal efficiencies for 100
kDa fraction of humic acid with respect to both®4m filtered fraction of humic acid and
raw humic acid. The enhancement factor could beardsgl as two fold for all of the

specified UV-vis parameters.

4.5.7. Kinetic Modeling of Photocatalytic Degradaon of 100 kDa Fraction of Humic
Acid in the Presence of Zinc

The kinetic evaluation of the experimental datatfer photocatalytic degradation of
100 kDa fraction of humic acid in the presence .4f ig L'* zinc revealed the following
pseudo first order kinetic model parameters foroGed, UVaiss, UVago and Ulss, as

presented in Table 4.8.

Pseudo first order degradation rate constanstsigkl) were found to be 4.25x¥0
4.57x10%, 4.32x10% and 4.33x18 for the UV-vis parameters specified as CelgrUVses,
UV2g0 and U\ks, respectively. The corresponding half lifg(tmin) values were in the
range of 15-16 min. Photocatalytic degradationsrd®, nm* min') were calculated by
using the rate equation (4.1) expressed by theedsitrg order of UM,> UV,50> UV3es>

CO'OI’436.

Table 4.8. Pseudo first order kinetic model patansefor the photocatalytic degradation
of 100 kDa fraction of humic acid in the presenteinc.

Parameter k, mih t1/2, Min Rate, it min*
Colorss 4.25x10° 16 0.1279
UV 365 4.57x10° 15 0.3162
UV 280 4.32x10° 16 0.7517
UV 254 4.33x10° 16 0.8885
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The presence of zinc ions altered the photocatabjéigradation rates of 100 kDa
fraction of humic acid with respect to the 0.45 filtered fraction of humic acid and raw
humic acid. However, a retardation effect couldnbéiced with respect to the conditions

specified by the absence of zinc ions.

4.5.8. Kinetic Modeling of Photocatalytic Degradabn of 30 kDa Fraction of Humic
Acid

The kinetic evaluation of the experimental datatf@ photocatalytic degradation of
30 kDa fraction of revealed the following pseudstfiorder kinetic model parameters for
Colorze, UVses, UVagoand UVsssas presented in Table 4.9.

Pseudo first order degradation rate constanstifk) were found to be 8.78xT0
12.53x10%, 7.93x10° and 8.06x18 for the UV-vis parameters specified as Cglgr
UV3es UVago and Ulss, respectively. The corresponding half lifgx(tmin) values were
in the range of 6-9 min. Photocatalytic degradaties (R, rit min™) were calculated by
using the rate equation (4.1) expressed by theedsitrg order of U¥,> UV,50> UV3es>

CO'OI’436.

Table 4.9. Pseudo first order kinetic model patansefor the photocatalytic degradation
of 30 kDa fraction of humic acid.

Parameter k, mih t1/2, Min Rate, it min*
Colonzs 8.78x10° 8 0.0360
UV 365 12.5x10° 6 0.1754
UV 250 7.93x10° 9 0.3695
UV 254 8.06x10° 9 0.4570

Significantly higherphotocatalytic degradation rate constants wereeaehl for 30

kDa fraction of humic acid with respect to the legmolecular weight fractions.
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4.5.9. Kinetic Modeling of Photocatalytic Degradabn of 30 kDa Fraction of Humic

Acid in the Presence of Zinc

The kinetic evaluation of the experimental datatf@ photocatalytic degradation of
30 kDa fraction of humic acid in the presence df g L* zinc revealed the following
pseudo first order kinetic model parameters foroGed UVsss UVago and U\bs, as

presented in Table 4.10.

Table 4.10. Pseudo first order kinetic model pat@ns for the photocatalytic degradation
of 30 kDa fraction of humic acid in the presenceiot.

Parameter k, mih t1/o, MiN Rate, it min*
Colorse 3.77x10° 18 0.0154
UV 65 6.48x10° 11 0.0907
UV 250 6.20x10° 11 0.2889
UV 254 6.33x10° 11 0.3589

Pseudo first order degradation rate constanstsigk!) were found to be 3.77x¥0
6.48x10%, 6.20x10° and 6.33x18 for the UV-vis parameters specified as CelgruVsgs,
UV2g0 and U\bs,, respectively. The corresponding half lifg£tmin) values were in the
range of 11-18 min. Photocatalytic degradationsrd®, nm* min') were calculated by
using the rate equation (4.1) expressed by theedsitrg order of U¥4> UVog0> UV3g5>
Colorss The presence of zinc ions displayed a slightebess in degradation rates for 30
kDa fraction of humic acid respect to 0.45 um fégb fraction of humic acid and raw
humic acid. However, a slight retardation effeatldobe noticed with respect to 100 kDa
fraction of humic acid. Moreover, a considerablgngiicant retardation effect could be
explained by the possible competitive complexatsond oxidation-reduction reactions
taking place in the medium that include zinc idnghe presence of metal ions, because of
the possible complex formation between humic aoid metal ions, rearrangement of the
electrostatic forces between the place and formatioa micelle like cage structure by
metal ion-bridging interactions might be expecté&hdgsh and Schnitzer, 1980; Puchalski
et al., 1992).
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4.6. Adsorption Studies of Humic Acid

Batch adsorption experiments were conducted withhramic acid and its different
molecular size fractions, such as 044 filtered fraction, 100 kDa fraction and 30 kDa
fractions and Ti@ The results were presented under appropriateesulniigs for the
humic acid and molecular size fraction in the pmeseand absence of zinc. Considering
the photocatalytically effective photocatalyst dgsthe TiQ loadings changed in the
range of 0.1-1.0 mg mt Zinc concentration was kept constant in all experita as 0.1

mg L.

Adsorption isotherms were modeled by using Fraghd(Equation 2.18) and
Langmuir (Equation 2.19) adsorption models by usimgspecified UV-vis parameters as
Colorzs UVses, UVagpand UVess Previous studies carried by Suphandag (1998 aad)2
and Bas (2001), reported the adsorption capacityhwhic acids on semi- conductor
powders. The adsorption capacity of humic acid wagstigated under different pH
conditions onto three different crystal structuoéstiO, powders that the range changed
from 0.1 mg mC* to 1.0 mg mL. It was also reported that the crystal structuses
TiO2 powders affect the adsorption and desorption behaef humic acid. Higher
adsorption efficiencies were observed for Degus&®.PAdsorption efficiencies of two
commercial humic acids (Aldrich and Roth) were ewa#td at different pH conditions
and it was concluded that Aldrich humic acid haghbr adsorption efficiency due to the

differences in the structure and chemical compasiti
4.6.1. Adsorption of Raw Humic Acid onto TiQ

The adsorption profiles of humic acid samples a#di after batch adsorption
experiments were evaluated by UV-vis spectra amoréiscence spectra as well as by the
specified UV-vis and fluorescence parameters. Tdwe cchange of Tigfor the samples
were shown in the figures starting from 0.1 to th§ mL" that initial represented either

the humic acid solution or humic acid and zinc byreystem.
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4.6.1.1. UV-vis Spectroscopic Evaluation of Rawntiiti Acid Adsorption onto TiQ As

seen in Figure 4.48, UV-vis spectra of humic actsaaption onto TiQ showed a

gradually declining trend with respect to the imsiag wavelength in the 200-600 nm

regions.
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Figure 4.48. UV-vis spectra of raw humic acid aggon onto TiQ (Initial represents raw

humic acid).

While initial humic acid shows the highest treng, the adsorption of raw humic
acid onto dose of 0.1 mg rLTiO, UV-vis spectra displayed a significant decrease.
Moreover, the UV-vis spectra showed that adsorptioto 0.1 mg mL* and 0.2 mg mt*
TiO, doses have similar trend. Also, for the case 8frig mL* and 0.4 mg mt: TiO,
doses, the UV-vis spectra followed the same treitd declining absorbance recordings.
After adsorption of raw humic acid onto 0.6 mg L0, dose, there were no significant
changes in UV-vis spectra. Also, it could be easdyiced that, especially for higher HO
loadings, there were no significantly characteristbsorbance recordings after 400 nm

wavelength.

A similar adsorption profile was also derived founhic acid with an initial
concentration of 50 mg't (Ulker, 2008). The lower Ti©doses (0.1mg nit.— 0.2 mg
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mL™) provided considerably lower surface area for shecessive adsorption of humic
moieties resulting in similar UV-vis spectral patteThe trend in the UV-vis adsorption

profiles obviously reflected in the specified UVs\parameters.

4.6.1.2. Fluorescence Spectroscopic EvaluatiolRafr Humic Acid Adsorption onto

TiO,. Emission scan fluorescence spectra of raw humnigt adsorption onto TiQwere

displayed in Figure 4.49.
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Figure 4.49. Emissions scan fluorescence spett@aiohumic acid adsorption onto TiO

(Initial represents raw humic acid).

In accordance with the conditions set foohi@r raw humic acid, the emission scan
fluorescence spectra of the samples were recorgedxdtation at 360 nm which resulted
in a continuously decreasing trend in fluorescantensity atA =450 nm with respect to
increasing TiQ dose for raw humic acid. The adsorption of raw ftuacid onto minimum
dose, 0.1 mg mt TiO,, gave the highest fluorescence intensity. Whitghest dose, 1.0
mg mL* TiO, had the lowest fluorescence intensity, the spectfi adsorption onto 0.5
mg mL* TiO, overlapped the recorded emission scan spectruithdoadsorption onto 0.6
mg mL* TiO,. The observed differences in UV-vis and that eimisscan fluorescence

spectra of humic acid indicated the adsorptionltesn the formation of new fluorophores
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although a systematic removal of UV-vis absorbiegters were recorded with respect to

increasing TiQ doses.

Synchronous fluorescence spectra of raw humic adgbrption onto Ti@ were
displayed in Figure 4.50. Raw humic acid displayed peaks at 370 nm and 470 nm

wavelengths which were dissappeared after adsorptito 0.7 mg mt: TiO, dose.
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Figure 4.50. Synchronous scan fluorescence spettraw humic acid adsorption onto
TiO; (Initial represents raw humic acid).

The highest fluorescence intensities were obsefweddsorption onto 0.4 mg riL
and 0.2 mg mt* TiO, doses with peaks about 350 nm wavelengths. ThedoWwl was

recorded for the adsorption of raw humic acid dnfbmg mL* TiO, dose.

4.6.1.3. Adsorption Isotherm Modeling of Raw Hundicid. The adsorption data were

evaluated in terms of Freundlich and Langmuir gotson models.

Freundlich adsorption model. The Freundlich model assumes that adsorbent forms

multiple layer coverage on the surface of adsorlbete the adsorption sites are

heterogeneous; that, they have different bindingrgias (Schnoor, 1996). Freundlich
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adsorption model isotherms were displayed in tHewing Figures 4.51 and 4.52 for
Colorzs and U\ss,, respectively. The observed trend in the shape ef atisorption
isotherm expressed a similar surface attractionbimth of the parameters. Freundlich

adsorption model isotherms for ¢ and U\bgo were presented in Appendix A.

As seen in Figure 4.51,.Gralues varied between 0.37 — 4.24" for Colonsg
depending on the amount of TiGn the range of 0.1-1.0 mg L The corresponding
values of g calculated were found to be in the range of 149.6@2 mig™.
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Figure 4.51. Freundlich adsorption isotherm ofdZgb of raw humic acid onto Ti©

As illustrated in Figure 4.52, the equilibrium cents, G values varied between
4.21— 27.95 i for UVys4 The values of gcalculated to be in the range of 802.60 — 3278
mg™ for the corresponding«alues. It could also be stated that the adsarfisiotherms
showed similar trend both in terms of Calgrand U\bs, parametersAC, values for raw
humic acid were calculated as 3.87 and 23.74 i for Colonssand U\ss, respectively.
On the other hand\ga were found to be 572.4 g and 2475.4 g™ for Colorssand

UV 54 respectively.
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Figure 4.52. Freundlich adsorption isotherm of k)\f raw humic acid onto Ti©

Freundlich adsorption model (Equation 2.18) wasliagpo the data obtained for
UV-vis spectroscopic parameters i.e. CedgrUVszes, UVago and UVbs, and isotherm
model coefficients; adsorption capacity, End adsorption strength, 1/n, for the adsorption
of raw humic acid onto TiQwere listed in Table 4.11 ¢R0.70).

Table 4.11. Freundlich isotherm model parameterdife adsorption of raw humic acid
onto TiO,.

Humic acid Ks 1/n

Colorzs 267.9 0.498
UV 3es 332.4 0.517
UV 250 399.1 0.489
UV 254 398.0 0.518

According to Table 4.11, adsorption capacity camst;) for Colorgg displayed the
lowestvalue. Adsorption capacity constants for UV absaglienters (UYse, and U\ssy)
were approximately found to be equal to each othdsorption intensity (1/n) values for

Colorze, UVses, UVago and UVes, were found to be very close (~ = 0.5) to eachrabieeng
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lower than 1, expressing that the adsorption boasl strong and the capacity tended to be

independent of C

Langmuir adsorption model. Langmuir adsorption isotherms of raw humic acidv-vis

parameters as Colgg and U\ks,were given in Figure 4.53 and Figure 4.54, respebti
The Langmuir isotherms attained for kbY and U\bgy parameters were presented in

Appendix B.
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Figure 4.53. Langmuir adsorption isotherm of Cgloof raw humic acid onto Ti©

Langmuir adsorption isotherms showed similar trelnoih in terms of Colags and
UV,s4 parameters. In general the observed close lineaotld also be modeled by
Langmuir adsorption isotherm model (Equation 2.19).

Langmuir isotherm model coefficients; binding camdf K, and the maximum
quantity adsorbable when all adsorption sites vee®upied, gax for the adsorption of
raw humic acid onto Ti@were listed in Table 4.12 {R 0.80).
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Figure 4.54. Langmuir adsorption isotherm of Jg\of raw humic acid onto Ti©

Table 4.12. Langmuir isotherm model parametersttieradsorption of raw humic acid
onto TiO,.

Humic acid Omax K

Colorze 578 1.006
UV 365 1149 0.394
UV 280 2174 0.140
UV 254 2703 0.103

According to Table 4.12,,gx and K values for both the Uy and U\bs, were very
close to each other. There was approximately 798&rdnce between ,@x values of
Colongzs andUVyss The difference between K values of CalgandUV 54 was about
90%. The Langmuir isotherm binding constants, KJwtvis parameters were found to be
in the order of Colags > UV3es > UVagy > UVass The maximum quantity adsorbable
when all adsorption sites were occupieglacould be assessed by the order of24)%

UV 280> UV3e5> ColOnzs
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4.6.2. Adsorption of 0.4%um Filtered Fraction of Humic Acid onto TiO»

In order to evaluate the effect of different sizacfions on adsortion properties of

humic acid, experiments were carried out with Québfiltered fraction of humic acid.

4.6.2.1. UV-vis Spectroscopic Evaluation of 04h Filtered Fraction of Humic Acid

Adsorption onto TiQ. UV-vis spectra displayed a logarithmic decayirentt for all of the

samples obtained after adsorption of 0.45um fidteiraction of humic acid onto TiO
(Figure 4.55). It could be easily seen that theificant decreases were occured with the
addition of increased dose of 1O
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Figure 4.55. UV-vis spectra of 0.48n filtered fraction of humic acid adsorption onto

TiO; (Initial represents 0.4fm filtered fraction of humic acid).

UV-vis spectra showed that adsorption of 0.45uneri@d fraction of humic acid
onto 0.7 mg mL* and 0.8 mg mt TiO, displayed similar trend overlapping on each other.
Moreover, in the case of 0.9 mg thland 1.0 mg mt: TiO, doses the UV-vis spectra
followed the same overlapping trend. The reasondcbe attributed to the probable

saturation of the surface adsorption sites.
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4.6.2.2. Fluorescence Spectroscopic Evaluatiof.#% um Filtered Fraction of Humic

Acid Adsorption onto Ti@ Emission scan fluorescence spectra of 0.45umédté&action

of humic acid samples were displayed in Figure 4Bte fluorescence spectra of the
samples were recorded by excitation at 360 nm pgusimajor peak at the wavelength of
450 nm. Although Ti@dose dependent general decreasing trend in flcemes intensity
could be visualized, the maximum fluorescence sitgrwas observed for the adsorption
of 0.45um filtered fraction of humic acid onto Omg mL* TiO, Especially after
adsorption onto 0.6 mg miLTiO,, it became easier to observe the emission Fl dsere
As expected, the lowest FI was seen for adsormfdd45um filtered fraction of humic
acid onto 1.0 mg mt TiO..
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Figure 4.56. Emission scan fluorescence spectfaddiim filtered fraction of humic acid

adsorption onto Ti@(Initial represents 0.4pm filtered fraction of humic acid).

Synchronous scan fluorescence spectra recordedh&radsorption of 0.45um
filtered fraction of humic acid were shown in Figut.57. Synchronous scan fluorescence
spectra for 0.45um filtered fraction of humic adiisplayed a sharp peak around
wavelength of 470 nm. There was also a moderate greand 370 nm wavelengths with a

comparatively lower intensity.
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Figure 4.57. Synchronous scan fluorescence spet@at5um filtered fraction of humic

acid adsorption onto TiXInitial represents 0.4pm filtered fraction of humic acid).

After adsorption onto higher dosage of Zi®he characteristic sharp peak of for
0.45um filtered fraction of humic acid at 470 nmvel@ngth completely disappeared. On
the other hand, a new peak at 350 wavelengths wised. At this wavelength, similar
fluorescence intensities were recorded for adsampti 0.45um filtered fraction of humic
acid onto higher dosages of Li@\fter adsorption onto higher dosage of 7,i®uch as 1.0
mg mL* TiO,, the synchronous scan fluorescence intensity @fhajor peak recorded at

470 nm wavelength decreased to lower values.

4.6.2.3. Adsorption Isotherm Modeling of 0.d& Filtered Fraction of Humic AcidlThe

adsorption data were evaluated in terms of Freahdind Langmuir adsorption models.

Freundlich adsorption model. Freundlich adsorption model isotherms were disglan

Figure 4.58 and Figure 4.59 for Calgyand U\bs,, respectivelyFreundlich isotherms for
UV 365 and Ulbgy were presented in Appendix A. As illustrated igufe 4.58, ¢ values
varied between 0.25 - 5.19nfor Colonss depending on the amount of Gi@resent in
solution. The values ofagcalculated to be in the range of 151.80 - 53&gmfor the

corresponding ©values. As seen in Figure 4.59, V@lues varied between 3.05 —-30.76 m
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for UV.ss The values of g calculated to be in the range of 806.40 - 252%yfor the

corresponding ©values.

AC. andAga values for 0.45im fractionated humic acid were found to be 4.94 m
and 378.2 mg ™, respectively at Colass. ACe andAga for UV.s, were calculated as 27.71
m* and 1715.6 g™, respectively. Adsorption isotherms showed simitand both in
terms of Colofzs and UVbssparametersThis exhibited trend would have agreed well with
the C-curve type isotherm that an initial slope a@me independent of adsorptive

concentration until the maximum possible adsorptias achieved.
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Figure 4.58. Freundlich adsorption isotherm ofdZgk of 0.45um filtered fraction of
humic acid onto Ti@

In comparison to the adsorption data attaineddar humic acid (Figures 4.51. and
4.52) comparatively similar adsorption isothermsenattained except for the lower doses.
The reason could be attributed to the presencevotbncentrations of Tiodoses leading
to lower surface area exposed for adsorption ohtlraic moieties. On the other hand, the
neutral pH conditions served an invariable backgdotor the surface charges attained

both on TiQ and humic fractions.
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Figure 4.59. Freundlich adsorption isotherm of ;k)Mof 0.45 um filtered fraction of

humic acid onto Ti@

Freundlich adsorption model was applied to the dabdained for UV-vis
spectroscopic parameters i.e. Cglgr UVses, UVagy and U\ess Isotherm model
coefficiens; adsorption capacity;,kand adsorption strength, 1/n, for the adsorpdiot45
um filtered fraction of humic acid onto Ti@vere listed in Table 4.13 {R 0.70).

Table 4.13. Freundlich isotherm model parameterdhfe adsorption of 0.4pm filtered

fraction of humic acid onto Ti©

Humic acid Kt 1/n

Colorszs 227.8 0.349
UV 365 331.3 0.365
UV 280 467.7 0.391
UV 254 489.9 0.404

According to Table 4.13, adsorption capacity camsfar Colouss gave the lowest
value when adsorption capacity constants for UVodhieg centers (U¥o, and U\sss)

were approximately equal to each other. Adsorptiapacity constant of Colgg was
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nearly half of adsorption capacity constant of&JV1/n values for Col@gs, UV3es, UVago
and U\ss, were very closed to each other and found to beddhan 1, it shows that the

adsorption bond was strong and the capacity tetalbd independent of Ce.

Langmuir adsorption model. Langmuir adsorption isotherms of 0.45um filteregttion of

humic acid for Colaois and U\ss, were given in the Figure 4.60 and Figure 4.61,
respectively. Langmuir adsorption isotherms for gkfVand U\bgy were presented in

Appendix B.
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Figure 4.60. Langmuir adsorption isotherm of Cglpof 0.45um filtered fraction of

humic acid onto Ti@

As seen in Figure 4.60 and Figure 4.61, Langmusosgation isotherms showed
similar trend both in terms of Colgs and U\ss, parameters. Comparing the Langmuir
adsorption isotherm profiles attained for raw huatal (Figure 4.53 and Figure 4.54), the
observed profiles could be expressed as displagimdar properties. The reason could be
attributed to the prevailing considerably simil#éiractions between the TiGurface and

the humic moities either raw or 0.45um filtereccfran of humic acid.
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Figure 4.61. Langmuir adsorption isotherm of gh\of 0.45um filtered fraction of humic
acid onto TiQ.

Langmuir isotherm model coefficients; binding camdi K, and the maximum
guantity adsorbable when all adsorption sites vom@upied, gax for the adsorption of
0.45um filtered fraction of humic acid onto TiQvere listed in Table 4.14 {R 0.80)

Table 4.14. Langmuir isotherm model parametergieradsorption of 0.4pm filtered

fraction of humic acid onto Ti©

Humic acid Clmax K

Colorzs 336 2.893
UV 3es 694 1.036
UV2s0 1587 0.296
UV sy 1887 0.226

According to Table 4.14,,g4xand K values for both the Uy and U\bs, were very
close to each other. There was approximately 82fierdnce between gy values of
ColorzsandUV 54 The difference between K values of CaleandUV s, was about 92%.

The Langmuir isotherm binding constants, K, of Ug-parameters were found to be in
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the order of Cologs>UV3e5 >UV2g0 >UV254 The maximum quantity adsorbable when all
adsorption sites were occupieghag could be assessed by the order ofz4%¥ UVogo >
UV 365> Colorss.

4.6.3. Adsorption of 100 kDa Fraction of Humic Aal onto TiO,

In order to investigate the molecular size effectamlsortion properties of humic

acid, experiments were carried out with 100 kDatfoen of humic acid.

4.6.3.1. UV-vis Spectroscopic Evaluation of 100akiEraction of Humic Acid Adsorption

onto TiG,. UV-vis spectra displayed a logarithmic decayingmhfor all samples obtained
after adsorption of 100 kDa fraction of humic agitigure 4.62). After the adsorption onto
0.5 mg mL* TiO,, there were no significant absorbance decreaseshigher dosages of
TiO, showed similar overlapping trend on each other.
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Figure 4.62. UV-vis spectra of 100 kDa fraction lafmic acid adsorption onto TiO
(Initial represents 100 kDa fraction of humic acid)

When the absorbance values of 100 kDa fractioruafib acid were compared with
raw humic acid, it could be easily seen that theesof 100 kDa fraction of humic acid

was less than half of the absorbance values ohrtamic acid.
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4.6.3.2. Fluorescence Spectroscopic Evaluationl@fkDa Fraction of Humic Acid

Adsorption onto TiQ. Emission scan fluorescence spectra of 100 kDdidraof humic

acid adsorption onto Tivere displayed in Figure 4.63.

The fluorescence spectra of the samples were redoby excitation at 360 nm
which resulted in a major peak at the wavelengthsif nm. Although Ti@dose loading
dependent general decreasing trend in fluorescereasity could be visualized, the
maximum fluorescence intensity was observed forogud®n of 100 kDa fraction of
humic acid onto lower dose as 0.1 mg hiliO,. Starting from 0.1 mg mtTiO, to 1.0
mg mL! TiO, dose, all of the fluorescence intensities were efsad. The lowest FI
values were reached after adsorption of 100 kDetifna of humic acid onto 1.0 mg niL
TiO,. The reason could be attributed to the Jd@se dependent successive elimination of
the fluorophoric groups of the 100 kDa fraction lafmic acid acting simultaneously
during adsorption onto Ti3surface.
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Figure 4.63. Emission scan fluorescence spectrd00f kDa fraction of humic acid

adsorption onto Ti@(Initial represents 100 kDa fraction of humic gcid



112

=—Initial =—0.1 — —_—3 e s 15
0.6 0.7 0.8 =09 1.0

200 250 400 450 500 550 &00

Wavelength, nin

Figure 4.64. Synchronous scan fluorescence spettt@®0 kDa fraction of humic acid
adsorption onto Ti@(Initial represents 100 kDa fraction of humic gcid

Synchronous scan fluorescence spectra recordedhéradsorption of 100 kDa
fraction of humic acid were shown in Figure 4.6heTsynchronous scan fluorescence
spectra for 100 kDa fraction of humic acid dispthygesharp peak around wavelength of
470 nm. There was also a moderate peak at 370 nwelevegth with a comparatively
lower intensity. After adsorption of 100 kDa frawti of humic acid onto higher THO
doses, the characteristic peak of 100 kDa fractbhumic acid at 470 nm wavelength

completely disappeared.

4.6.3.3. Adsorption Isotherm Modeling of 100kDaad¢fron of Humic Acid. The

adsorption data were evaluated in terms of Freahdind Langmuir adsorption models.

Freundlich adsorption model. The adsorption isotherms for Cojggand U\ss, changes of

humic acids were given in the Figure 4.65 and Fgdr66. Freundlich adsorption
isotherms for U¥gs and U\bgg were presented in Appendix A. Figure 4.65 indidateat
C. values were changed between 0.17 — 1.98an Colonss depending on the amount of
TiO, present in solutions. The values af@plculated to be in the range of 60.40 - 242 m

g™ for the correspondingd¥alues.
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Figure 4.65. Freundlich adsorption isotherm ofdZgé of 100 kDa fraction of humic acid

onto TiO.
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Figure 4.66. Freundlich adsorption isotherm ofk)\0f 100 kDa fraction of humic acid

onto TiO.
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As seen in Figure 4.66,.0alues varied between 1.96 — 14.94 for UV,ss. The
values of g calculated to be in the range of 374.80 - 1152jfor the correspondingC
values. The adsorption isotherms show similar trewoith in terms of Colags and U\ss,
parametersAC. and Aga values for 100 kDa fraction of humic acid werel1lr@* and
181.6 m'g™, respectively at Colags. AC. andAga for UVas, were 12.98 il and 777.2 m
g, respectively. This exhibited trend was agreedhhie L-curve type isotherm which
was the resultant effect of high relative affinitiythe adsorbent particies for the absorbate
at low surface coverage coupled with a decreasimguat of adsorbing surface remaining

as the surface excess of the absorbate increases.

Freundlich adsorption model was applied to the datdained for UV-vis
spectroscopic parameters .i.€olonzs UVses, UVagy and U\bss Isotherm model
coefficiens; adsorption capacity;,kand adsorption strength, 1/n, for the adsorptiiof00
kDa fraction of humic acid onto TiQvere listed in Table 4.15. {R0.70)

Table 4.15. Freundlich isotherm model parametarshie adsorption of 100 kDa fraction

of humic acid onto Ti@

Humic acid Kt 1/n

Coloryss 178.3 0.527
UV 365 2325 0.514
UV2s0 285.6 0.517
UV 254 281.3 0.552

According to Table 4.16, adsorption capacity camstdor both the UV absorbing
centers and the color forming chromophoric grougsewfound to be very close to each
other. There was approximately 37% difference betw¢he adsorption capacity of
Colorss and UVass 1/n values were found to be lower than one, dicates that the
adsorption bond was strong; the capacity tende tmdlependent of CThe observed case
expressed unfavorable adsorption.

Langmuir adsorption model. Langmuir adsorption isotherms of 100 kDa fractdriumic

acid for Cologsg and UVbsawere given in the Figure 4.67 and Figure 4.68, eesyely.
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Figure 4.67. Langmuir adsorption isotherm of Cglof 100 kDa fraction of humic acid
onto TiO,.
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Figure 4.68. Langmuir adsorption isotherm of Jg\of 100 kDa fraction of humic acid
onto TiOp.

Langmuir adsorption isotherms for a¢ and U\bgo were presented in Appendix B.
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As seen in Figure 4.67 and Figure 4.68, Langmuwpggtion isotherms show similar
trend both in terms of Colgs and U\bss parameters. This exhibited trend would have
agreed well with the linear pattern. Langmuir issth model coefficients; binding
constant, K, and the maximum quantity adsorbableenvill adsorption sites were
occupied, gax for the adsorption of 100 kDa fraction of humadaonto TiQ were listed
in Table 4.16 (B> 0.80).

Table 4.16. Langmuir isotherm model parametergieradsorption of 100 kDa fraction

of humic acid onto Ti@

Humic acid Omax K

Coloryss 309 1.571
UV 365 529 0.892
UV g0 1351 0.214
UV 54 1754 0.142

According to Table 4.17,,gx and K values for both the Uy and U\bs, were very
close to each other. There was approximately 82f&rdnce between ,gx values of
ColornssandUV s The difference between K values of CatgandUV ;54 was about 91%.
The Langmuir isotherm binding constants, K, of Uig-parameters were found to be in
the order of Colage>UV3e5 >UV2g0 >UV2ss. The maximum quantity adsorbable when all
adsorption sites were occupied,mag could be assessed by the order of
UV 252UV 250> UV 365>Co0l0N36.

4.6.4. Adsorption of 30 kDa Fraction of Humic Acidonto TiO,

In order to evaluate the molecular size effect dsoaion properties of humic acid,
experiments were also carried out with 30 kDa faacof humic acid.

4.6.4.1. UV-vis Spectroscopic Evaluation of 30kEraction of Humic Acid Adsorption

onto TiG,. UV-vis spectra of the 30 kDa fraction of humicdadisplayed a decaying trend
for all samples in the 200-600 nm wavelength regji@hgure 4.69).
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Considering the initial UV-vis spectral featurddlze 30 kDa fraction of humic acid,
the attained absorbance recordings were significdatver than the higher molecular
weight fractions. Even for adsorption of 30 kDacfran of humic acid onto comparatively
lower TiO, loadings (e.g. 0.1 mg mi), UV-vis spectra approached to very low

absorbance values.
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Figure 4.69. UV-vis spectra of 30 kDa fractiorhoimic acid adsorption onto Ti@Initial

represents 30 kDa fraction of humic acid).

4.6.4.2. Fluorescence Spectroscopic Evaluatiom3@Da Fraction of Humic Acid

Adsorption onto TiQ. Emission scan fluorescence spectra for 30 kDdidraof humic

acid were shown in Figure 4.70. “Initial” 30 kDadtion of humic acid has a peak around
450 nm with relatively high fluorescence intensifdsorption of 30 kDa fraction of
humic acid onto Ti@surface with increasing loadings, a gradual deeréa fluorescence
intensity became evident in the emission scan ésence spectra. The similar situation
was also observed between the cases of 0.8 m§ tml1.0 mg m[* TiO, doses. As
presented previously for 100 kDa fraction of huraad, the observed gradual decrease

could also be expressed by the prevailing doserakgre similar surface attractions.
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Figure 4.70. Emission scan fluorescence spectr@0okDa fraction of humic acid
adsorption onto Ti@(Initial represents 30 kDa fraction of humic acid)
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Figure 4.71. Synchronous scan fluorescence spettB®d kDa fraction of humic acid
adsorption onto Tig(Initial represents 30 kDa fraction of humic acid)
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Synchronous scan spectra of 30 kDa fraabibhumic acid were shown by Figure
4.71. The synchronous scan fluorescence spectré8GokDa fraction of humic acid
displayed sharp peaks around wavelength of 470 min380 nm. After adsorption onto
higher dosages of TiQthe characteristic sharp peaks of 30 kDa fraatibhumic acid at
470 nm and 380 nm wavelengths completely disapdedirevas also observed that the

trend of 0.8 mg mL-1 and 1.0 mg MO, doses was crossed to each other.

4.6.4.3. Adsorption Isotherm Modeling of 30kDadfian of Humic Acid.The adsorption

data were evaluated in terms of Freundlich and trangadsorption models.

Freundlich adsorption model. The adsorption isotherms for Cajgyand UVss, changes of

humic acids were given in the Figure 4.72 and FEglu73 respectively. The Freundlich
adsorption isotherms for Wy and U\bg, were presented in Appendix A. Figure 4.72
indicated that §values varied between 0.05 — 0.29 flor Colonss depending on the

amount of TiQ present in solution. The values @f cplculated to be in the range of 12.20

— 74 m'g™ for the correspondingd¥alues.
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Figure 4.72. Freundlich adsorption isotherm ofdCgk of 30 kDa fraction of humic acid
onto TiO,.
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Figure 4.73. Freundlich adsorption isotherm of,k)\of 30 kDa fraction of humic acid
onto TiO,.

As observed in Figure 4.73.@alues varied between 0.74 — 3.23 far UVys4 The
values of g calculated to be in the range of 103.40 - 53&jfnfor the corresponding £
values.AC. andAgx values for 30 kDa fractionated humic acid were402* and 61.80
mg1, respectively at Colgss AC. andAga for UVas, were 2.49 m and 639.4 g™,

respectively. Freundlich adsorption model paransetare presented in Table 4.17.

Table 4.17. Freundlich isotherm model parametershfe adsorption of 30 kDa fraction

of humic acid onto Ti@

Humic acid Kt 1/n

Colorzs 103.1 0.579
UV 365 191.2 0.879
UV 280 158.1 1.016
UV 254 142.2 1.065

According to Table 4.17, adsorption capacity camstdor both the UV absorbing

centers and the color forming chromophoric groupsenfound to be very close to each
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other. There was approximately 27% difference betw¢he adsorption capacity of
ColorzsandUV 54 On the other hand, for the adsorption strendti, ialue of U\s4 was
calculated as 46% higher than value of Cglor

Langmuir adsorption model. Langmuir adsorption isotherm of 30 kDa fractionhofmic

acid for UVas4 as the sole parameteas given in the Figure 4.74. Langmuir isotherm
model coefficients; binding constant, K, and thexmmum quantity adsorbable when all
adsorption sites were occupieghag for the adsorption of 30 kDa fraction of humigdac
onto TiO, were listed in Table 4.18 {R 0.80).
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Figure 4.74. Langmuir adsorption isotherm of Jg\of 30 kDa fraction of humic acid
onto TiO,.

Table 4.18. Langmuir isotherm model parametersHeradsorption of 30 kDa fraction of

humic acid onto Ti@

Clmax K
UVaes, m* 196 1.662
UVago, Mt 4545 0.036
UVass m™ 100 000 0.0014
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The Langmuir isotherm binding constants, K, of Uig-parameters were found to be
in the order of UVYss >UVog0 >UV32s, The maximum quantity adsorbable when all
adsorption sites were occupieghag could be assessed by the order of24% UVago>
UV 365 Colonss was not a significant parameter for 30 kDa fractxd humic acid because

of very low initial absorbance values.

For the comparative evaluation of the adsorptiorampaters of different molecular
fractions of humic acid, K and,gk values were given in order. The Langmuir isotherm
binding constants, K, of different molecular fracts were found to be in the order of
0.45um filtered fraction >100 kDa >Raw. The maximgomntity adsorbable when all
adsorption sites were occupiedzag could be assessed by the order of Raw > 0.45um
filtered fraction >100 kDa.

4.6.5. Adsorption of Raw Humic Acid onto TiQ in the Presence of Zinc

Adsorption experiments in the presence of zinc wereducted by using raw humic
acid and its different molecular size fractionsstsas 0.45um filtered fraction, 100 kDa,
and 30 kDa fractions of humic acid solution. Ti@adings were changed in the range of

0.1-1.0 mg mr*and zinc concentration was kept constant in alberpents as 0.1 mgL

4.6.5.1. UV-vis Spectroscopic Evaluation of Rawntiiti Acid Adsorption onto Ti@in

the Presence of Zinds mentioned before, UV-vis spectra of humic aaddaption onto

TiO, in the presence of zinc displayed a monotonoudgrahsing trend increasing
wavelength (Figure 4.75). Up to ~240 nm wavelengtimic acid in the presence of zinc
showed the highest absorbance recordings. Howewter, 240 nm wavelength, it was
crossed over the raw humic acid spectra (Figur@)4As explained in “Photocatalytic

degradation of humic acid in the presence of zis€ttion; in the presence of zinc, a
substantial increase in adsorption was observederspectral region of 200-235 nm. The
UV-vis spectra followed the same trend of raw huatd in the 235-600 nm wavelength

regions.
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Figure 4.75. UV-vis spectra of raw humic acid agson onto TiQ in the presence of

zinc (Initial represents raw humic acid and zingaoy system).

Comparison of the UV-vis spectra of the raw hunticl@nto TiQ in the absence of
zinc ions distinctly indicated the role of zinc amdmic interaction with the TiQDsurface
(Figure 4.48 and Figure 4.75). Increasing dosethefadsorbent displayed significantly
different spectral pattern in the 225nm- 500 nmiaiegy The effect of adsorption onto
higher TiQ dosages was shown by the UV-vis spectra especitigrded after 0.7 mg
mL™ TiO, dose. It was observed that there were no charsiitegbsorbance recordings
after this dose. While in the absence of zinc,yhleies became close to zero after 400 nm
wavelength, this conditions were provided at ~2B0far the experiments in the presence

of zinc.

4.6.5.2. Fluorescence Spectroscopic EvaluatidReod Humic Acid Adsorption onto TiO

in the Presence of Zin&mission scan fluorescence spectra of raw humit @dwaringe

adsorption in the presence of zinc samples wepayied in Figure 4.76. It could be stated
that the excitation wavelength of 360 nm causedapnpeak in the region of 450 nm. It

was also recorded for the raw humic acid in theeabs of zinc.
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Figure 4.76. Emission scan fluoresence spectravwhumic acid adsorption onto Ti@

the presence of zinc (Initial represents raw hueaid and zinc binary system).
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Figure 4.77. Synchronous scan fluorescence spettraw humic acid adsorption onto
TiO, in the presence of zinc (Initial represents ramtwuacid and zinc binary system).
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As seen in Figure 4.76, a continuously decreagiagdtin FlI atAn2,=450 nm was
observed with respect to increasing 7®se for raw humic acid adsorption onto 7i®
the presence of zinc. The raw humic acid and zimarp system had the highest
fluorescence trend. The peak was not found to bectédble upon higher Tigdoses such
as 0.7 mg mt}, the trend closed to linear form. The synchrorenan fluorescence spectra
recorded for the adsorption of raw humic acid ie ffresence of zinc were shown in
Figure 4.77. As seen in the Figure 4.77, a contislyodecreasing trend in Fl B},,,=470
nm was observed with respect to increasing ;Tddse for raw humic acid. While
adsorption dependent fluorescence intensity digglay decreasing trend with increasing
dose of TiQ except 0.1 mg mL TiO, dose, two new peaks were observed approximately
at 345 and 395 nm wavelength with adsorption of mawic acid onto the lowest dose, 0.1

mg mL* TiO.. Also, the significant peaks were detected atrdomavelength of 300nm.

4.6.5.3. Adsorption Isotherm Modeling of Raw Humicid in the Presence of Zinthe

adsorption data were evaluated in terms of Freahdind Langmuir adsorption models.

Freundlich adsorption model. Freundlich adsorption isotherms for Calgrand U\bs,

changes of humic acids were given in the Figur® 47d Figure 4.79 respectively. The
Freundlich adsorption isotherms for kbY and U\bg, were presented in Appendix A.
Figure 4.78 indicated that.®alues varied between 0.08 — 5.30 far Colonss depending
on the amount of Ti@present in solution. The values q@f cplculated to be in the range of
152.40 — 480 g™ for the corresponding«¥alues.

As illustrated in Figure 4.79, &values varied between 0.88 — 36.99 for UVas,,
The values of g calculated to be in the range of 869 — 146&for the corresponding
C. values. The adsorption isotherms showed simierds both in terms of Colgg and
UV 54 parametersAC. andAqga values for raw humic acid were calculated as Sn2and
327.60 mig-* respectively for Colags On the other hand for Uy, parameterAC, and
Aga were calculated as 36.11mand 599 ritg? respectively. The isotherm could be

expressed by an L-type isotherm.
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Figure 4.79. Freundlich adsorption isotherm ofA)\6f raw humic acid onto Ti©in the

presence of zinc.
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Freundlich adsorption model was applied to the datdained for UV-vis
spectroscopic Isotherm model coefficiens; adsompt@apacity, K and adsorption
strength, 1/n, for the adsorption of raw humic amndo TiQ in the presence of zinc were
listed in Table 4.19 (R> 0.70).

Table 4.19. Freundlich isotherm model parameterdhfe adsorption of raw humic acid

onto TiGy in the presence of zinc.

Humic acid Ks 1/n

Coloryss 340.4 0.284
UV3es 540.4 0.259
UV2s0 891.9 0.181
UV 254 989.6 0.204

Adsorption capacity, K for Coloyss was lower than UV absorbing centers. 1/n
values for Colarzs, UV3es, UVago and U\bss were closed to each other. 1/n values were
found to be lower than one; which indicates that ¢apacity tends to be independent of
concentration. They express unfavorable adsorptitensities. Considerably highers K
values were attained in the presence of zinc foggs/\VJVago and U\ss, contrary to the
adsorption intensity factor as expressed by 1/iblgrd.11).

Langmuir_adsorption model. Langmuir adsorption isotherms of raw humic acidthe

presence of zinc for Colgg and U\bs, were given in the Figure 4.80 and Figure 4.81,
respectively. Langmuir adsorption isotherms for skfVand U\bgy were presented in
Appendix B.

When the Langmuir adsorption isotherms of raw huaaicl in the presence of zinc
for all UV parameters were compared with Langmuaisa@aption isotherms of raw humic
acid in the absence of zinc, it was observed tmatl/G values in the presence of zinc
were became 5 times higher than in the absenceof(Eigures 4.53 and 4.54). On the
other hand, 1/g values were nearly constant with no significanargie. The role of
complexation of zinc ions with humic moieties didt rsignificantly later the adsorption

profiles of raw humic acid onto Tig&urface as expressed by Langmuir adsorption model.
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Figure 4.80. Langmuir adsorption isotherm of Cglpof raw humic acid onto Tign the
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Langmuir isotherm model coefficients; binding camdi K, and the maximum
guantity adsorbable when all adsorption sites vom®upied, gax for the adsorption of

raw humic acid onto Ti@in the presence of zinc were listed in Table 4% 0.80).

Table 4.20. Langmuir isotherm model parametersttieradsorption of raw humic acid

onto TiG in the presence of zinc.

Humic acid Omax K

Coloryss 394 7.938
UV3ss 769 3.940
UVogo 1471 1.360
UV sy 1818 0.982

According to Table 4.20,,g4x and K values for both the Uy and U\ks, were close
to each other. There was approximately 78% diffezelbetween ghx values of Colass
andUVgs4 The difference between K values of CadgandUVs4 was about 88%. The
Langmuir isotherm binding constants, K, of UV-viar@meters were found to be in the
order of Colokzs> UV3e5 > UVago > UVass The maximum quantity adsorbable when all
adsorption sites were occupieghag could be assessed by the order of,4)¥ UVogo>
UV 365> Colonsze

When the values of K and,gwere compared to the adsorption of raw humic acid
the absence of zinc, K values became ~8 times hitfltee adsorption of humic acid
binding constants, K, with the addition of zinc. @re other hand, ,gx values were

decreased about 32% with the addition of zinc spgation experiments.

4.6.6. Adsorption of 0.45um Filtered Fraction of Humic Acid onto TiO; in the
Presence of Zinc

0.45 um filtered fraction of humic acid samples were ea#td by UV-vis spectra

and fluorescence spectra as well as by the spetiievis and fluorescence parameters.
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4.6.6.1. UV-vis Spectroscopic Evaluation of 04id Filtered Fraction of Humic Acid

Adsorption onto TiQ in the Presence of Zin@&s seen in the Figure 4.82, the UV-vis

spectra of 0.4mm filtered fraction of humic acid showed a gradyaléclining trend with
the respect to increasing wavelength in the 200+680Gegions. The effect of the presence
of zinc can be observed at240 nm wavelength with higher absorbance valuas thw
0.45 um filtered fraction of humic acid. As mengonin photocatalytic degradation
section, the presence of zinc ions caused a dramf¢ict on the UV-vis spectra of humic
acid (Figure 4.36). An essential increase in aligmrpvas observed in the spectral region
of 200-235 nm. The UV-vis spectra followed the sammgnd of raw 0.45 um filtered
fraction of humic acid in the 235-600 nm wavelengthion.
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Figure 4.82. UV-vis spectra of 0.45um filteredctran of humic acid adsorption onto
TiO in the presence of zinc (Initial represents 0.45jitered fraction of humic acid and

zinc binary system).

While in the absence of zinc, the absorbance valers became close to zero after
400 nm wavelength, these conditions were provideldwer than 250 nm for 0.45 pum

filtered fraction of humic acid adsorption onto %ii@ the presence of zinc.
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4.6.6.2. Fluorescence Spectroscopic Evaluatiof.#% um Filtered Fraction of Humic

Acid Adsorption onto TiQin the Presence of ZinEmission scan fluorescence spectra of

0.45um filtered fractiorof humic acid adsorption onto T3On the presence of zinc
samples were displayed in Figure 4.83. It couldtiaéed that the excitation wavelength of
360 nm caused a major peak in the region of 450aamvas also recorded for 0.45 um
filtered fraction of humic acid in the absence daficz The emission scan spectra of
fluorescence intensities displayed a decliningdreith respect to increasing Ti@lose
from 0.1 to 1.0 mg mt.
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Figure 4.83. Emission scan fluorescence spect@addfum filtered fraction of humic acid
adsorption onto Ti@in the presence of zinc (Initial represents 0.45jered fraction of

humic acid and zinc binary system).

While the trend of adsorption onto the lowest adent dose had the highest
fluorescence intensity, the spectrum of 0.45uneri@itl fractionof humic acid and zinc
combination had similar fluorescence intensitiethwow changes. Upon the adsorption
onto 0.8 mg mL* TiO, dose, the peak at 450 nm wavelength was dissampead became

a linear form.
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Synchronous scan spectra of 0.45 um filtered fvactif humic acid in the presence
of zinc as illustrated by Figure 4.84 displayedeglihing of fluorescence intensities. As
explained in the adsorption studies of humic acithe absence of zinc; the synchronous
scan fluorescence spectra for 0.45 um filteredtivacof humic acid displayed a sharp

peak around wavelength of 470 nm.
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Figure 4.84. Synchronous scan fluorescence spet@al5um filtered fraction of humic
acid adsorption onto TiQin the presence of zinc (Initial represents 0.45filtered

fraction of humic acid and zinc binary system).

There was also a moderate peak around 395 nm watktewith a comparatively
lower intensity. 0.45um filtered fraction of humacid and zinc binary system had the
highest trend in Figure 4.84. Adsorption of 0.45 filbered fraction of humic acid onto
increased Ti@doses, the adsorption equilibrium was reachedenthi2 major peak at 470
nm was disappeared. On the other hand, adsorpthtm the highest Ti@ doses gave
major peak at 400 nm wavelengh with high fluoreseemtensities. The presence of

different peaks at different wavelengths could thebauted to the presence of zinc.
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4.6.6.3. Adsorption Isotherm Modeling of 0.4% Filtered Fraction of Humic Acid in the

Presence of Zind'he adsorption data were evaluated in terms ofrielézh and Langmuir

adsorption models.

Freundlich adsorption model. Freundlich adsorption isotherms for Calgrand U\bs,

changes of humic acids were given in the Figur® 48d Figure 4.86 respectivelhe

Freundlich adsorption isotherms for klyand U\bgo were presented in Appendix A.
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Figure 4.85. Freundlich adsorption isotherm ofdZgk of 0.45um filtered fraction of
humic acid onto TiQin the presence of zinc.

C. values varied between 0.08 — 3.35 for Colonss depending on the amount of
TiO, present in solution as shown in Figure 4.85. Talees of g calculated to be in the
range of 136 — 706 Ty* for the corresponding Ovalues. As seen in Figure 4.86, C
values varied between 0.85 — 22.09 for UV,s,, The values of g calculated to be in the
range of 783.6 -3588 g™ for the corresponding &values. The adsorption isotherms
show similar trend both in terms of Colgyand U\bssparametersAC. andAqga values for
0.45 um filtered humic acid were 3.27 Trand 570 m'g™, respectively at Colgss ACe
andAga for UVas, were 21.24 it and 2804.4 g™, respectively. The isotherm exhibited

S- curve type isotherm.
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Figure 4.86. Freundlich adsorption isotherm of ,k)Mof 0.45 um filtered fraction of

humic acid onto TiQin the presence of zinc.

Freundlich adsorption model was applied to the datdained for UV-vis
spectroscopic parameters i.e. Cglgr UVses, UVagy and U\ess Isotherm model
coefficiens; adsorption capacity,;,Kand adsorption strength, 1/n, for the adsorptbn
0.45um filtered fraction of humic acid onto L@ the presence of zinc were listed in
Table 4.21 (&> 0.70).

Table 4.21. Freundlich isotherm model parameterdhfe adsorption of 0.4pm filtered

fraction of humic acid onto Tign the presence of zinc.

Humic acid Kt 1/n

Colorzs 321.9 0.329
UV 365 516.1 0.322
UV2s0 765.7 0.370
UV 254 813.0 0.376
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According to Table 4.21, adsorption capesiof 0.45um filtered fraction of humic
acid in the presence of zinc were found to be higihen the adsorption capacities of 0.45
um fractionated humic acid for each parameter. Tdgomption capacity constant for
Colorngs gave the lowestvalue when adsorption capacity constants for UVodbeg
centers (UVgo, and U\sss) were approximately equal to each other. There av&®%
difference between the¢Kalues of Colaofzs and UVess 1/n values for Colags, UV3es,
UV g0 and U\bs, Were very closed to each other and found to beidiaan 1, it shows that

the adsorption bond was strong and the capacitiettto be independent of Ce.

Langmuir adsorption model. Langmuir adsorption isotherms of 0.45um filteregttion of

humic acid in the presence of zinc for Calgrand U\bsswere given in the Figure 4.87
and Figure 4.88, respectively. Langmuir adsorpismtherms of U¥gs and U\bgy were
presented in Appendix B. As seen in Figure 4.87 ligdire 4.88, Langmuir adsorption
isotherms showed similar trend both in terms ofoGeé and U\bs, parameters. The
Langmuir adsorption isotherms of 0.45um filtereacfron of humic acid in the presence
of zinc for all UV parameters were compared witmdmuir adsorption isotherms of

0.45um filtered fraction of humic acid in the abseof zinc.
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Figure 4.87. Langmuir adsorption isotherm of Cglpof 0.45um filtered fraction of
humic acid onto TiQin the presence of zinc.
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It was observed that the 1A&alues in the presence of zinc were became fougdi
higher than the experiments in the absence of mcthe other hand, l{qvalues were

nearly constant with no significant change.
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Figure 4.88. Langmuir adsorption isotherm of Jg\of 0.45um filtered fraction of humic

acid onto TiQin the presence of zinc.

Langmuir isotherm model coefficients; binding camdi K, and the maximum
guantity adsorbable when all adsorption sites vom®upied, gax for the adsorption of
0.45 um filtered fraction of humic acid onto TyOn the presence of zinc were listed in
Table 4.22 (&> 0.80).

Table 4.22. Langmuir isotherm model parametergHeradsorption of 0.4pm filtered

fraction of humic acid onto Tig&in the presence of zinc.

Humic acid Omax K

Colorss 373 6.874
UV 365 709 4,274
UV g0 1818 0.797
UV 254 2128 0.610
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According to Table 4.22,,g and K values for both the Uy and U\bs, were very
close to each other. There was approximately 82f&rdnce between gy values of
Colorss andUVys4. The difference between K values of CatgandUV,s, was about
91%. The Langmuir isotherm binding constants, KJutvis parameters were found to be
in the order of Colage>UV3es >UV2g0 >UVas.The maximum quantity adsorbable when
all adsorption sites were occupiegyag could be assessed by the order obiJ¥ UVogo>
UV 365> Colongss When the values of K angh,g were compared to the adsorption of 0.45
pum filtered fraction of humic acid in the absendezimc, K values became about three
times higher than adsorption of humic acid bindingstants, K, with the addition of zinc.
On the other hand,gx was decreased about 10% with the addition of nadsorption

experiments.

4.6.7. Adsorption of 100 kDa Fraction of Humic Adl onto TiO; in the Presence of
Zinc

The humic acid samples attained by adsorption weetuated by UV-vis spectra

and fluorescence spectra as well as by the spetiiévis and fluorescence parameters.

4.6.7.1. UV-vis Spectroscopic Evaluation of 100akEraction of Humic Acid Adsorption

onto TiG, in the Presence of ZintlV-vis spectra displayed a logarithmic decayingpeha

for all samples obtained after adsorption of 10@ Kidction of humic acid in the presence
of zinc. However, the humic acid in the presencezwfc have higher absorbance
recordings up to 240 nm, it can be reached the $emd with initial humic acid at ~ 350
nm wavelength. UV-vis spectra displayed signifibaitw absorbance values throughout
the whole wavelength region especially after 250wenelength. After adsorption of 100
kDa fraction of humic acid onto 0.3 mg fLTiO, and more than this dose, the trends

crossed to each other with low differences.

In comparison to the UV-vis spectra recorded fod kDa fraction of humic in the
absence of humic acid (Figure 4.62) significantifyedent trend in the lower wavelength
range (< 250 nm) was observed due to the comptexakhavior of zinc ions and humic

moieities.
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Figure 4.89. UV-vis spectra of 100 kDa fractiorhaimic acid adsorption onto T3@n the

presence of zinc (Initial represents 100 kDa foacbf HA and zinc binary system).

As explained in photocatalytic degradation of huatd in the presence of zinc, the
presence of zinc ions caused a dramatic effecherv-vis spectra of 100 kDa fraction
humic acid (Figure 4.40). A significant increaseabisorption was observed in the spectral
region of 200-235 nm. The UV-vis spectra followbd same trend of 100 kDa fraction of
humic acid in the 235-600 nm wavelength regions.rédweer, the UV-vis spectra
displayed aAAbs < 0.003 in the wavelength region of 230-350 nm fo#d by a complete

overlapping trend in the wavelength region of 380-Gm.

4.6.7.2. Fluorescence Spectroscopic Evaluatiorl@ff kDa Fraction of Humic Acid

Adsorption onto TiQin the Presence of Zin8ignificant changes in the shape of emission

scan fluorescence spectra of 100 kDa fraction ofibwacid adsorption onto TiQn the
presence of zinc were seen in Figure 4.90. The maxi fluorescence intensity peak was
recorded at 450 nm wavelength in accordance welptbviously investigated other humic
acid and humic acid zinc binary systems. Startingrfadsorption onto 0.1 to 1.0 mg thL

TiO, doses, all of the fluorescence intensities wepeadesed.
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Figure 4.90. Emission scan fluorescence spectra06f kDa fraction of humic acid
adsorption onto Ti@in the presence of zinc (Initial represents 10@ Kiaction of HA and

zinc binary system).
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Figure 4.91. Synchronous scan fluorescence spettt®0 kDa fraction of humic acid
adsorption onto Tigin the presence of zinc (Initial represents 100 kR2ation of HA and

zinc binary system).
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The emission fluorescence intensity peak was nanhdoto be detectable upon
adsorption of 100 kDa fraction of humic acid ontd éng mL* TiO, dose, and the trend
closed to a linear form. The “initial” binary systeexhibited a similar trend between the
adsorption doses of 0.3 mg rland 0.4 mg mt TiO,. The synchronous fluorescence
spectra of 100 kDa fraction of humic acid adsorptomto TiQ in the presence of zinc
were given in Figure 4.91. Although the recordedckyonous fluorescence spectra were
not found to be discriminative, the adsorptive reai@f fluorophoric groups could still be

detectable with a decreasing trend for zinc andib@aeid binary system.

4.6.7.3. Adsorption Isotherm Modeling of 100 kDeadion of Humic Acid in the

Presence of Zindhe adsorption data were evaluated in terms ofrielezh and Langmuir

adsorption models.

Freundlich adsorption model. Freundlich adsorption isotherms for Calgrand U\bs,

changes of humic acids were given in the Figur82 4nd 4.93. Freundlich adsorption

isotherms for U\ss and U\bgo were presented in Appendix A.
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Figure 4.92. Freundlich adsorption isotherm ofdZgé of 100 kDa fraction of humic acid

onto TiG in the presence of zinc.
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Figure 4.93. Freundlich adsorption isotherm ofk)\of 100 kDa fraction of humic acid
onto TiG in the presence of zinc.

Figure 4.92 indicated that.values varied between 0.02 — 1.47 fior Colotsg
depending on the amount of Ti@resent in solution. The values of galculated to be in
the range of 64.80 - 3581y for the correspondingd¥alues. As seen in Figure 4.93, C
values varied between 0.44 — 10.5% for UV,s,, The values of g calculated to be in the
range of 413.40 - 2114 tg™ for the corresponding {alues. The adsorption isotherms
show similar trend both in terms of Colgyand U\bssparametersAC. andAqga values for
100 kDa fraction of humic acid were 1.45rand 293.2 mig ™", respectively at Colass
AC. and Aga for UV,ss were 10.1 m and 1700.6 mg™, respectively. This exhibited
trend was agreed with L- curve type isotherm whigls typically concave to the
concentration axis and generally characterized rbyndial slope that does not increase

with adsorbate in the solution.

Freundlich adsorption model was applied to the datdained for UV-vis
spectroscopic parameters i.e. Cglgr UVses, UVogy and U\ess Isotherm model
coefficiens; adsorption capacity;,kand adsorption strength, 1/n, for the adsorptiiof00
kDa fraction of humic acid onto TiOn the presence of zinc were listed in Table 4%
0.70).
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Table 4.23. Freundlich isotherm model parametarshie adsorption of 100 kDa fraction

of humic acid onto TiQin the presence of zinc.

Humic acid Kt 1/n

Colornzs 329.8 0.412
UVzes 509.2 0.394
UV 2g0 710.9 0.482
UV 254 720.2 0.499

Adsorption intensity for Colages was lower than UV absorbing centers. On the other
hand, adsorption intensities for each UV-vis partt@ameere found to be lower than one, it
indicated that the adsorption bond was strongcépacity tended to be independent of Ce
According to Table 4.23, adsorption capacities @ kDa fraction of humic acid onto

TiO; in the presence of zinc were found to be highan ih the absence of zinc.

Langmuir adsorption model. Langmuir adsorption isotherms of 100 kDa fractdrmumic

acid in the presence of zinc for Calgrand U\bs, were given in the Figure 4.94 and
Figure 4.95, respectively. Langmuir adsorption hsoins of U\ss and Ulbgy were
presented in Appendix B.

When the Langmuir adsorption isotherms of 100 ki2atfon of humic acid in the
presence of zinc for all UV parameters were congpangth Langmuir adsorption
isotherms of 100 kDa fraction of humic acid in #ifesence of zinc, it was observed that
the 1/G values in the presence of zinc were 5-10 timekdrighan in the absence of zinc
(Figure 4.67 and Figure 4.68). On the other hargh talues were nearly the same with
no significant change. The isotherms attained ubdén conditions could be successfully

modeled by Langmuir model and the model parametarkl be compared.

Langmuir isotherm model coefficients; binding camdi K, and the maximum
guantity adsorbable when all adsorption sites voam®upied, gax for the adsorption of
100 kDa fraction of humic acid onto Ti@n the presence of zinc were listed in Table 4.24
(R*>0.80).
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Figure 4.94. Langmuir adsorption isotherm of Cglof 100 kDa fraction of humic acid
onto TiGy in the presence of zinc.
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Figure 4.95. Langmuir adsorption isotherm of Jgl\Mof 100 kDa fraction of humic acid

onto TiGy in the presence of zinc.
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According to Table 4.24,,g and K values for both the Uy and U\,bs4 were close
to each other. There was approximately 90% diffezelbetween ghx values of Colaogs

andUVss4. The difference between K values of CalgandUV s, was about 97%.

Table 4.24. Langmuir isotherm model parametergteradsorption of 100 kDa fraction

of humic acid onto TiQin the presence of zinc.

Humic acid Omax K

Coloryss 200 23.81
UV3ss 398 14.78
UV g0 1515 1.100
UV sy 2000 0.649

The Langmuir isotherm binding constants, K, of Ulg-parameters were found to be
in the order of Colags>UV 365 >UV2g0 >UVoss The maximum quantity adsorbable when
all adsorption sites were occupiegag could be assessed by the order 0b4J¥ UV,gp>

UV 365> Colorss.

4.6.8. Adsorption of 30 kDa Fraction of Humic Acidonto TiO, in the Presence of

Zinc

30 kDa fraction of humic acid samples were evalidby UV-vis spectra and

fluorescence spectra as well as by the specified/id\and fluorescence parameters.

4.6.8.1. UV-vis Spectroscopic Evaluation of 30kEraction of Humic Acid Adsorption

onto TiG in the Presence of Zin€onsidering the initial UV-vis spectral featurestioé

30 kDa fraction of humic acid, the attained absndearecordings were significantly lower
than the considerably higher molecular weight foaxt. The raw absorbance values of 30
kDa fraction of humic acid were about 95% and 8@%6 lthan raw humic acid for Calgy
and U\bs, respectively. As could be seen at other fracti@0skDa fraction of humic acid

in the presence of zinc gave a similar trend wittreasing wavelength.
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The presence of zinc ions caused a dramatic effeche UV-vis spectra of humic
acid (Figure 4.44). A significant increase in alpsimn was observed in the spectral region
of 200-235 nm. The UV-vis spectra followed the sdaread of 30 kDa fraction humic acid
in the 235-600 nm wavelength regions.
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Figure 4.96. UV-vis spectra of 30 kDa fractionhoimic acid adsorption onto T3Gn the

presence of zinc (Initial represents 30 kDa fractbd HA and zinc binary system).
Especially, after adsorption of 30 kDa fractionheimic acid onto 0.3 mg mLTiO,
dose, no significant absorbance changes were dasdeven for lower Ti@loadings (0.1

mg mL?), UV-vis spectra was reached to very low absorbardues.

4.6.8.2. Fluorescence Spectroscopic Evaluatiom3@Da Fraction of Humic Acid

Adsorption onto TiQ in the Presence of ZinEmission scan fluorescence spectra for 30

kDa fraction of humic acid Adsorption onto i@ the presence of zinc were shown in
Figure 4.97. Raw 30 kDa fraction of humic acid laggeak around 450 nm with relatively
high fluorescence intensity with respect to theeotBO kDa fraction of humic acid

samples.
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Figure 4.97. Emission scan fluorescence spectr80&Da fraction of humic acid
adsorption onto Ti@in the presence of zinc (Initial represents 30 kation of HA and

zinc binary system).

Zinc and humic acid binary system had lower fluceege intensities than raw 30
kDa fraction of humic acid. With increasing Li@ose, a gradual decrease in fluorescence
intensity became evident in the emission fluoreseespectra. Initial adsorptive removal
of 30 kDa fraction of humic acid in the presencezofc could be visualized by the
synchronous scan fluorescence spectra displaysigréficant FI decrease. The spectrum
upon the adsorption of 30 kDa fraction of humiadamito 0.2 mg mt TiO, dose crossed
with higher doses of Ti©emission spectrum. The peak at 450 nm wavelengih w
dissappeared with adsorption of 30 kDa fractiomwhic acid onto higher doses of TiO
The binary system of zinc and raw 30 kDa fractibmamic acid gave the highest trend

for emission scan spectra.

Synchronous scan spectra of 30 kDa fraabiohumic acid in the presence of zinc
were shown in Figure 4.98. As seen in Figure 4298pntinuously decreasing trend in Fl
at Amax=380 nm and\n,5,=470 nm was observed with respect to increasing td3e for

30 kda fraction of humic acid as well as the higmaiecular weight fractions of humic
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acid. Zinc and raw 30 kDa fraction of humic acichdwy system had the highest

fluorescence intensities.
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Figure 4.98. Synchronous scan fluorescence spett&d kDa fraction of humic acid
adsorption onto Ti@in the presence of zinc (Initial represents 30 k@ation of HA and

zinc binary system).

The spectrum attained upon the adsorption of 30fk&dion of humic acid onto 0.2
mg mL* TiO, dose crossed over with the emission spectrum dedaior higher doses of
TiO,. The peaks at 380 and 470 nm wavelengths weraphsared with the adsorption of

30 kDa fraction of humic acid onto higher dose3i@-.

4.6.8.3. Adsorption Isotherm Modeling of 30 kDad&ion of Humic Acid in the Presence

of Zinc. The adsorption data were evaluated in terms of riéleeh and Langmuir

adsorption models.

Freundlich adsorption model. Freundlich adsorption isotherms for Calgrand U\bs,

changes of humic acids were given in the Figur® 4:®d Figure 4.100 respectively. The

Freundlich adsorption isotherms for kfyand U\bg, were presented in Appendix A.



148

Because of low absorbance recordings of 30 kDdidraof humic acid, it becomes
difficult to observe the changes with increasedlli@adings. Especially for Colgy, the
absorbance values of initial humic acid were very (0.0041 crit). After adsorption onto
increased dose of Tidthese values were close to zero value. It coaldaad that Colags
was not a significant parameter for 30 kDa fractidmumic acid. As illustrated in Figure
4.99, G values varied between 0.01 — 0.08 for Colouss depending on the amount of
TiO, present in solution. The values gf were found to be in the range of 8.00 — 66.00 m

g for the correspondingdalues.
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Figure 4.99. Freundlich adsorption isotherm ofdZgk of 30 kDa fraction of humic acid

onto TiG in the presence of zinc.

As seen in Figure 4.100,.@alues varied between 0.35 -2.07* fior UV.ss The
values of g calculated to be in the range of 106.40 — 72y frfor the corresponding £
values. The calculatetiC. andAga values for 30 kDa fraction of humic acid were fdun
to be 0.07 nfand 58.00 riig™ respectively for Colags On the other hand, the calculated
ACe and Aga for UVass parameter were 1.72 and 613.6 mg’ respectively.
Comparatively higheAC, were calculaed for the adsorption of 30 kDa fractf humic

acid onto in the absence of zinc.
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Figure 4.100. Freundlich adsorption isotherm of.ki\0f 30 kDa fraction of humic acid
onto TiG in the presence of zinc.

Langmuir adsorption model. Langmuir adsorption isotherm modeling could noteefied

for Colornss and U\bs, of 30 kDa fraction of humic acid.

4.7. Comparative Evaluation For Adsorption of Humtc Acids Onto TiO;

Because of the surface oriented nature of the phtdtytic degradation systems,
adsorption the the target compounds had a promimdhtence on the degradation
mechanism. To investigate the effect of a certai®,Tdosage on photocatalytic
degradation of humic acid using and adsorption whic acid onto TiQ under similar
conditions, the Ti@dose was chosen as 0.1 mgin this respect, the dark adsorption
data obtained for t=0 min and adsorption data regthiunder equilibrium conditions for
raw, 0.45 um filtered fraction, 100 kDa fractiondaB0 kDa fraction of humic acid were

compared in the absence and the presence of zinc.
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Figure 4.101. Comparison of instantaneous Ggloand U\bss removals upon
introduction of 0.1 mg mt TiO, in the presence and absence of zinc.
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Figure 4.102. Comparison of adsorptive removals Gufloryzs and U\sss under
equilibrium conditions for the dosage of 0.1 mg MO, in the presence and absence of

zinc.
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As observed from Figure 4.101 and Figure 4.102 ddmk adsorption data obtained
for t=0 min and adsorption data attained underldgiwim conditions for raw humic acid
were nearly same for Colgg On the other hand, the removal that obtainedr oo
photocatalytic degradation of raw humic acid gaighér percentages than equilibrium
conditions in the presence of zinc. The similardsbons were observed for Uy, In the
absence of zinc, instantaneous AlMemovals upon introduction of 0.1 mg thI[iO, and
adsorptive removals of W, under equilibrium conditions for the same dos&i@i, had
nearly same values. However, in the presence of diata obtained for t=0 min had higher

removal percentages than data attained under lequih conditions for raw humic acid.

The dark adsorption data obtained for t=0 min adsogtion data attained under
equilibrium conditions for 0.45um filtered fractiaf humic acid were exactly same for
Colorss The removal that obtained prior to photocatalgiomditions gave nearly same
percentages with equilibrium conditions in the pres of zinc. In the absence of zinc,
instantaneous U4 removals upon introduction of T¥@nd adsorptive removals of Yy
under equilibrium conditions for the same dosei@i;Thad exactly same values. However,
in the presence of zinc, data obtained for t=0 had close removal percentages with data
attained under equilibrium conditions for 0.45urtefed fraction of humic acid with

negligible changes.

Similar conditions were observed for 100 kDa fraictof humic acid. In the absence
of zinc, instantaneous Colgg removal upon introduction of 0.1 mg MLTiO, and
adsorptive removals of Colgg under equilibrium conditions for the same dosd i@,
had exactly same values. In the presence of ziai dbtained for t=0 min had nearly
same removal percentages with data attained urgielibeium conditions for 100 kDa
fraction of humic acid for Colags In the absence of zinc, instantaneous;3dvemovals
upon introduction of TiQand adsorptive removals of Y34 under equilibrium conditions
for the same dose of Tihad close values with changes/%. On the other hand, the
removal that obtained prior to photocatalytic cdiotis gave similar percentages with

equilibrium conditions in the presence of zinc.

As seen in Figure 4.101 and Figure 4.102, the dddorption data obtained for t=0

min and adsorption data attained under equilibriconditions for 30 kDa fraction of
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humic acid were nearly same for Calgr On the other hand, the removal that obtained
prior to photocatalytic degradation of 30 kDa fractof humic acid gave very lower
percentages than equilibrium conditions in the gmes of zinc. It could be explained by
Colorgs being not a significant parameter for 30 kDa fa@actof humic acid. In the
absence of zinc, instantaneous JlMemovals upon introduction of 0.1 mg thiO, and
adsorptive removals of U, under equilibrium conditions for the same dosé&i@i, had
nearly similar values. Moreover, in the presenceint, data obtained for t=0 min had
close percentages with data attained under equitibconditions for 30 kDa fraction of

humic acid.

The adsorptive removal by adsorption under equulibrconditions were changed
for Colonss as 0.45um filtered fraction < 100 kDa < Raw < BiakThe order of removal
was observed for experiments in the presence af, Zuch as Raw < 0.45um filtered
fraction < 100 kDa < 30 kDa. The adsorptive remdwaladsorption under equilibrium
conditions were changed for Wy as 100 kDa < 0.45um filtered fraction < Raw < 30
kDa. The order of removal percentages was obsdvedxperiments in the presence of

zinc, such as Raw < 0.45um filtered fraction < kD@ < 30 kDa.

For raw humic acid, the equilibrium adsorptive remaladecreased in the presence of
zinc. There was 32-54% difference between the tesbht were attained in the absence
and the presence of zinc. For 0.45um filtered iwacof humic acid, the equilibrium
adsorptive removal increased in the presence ofrewealing ~ 34% difference due to the
absence and the presence of zinc. For 100 kDadmaof humic acid, the removal also
increased in the presence of zinc (31-44% diffeegnsimost 30% difference was attained

for 30 kDa fraction of humic acid in the absencd #re presence of zinc.
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5. CONCLUSION

In this study, photocatalytic degradation and apison experiments were carried out
to investigate the complex interactions betweenstiméace properties of titanium dioxide
and the molecular size dependent fractions of timit acid. The effects of zinc ions on
the nonselective photocatalytic degradation of lumacid in aqueous medium were
investigated. The adsorption properties were alaluated by using Freundlich and
Langmuir adsorption isotherms. The role of the inieta complexation as expressed by
the “binary system effect” on the photocatalytigalation efficiency of humic acids with

respect to molecular size fractions was deduced.

The photocatalytic degradation experiments werelgoted with different molecular
size fractions such as raw, 0.45 um filtered faagtil0O0 kDa fraction and 30 kDa fraction
of Aldrich humic acid solution in the presence &nel absence of zinc ion. Addition to the
UV-vis and fluorescence spectroscopic characteozabf raw and 0.45 um filtered
fraction, 100 kDa fraction and 30 kDa fraction ofdAch humic acid, photocatalytic
degradation data were processed using pseudoofidstr kinetic model. Photocatalytic
degradation rates (R,"r’rmin‘l) were attained in a decreasing order of b UVogo >
UV 365> Colongs for raw, 0.45 um filtered fraction, 100 kDa fractiand 30 kDa fraction

of humic acid.

For raw humic acid, the removal of color formingigi®@s was found to be faster (~
> 30%) than the UV absorbing centers as expresgédMag, and U\bss The presence of
zinc ions altered the pseudo first order kinetidelaate constants of raw humic aciddy
5% for all of the specified parameters. In the eneg of zinc, the removal rates were
found to be similar to the raw humic acid photolyaita degradations profile. The reason
could be attributed to low concentrations of zinthwespect to humic acid concentration.
Also, the free binding sites of humic acids couitl ke available for the pre-adsorption of

humic acid onto Ti@surface.

For 0.45 um filtered fraction of humic acid, then@val of color forming moieties
was observed faster (> 35%) than the UV absorbewgters. The pseudo first order
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degradation kinetic parameters of 0.45um filtenedttfon of humic acid had similarities
with raw humic acid. The effect of the presencezofc ions on the photocatalytic
degradations of 0.45 um filtered fraction of huraad could be regarded as insignificant
for Colonss and U\ggswhereas a slight enhancement in the removal ratlel @ observed
for UVagoand UVbs,,

For 100 kDa fraction of humic acid, the removal amior forming moieties was
found to be relatively faster (~ > 30%) than the dbsorbing centers. The pseudo first
order kinetic parameters displayed considerabljhdrigemoval efficiencies for 100 kDa
fraction of humic acid with respect to both 0.45 filkered fraction of humic acid and raw
humic acid. The enhancement factor could be regaadetwo fold for all of the specified
UV-vis parameters. The presence of zinc ions chatige photocatalytic degradation rates
of 100 kDa fraction of humic acid with respect be 10.45 pum filtered fraction of humic
acid and raw humic acid. However, a retardatioaatftould be noticed with respect to the

conditions specified by the absence of zinc ions.

For 30 kDa fraction of humic acid, significantlyghier photocatalytic degradation
rate constants were achieved for 30 kDa fractiohushic acid with respect to the higher
molecular weight fractions. The presence of zingsialisplayed a slight decrease in
degradation rates for 30 kDa fraction of humic aeispect to 0.45 um filtered fraction of
humic acid and raw humic acid. However, a sligtangation effect could be noticed with
respect to 100 kDa fraction of humic acid. Moregwaeconsiderably significant retardation
effect could be explained by the possible competitomplexates and oxidation-reduction

reactions taking place in the medium that incluide ons.

While raw and 0.45 um filtered fraction of humiagdabad similar properties, pseudo
first order reaction rate constants, k (Mirwere increased with decreasing molecular
fractions of humic acid in the presence and theemdss of zinc. On the other hand, a
decrease in degradation rates was observed foeakng molecular size fractions in the
presence and also in the absence of zinc. Whenvadrpercentages at t=0 were studied, a
slight enhancement was observed for the experimente presence of zinc. On the other
hand, while the removal efficiencies were studied lbnger irradiation time periods, it

could be easily seen that in the presence of iecrémoval efficiencies at t=60 min
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irradiation time were decreased for raw, 0.45 ptargd fraction, 100 kDa fraction and 30
kDa fraction of humic acid. The retardation effembserved on the photocatalytic
degradation of humic acid could be explained byaitigorption of zinc ions on humic acid

or the surface of Ti@resulting in blockage of active sites of the pleatalyst.

The adsorption experiments were conducted withedifit molecular size fractions
such as raw, 0.45 um filtered fraction, 100 kDatitan and 30 kDa fraction of Aldrich
humic acid solution in the presence and the abseheec ion. Addition to the UV-vis
and fluorescence spectroscopic characterizatiamwfand 0.45 um filtered fraction, 100
kDa fraction and 30 kDa fraction of Aldrich humici& the adsorption data were fitted

Freundlich and Langmuir adsorption models.

Freundlich adsorption model parameters showed sbiaieges as;

In the absence of zinc,sKalues changed as raw > 0.4 filtered fraction > 100
kDa > 30 kDa for Colage K;values changed as 0.4 filtered fraction > raw > 100 kDa
> 30 kDa for UVsss In the presence of zinc, Kalues changed as raw > 100 kDa > 0.45
um filtered fraction for Colaps K; values changed for Uy, as raw > 0.45um filtered
fraction > 100 kDa. No distinct isotherm could besessed for 30 kDa fraction. The
overall evaluation of 1/n could be expressed by rdmege of 0.181-1.065. Adsorption
intensity (1/n) values which were lower than 1, regging the adsorption bond was strong
and the capacity tended to be independent.of C

In the presence of zinc, a general enhancemerKfoalues was observed for raw,
0.45 um filtered fraction, 100 kDa and 30 kDa fractionhafmic acid. On the contrary,
adsorption intensity (1/n) values were decreaseddrpresence of zinc.

Langmuir adsorption model parameters showed someges as;

In the absence of zinc, the maximum quantity adddegowhen all adsorption sites
were occupied, ghx values changed as raw > 0.4 filtered fraction > 100 kDa for
Colorss gnaxvalues changed as raw > 0.4 filtered fraction > 100 kDa for Ups. For

binding constant, K, the order observed as Quésfiltered fraction > 100 kDa > raw for
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Colonse K values changed as 0.4k filtered fraction > 100 kDa > raw for WY, In the
presence of zinc,fx values changed as raw > 0.4& filtered fraction > 100 kDa for
Colorss gnaxvalues changed for Uy, as 0.45um filtered fraction > 100 kDa > raw. For
binding constant, K, the order was observed askDi#> raw > 0.45um filtered fraction
for Colonss K values changed as raw > 100 kDa > Quab filtered fraction for UVs,
Adsorption of 30 kDa fraction of humic acid did rdintLangmuir adsorption model and no
distinct isotherm could be assessed for 30 kDdifnac

In the presence of zinc, a general decrease wasvausfor ¢axvalues of raw humic
acid. On the other hand, an enhancement was seap.fovalues of 0.45um filtered
fraction of humic acid. The effect of the presen€einc ions on the g« values of of 100
kDa fraction of humic acid could be observed as@ehse for Colass and U\sgswhereas

a slight enhancement in,g values was observed for Wyd and U\bs,,

The effect of the presence of zinc ions on K valfesaw, 0.45 um filtered fraction,
100 kDa fraction and 30 kDa fraction of humic actild be observed as an enhancement

for all specified UV-vis parameters.

As a result of the study, it could be said tha¢, dbmplexity of the structure of humic
acid molecule and the presence of zinc ions insifgem can change the photocatalytic
oxidation through complex formation, oxidation asdsorption processes. The reason of
insignificant changes could be attributed to lownaantrations of zinc with respect to
humic acid concentration. In groundwater situatiovisere more than one metal was
present, the effect of other metals must be corside predicting metal speciation (Cao
et al., 1995).
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APPENDIX A

Freundlich Adsorption Isotherms of Humic Acids
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Figure A.2. Freundlich adsorption isotherm of 4dy6f raw humic acid onto Ti©
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Figure A.3. Freundlich adsorption isotherm of 4ga6f 0.45um filtered fraction of humic
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Figure A.8. Freundlich adsorption isotherm of 4d)/of 30 kDa fraction of humic acid
onto TiO,.
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Figure A.9. Freundlich adsorption isotherm of 40f raw humic acid onto Ti@in the

presence of zinc.
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Figure A.10. Freundlich adsorption isotherm of Jghof raw humic acid onto Ti©in the

presence of zinc.



173

1600

1400 4 *
1200
1000 4

1,1
t—J

200 - *

gA. m

600 - .
400 | @

200

Figure A.11. Freundlich adsorption isotherm of dbv/of 0.45um filtered fraction of
humic acid onto TiQin the presence of zinc.
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Figure A.12. Freundlich adsorption isotherm of Jghvof 0.45um filtered fraction of

humic acid onto TiQin the presence of zinc.
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Figure A.13. Freundlich adsorption isotherm of 450f 100 kDa fraction of humic acid

onto TiG in the presence of zinc.
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Figure A.14. Freundlich adsorption isotherm of Jghvof 100 kDa fraction of humic acid

onto TiG in the presence of zinc.



175

250
*
200 -
T 150 -
g 1 .
4, 100
»
. !
50 -
.
* . ¢
I:I T T T T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Ce,m!

Figure A.15. Freundlich adsorption isotherm of 40f 30 kDa fraction of humic acid

onto TiG in the presence of zinc.
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onto TiG in the presence of zinc.
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APPENDIX B

Langmuir Adsorption Isotherms of Humic Acids
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Figure B.1. Langmuir adsorption isotherm of 4J36f raw humic acid onto Ti©
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Figure B.2. Langmuir adsorption isotherm of 4d30f raw humic acid onto Ti©
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Figure B.3. Langmuir adsorption isotherm of 4d3/of 0.45um filtered fraction of humic
acid onto TiQ.
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Figure B.4. Langmuir adsorption isotherm of 4dy/of 0.45um filtered fraction of humic
acid onto TiQ.
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Figure B.5. Langmuir adsorption isotherm of 4d3/of 100 kDa fraction of humic acid
onto TiOp.
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Figure B.6. Langmuir adsorption isotherm of 3dy/of 100 kDa fraction of humic acid
onto TiOp.
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Figure B.8. Langmuir adsorption isotherm of 4dyof 30 kDa fraction of humic acid onto
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Figure B.10. Langmuir adsorption isotherm of 43 of raw humic acid onto Ti@n the

presence of zinc.
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Figure B.11. Langmuir adsorption isotherm of 480f 0.45um filtered fraction of humic
acid onto TiQin the presence of zinc.
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Figure B.12. Langmuir adsorption isotherm of 4)of 0.45um filtered fraction of humic

acid onto TiQin the presence of zinc.
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FigureB.13. Langmuir adsorption isotherm of 4d3/of 100 kDa fraction of humic acid
onto TiGy in the presence of zinc.
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Figure B.14. Langmuir adsorption isotherm of 4y /of 100 kDa fraction of humic acid

onto TiGy in the presence of zinc.
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Figure B.15. Langmuir adsorption isotherm of 4g8/of 30 kDa fraction of humic acid

onto TiGyin the presence of zinc.
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Figure B.16. Langmuir adsorption isotherm of Jdy/of 30 kDa fraction of humic acid

onto TiGy in the presence of zinc.



