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Abstract
In this research study, the photobleaching (photocatalytic

degradation) of two dyes namely; Eriochrom Black T (EBT) as anionic
dye and Methyl Violet (MV) as cationic dye have been investigated using
laboratory synthesized anatase TiO, nanoparticle in agueous solution.
The nano TiO, photocatalysts has been characterized using several
analytical instruments including; Scanning Electron Microscopy (SEM),
Energy Dispersive X-Ray Spectroscopy (EDXS), X-Ray Diffraction
(XRD), UV-VIS spectrometry (UV-VIS), Transmission Electron
Microscopy (TEM), and Brunauer-Emmett-Teller (BET) methodology
for specific surface area and porosity measurements. The impacts of
several operational parameters of slurry photocatalysis, based on in situ
sensitization (self sensitization) concept for the nano photocatalyst under
visible light illumination have been investigated including, TiO, loading,
solution pH, initial dye concentration and visible light intensity. At
optimum experimental conditions for EBT including pH = 3, 80 mg/I
TiO, loading, and 1.3 x 10 mol/l (60 mg/l) for EBT, the value of the
apparent rate constant, Ky, Obtained was 0.099 min™ and the half life of
the process, accordingly is equal to 7 min. Whereas, for MV dye
implying pH = 7, 30 mg/l TiO, loading, and 1.016 x 10 mol/l ( 4 mg/l)
for MV, the value of the apparent rate constant, Ky, , obtained has been
0.077 min™ and the half life of the process, accordingly is equal to 9 min.
Kinetic studies for the photobleaching of EBT and MV revealed that the
process follows the pseudo first order pattern regardless of reaction
conditions. The main process thermodynamic parameters namely, Gibbs
energy, enthalpy and entropy were also deduced following the
computation of photocatalysis activation energy employing the well

known Arrhenius relation. Also, many routes for the immobilization of

XV



nano TiO, onto stainless steel plates like swirling, rotating and dipping
have been investigated to be employed and optimized experimentally for
best photodegradation of model pollutants. The photocatalytic
decomposition rate increases with the number of loaded layers of TiO, up
to five repetitions. Rotational coating of 5 layers ( Rs ) concluded to be
the most stable recipe of immobilization of TiO, on st. st. slide and
potentially most photocatalytically active. Accordingly, Rs recipe was
applied on st. st. plate in escalated procedure in the prototype assembly to
be illuminated by means of solar energy which has shown better

degradation rates.

XVI
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Chapter 1 Introduction and literature review

1. Introduction

1.1 Advanced oxidation techniques for water treatment

Textile wastewater contains a great assortment of pigmentations and
chemicals additions such as pharmaceutical yields, industrial chemicals
and different organic compounds that are steady to light, oxidizing agent,
and are reluctant to aerobic digestion that constrain a threat to the
ambience which make the ecological defiance for textile industry not only
as liquid waste but also in its chemical composition [1]. About 12% of
synthetic textile dyes namely: Caramine, indigo red, Red 120, rhodamine
B, methylene blue, Eriochrome Black-T (EBT)...etc. are applied every
year [2]. Abstraction of dyes from the industrial effluents is a prime
ecological concern because most of these dyes are carcinogenic,
mutagenic, and teratogenic to humans and other organisms. That's why
the removal of dyes from water and wastewater before blending with
natural water resources is very important [3]. Traditional procedures to
clear these pollutants include physical, chemical, and biological
processes. Nevertheless, the individual implementation of these
mechanics is mostly calibrated and can't degrade completely the organic
matter [4]. The traditional procedures like separation, centrifugation,,
filtration, and adsorption with activated coal...etc which are employed for
water treatment stipulate certain operational conditions like removal of
solids and emulsioned oil from the wastewater pretreatment [5]. Further,
these techniques may not be very efficient, because they are either slow
or non-destructive to some or most everlasting organic pollutants.
Therefore it is fundamental to research the employment of efficient
catalytic substances to abstract very toxic compounds from potential
origins of drinking water. Semiconductor heterogeneous photocatalysis is

a widespread technique that has the great potential to dominate the
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organic contaminants in water or air [4,6]. This technique also known as
"Advanced Oxidation Process (AOP)" or Advanced Oxidation Technique
( AOT ) which is a set of mechanisms that normally involve a strong
oxidizing species such as *OH radicals produced in situ, which brings
about a series of reactions subsequently to break down the
macromolecule into smaller and less hurtful materials. In many situations
the macromolecule is totally broken down to water and carbon dioxide
[7]. The behavior of chemicals is safely altered after the treatment. The
declination makes organic chemicals smaller and biodegradable [8]. In
modern years hydrogen peroxide, ozone and /or Fenton reagents, with a
source of UV light have been recorded to be helpful for the photo-
oxidation of organic pollutants in waste waters [9]. These techniques are
distributed under the definition of AOTs, Which are tabulated in table (1-
1).

Table (1-1): List of examples of methods classified as AOTs systems [9]

Dark AOT Light driven AOT
Ozone (0Os) photolysis (UV +H,0,)
Fenton(Fe*? +H,0,) photocatalysis (light +catalyst)

Electrolysis (electrodes + current) | photo-fenton (solar light +fenton)

Sonolysis (Ultrasounds)

These techniques ( AOTs ) abstract essential quantity of Chemical
Oxygen Demand (COD) and Total Organic Carbon (TOC) from
industrial effluents [9]. Only these oxidation techniques results in

degradation of organics and more often turn in to H,O and CO, [10,11].

The oxidation potential values of different oxidants are listed in Table (1-
2) which shows that the ‘OH radicals are extremely powerful oxidants
[11].
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Table (1-2): Standard electrochemical reduction potentials of common
oxidants [11].

Oxidant Half-cell reaction oxidation Potential
(V)

"OH (hydroxyl radical) ‘OH+H"+e - H,0 2.80

O (0zone) O3(g) + H +2e — O,(g) +H,0 |2.07

H,O,(hydrogen peroxide) | H,0, + 2H" +2e — 2H,0 1.77

HOCI (hypochlorous acid) | 2HOCI + 2H" + 2 e — C1,+2H,0 | 1.49

Cl; (chlorine) Cl, (g) + 2e- — 2Cl -1.36

Hydroxyl radicals are non-selective in nature and they can react without
any other additives with a broad field of contaminants whose rate

constants are usually in the order of 10° to 10° mol.L™.s™ [8].

AOPs involve several steps schematized in Figure 1-1 below;

Oxidative Toxic

agents pollutants

{3)

Oxidative Biodegradable
agents ' compounds

’ (1) (2)
Oxidative Biodegradable
agents compounds

Figure (1-1): Main steps involved in AOPs treatment of water containing toxic
organic compounds
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organic pollutants +O,

02_'

Excitation of TiO,

TiO,

Charge carrier generation:

TiO, +hv —> h* +e

Charge carrier trapping:

h* +Ti VOH > Ti'"V OH"
e +Ti'VOH > Ti"'OH
e +Ti "V > Ti'"

Charge carrier recombination:
e +Ti'"VOH+. > Ti'"VOH
h* +Ti""OH > Ti'"VOH

Interfacial charge transfer:
Ti'YOH™ + org. pol.

v

Introduction and literature review

_,CO, + H,O +mineral acid (1.1)

(1.2)

(1.3)
(1.4)
(15)

(16)
(1.7)

Ti'"VOH +oxidized

Pollutants (1.8)

Ti"'OH + O, > TiYOH +0,~  (1.9)

— 5 OH, H,0,, HO,, HO, + Org Pol.

—» CO, +H,0

(1.10)
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1.2 Heterogeneous photocatalysis

The area of heterogeneous photocatalysis has extended quickly within the
last four decades, having subjected to different developments mostly in
connection to energy and the environment [12]. It can be clarified as the
acceleration of photoreaction in the presence of a catalyst. The two most
considerable enforcements of photocatalysis have been in solar water
splitting and the purification of air and water containing low
concentrations of pollutants. The multidisciplinary nature of the field has
also increased safely and contains semiconductor physics, surface
sciences, photo and physical chemistry, materials science and chemical
engineering [13]. In heterogeneous photocatalysis, the reaction sketch
suggests the prior formation of an interface between a solid photocatalyst
(metal, semiconductor) and a fluid containing the reactants and products
of the reaction. Procedures including illuminated adsorbate-metal
interface are mostly categorized in the branch of photochemistry.
Therefore, the term of "heterogeneous photocatalysis™ is mainly used in
cases where a light-absorbing semiconductor photocatalyst is used, which
Is in contact with either a liquid or a gas phase [14]. The heterogeneous
photocatalysis reaction which is depicted in Figure (1-2) follows five

steps which are [15];

(i) Diffusion of reactants to the surface, (ii) Adsorption of reactants onto
the surface, (iii) Reaction on the surface, (iv) Desorption of products from

the surface, and (v) Diffusion of products from the surface.



Chapter 1 Introduction and literature review

Adsorbed H:O

oy,

Adsorbed Oy

UV Irradiation

=5 p+-
\ = Adsorbed pollutant (P)

7 Adsorbed H;O, OH

Figure (1-2): General mechanism of the photocatalysis on TiO, surface

The proposed general mechanism can be translated as follows;

There are two routes through which OH radicals can be formed. The
reaction of the valence-band “holes” (hy," ) with either adsorbed H,O or
with the surface "OH groups on the TiO, particle [16], as shown in the

following equation;

TiO, (hyy+ ) + HO g5 ——> TiO, + HOsys (1.12)

In general, donor (D) molecules such as H,O will adsorb and react with a
hole in the valence-band and an acceptor (A) such as dioxygen will also
be adsorbed and react with the electron in the conduction band (ey, ),

according to the following equations;

Tioz (ecb_ ) + Aads - Tioz + A- ads ( 1.14 )
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Oxygen can trap conduction-band electrons to form superoxide ion
(O,*), equation (1-15). These superoxide ions can react with hydrogen

ions (formed due to water splitting), forming HO,;
TiO, (ecb—) + Opags + H — TiO, + HOy» — 02._ +H* ( 1.15 )

H,0O, could be formed from HO,e via reaction ( 1-16)

T|02 (ecb_) + HOZ‘ + H+ - Hzog ( 1.16 )

Cleavage of H,0O, by one of the reactions (1-8, 1-9, and 1-10) may yield
OH radical

H,0, + hv — 2HO * (1.17)
H202+Oz._——) HO.+02+H07 (118)
H202 + T|02 (e'cb)_ —HO " +HO + T|02 ( 1.19 )

oxidation of the organic reactant by "OH as follows;
R+'OH —R'+H,0 (1.20)

Then direct oxidation by reaction with holes

R+h" — R"" — degradation products (1.21)

1.3 Cationic and anionic dyes

In 1856 William Henry Perkin found by accident the world’s first
successful synthetic dye in commerce. Dyes like that are known as
colored bodies and when they applied to fibers they give them a
permanent color which has the ability of resisting fading on

vulnerability to sweat, light, water and other chemicals, which include
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oxidants and microbial attack [17]. A first apparent transformation from
past to present, where the things started to change, was discovering the
synthetic dyes. Less cost to produce, brighter, colorful-fast and easy to
use on cloth are some of the features of those new dyes. Scientists have
contended to explicate beautiful new colors, and synthetic dyes had
become outdated for many applications. Of course, this colorful material
changed the world; yet, the chemicals that used to make dyes are often
toxic, carcinogenic, or even detonative [18]. Among the different
pollutants of aquatic ecosystem, dyes are a major group of chemicals
[19]. Such substances with considerable coloring capacity are widely
employed in the textile, pharmaceutical, food, cosmetics, plastics,
photographic and paper industries use many synthetic dyes to color their
products. Thus, effluents from these industries contain various kinds of
synthetic dyestuffs [20]. In the chemical classification method, dyes are
grouped according to certain common chemical structural features [21].
There are two types of dyes: cationic (basic) and anionic (acidic, reactive
dyes) as shawn in Figure ( 1-3 ). Basic and reactive dyes are highly used
in the material industry due to their good features of bright color, being
easily water soluble, low cost and easier to use on fabric [22]. Dyes
embrace a wide variety of structural types depending on the precise
nature of electron donor (A) and electron acceptor (D) groups and can be
subdivided into three main categories: cationic (z = + 1), anionic (z = - 1)
and neutral (z = 0). Cationic dyes are positively charged and the most
important group of this type of dye contains nitrogen atoms in both the D
and A groups. On the other hand, a characteristic feature of anionic dyes
Is the presence of one or more sulfonate (-SO’3) groups, usually as
sodium (Na") salts. These groups ensure that the dyes carry a negative
charge [21]. Wastewaters that are produced from dye stuff industrial

processes such as textile contain large amounts of dyes constituting an
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Important portion and having the least desirable consequences in points of
surrounding ecosystems. As a result, they create an appreciable quantity
of colorful wastewater. It is known that common perception of water
quality is widely affected by the color. Color is the first material to be
recognized in wastewater. The existence of tiny amounts of dyes in water
(less than 1 ppm for some dyes) is very visible and unwanted [23,24].
Because of increasingly stringent restrictions on the organic content of
industrial effluents, it is important to decrease dyes from wastewater
before being discharged. Many of these dyes are also toxic, and even
carcinogenic, and this comprises a dangerous hazard to aquatic living

creatures [18].

a NO,

0O—-2=2

Figure (1-3) The molecular structures of a) anionic dye Eriochrom Black T
(EBT), b) cationic dye Methyl Violet (MV)

1.4 Dye sensitization of TiO,

Nano-crystalline TiO, has been comonly used to catalyze the photo-
degradation of water impurities like chlorinated hydrocarbons, phenols,
benzoic acid and others [25]. Most semiconductors like CdS, CdSe, GaP
and Si undergo serious photo corrosion or even normal corrosion in the
dark, thus a stable, wide band gap semiconductor, TiO,, became the

material of choice [26]. Inspite of many comon benefits of using TiO,, it
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suffers some shortcomings like large band gap (= 3.2 eV) which restricts
its use to the UV region. Such radiations are not widely abundant in the
solar radiations reaching the earth, which keeps the use of TiO, in solar
energy utilization. For that reason, research has been directed to sensitize
TiO, surfaces in order to officiate in the apparent region [25]. It is
commonly known that a semiconductor that has a large band gap can be
sensitized at a wavelength longer than the band gap wavelength by a
photoexcited dye adsorbed on the surface of the semiconductor. This is
called dye sensitization or spectral sensitization, whose principle is being
applied to photography to increase the sensitization spectrum of silver
halides into the longer wavelength region. Dye sensitization has been
studied highly in the field of photoelectrochemistry [27]. Sensitization
includes the incorporation of a substance (dye or metal complexes) that
interacts with the surface of a wide band gap semiconductor, such as
TiO,, facilitating electron transfer between the incorporated molecules
and the host semiconductor. The apparent light stimulates the sensitizer
organic molecules adsorbed onto the TiO,, thereby enabling electron
injection into the semiconductor conduction band [27,28]. It can be said
that the mechanism of the dye sensitized photo-degradation of pollutants
Is based on the absorption of apparent light for stimulating an electron
from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of a dye, and subsequently
transferred into conduction band of the semiconducter. The advantage of
sensitized photocatalysis is the fact that it extends the range of
stimulation energy into visible range and thus gives full use of solar
energy [29,30].

The scheme of dye-sensitization of TiO, is clarified in Figure (1-4), as

follows;

10
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Visible Light

| -0.25V

Figure (1-4): Schematic TiO; sensitization by visible light

The dye sensitization extends the range of stimulation energies of the
semiconductor into apparent region, making a more complete use of
solar energy and could accelerate the photodecay of contaminants and
the activity of colored removal [31]. In systems with low concentrations
of colored pollutants, it may increase the sensitivity of the photocatalytic
process for removal of colored pollutants, which accordingly may make

sensitized photocatalysis a more attractive large-scale process [32].

1.5 In situ dye sensitized nano TiO, for photocatalysis

Self sensitization (in situ sensitization) means that a system which is first
insensitive to light of a certain wavelength becomes photoactive and
sensitive to that light wavelength after certain in situ surface

modifications. Galzaferri and Spahni [33] stated that in a control
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experiment, which allowed us to keep parameters constant and to collect
data for several days, we proved that self-sensitization really occurred.
This process of self-sensitized oxidation is beneficial in degradation of
colored pollutants with visible light. One of the important uses of the
method of dye sensitization is in the field of treating textile wastewater
[32]. Textile dyes are potentially toxic because of their low removal rate
and if untreated would form aromatic amines which are potentially
harmful to the living world [34]. After the photoinjection of an electron
into the conduction band of TiO,, the cation radical formed from dye can
undergo rapid deprotonation to create the radical which can react with
molecular oxygen, though the formation of several active oxygen species,
hydrogen peroxide, perhydroxyl and the hydroxyl radicals in the
photocatalytic process, had been proposed for the degradation of the dye
[35]. A cardinal factor responsible for the increase in the efficiency of the
process is the prevention of recombination of electrons in the conduction
band of the TiO, with the radical cation of the dye. To enhance the
forward reaction, it is imperative that the electron is taken up very easily
by the oxygen molecule and recombination is prevented. It was found that
the molecular oxygen supply onto the TiO, surface is the rate limiting
step of the overall photooxidation process [32,35]. Reports on the
degradation of other type of dyes like Methylene Blue (MB), Remazol
Brill Blue R (RBBR) and Orange G (OG) had also been available in the
literature [36]. It was seen that when these dyes were adsorbed onto the
surface of the specially designed combustion synthesized nano-TiO,
particles, their degradation rates were significantly higher as compared to
that of adsorbed onto surface of the commercial Degussa P-25 TiO,
catalyst. It had been reported that the dyes adsorbed strongly and
irreversibly onto surface of the commercial P-25 Degussa TiO,

semiconductor and blocked the active sites on the surface of the
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commercial semiconductor leading to saturation and lower rates of

degradation on the P-25 Degussa TiO, semiconductor catalyst [32,36].

1.6 Immobilization of TiO, photocatalyst

Two possible oxidation processes can happen during the photocatalytic

reactions to remove toxic compounds [37]:

(i) Water can be oxidized to hydroxyl radicals by photogenerated
positive holes and afterwards react with organic substrates to produce
oxidized species.
(i1) The organic substrate can directly adsorb on the catalyst which may
lead to oxidation of the substrate directly on the surface.
Kumar and Bansal [38] reported that the photodegradation process could
be carried out using the suspension of nanocrystals of TiO, in watery
solution. However, the use of watery suspension is not appropriate for
business applications due to the clumsy and pricy separation of nano-
particles of titanium dioxide for reuse. Moreover, suspension of fine
particles limits the penetration of light leading to decrease efficiency of
photodegradation. In order to solve these problems, immobilized
photocatalysts have been employed [39]. These immobilization
techniques reduce the cost of activity and also in some cases increase
the efficiency of TiO, as photocatalyst, due to the synergistic effect of the
substrate and TiO, [40]. Also, immobilized form of the catalyst is
advantageous compared to the suspended powder form due to [41]:

1- Reduces losses of materials and requires less time to be separated

from treated water at the end of the treatment.
2- Extremely efficient for photocatalysis, because TiO, good crystals

are immobilized at high tightness at the surface of the particles.

13



Chapter 1 Introduction and literature review

3- Usually, the particular weight of the carrier bodies is very close to
unity in order to be suspended very freely in water.

The most important features of a suitable support are to be chemically
neutral, to give a very specific surface area and to be transparent to UV
radiation [39]. One of the best familiar methods of photocatalyst
immobilization is accumulation of TiO, powder on a glass surface by the
dip coating technique. TiO, can firmly adhere to the glass surface due to
the difference in the electrostatic charge [42]. Main advantage with glass
substrate is the transparency of the system even after the immobilization.
This can allow the penetration of light which can result in improved
photocatalysis [43]. Various types for immobilizing TiO, nanoparticles
such as glass, other materials, including quartz, sand, stainless steel,
silica, activated carbon, alumina, and polymers, zeolites, clay [44].
These supports can be prepared in various forms and shapes, such as
cylinders, tubes, sheets or plates, beads and mesh. Numerous techniques
were reported for preparing supported titania, Both dip coating and sol-
gel precipitation of TiO, on the support are considered the most common
methods of photocatalyst immobilization [45]. Among the different
supports, for many reasons stainless steel was considered an excellent
substrate material [46]; first, it keeps its structural integrity under the high
temperature required for calcination of the TiO, films whereas quartz
glass, for example, softens and deforms. Second, quartz and ceramics
cannot be used in the electrochemical process whereas stainless steel can

be used because of their dielectric properties.
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1.7 Adsorption

Is an operation that happens when a gas or liquid solute accumulates
on the surface of a solid adsorbent or a liquid one , making a
molecular or atomic film (the adsorbate) [47] . It differs from absorption,
in which a body spreads into a liquid or solid to make a solution. The
term sorption includes the two processes, while desorption is the reverse
process. Adsorption is effective in most physical, biological, and
chemical systems, and is commonly used in business applications such as
activated charcoal, synthetic resins and water purification [48]. Isotherms
for adsorption of instrumental solutes can be divided into four important
classes Figure (1-5), depending on the nature of slope of the incipient
portion of the curve, and thereafter into sub-groups. These four main
classes are [49]: (i) S Curves, suggestive of vertical orientation of surface
assimilation molecules at the surface. (ii) L Curves, the regular or “
Langmuir ” isotherms, usually suggestive of molecules adsorbed plane
on the surface, or, sometimes, of perpendicularly oriented adsorbed ions
with especially valid intermolecular attraction. (iii) H Curves (‘I high
affinity ) (starting at an actual value on the “ concentration in solid ”
axis) , frequently given by solutes adsorbed as ionic micelles, and by
high-affinity ions changing with low-affinity ions. (iv) C Curves (*
constant partition ), narrow curves, granted by solutes which soak into

the solid more quickly than does the solvent.
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Figure (1-5): System of isotherm classification

The adsorption phenomenon is divided into [50];

a) physisorption (physical adsorption): long range and infirm Van
der Waals attraction between adsorbate and substrate and hydrogen
bonding, (AH physisorption ~ 20 kJ mol™) low enthalpy of adsorption,
reversible, multi-molecular layers may be formed, this process is
observed under conditions of low temperature.

b) chemisorption: short range and firm bonding between adsorbate
and substrate. Valence forces of attraction are chemical bond
forces, (AH chemisorption ~200 kJ mol ") high enthalpy of adsorption,
often irreversible, generally, monomolecular layer is formed, this

process takes place at high temperatures.

Chemisorption, is highly selective and occurs only between certain
adsorptive and adsorbent species and only if the chemically active surface

is cleaned of previously adsorbed molecules.
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Both physical and chemical adsorption may occur on the surface at the
same time; a layer of molecules may be physically adsorbed on top of an
underlying chemisorbed layer. The same surface can show physisorption

at one temperature and chemisorption at a higher temperature [51].

1.8 Removal of dyes by adsorption

Organic dyes are used widely in various industries [52,53]. The large use
of organic dyes and their indiscriminate disposal lead to environmental
dangers. Dyes delivered from industries principally cause water pollution
and make threat to common hygiene, health, and environment [54,55] and
make it unsuitable for aquatic life [56]. Furthermore, some of the dyes
and their metabolites are toxic, carcinogenic and mutagenic. Therefore,
the elimination of dyes from wastewater is of essential importance [54].
In order to treat contaminated wastewater via dye removal different
techniques which include adsorption, photodegradation, chemical
oxidation, coagulation, electrochemical oxidation have been employed
[54,57]. The most generally used ways for dye removal are biological
oxidation and chemical precipitation. Yet, these methods are effectual
and economic just where pollutions majors are relatively high. At
this time sorption methods is proved to be one of the effectual and
attractive methods for the treatment of this dye-bearing wastewater [58].
Adsorption has been presented as an affordable strategy for the removal
of various kinds of dyes. Adsorbents, such as active carbon [54], peat,
wood chips, fly ash, coal [54,57] etc., have been searched and told in the
literature. These adsorbents shown above suffer from some disadvantages
usually such as high price, low adsorption ability, multi-step synthesis
procedures, or inability to reproduce and recycle. Hence, it is important
to develop new adsorption materials with low price, high adsorption

ability, also reproductive and recyclable features [57]. Adsorption

17



Chapter 1 Introduction and literature review

methods supply an attractive treatment of wastewater which contains
dyes over other stipulated wastewater treatment techniques because of
economic consideration, it is available and easy to work as well as greater
efficiency [53]. The important benefits of the adsorption are restoration of
heavy metals, plainness of design and meeting of exact discharge
designation. Adsorption has been presented as an effectual and plain

separation way [59].

1.9 Literature survey

Advanced oxidation processes (AOPs) have been developed and
employed to deal with the environmental problems emerged by a broad
range of dye contaminated wastewater effluents [5, 7], that rely largely on
the use of nano titanium dioxide as catalyst in a well known process
called heterogeneous photocatalysis [14, 15]. Among the different
pollutants of aquatic ecosystem, organic dyes are a major group of
chemicals [19]. These dyes are subdivided into three main categories:
cationic (z =+1), anionic (z =-1) and neutral (z =0) [21]. A characteristic
feature of anionic dye (EBT) is the presence of one sulfonate (-SO%)
groups, usually as sodium (Na*) salts. These groups ensure that the dyes
carry a negative charge [21, 22]. Many researchers have worked to
remove these pollutants via UV or VIS light illumination with pure or
modified TiO, [72, 74, 85, 91, 110]. Rauf et al. [85] reported the
influence of various parameters like amount of catalyst, concentration of
dye, pH, temperature and light intensity. Sivaraj et al [74] noted a greater
adsorption and hence increasing the degradation rate in the acidic media
for Eriochrom black -T, and noted reverse image in the case of Methyl
Violet [91]. Furthermore, as the dye initial concentration increases the

rate of photocatalytic reaction becomes low [88,104]. Flores et al [72]

18



Chapter 1 Introduction and literature review

reported that the number of active sites on the photocatalyst surface
increases by an increase in catalyst amount, Authors [71, 99, 100, 101]
noted that the number of reached photons reduced when adding high
catalyst amount that has negative effect on the degradation percent of
dyes (EBT and MV). Suspension of fine particles limits the penetration of
light leading to decrease efficiency of photodegradation [38] also, limited
for industrial applications due to the high cost of the catalyst filtration
process [138]. In order to solve these problems, immobilized
photocatalysts have been employed [39]. These immobilization
techniques reduce the cost of activity and also in some cases increase the
efficiency of TiO, as photocatalyst [40]. Among the different supports,
for many reasons stainless steel was considered an excellent substrate
material due to, it keeps its structural integrity under the high temperature

required for calcinations of the TiO, films [46].

1.10 Scope of the present work

A considerable attention has been paid over the last three decades on the
synthesis, characterization and application of nanocrystalline materials,
due to their ultrafine structures, fabulous chemical properties and wide
applications in environmental remediation. Accordingly, in this study
EBT and MV were chosen as model pollutants and photodetoxified onto

nano anatase TiO; following the forthcoming experimental steps;

1. Preparation of the nano anatase TiO, on laboratory scale following
sol-gel methodology. Afterwards, characterization of the
synthesized nano anatase TiO, was implemented using XRD,
EDXS, TEM, BET and SEM techniques.
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2. Several operational parameters were investigated, based on in situ
sensitization (self sensitization) concept for the nano photocatalyst
under visible light illumination, namely initial pH, irradiation time,
initial concentration of the model dyes (EBT and MV), TiO,
photocatalyst loading, visible light source intensity and
temperature on the photocatalytic degradation of anionic dye
(EBT) and cationic dye (MV).

3. Many routes for the immobilization of nano TiO, onto stainless
steel plates like swirling, rotating and dipping have been planned to
be employed and optimized experimentally for best

photodegradation of model pollutants.

4. The kinetic and thermodynamic studies for both EBT and MV dyes

have been one of the objectives of this research work as well.

Eventually the escalation of the immaobilization unit for the outdoor

solar photocatalysis has also been conducted.
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2.1 Chemicals

99% Riedel-Dehaen

98% Riedel-Dehaen

97% BDH

99% Fisher Chemical

99.5% Aldrich
99.8% Fisher Chemical
96% Aldrich

98% Himedih

99.8% Riedel-Dehaen
69.5% Medex
99% Riedel-Dehaen

97% Aldrich

97% Merck
99% Analyt
3:1
50% wt/wt Scharlau
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2.2 procedures

2.2.1 Preparation of actinometer K; [Fe (C,0,)3]. 3H,O

1- Five gram of Fe(NH,4),(S0,),.6H,O was weighed in a 125 milliliter
Erlenmeyer flask and dissolved in 20 milliliter hot nano filterd de ionized
water (NFDW) and then 1 milliliter of 3M H,SO,4was added.

2- 2.5¢g of oxalic acid (H,C,0,) was dissolved in 25 milliliter of NFDW.
This solution was added to the above solution in step 1, and then heated

to boiling while stirring constantly to prevent bumping.

3- The Erlenmeyer flask was removed from the heat source and allowed

the yellow precipitate of FeC,0, to settle for 10 minutes.

4- The supernatant liquid was decanted and the precipitate was washed

using 15 milliliter of hot NFDW. The mixture was swirled and filtered.

5- Ten milliliters of hot NFDW that contains 3.5g of K,C,0, was added
to the precipitate, then was stirred and heated to 40°C. While the
temperature was at 40°C, immediately, 8 milliliter of H,O, was added
dropwise and stirred continuously. Periodically the temperature of the
solution was checked (40-50C°) during the addition of H,0,. A

precipitate of brown Fe (OH);was observed.

6- The resulting solution was heated to boiling. 20 milliliter of H,C,0,
was added (prepared by dissolving 1g in 30 milliliter of NFDW). It was
stirred continuously and the last 10 milliliter of H,C,0, was added
dropwise, while maintaining the temperature near boiling. The solution

was turned clear green.

7-Twenty milliliters of ethanol was added to the solution of neglected
precipitate (when crystals were formed, it was dissolved by heating in

water bath).
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8- The solution was kept in dark about 24 hrs.

9- The solution was filtered under vacuum and washed with 10 milliliter
of 1:1 ethanol / NFDW solution.

10- Finally, the precipitate (potassium ferrioxalate ) was washed using 10

milliliter of acetone.

2.2.2 Measurement of light intensity using actinometric method

The intensity measurement of the incident light was carried out with a
potassium ferrioxalate actinometer as described by Hatchard and parker
[60], and examind through a previous work in our laboratory [6,61]. This
method is usually used to determine the number of quanta entering the
reaction vessel and consequently, the apparent quantum yields for the
photocatalytic reaction will be estimated. The actinometer solution (6x10°
3 mol/L) was prepared by dissolving (2.947 g) of KsFe (C,04)3.3H,0 in
800 milliliter of nano filtered deionized water (NFDW).

One hundred milliliter of 1IN H,SO, was added and the whole solution
was diluted to one liter with NFDW.

The method used for the determination of light intensity involves

irradiation of actinometer solution for known period time (1 hour).

Calibration curve
A calibration curve for Fe** was drawn using the following solutions :
1- 4x10™ mol.L™" of FeSO,4in 0.1 N H,SO,.
2- 0.1% w\v phenanthroline monohydrate in water.
3- Buffer solution was prepared by mixing 600 milliliter of 1N
sodium acetate and 360 milliliter of 1N H,SO, then diluted to one

liter.
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Different concentrations of Fe** were prepared by further dilution of
solution (1) in 25 milliliter volumetric flask. Then add to each flask;

a) Two milliliter phenanthroline solution.

b) Five milliliter of buffer solution.

c) Different volumes of 0.IN H,SO, solution to make the acid
equivalent to 10 milliliter 0.1 N H,SO, and finally dilute the whole
solution to 25 milliliter with NFDW.

The volumetric flask was covered with aluminum foil and kept in the
dark for 30 minutes [60]. Then the absorbance at wavelength = 510 nm
were measured. A blank solution was used as reference which contained
all the solutions except the ferrous ion solution. Draw plot for optical
density versus ferrous ion concentration, Figure (2-1). The slope of the
straight line obtained which gives the extinction coefficient (absorptivity)

of FeSO, solution.

1.6 -
o 14 - ¢
(&)
[
S 12 -
S
S y = 0.0688x + 0.11
o 1 4 2=0.982
= R2 = 0.9825
0.8 -
0.6 -
0.4 -
0.2 -
0 T T T T 1
0 5 10 15 20 25

Concentration, ppm

Figure 2-1: Calibration curve for Fe*?
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In order to determine the light intensity, 50 milliliter of actinometer
solution was irradiated in the irradiation cell for 1 houre. Post
illumination, one milliliter of the irradiated solution was transferred into
25 milliliter volumetric flask, two milliliter of phenanthroline solution
and 0.5 milliliter of buffer solution were added to the flask, then it was
diluted to 25 milliliter using NFDW.

Blank solution was prepared by mixing one milliliter of unirradiated
potassium ferrioxalate solution with other components.

The mixture was kept in the dark for 30 minutes and then the optical
density was measured.

The incident light intensity was calculated as follows:

lo= AxV;x10°xV3 | Qyx€xV,xt

Where:

I,.= photo flow (incident light intensity)

A= optical density (absorbance) at 510 nm

V=initial volume(50 milliliter) Vs=final volume(25 milliliter)
Q,=quantum yield at 365 nm=1.21[60]

€=extinction coefficient=slope of calibration curve (1.912,10")

V,=volume taken from irradiated solution (1 milliliter).

t = irradiation time in seconds (sec)

then the apparent quantum vyield is calculated using the following
expression :

dapp = rate of reaction / rate of absorbed photons (1)
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2.2.3 Synthesis of TiO, nanoparticles on laboratory scale

Titanium dioxide nanosized catalyst was synthesized by the sol-gel
method by means of a gradual addition of a solution of titanium
isopropoxide (5milliliter isopropanol + 5 milliliter titanium isopropoxide)
onto 200 milliliter of NFDW at pH=5 with a rate of addition of 2
milliliter /minutes. The mixture was kept, after completion of addition,
under continuous vigorous mixing at room temperature until the
completion of hydrolysis for 2 hours. The resulting transparent colloidal
solution was left aging for 24 hours then filtered, dried at 90 C° for two
hours, and finally was calcined at 400 C° for 4 hours. Grounding into fine

powder, if needed, overcomes the agglomeration [62].

2.2.4 Preparation of dyes stock solution

2.2.4.1 Preparation of Eriochrom Black T (EBT) solution

1- A stock solution of EBT of 100 ppm was prepared by dissolution of
0.1 g of dye into 1000 milliliter NFDW.

2- The stock solution was diluted further to prepare a series of different
concentrations of EBT (10, 20, 30, 40 and 50 ppm) for the preparation of
the calibration curve.

3-The absorbance of each diluted solution was measured
spectrophotometrically at 540 nm and subsequently the calibration curve,

Figure (2-2), was drawn.
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1.2 - y = 0.0204x + 0.0615
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Figure ( 2-2): Calibration curve for Eriochrom Black T

2.2.4.2 Preparation of Methyl Violet solution

1- A stock solution of MV of 15 ppm was prepared by dissolving of
0.015g of dye into 1 liter NFDW.

2- Different concentrations ( 2, 4, 6, 8, 10 ppm) of MV were prepared
from stock solution by a series of dilution in order to prepare the

calibration curve.

2 -
y=0.1726x + 0.1628
1.6 - R? =0.9921
(B}
e
S 1.2
o)
| -
3
_2: 0.8 - €=67709.5 L mol*cm?
0.4 -
0 . ' '
0 5 10 15

Concentration, ppm

Figure ( 2-3): Calibration curve for Methyl Violet
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2.2.5

1-
2-

3-

4-

5-

6-

Testing of degradation of dye in the dark

One hundred milliliters of dye (10 ppm) was added into a beaker.
A mass of 50 mg of nano powder (TiO,) was added into 100
milliliter of dye aqueous solution.

The beaker of the solution was kept in the dark for 3 hours with
continuous stirring.

About 4 milliliter was withdrawn after every 60 minutes of stirring
time.

The catalyst (TiO,) was separated from the suspension by
centrifuge for 10 minutes using 3000 RPM, and filtered using
cellulose membrane of 0.45 um pore size.

The absorbance was measured for MV at 584nm and for EBT at

540 nm to compute the changes in concentration.

2.2.6 Testing of Degradation of dye in the absence of TiO, under UV-

light

1
2

¢

&

One hundred milliliters of dye ( 10 ppm ) was added into the cell.
The sample was irradiated by Uv light (365 nm wavelength) using
24 cm cell-light source distance in the presence of lens for 3 hours.
About 4 milliliters was withdrawn after every 60 minutes of
irradiation time.

The absorbance of dye was measured to estimate the degradation
percent at 584, 540 nm for MV and EBT, respectively in order to

calculate the changes in concentration.
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2.2.7 Testing of Degradation of dye in the absence of TiO, under
visible light

The effect of visible light on degradation of dye was studied as

follows;

1- One hundred milliliter of EBT, MV dyes (10 mg/L) aqueous
solution was irradiated using 500W halogen lamp at high intensity
with stirring for 3 hrs.

2- The absorbance of dye was measured every 60 minutes at 584, 540
nm for MV and EBT, respectively in order to calculate the

changes in concentration.

2.2.8 Testing of degradation of dye by visible Light in presence of
TiO;

1- One hundred milliliter of dye (10 mg/L) aqueous solution was
irradiated using 500W halogen lamp (Philips) at high intensity
(4.68 x10™" E/L.sec) with stirring for 3 hrs.

2- A mass of 50 mg of powder (TiO,) was contacted with 100
milliliter of azo dyes aqueous solution.

3- The water suspension of dye and nanosized TiO, powder were
stirred in the dark for 30 min to ensure the adsorption equilibrium
was established prior to irradiation.

4- The sample was irradiated with a 500W halogen lamp at high
intensity with stirring for 4 hrs.

5- About 4 milliliter was withdrawn after every 60 minute of
irradiation time.

6- The catalyst (TiO,) was separated from the suspension by
centrifuge for 10 minutes using 3000 RPM and filtered using 0.45

um cellulose membrane.
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7- Absorbance of dye was measured to estimate the degradation

percent.

2.2.9 Effect of initial pH on the degradation of dye under Visible
light

1- One hundred milliliter of dye (10 ppm) was taken .

2- The pH of above solution was modified to 2, 3, 5, 7, 9 using either
diluted HNO3 (0.1M) or diluted NaOH (0.1M).

3- Fifty mg of powder (TiO,) was added.

4- The solution was stirred with O, bubbling in the dark for 20
minutes.

5- The sample was irradiated with a 500W halogen lamp at high
intensity with stirring  for 3 hrs.

Note: O, used is standard with purity (97.5%) and the flow rate of O,

Is 50-55 ml\min to form superoxide anion that react with organic

pollutants.

6- Five milliliter of solution was withdrawn every 15 minutes interval
from illuminated solution.

7- The catalyst TiO, was separated from the suspension by centrifuge
at 3000 RPM for 10 minutes and filtered using 0.45 um cellulose
membrane.

8- The absorbance of dye was measured to estimate the degradation

percent.
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2.2.10 Effect of initial dye concentration on the rate of reaction

1-

One hundred milliliter of various initial concentrations of EBT dye
(10, 20, 30, 40, 50, 60) ppm were taken and then adjust pH to 3, and
(2, 4,6, 8, 10) ppm for MV dye and then adjust pH to 7.

Eighty and thirty milligrams of TiO, powder were added to above
solutions of EBT, MV respectively.

The solution was stirred with O, bubbling in the dark for 20 minutes
to ensure the adsorption equilibrium was established prior to
irradiation.

The sample was irradiated with a 500W halogen lamp at high
intensity with stirring for 1hr.

About 4 milliliter of solution was withdrawn after every 10 minutes
of irradiation time.

The catalyst (TiO,) was separated from the suspension by centrifuge
for 10 minutes using 3000 RPM and filtered using 0.45 pum cellulose
membrane.

Absorbance of dye was measured to estimate the degradation

percent.

2.2.11 Effect of TiO, loading on the degradation of dye
1- One hundred milliliter of (40ppm EBT and 5ppm MV) was taken

and adjust to pH =3 and 7 using dilute HNO; (0.1M) for EBT, MV

respectively.

2- Different amounts of TiO, (10mg, 20mg, 30mg, 40mg, 50mg,

80mg and 100mg) for EBT and (10, 20, 30, 40, 70mg) for MV

were added to the cell.

30



Chapter 2 Experiment

3- The solution was stirred with O, bubbling in the dark for 20
minutes to ensure the adsorption equilibrium that was established
prior to irradiation.

4- The sample was irradiated with a 500W halogen lamp at high
intensity with stirring for 2 hr.

5- At every one hour interval, 5 milliliter from dye was taken, and the
catalyst was separated from suspension by centrifuge for 10 minutes
at 3000 RPM and filtered using 0.45 pm cellulose membrane.

6- The absorbance was measured at 584, 540 nm for MV and EBT,

respectively.

2.2.12 Effect of visible light intensity on the degradation of dye

1- One hundred milliliter of EBT (40 mg/L), was adjusted to pH = 3.

2- Eighty mg of TiO, powder was added to above solution.

3- The solution was stirred with O, bubbling in the dark for 20
minutes to ensure the adsorption equilibrium which was established
prior to irradiation.

4- The sample was irradiated with a 500W halogen lamp at high
intensity (increasing light intensity can be achieved by increasing
the potential shed on the visible lamp through the voltage change
unit) with stirring for 1.5 hr.

5- 4 milliliter was withdrawn after every 15 minutes of irradiation

time.

6- The catalyst (TiO,) was separated from the suspension by
centrifugation for 10 minutes using 3000 RPM and filtered using
0.45 um cellulose membrane.

7- The absorbance of dye was measured to estimate the degradation

percent.
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2.2.13 Effect of temperature on the degradation of dye
1- Seventy five milliliter of (60ppm and 4ppm) were taken and
adjusted to pH = 3 and 7 of EBT, MV respectively, using diluted
HNO; (0.1M) or diluted NaOH (0.1M).
2- Eighty and thirty milligrams of TiO, were added onto the cell
containing the above solutions for EBT, MV, respectivly.

3- The solution was equilibrated with O, for 20 minutes in the dark
where water bath circulator was used to keep the temperature of
solution at (20, 25, 30, 35, 40 and 45°C).

4- The sample was irradiated with a 500W halogen lamp at high
intensity (increasing light intensity can be achieved by increasing
the potential shed on the visible lamp through the voltage change

unit) with stirring for 1 hr
Note : the flow rate of O, is 50-55 mI\min.

5- At every 30 minte interval, 5 milliliter of irradiated dye was taken
and the catalyst was separated by centrifuge for 10 minutes at 3000

RPM and filtered using 0.45 um cellulose membrane.

6- The absorbance was measured at 584, 540 nm for MV and EBT,

respectively.

2.2.14 Immobilization of TiO, photocatalyst
The stainless steel 316 L (st.st.) plates were cleaned according to
following steps;
1- Slides were immersed inside a pyrex beaker containing about 120
ml of piranha solution and the whole content was ultrasonicated for
15-20 minutes.
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2- The slides were washed with distilled water to remove the traces of
piranha solution.

3- The process (steps 1 and 2) was repeated using aceton and then
commercial ethanol solvents.

4- Finally the process was repeated using only distilled water.

5- Slides are ready to be used.

6- Two hundred and fifty milliliters of NFDW was taken and adjusted
to pH = 3 using dilute HNO;.

7- One gram anatase TiO, nanoparticle and 0.5g Cetyl Tri ethyl
Ammonium Bromide (CTAB) were added to the cell containing
the above solutions.

8- Only one side of the stainless steel slide was coated and then
placed inside the above solution, which was used for three types of

coating, as follows;

2.2.14.1 Swirling method

1- The cleaned st.st slide was settled into the coating solution (Figure
2-4) containing nano TiO, and CTAB. The solution was swirled for
24 hrs at room temperature. The slide was afterwards dried at 90C°
for one hr. This slide was coded S;, which stands for single sided
one swirling coating.

2- The slide S; was immersed in 75 ml of 60 ppm EBT solution and
was illuminated with 500W halogen lamp for 3 hrs under vigorous
stirring and O, gas bubbling.

3- About 4 milliliter of sample was withdrawn at every 60 minutes of
irradiation time.

4- Absorbance of dye was measured at 540 nm to estimate the

degradation percent.
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5- Step 1 above was repeated for three and five times to prepare S;

and Ss swirling single sided coated slide.

Figure ( 2-4): Swirling coating

2.2.14.2 Dipping method

1- Similar coating solution mentioned above (2.2.14.1) was used for
coating by dipping (Figure 2-5).

2- The dipping frequency was every 5-6 seconds for one hour period
(600 dipping). The slide was afterwards dried at 90C° for one hour.
This slide was coded D4, which stands for single sided one dipping
coating.

3- The slide D; was immersed in 75 ml of 60 ppm EBT solution and
was illuminated with 500W halogen lamp for 3 hrs under vigorous

stirring and O, gas bubbling.
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4- About 4 milliliter of sample was withdrawn at every 60 minutes of
irradiation time.

5- Absorbance of dye was measured at 540 nm to estimate the
degradation percent.

6- Step 1 above was repeated for three to five times to prepare D; and

Ds dipping single sided coated slide.

Figure ( 2-5): Dipping coating

2.2.14.3 Rotating method
1- The rotation assembly was used to prepare the slides which are
coded R; (Figure 2-6). The cleaned slide was bound to the rotating
shaft from upper edge and it (slide) was immersed in the similar
coating solution mentined previously.
2- The slide was rotated steadily for (100 rotations/min.) 24 hrs at
room temperature, then it was dried at 90C° for one hr. This slide

was coded Ry, which stands for single sided one rotating coating.
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3- The slide Rywas immersed in 75 ml of 60 ppm EBT solution and
was illuminated with 500W halogen lamp for 3 hrs under vigorous
stirring and O, gas bubbling.

4- About 4 milliliter of sample was withdrawn at every 60 minutes of
irradiation time.

5- Absorbance of dye was measured at 540 nm to estimate the
degradation percent.

6- Step 1 above was repeated for three to five times to prepare R; and

Rs rotating single sided coated slide.

Figure ( 2-6 ): Rotating coating
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Figure ( 2-7 ): Preparation flow diagram of immaobilized TiO; films on stainless steel slide via

several coating methodologies
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2.2.14.4 Prototype immobilization assembly

The homemade solar prototype assembly shown in Figure ( 2-8 ) has been
exploited for the solar light induced catalytic degradation of EBT and
MV dyes. The installation prototype is mainly composed of a stainless
steel plate coated with TiO, located underneath the input contaminated
reservoir, an immersion pump as a component of output part (discharge
vessel) and O, gas cylinder to provide the solution with dissolved oxygen
required for the experiment. The 316L stainless steel plate of 20x9 cm
total dimensions was coated 5 times (15x8 cm coated dimensions) by
means of TiO, + CTAB suspension at pH = 3 following rotation (100
rpm) approach (see Figure ( 2-9 )). The edges of the plate were bended
towards upside to keep smooth flowing of the contaminated water. The
solar degradation experiments were conducted on the days of January
2016 under the following conditions; sunny to partly cloudy, relative
humidity 75-80%, from 9 am till 1:30 pm, average temperature 10-12 C°,
flow rate of contaminated water one liter per minute and O, bubbling gas

flow rate 50-55 ml per minute.
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Figure ( 2-8 ): Prototype immobilization assembly; (a) General view; (b) Input part; (c)

Output part; (d) TiO, coated film onto st.st plate ; (e) Recirculation discharge unit
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Figure ( 2-9 ): TiO; coating onto st. st. plate for prototype unit following

rotation technique.
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2.2.15 Determination of pH of point zero charge (pHp.c)

1
2

%

+

0.01M NaCl aqueous solution was prepared at pH (2, 4, 6, 8, 10).
The pH value of the solutions were adjusted with HNO3 (0.1M)or
NaOH (0.1M) solutions.

Ten milliliters from each solution kept in contact with 0.02g TiO, for

48hrs under vigorous stirring.

The supernatent was decanted and its pH was measured.

The pH,,. value was determined using the plot of pH; vs. pH.

2.2.16 The study of the adsorption of dye on TiO, surface

1-

he

Five hundred ppm EBT stock solution was prepared, and then was
diluted to 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 ppm in 100 ml
flask.

The calibration curve was drawn by measuring absorbance at 540
nm for all prepared EBT solutions.

At natural pH (about 5), 90 ml of 50 ppm EBT was mixed with 10
mg catalyst at speed of 100 rpm.

Five ml sample was taken every 15 minutes (after settling), and the
catalyst was separated from suspension by centrifuge.

The sample was fillterd, and absorbance was measured at optimum
wavelength to calculate Qe (adsorption capacity) for each
concentration. The optimum contact time was measured by
drawing Qe vs. Time.

At 30 C° natural pH, 100rpm speed and optimum contact time, 50
ml of all the diluted solutions were mixed with 10 mg catalyst to
calculate Qe and Ce (equilibrium concentration).

Step 6 was repeated again at 40 C° and 50 C° for the computation

of thermodynamic parameters.
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8- Step 6 was repeated again with pHs 3, 7 and 9 as well.

2.2.17 General procedure of photolysis for dyes

Photocatalytic degradation experiments for the synthesized nano anatase
TiO, photocatalyst were conducted in the photolysis cell with 125
milliliter capacity under visible light with a 500 W halogen lamp which
has been used as illumination source. The stock solution of dye (100
ppm) was prepared with NFDW water and diluted to different
concentrations for photocatalytic reaction. The optimum conditions of
photocatalytic decomposition of Eriochrom Black T dye were pH = 3,
catalyst loading 80 mg. The pH of the dye solution was already adjusted
using dilute aqueous solution of HNO3. Oxygen gas was bubbled in the
solution as induced electron scavenger and also to keep all the TiO; in the
suspension. For methyl violet degradation the optimum conditions were
pH =7, catalyst loading= 30 mg. The suspension was magnetically stirred
for 15 minutes in the dark to ensure adsorption equilibrium. During
irradiation, samples of 4-5 milliliter were collected at regular times,
centrifuged at 3000rpm for 10 minutes and filtered using 0.45um
cellulose membrance. The discolouration was monitored using a single
beam visible spectrophotometer by measuring the absorbance at Amax=
540 nm for Eriochrom Black T and 584 nm for Methyl Violet. In most of
the experiments, the photocatalytic process was continued until complete

mineralization of the compound was achieved.

2.3 Instruments
2.3.1 Refrigerated circulating bath. model (WCR-P12), wisecircu.

2.3.2 Nanofiltered-deionized water supply unit. model (Sm-11),

Waterpia
2.3.3 Centrifuge (K centrifuge PLC series.)
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2.3.4 Muffle furnace (SX-5-12).
2.3.5 Drying cabinet (K Hot Air Sterilizer).

2.3.6 Apel PD-303 single beam spectrophotometer has been used for
visible light absorption measurements .

2.3.7 Double beam Shimadzu UV-VIS spectrophotometer. model
(1650 PC) has also been used throughout this work.

2.3.8 Thermostat shaker water bath JEIOTECH (BS-11)
2.3.9 Photoreactor system

The Photoreactor configuration shown in Image (2-1), is local market
made and consists of 500W halogen lamp (Philips) which is vertically
fixed into stainless steel hollow cylinder of 10 cm in diameter and 27 cm
in height. The heating effect stemmed from the lamp was minimized by
circulating the water in the hollow cylinder through outlet and inlet slots
in cylinder using circulating thermostate chilled water bath. The internal
walls of the cylinder were covered with aluminium foil to avoid radiation
losses and temperature rising. Lens is used for light collection and
focusing. The solutions/suspensions of dye and photocatalyst were
magnetically stirred. The flow rate of O, was kept at 50-55 mL /min with
continuous stirring using a hot plate-stirrer. The concentration of dye was
determined from its visible absorbance characteristic and calibration
curve method at the wavelength of maximum absorption (540nm) for
EBT and (584nm) for MV.
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Image ( 2-1): Photolysis unit of visible light source

2.3.10 Photolysis unit of UV source

The photolysis unit which is shown in (Image 2-2), is laboratory-built

(local market) system consisting of ultraviolet light source (125 W)
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medium pressure mercury lamp (MPML) 365 nm wavelength fitted with

a focusing lens to assure parallel beam of light.

Image ( 2-2 ): photolysis unit of UV light source

2.3.11 X-ray Spectrometer

The X-ray diffraction (XRD) patterns were obtained on a Philips X-pert
pro, panalytical XRD machine ( image 2-3, KIT, Germany )using a Cu
target Ka radiation (A= 1.541A°) to determine the crystalline size. The
accelerating voltage and the applied current were 40 kV and 30 mA,
respectively. The XRD patterns was at the scanning range 20 from 5° to
120°.

2.3.12 Scanning Electron Microscopy (SEM) coupled with Energy
dispersive X-ray spectroscopy (EDXS)

The LEO 982 SEM coupled with EDX was used to characterize the

morphological and structural properties of the samples. Nearly 1 mg of a
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sample was mounted on a SEM sample holder and was sputtered with
gold prior to analysis for better conductivity and resolution of the sample.
This SEM permits ultra high resolution imaging of semiconductor
materials ( Image 2-4, KIT, Germany).

2.3.13 Chemisorption Analyzer Brunauer, Emmett and Teller (BET)

Surface area and pore distribution of the samples were determined using
nitrogen adsorption/desorption isotherm by means of micromeritics

Autochem Chemisorption analyzer ( Image 2-5, KIT, Germany ).

2.3.14 Transmission Electron Microscopy ( TEM )

High resolution Philips Tecnai TEM ( Image 2-6, KIT, Germany) was
used for the image observation for specimen and particle size analysis

well. Images are supported by means of DF-STEM where Z-contrast

imaging facilitates further structural analysis.

-;_M |

Image ( 2-3): Pananalytical Philips diffractometer (Karlruhe Institute of Technology, Germany)
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Image ( 2-5): Micromeritics AutoChem HP Chemisorption Analyzer (BET) (Karlsruhe
Institute of Technology, Germany)

Image ( 2-6 ): Philips Technai TEM (Karlsruhe Institute of Technology, Germany)
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Chapter 3 Discussion
3. Results and Discussion

3.1 UV-VIS Spectroscopic features of the anionic EBT and cationic
MYV dyes

Anionic dye Eriochrom Black T (CyH1,N30;SNa) (EBT), was chosen as
a simple model of a series of common azo-dyes largely used in the
industry. This compound, which is a well known metallochromic
indicator widely used in complexometric titration, is blue in a buffer
solution at pH 10 and it turns red when it forms a complex with calcium,
magnesium or other matel ions. The chemical structure of EBT is shown
in Figure (3-1). Figure (3-2) shows the UV-VIS spectrophotometric scan
in the range of 250-800 nm. The molar extinction coefficient
(absorptivity, €) of 10 ppm of EBT in NFDW was measured at the
maximum absorption wavelength, 540 nm, using Beer-lambert equation
(A= ebc), where A= absorbance, b = absorption light path, 1 cm and ¢ =
molar concentration of EBT. The absorptivity (¢) has been 7.1428 x 10*
L. mol™. cm™. The UV-Visible spectrum of EBT (Figure 3-2) showed
two absorption maxima [63]. The first band observed at wavelength of
340 nm and the second band with higher intensity, at wavelength of 540
nm. The latter band was used to monitor the photocatalytic degradation of
EBT.

Figure ( 3-1): Chemical structure of Eriochrom Black T
(EBT)
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Figure ( 3-2 ): UV-VIS spectrum for Eriochrom Black T

Upon variation of solution pH towards lower and higher values a
tautomeric equilibrium exists, Figure (3-3), between the ammonium form
and azonium form. Consequently this phenomenon leads to increase in

the absorbed wavelength due to the red shift [64], as explicitly exhibited
in Figure (3-4).
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Figure (3-3): Protonation and tautomeric equilibrium of Eriochrom Black T molecule in
acidic solution
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Figure (3-4): UV-VIS scan of Eriochrom Black T at different pH
values at different concentration

Figure (3-5) presents the chemical structure of Methyl Violet ( MV ) dye
[65]. This water-soluble dye has a molar extinction coefficient equals to

5.2x 10" L. mol™. cm™ for molar concentration of 2.5 x 10°mole/L. The

peak at A= 584 nm has the highest intensity, Figure (3-6).
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Figure ( 3-5): Chemical structure of Methyl Violet

(MV)
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Figure ( 3-6 ): UV-VIS spectrum for Methyl Violet
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MV™ is the predominant form of Methyl Violet ( also called Crystal
Violet ) in the solid state and in aqueous solution across a broad range of
pH values from pH 2 to 9. The positive charge shown on the central
carbon atom in Figure (3-7A) is delocalized via resonance to the three
nitrogen atoms. See Figure (3-7B) for one of the three additional
resonance forms with the positive charge on a nitrogen atom.
Delocalization of the charge across the system of double bonds in the
benzene rings stabilizes the carbocation and is responsible for the vibrant

purple color of the dye [66].

"
N
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Z—I’"‘l
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L

Figure ( 3-7): Structure of Methyl Violet

Figure ( 3-8 ) presents the UV-VIS scan of Methyl Violet at different pH

values.
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3.2 Characterization of the laboratory synthesized anatase TiO,

nanoparticles
3.2.1 Morphology, Phase and composition aspects

The surface morphologies of neat reference anatase TiO, nanoparticles
and the laboratory synthesized anatase TiO, nanoparticles are
characterized by SEM, and shown in Figure (3-9). The SEM images
reveal smooth, spherical and homogeneous surfaces formed by very fine
separated and aggregated particles for both reference, synthesized nano
TiO, powders. A closer look at the images peers to nanosized TiO,
particles, and further, a lower size of the laboratory prepared TiO, (10-17
nm) in comparison to that of reference TiO, (19-37 nm). This verifies
solely the efficiency of the nano material synthesis on laboratory scale

following sol gel methodology.

The powder X-ray diffraction (XRD) technique was used to characterize
the crystal structure of the reference and synthesized TiO, nanoparticles.
The XRD patterns are presented in Figure (3-10) which merged upon
using Cu Ka radiation (0.15425 nm) in the range of 20 from 5 to 120
with scan rate of 20 = 0.10 s'". These patterns were used to determine the
identity of any phase present. The TiO, mainly exists in anatase, rutile
and brookite phases [67] among them, best photocatalytic activities have
been found from anatase phase. The XRD peak at 20 =25.4° is often taken
as the characteristic peak of anatase (101) crystal phase structure [62].
Accordingly, the diffraction signal which is assigned to the anatase (101)
structure at 25.5° (Figure 3-10 b ,in this work) is similar and clearly
observed in reference TiO, (25.4°), Figure (3-10a).
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Figure ( 3-9 ): Scanning Electron Microscope (SEM) micrographs for; (a)
Aldrich reference nano anatase TiO,; (b) Synthesized nano anatase TiO:
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The average crystalline size of TiO, was calculated using the Scherrer
equation on diffraction plane (101) according to the following expression
[61].

Crystalline size =B x A/ F X cos0 (3-1)

where A is the Cu K, (0.1541 nm) radiation wavelength, F is the full
width at half maximum (FWHM) of the (1 0 1) peak, 0 is the half angle
of the diffraction peak on the 2Theta scale and B is the shape factor of the

particle whose value is computed as follows ;

In2 0.693
B =2 ’7—2 ’37 = 0.94 (3_2)

The average crystallite size for reference and synthesized nano TiO,
particles were 17.48 and 16.14 nm, respectively. The peak width
inversely proportional with particle size in which by increasing the peak
width the size of nano TiO, decreases. This is another self endorsement
of lower particle size of the laboratory scale prepared nano TiO, in

comparison to the reference nano TiO, particles.

Prior to the application of the synthesized anatase nano TiO, powder on
the photo degradation of EBT anionic dye and MV cationic dye, the
atomic composition of the synthesized nano anatase TiO, was verified
using Energy Dispersive X-ray Spectrometer (EDXS). The spectra shown
in Figure (3-11b) for the prepared nano anatase TiO, is to an excellent
extent similar to that of reference specimen which is shown in Figure (3-
11 a).
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Figure ( 3-10 ): X-Ray Diffraction (XRD) pattern for;(a) Aldrich

reference nano anatase TiOz;(b)Synthesized nano anatase TiO,
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Element Mass%  Atom%
0] 38.17 64.89
Ti 61.83 35.11
total 100.00

ke

Element | Mass%  Atom%
O 39.87 66.44
Ti 59.90 33.34
total 100.00

Figure ( 3-11): EDX spectra and composition of ;(a) Aldrich reference TiO; nano
powder; (b) Synthesized nano TiO, powder.
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3.2.2 Porosity, surface area and particle size analysis

The porosity and surface area of the reference and synthesized anatase
Ti0, nanoparticles are measured employing Brunauer, Emmett and Teller
(BET) methodology, which based on nitrogen adsorbtion-desorption
isotherms. The inset in Figure (3-12a) depicts the adsorption-desorption
isotherm plot, for the reference specimen, which results in porosity and
surface area of 7.845 nm and 109.4 m?/g, respectively. Whereas, the inset
in Figure (3-12b) which illustrates the adsorption-desorption isotherm
plot for the synthesized specimen, results in porosity and surface area of
6.804 nm and 130.14 m?°/g, respectively. On one hand, one could
conclude that both powders are mesoporous since their porosity is within
the range from 2 to 50 nm [68]. On the other hand, the synthesized nano
TiO, particles posses lower pore size and higher surface area than that of
the reference nano TiO, particles. In other words, the speed of the
photocatalytic reaction is enhanced further in the case of prepared nano
TiO, particles. Hence, this is again a stand alone confirmation for the

high quality synthesis of nano TiO, material on laboratory scale.

Other than the measurement of particle size using SEM and crystalline
size employing XRD, Transmission Electron Microscope (TEM) was also
exploited to explore the particle size of the reference and synthesized
nano anatase TiO, particles as illustrated in Figures (3-13a) and (3-13Db),
respectively. A small amount of dry powder was dispersed in ethanol by
ultrasonic agitation. Two droplets of the suspension were placed on a

carbon-coated copper grid, dried in air and analyzed with TEM. A close

look at Figure (3-13) may verify the lower particle size of the synthesized
nano TiO, particles than that of the reference sample. Based on the above

results, the particle size values of the reference and laboratory prepared
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nano TiO, powders determined by XRD and SEM techniques are in an
excellent agreement with the average particle size derived from TEM

analysis.
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Figure ( 3-12): Pore size measurements for ;(a) Aldrich standard nano anatase
TiOy; (b) Synthesized nano anatase TiOy; insets represent adsorption-desorption
isotherms
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Figure ( 3-13): Transmission Electron Microscope (TEM) micrograph for; (a) Aldrich
standard anano anatase TiO, particles; (b) Synthesized nano anatase TiO, particles
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3.3 Control experiments

A series of control experiments were carried out to assure that the
decolorizing process of dyes is pure heterogeneous photocatalytic
reaction rather than homogeneous or/and adsorption phenomenon. The
photolysis experiments, in the absence of TiO,, at room temperature for
duration of 180 minutes and the pH of dye solution about 5, showed that
the degradation of EBT was almost negligible under visible illumination (
Figure 3-14 a ), (Figure 3-15a ) and also under UV irradiation ( Figure 3-
14b), ( Figure 3-15b ) for EBT and MV respectivily, and this verifies that
the optical homogeneous photolysis did not happen under the ongoing
experimental conditions. On the other hand and to ascertain that the
reaction is not only adsorption but both adsorption and photocatalysis
reactions, the synthesized nano TiO, powder was stirred together with the
dye in the dark for 180 minutes. Table (3-1), Figure (3-14c) and Figure
(3-15b) depict that only = 20% of dye adsorption onto TiO, nano particles
took place. While the percent increased when dye was mixed with
catalyst under visible and irradiation and acidic pH = 3, Figurs (3-14d)
and (3-15c) for EBT and MV, respectively. This verifies the self
sensitization phenomenon which leads to in situ photodegradation in
which the color removal of EBT pollutant was almost complete in 40
min under halogen lamp illumination and at optimum conditions pH = 3,
80 mg TiO,, Figure (3-16). The last experiment in dark where there was a
slight degradation in the dye solution with the presence of the catalyst,
was due to the adsorption of Eriochrome Black T on the surface of the
TiO, [69]. Nevertheless, the extent of adsorption is necessary to some
extent in the evolution of the photochemical process [70]. Figure (3-14)
and Table (3-1) display the control tests of photodegradation experiments

listed below:;
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a) EBT (10ppm) + visible light + during 3h
b) EBT (10ppm) + UV light + during 3h
c¢) EBT (10ppm) + TiO, (0.05g) + dark + during 3h

d) EBT (10ppm) + TiO, (0.05g) + visible light + during 3h

100 -+
90 -
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70 -
60 -
50 -
40
30 -
20 -
10 A

%Degradation

0 50 100 150 200
Time, min

Figure ( 3-14 ): Degradation percent of Eriochrom Black T for
control experiments

Table (3-1): Degradation percent of Eriochrom Black T for each control

Time,min a b C d
0 0 0 0 0
60 1 12 1 86
120 1 10 16 90
180 0.7 11 18 99
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Figure (3-15) displays the control tests results for photodegradation of
MYV dye solution. The first set was implemented by exposing MV to Vis.
light source with absence of TiO, photocatalyst Figure (3-15a). The
second set was performed with MV solution exposed to TiO, without Vis.
light irradiation (in dark), Figure (3-15b). The last set was accomplished
in the presence of Vis. light and TiO, semiconductor, which represents
the photocatalysis circumstances. A very small change in the
concentration of MV and no significant degradation was observed when
only TiO, is used in dark or when only Vis. light is present. Hence, MV
could be degraded efficiently via by Vis. light illuminated in presence of
TiO,. Accordingly, these experiments demonstrated that both Vis.
irradiation and the TiO, photocatalyst are needed for the effective
photolysis of MV dye also. This clearly indicates that this phenomenon
is photocatalytic in nature [71], and confirms explicitly the self or in situ

sensitization phenomenon.

100 -
c
Time,min | Deg.% | Deg.% | Deg.% 80 1
a b c °
x
T 60 -
0 0 0 15
T
10 50 %5 | 8 b
E 40 -
18 25 69 >
20 22 87 ()]
20 -
a
0 F% T \ \
0 50 100 150

Time,min

Figure ( 3-15): Degradation percent of Methyl Violet as a function of irradiation time:
(a) Vis. irradiation in absence of TiOy; (b) TiO; in dark (c) Vis. illumination in
presence of TiO,
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Figure ( 3-16 ): Self sensitization ( in situ sensitization ) phenomenon;
(1) Initial solution; (2) After adsorption; (3) After visible illumination
for a) MV; b) EBT dye.

3.4 Adsorption of EBT onto TiO, nanoparticles

3.4.1 Effect of contact time

The effect of contact time on the adsorbed amount of EBT dye per unit of
adsorbent was investigated at room temperature with constant pH and dye
concentration. Figure (3-17) and Table (3-2) show the variation of Qe and
Ce of 50 ppm EBT at 298K and pH =5.

The dye adsorption increased significantly as the shaking time increased

upto 15 minutes with a quick uptake of the dye. The adsorption rate
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however decreased to a stable value with increase in contact time due to
probably a shortage of available adsorption sites for binding [72].
However, a maximum value of adsorption is attained after 30 minutes of
shaking time. Therefore, the time of 30 minutes may be treated as the
optimum contact time and accordingly was used for the following

adsorption experiments.

180 -
160
140
120
100
80
60
40
20

0 T T T T T T 1
0 10 20 30 40 50 60 70

Qe, mg/g

Contact time, min.

Figure (3-17 ): The variation of Qe with contact time of 50 mg EBT L™ solution
at 298K temperature and pH=5

Table (3-2): The values of Q. and C, at different time of adsorption for
50ppm of EBT solution at 298K temperature

Time ,min Ce,mg/I Q.,mg/g
15 41.5 147.3
30 40.8 153.9
45 40.8 153.9
60 39.8 162.9
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3.4.2 The Effect of pH

The pH of dye solution has been identified as one of the significant
parameter because it plays an important role in the whole adsorption
process and particularly on the adsorption capacity [58]. The activity of
adsorption depends on the solution pH, since variation in pH leads to the
variation in the degree of ionization of the adsorptive molecule and the
surface properties of adsorbent [73]. From Figure (3-18) we observe that
the sorption of EBT dye attained the maximum at the initial pH = 3 and
decreased with increasing the pH within the investigation range of 5- 9.
At alkaline pH, two governing factors play a significant role, first, lower
adsorption of anionic dye, EBT, due to the presence of excess of "OH ions
which competing with the dye anions for the adsorption sites [74], and on
the other hand, TiO, is negatively charged at higher pH, which also
contributes in the electrostatic repulsion between the negatively charged
dye molecule and the negatively charged adsorbent [53]. Whereas, as the
pH of the system decreases, the number of positively charged surface
sites on the adsorbent increases and consequently favors the adsorption of
the anions due to Columbic electrostatic attraction [74]. One could also
report that at high pH the sulphonic acid group is completely
deprotonated which make the dye molecule more soluble in water, so the

adsorption decreased with increasing pH.
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Figure ( 3-18 ): Effect of initial pH on the sorption of EBT on TiO,

3.4.3 Effect of adsorbent loading

The adsorbent loading determines the capacity of the adsorbent for a
given initial dye concentration. Figure (3-19) illustrates the impact of
adsorbent loading on the removal of 50 mg L™ EBT dye. The dye
removal percentage extends as the adsorbent dose increases from 0.1 to
0.4 g. At a low loading of 0.1 g TiO,, there is firm competition between
the EBT molecules due to the limited number of available binding sites;
hence a low sorption was achieved. An increase in adsorbent dose to 0.4
g certainly causes a corresponding increase in removal yield due to higher

active adsorption sites [75].
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Figure ( 3-19 ): Effect of adsorbent loading on EBT removal

3.4.4 Effect of initial dye concentration

The effect of initial dye concentration depends on the immediate relation
between the concentration of the dye and the available sites on an
adsorbent surface [52]. From Fig. (3-20) we observe that the adsorption
capacity Q. increases with increasing the initial dye concentration until
attains the maximum at Q. = 143 mg/g, and then starts decreasing. This is
due to saturation of adsorption sites of the adsorbent material [75].

Hence, the amount of adsorbed EBT is highly dependent on the initial
dye concentration.
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Figure ( 3-20): Impact of initial dye concentration on the adsorption of EBT
onto TiO;

3.4.5 Effect of Temperature

The adsorption process temperature is another important physico-
chemical operational parameter, because it contributes massively in
variation of adsorption ability of the adsorbent [52]. The adsorption
experiments of EBT onto nanosized TiO, were carried out at three
different temperatures namely; 30, 40 and 50°C with an accuracy of £0.5
°C. It is known that the process of adsorption is often an exothermic in
nature, thus a decrease in temperature of the system would result in an
increase of adsorption and vice verse [76]. Figure (3-21) corroborates the
effect of the process temperature on the adsorption efficiency at TiO,
dosage of 10 mg, agitation time of 30 min and 40 mg L' EBT

concentrations. In chemisorption, the quantity adsorbed may increase or
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decrease with the rising temperature depending on the type of interaction

and bonding between the adsorbate molecules and the adsorbent surface,
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Figure ( 3-21): Effect of temperature on the adsorption of 40 mg L™
EBT onto TiO,

while in physisorption a decrease in temperature enhances the extent of
adsorption [77] Also from Fig. (3-21), a decrease of adsorption ability
with increasing temperature verifies the exothermic feature of the
adsorption process. Because higher temperature induces higher mobility

of the adsorbate causing desorption [78].

3.4.6 Thermodynamic parameters

In order to evaluate the present adsorption process, certain
thermodynamic factors were computed, because the thermodynamic
functions contribute essentially in understanding the nature of adsorption.
The thermodynamic parameters which are related generally to the

adsorption of dyes, such as, enthalpy change AH°® (kJ/mol), entropy
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change AS° (J/ mol. K) and Gibbs free energy change AG® (kJ/mol) have

been calculated according to the following expressions:

Ko =Q./C, (3.3)
AG=-RTInK, (3.4)
In K, =-AH°/RT + AS°/ R (3.5)

Where K, is the thermodynamic equilibrium constant, i.e., the ratio of the
equilibrium concentration of EBT on TiO, (Q,) to that in solution (C¢). T
Is the absolute temperature in Kelvin, and R is the universal gas constant
(8.314 J/mol. K). AH®° has been calculated according to Van’t Hoff
equation (eg. 3-4) via plotting logarithmic value of the thermodynamic
equilibrium constant (K;) against the reciprocal of absolute temperature
as (1/T). The Plotting of InK, against 1/T gives a straight line with slope
and intercept equal to -AH°/R and AS°/R, respectively (Fig. (3-22)). A
linear fit with an equation of InK,= -1900.3/T - 5.4716 was obtained in
this experiment and the values of AH® and AS° calculated from Fig. (3-
22) were -15.79 kJ/mol and -45.49 J / mol. K, respectively.

1 -

y =1900.3x - 5.4716

0.8 1" R2-0.9928

0.6 -

In kp

0.4 -

0.2 -

0 T T T T ] 1
0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335

UT, K?
Figure ( 3-22): Van't Hoff plot for adsorption of EBT on TiO;
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The values of thermodynamic parameters are presented in Table (3-3).
The AH® negative value indicates that the adsorption of EBT dye onto
nanosized TiO, has been an exothermic process, which was supported by
the increase of adsorption of the dye with decrease of temperature (Fig.
(3-20)). The AS® negative value indicates that the degrees of randomness
(freedom) decreased at the solid — liquid interface during adsorption of
EBT [73]. Also from Table (3-3), we report here that the negative AG°
values indicate the feasibility of the EBT adsorption process onto solid
TiO, surface in addition to the spontaneous nature at all the studied
temperatures. This conclusion is well concerted with other authors [79,
56]. Hence, we conclude that the adsorption of EBT onto nanosized TiO,
Is spontaneous and thermodynamically favourable. On the other hand,
some authors [76-79] found that the AG® value for physisorption process
is between 0 and -20 kJ/mol, whereas it could attain a value of -400 for

chemisorption process.

Table (3-3) Thermodynamic functions of the adsorption process

Temp., K | AG, kd/mol | AH, kJ/mol | AS, JK mol™

303 -2.006 -15.79 -45.49
313 -1.55
323 -1.09

3.4.7 Adsorption kinetics

In this work, pseudo-first-order and pseudo-second-order kinetics model
were applied to examine the controlling mechanism of EBT adsorption

onto nanosized TiO, from aqueous solutions. The rate of adsorption of

73



Chapter 3 Discussion

EBT has been studied as a function of time as it is depicted in Fig. (3-17).
The adsorption equilibrium was reached in approximately 30 minutes.
Both the first and the second-order rate equations were used to determine
the most suitable rate expression for adsorption of the investigated dye on
Ti0O,. The optimal model was considered based on correlation coefficient
(R?).The correlation coefficient was frequently used to decide whether the

model represents correctly the experimental data.

3.4.7.1 The first-order kinetics model

The rate constant of adsorption is determined from the first-order rate
expression given by the famous linearized form of Lagergren rate

equation [80] as follows:

In (Ce - Gr) = In Qe - Kyt (3.6)

where q; and g. (mg. g ) are the amount of material adsorbed (adsorption
capacity) at time t and at equilibrium, respectively. k; (min™') represents

the rate constant of the first-order model.

3.4.7.2 The pseudo-second-order kinetics model

The pseudo-second-order equation was defined as follows [81]:

t/q, =1/(k,qe") + t/qe (3.7)

where k, (g. mg™ min™) is the rate constant of the second-order model.
The kinetics parameters for adsorption of EBT under different conditions

were calculated from equations 6 and 7 and are given in Table (3-4). The
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correlation regression coefficient (R?), for the first-order kinetic model is
0.75 while the correlation regression coefficient (R?), for the pseudo-
second-order kinetic model is 0.995 (figures were not shown). Calculated
correlation regression coefficient (R%) is closer to unity for second-order
kinetics model; therefore the adsorption Kkinetics could well be
approximated more favorably by second order kinetics model for EBT
adsorption. Azizian [82] explored the kinetics of adsorption from a
solution onto an adsorbent theoretically, and found that the adsorption
process obeyed first-order kinetics at high initial concentration of solution
while it obeyed pseudo-second-order kinetics at lower initial

concentration of solution.

Table (3-4): Comparison of the first and second-order adsorption rate constants for
50 mg L™ EBT adsorption onto TiO,

Fisrt order kinetics model Second order kinetics model

Time | R® ki | Qe Ot Inge-q: | R K, |t
15 0.75 | 0.0180 | 162.9 | 147.3 | 2.747 0.99 0.0058 0.108
30 1539 | 2.197 0.19
45 1539 | 2.197 0.29
60 162.9 0.36

3.4.8 Adsorption isotherm models

They adsorption isotherms play an important role in elucidating the
interaction between the adsorbent and the adsorbate , and further deepen
the understanding of the mechanism of adsorption phenomenon. Several

isotherm models are presented in the literature [83]. Langmuir and
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Freundlich models are the most widely used to describe the adsorption
isotherm. The Langmuir model assumes that adsorption takes place at
uniform energy sites on the surface of the adsorbent. The linearized

Langmuir isotherm equation can be expressed as follows:

Ce/Qe = Ce/Qmax + 1/KLQmax (38)

where C, is the equilibrium concentration of EBT in solution (mg/L), Q.
Is the amount of dye adsorbed on adsorbent (mg/g) at equilibrium, Q sy IS
the maximum adsorption capacity (mg/g), and K_ is the Langmuir
binding constant, which is related to the energy of adsorption (L/mg). The
slope and intercept of C. / Q. vs. C, plot were utilized to calculate 1/Qpax
and 1/(K_Qnmax) respectively, as exhibited in Fig. (3-23).

The Freundlich isotherm, Fig. (3-24), is an empirical equation based on
adsorption on a heterogeneous surface. The equation is commonly

represented by:

Log Q. = log Ks + log C¢/n (3.9)

Where K; and n are the Freundlich constants as characteristics of the
system, indicating the adsorption capacity and the adsorption intensity,
respectively. When the value of 1/n is lower than 1 (n > 1), it indicates a
normal Freundlich isotherm, otherwise, it is indicative of cooperative

adsorption.
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Figure ( 3-23): The linear plot of Langmuir isotherm for adsorption of EBT
onto TiO,
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Figure ( 3-24 ): The linear plot of Freundlich isotherm for adsorption of
EBT onto TiO;
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The calculated parameters of both Langmuir and Freundlich models
which resulted upon the correlation of adsorption data for different initial
EBT concentrations are presented in Table (3-5). The comparison of
correlation coefficients (R?) for Figs. (3-23) and (3-24) refers to higher R?
value possessed by Freundlich model. This suggests that this model
yields a better fit in describing the experimental equilibrium adsorption of
EBT onto TiO,. Hence, The Freundlich isotherm is an empirical equation
that assumes heterogeneous adsorbent surface with its adsorption sites at
varying energy levels [84]. Moreover, the maximum adsorption capacity,
Qmax, Of the process of this work is compared in Table (3-6) with the data

reported by other authors for EBT adsorption.

Table (3-5): Adsorption isotherms parameters for EBT adsorption onto TiO,

Freundlich isotherm Langmuir isotherm

1/n

Ky

R2

Qmax

Kc

R2

0.38

1.48

0.971

188.6

0.072

0.931

Table (3-6): Maximum adsorption capacities of EBT from aqueous media onto
various adsorbents

Adsorbent Max. Capacity, Qmax, Mg/g Reference
Nano TiO, (this work) 188.6 -
Activated carbon 160.4 75
Eucalyptus bark 524 56
NiFe,O,4 nanoparticles 47 76
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3.5 Operational factors influencing the photocatalytic degradation

The oxidation rates and efficiency of the photocatalytic system are highly
dependent on a number of operational parameters that govern the
photodegradation of the organic molecule [85]. This section will briefly

discuss the significance of each operational parameter

3.5.1 Influence of initial pH on the degradation

Wastewater containing organic dyes may have different pHs; therefore it
Is important to study the role of pH on removal of colored dye. To study
the effect of pH on the decolorization efficiency, experiments were
performed at various pH values, ranging from acidic to basic media for
constant concentration of dye. Under highly acidic conditions the TiO,
particles tend to agglomerate and the surface area available for dye
adsorption and photon absorption would be reduced [86-87]. Hence, pH
plays an important role both in the characteristics of textile waters and in
the reaction mechanisms that can contribute to dye degradation. Also its
influence on catalyst surface charge namely, hydroxyl radical attack,
direct oxidation by the positive hole and direct reduction by the electron
in the conducting band [88]. At different pH conditions the surface
charge of photocatalyst is variable. The following acid—base equilibrium

reaction may occur on the surface of TiO;at different pH values [30].

TiOH + H" — TiOH" (3.10)
TiOH + "OH — TiO + H,0 (3.11)

Thus, the TiO, surface is positively charged in acidic media (pH < 6.9),
whereas it is negatively charged under alkaline conditions (pH > 6.9).

Figure( 3-25) present point of zero charge for anatase TiO, surface,
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Figure ( 3-25): Determination of point of zero charge (pHpzc) for
anatase TiO»

While point of zero charge for TiO, surface is widely reported at 6.25—
6.90 [86,88,30]. The color of EBT changes from blue (alkaline color) to
red (acidic color) while from red to blue for MV by protonation of dye .

Results obtained experimentally by varying initial pH of polluted solution
from 2 to 9 with keeping all other parameters unchanged. It could be
noticed from Figure (3-26 a) that the final degradation obtained in acidic
solution at pH equal 3 was 99.22%. This could be explained from the
surface charge of TiO, point of view. In acidic pH, the surface of TiO,
gains a positive charge there by attracting the anionic EBT dye, leading to
a greater adsorption and hence increasing the degradation rate in the
acidic media. However, the reverse image is observed in the basic
medium where the TiO, surface was negatively charged which repels the
dye molecules away from the surface of the catalyst thereby decreasing
the degradation rate [89]. However, As it is shown in the Figure (3-27), in
the case of MV dye (cationic) the maximum decolorization efficiency

was obtained in pH=7. Since the photooxidation of dyes is accompanied
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by the release of protons, its efficiency may then change because of the
reversible protonation of the Ti surface [90]. At lower pH, below pH,.=
6.9, the H™ ions compete effectively with cationic dye, causing a decrease
in removal efficiency of color dye.

Furthermore, a low pH associated with a positively charged surface,
cannot provide hydroxyl groups which are needed for hydroxyl radical
formation, the rate of photo bleaching of MV decreases due to columbic
repulsion between the surface of photocatalyst that have positivly
charged and H" ions [91]. At higher pH, above (pH,), the surface of
catalyst gets negatively charged, which enhances the positively charged
dye cations.

Meanwhile, the higher pH value can provide the higher concentration of
hydroxyl ions to react with holes to form hydroxyl radicals. However, the
decolorization of dye molecules is inhibited when the pH value is so high
(pH > 7), because the hydroxyl ions compete with dye molecules in the
adsorption on the surface of photocatalysts [92]. The rate of EBT
photodecolorization increased with decreasing initial pH, exhibiting
maximum efficiency (k = 0.024 min™) at pH 3, while it is (k = 0.015
min®) at pH 7 for MV as shown in Figures (3-26b) and (3-28),
respectively. Furthermore, Figures (3-26a) and (3-27) with Tables (3-7)
and (3-8) illustrated degradation percent with varying of pH of EBT and
MYV solutions, respectively. Wang et al. [93] have reported that the state
of the chemical species presented in water is not affected only by pH, but
also closely related to the dissociation constant ( pK, ) of the species.
When pH < pK, of the species, it primarily presents in molecular state,
whereas, at pH > pK, it exists as ionic state. The pH,, of TiO, used in
this study is about 6.9 and the pK,’s EBT, MV are 6.2 [56], 0.8 [94]

respectively.
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Figure ( 3-26 ): a) Influence of initial pH on degradation percent of EBT; numbers
on curves refer to pH values; b) Influence of initial pH on photobleaching rate of

EBT
Table (3-7): Dearadation percent of EBT at different nHs
Time,min. | Degradation% | Degradation% | Degradation% | Degradation% | Degradation%o
at pH= 2. at pH=3 atpH=5 at pH=7 atpH=9
0 0 0 0 0 0
60 82.8 85.6 54.3 9.4 39.9
120 84.1 89.5 87.7 21.7 68.4
180 84.1 99.2 98.4 80.7 72.8
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Figure ( 3-27 ): Influence of initial pH on degradation percent of MV;

numbers on curves refer to nH values.
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Figure ( 3-28 ): Influence of initial pH on photobleaching rate of MV
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Table (3-8): Degradation percent of MV at different pHs

Time | Degrada | Degrada | Degrada | Degrada | Degrada | Degrada | Degra | Degra

tion% at | tion% at | tion% at | tion% at | tion% at | tion% at | dation | dation

pH=2 pH=3 pH=5 pH=6 | pH=6.5 | pH=7 % at | %at

pH=8 | pH=9
0 0 0 0 0 0 0 0 0
30 27 38 49 31 53 66 68 51
60 48 65 67 61 72 83 80 71
90 54 77 83 70 77 88 84 78
120 55 82 91 85 94 95.7 88 83

3.5.2 Variation of pH and conductivity during photocatalysis process

The TiO, catalyst photodegradation of MV has also been monitored by
In situ measurements of the pH and of the conductivity of the suspension
with time of irradiation. The change in pH was studied as a function of
the irradiation time. However, after 60 min of irradiation no significant
changes in pH were observed that is indicated the organic pollutants were
continuously decomposed forming inorganic ions (K*, Na*, CI, Mg*?),
which is in accordance with the photocatalytic decomposion in the
presence of TiO, catalyst [95]. The amount of dissolved ions in solution
estimates by the conductivity (electrical current). This current depends on
the temperature of the solution, ion mobility and concentration or
numbers of ion present [96]. Figure (3-29) shows the time variation of
conductivity of the dye. One could observe an increase in the
conductivity of the dye with increasing reaction time, and the change
trend is consistent with the removal efficiency of color dye, which means
that ions in the solution augment with increasing reaction time and the
dye molecules have been decomposed to ions and other substances
[97,98].
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Figure ( 3-29 ): Changes of pH and conductivity during the photocatalysis
process for MV dye

Table (3-9): Variation of pH and conductivity during the photocatalysis process

Time,min pH Conductivity,ps cm™
0 7 910
15 7.1 1200
30 7.3 1300
45 7.3 1310
60 7.5 1440

3.5.3 Effect of catalyst loading

Dye degradation is also influenced by the amount of the photocatalyst
and aggregation of catalyst particles in high amounts of catalyst. The dye
degradation increases with increasing catalyst dose, which is
characteristic of heterogeneous photocatalysis [85]. Increases in the
number of active sites on the photocatalyst surface by an increase in

catalyst amount thus causing an increase in the number of *OH radicals
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which can take part in actual discoloration of dye solution. Beyond a
certain limit of catalyst amount, the solution becomes turbid and thus
blocks radiation for the reaction to proceed and therefore percentage
degradation starts decreasing [99,100,101]. All these behaviors are due to
(screening effect) caused by the suspended TiO, layers located closer to
the radiation source, which reduces the site density for surface holes and
electrons Hence, an optimum amount of catalyst has to be added in
order to avoid unnecessary excess,unfavorable light scattering and also
ensure total absorption of light photons for efficient photomineralisation
[71].The effect of catalyst concentration on decolorization rate was
studied by varying catalyst dose from 10 mg to 100 mg. The results are
illustrated in Figures (3-30) and (3-31) for EBT and MV, respectively. It
iIs found that the decolorization degradation of both dyes solutions
increased significantly with increase concentration of catalyst and then
decreased with further increase of the catalyst concentration due to light
scattering and screening effect. Some authors [101] stated that there is
fluctuation of degradation percent with further increases of concentration
of catalyst. With ascending added amount of catalyst lead to gradual
increase in the degradation percent due to the increase of the surface area
and then high adsorbability of dye and also increase the density of
particales in the area of illumination [102]. The observed optimum
concentration of the catalyst has been about 80 mg for a given
concentration of 40 ppm of EBT solution and 30 mg for 4 ppm of MV.
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Figure ( 3-30): Variation of EBT photobleachingwith catalyst

loading
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Figure ( 3-31): Effect of TiO, loading on the removal of MV

3.5.4 Effect of initial dye concentration on the degradation

The effect of initial dye concentration on dye degradation efficiency has

been investigated by varying the EBT dye concentrations (10, 20, 30, 40,
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50, 60 mg/L). For the concentration of 30 mg/L, complete discolouration
of EBT solution was observed (96%) after 60 min. of illumination. For
concentrations of EBT above 30 mg/L, the degradation ratios become
almost fixed due to that at high substrate concentrations all catalytic sites
of the semiconductor surface are occupied. Therefore, a further increase
In substrate concentration does not affect the efficiency of the photo-
oxidation. At low concentrations, the number of catalytic sites is not the
limiting factor of the rate degradation which is now proportional to the
concentration of substrate in accordance with apparent first-order Kinetics
[103]. The photocatalytic decomposition of the MV was also studied by
varying the initial concentration from 2-10 mg. L™. For the concentration
of 4 mg/L a complete discolouration of the solution was observed (97%)
after 40 min of illumination. For concentrations of MV below 4 mg/L,
practically the total dye disappeared with 91 % and the solution becomes
completely transparent. Beyond 4 mg/L, degradation of MV becomes
very slow. Figures (3-32) and (3-33) show the relations of dye
concentration and degradation for EBT and MV, respectively. However,
better results can be obtained by extension of reaction time. The rate of
degradation relates to the probability formation of ‘OH radicals on the
catalyst surface and to the probability of ‘OH radicals reacting with dye
molecules [88]. According to Beer—Lambert law, a decrease of
penetration of photons into the solution occurs by increasing the
molecules of the dye, which consequently causes lower photonic
adsorption on the nano photocatalyst and reduction in the efficiency of (e’
ce/h’ve) pair formation [104]. Once the dye concentration is increased;
firstly, the adsorption amounts of catalyst attain the saturation for
superfluous dye. Secondly, the mutual screens among dye molecules also
increase along with the concentration rising of dye. Thus, once the

concentration of dye is increased, it also causes light screening by dye
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molecules and the photons never reach to the surface of photocatalyst and

therefore less ‘OH are formed, thus resulting in less degradation

percentage [105].
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Figure ( 3-32): Plot of percent degradation vs. initial concentrations of EBT;
(Catalyst loading = 0.08 g/I; pH = 3.0; time= 60 min)
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3.5.5 Effect of radiation dose on the degredation of dyes

Radiation absorption of the photocatalyst affect the photocatalytic
reaction rate [106]. Some authors [86] have shown that at low light
intensities ( 0-20 mW/cm? ), the rate would increase linearly with
increasing light intensity (first order), whereas at intermediate light
intensities ( 25 mW/cm? ) the rate would depend on the square root of the
light intensity. While at high light intensities the rate is independent of
light intensity. The authors [85] also stated that at low light intensity
reactions involving electron—hole formation are predominant and
electron-hole recombination is negligible. On the other hand, when light
intensity was increased, the electron—hole pair separation competes with
recombination, thereby causing lower effect on the reaction rate [107].

At a high radiation dose, increasing of the number of photons occurs to
reach the active site of catalyst and also number of excited catalyst
molecules increases, which consequently increase the number of
hydroxyl radicals and the rate of degradation of dye molecules [98,108].
Figure ( 3-34 ) shows variations of the; initial rate and degradation yield
of EBT as a function of visible light source intensity. The degradation
rate was appreciably higher under higher intensity of halogen lamp (4.65
x 10°® mol I"* sec™) than of an medium and low intensities of visible light
(3.98 x 10°® mol I'* sec™) and (2.5 x 10°® mol I"'sec™), respectively. The
Kinetic rate constant, k, for EBT degradation is directly proportional to
the light intensity, I,, due to the increase in visible light power. The high
light intensity would also increase the photo generating rate of electron-
hole pair at the surface of TiO, which consequently enhance the oxidizing
ability of the system [109]. The calculated quantum vyield of EBT
degradation under high, medium, and low intensity of halogen lamp is
0.0995, 0.159 and 0.627, respectively. For validating the theoretical
reasoning above, the calculated first-order rate constant, k, of EBT
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degradation under high intensity of a halogen-lamp ( 0.032 min™ ) is
significantly higher than that under the medium and low intensities of the
visible lamp 0.027min™* and 0.0176 min™, respectively. For better
evaluation the efficiency of the photocatalytic and photobleaching

processes, we estimated the quantum yield @,
@ = rate of reaction/ rate of absorption of radiation

Table (3-10) was reported the values of ®. On the basis of above data, it
Is evident that the percentage of decolorization and photodegradation
increases with increase in irradiation time. The reaction rate decreases
with irradiation time since it follows apparent first-order Kinetics,
however, it increases with increasing the light intensity (Figure 3-34) and
additionally a competition for degradation between the reactant and the

intermediate products should also be taken into consideration.

Table (3-10): Quantum yields of photodegradation of EBT obtained at different

intensities
Intensity Rate Quantum yield
(E/L.sec) x10”’ (mol/L.sec) x10°® D%
4.68 4.65 0.0995
2.5 3.98 0.1596
0.4 2.5 0.627
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Figure ( 3-34 ): Variations of the a) initial rate and b) degradation% of EBT as
a function of visible light source intensity. Insets reveal the relations of rate
and degradation % with time.
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3.6 Kinetic study
3.6.1 Influence of irradiation time on the reaction kinetics

The slow kinetics of dye degradation after certain time limit is mainly
attributed to the difficulty in the reaction of short chain aliphatics with
*OH radicals, and the short lifetime of photocatalyst because of active
sites deactivation by strong by-products deposition [110]. Figures ( 3-35)
and ( 3-36 ) and Tables ( 3-11 ) and ( 3-12 ) depict the effect of light
irradiation time on the decline of dyes concentration ( 96% ) of the EBT
and (98% ) of MV were degraded, after an irradiation time of 60 and 45
minutes for EBT and MV, respectevily. The photocatalytic
decolourisation of the dye occurs on the surface of TiO,. When the
concentration of dye and intensity of light are constant, the number of
‘OH and "0, radicals increase with an increase in the irradiation period.
These radicals are trapped by the holes of the reactive species, as oxygen
and water are essential for photocatalytic decolourisation. Furthermore,
the "OH radicals are strong enough to break the bonds of the dye
molecules absorbed on the surface of TiO,[111,112].
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Figure ( 3-35): Correlation of EBT concentration with irradiation time

Table (3-11): Variation of concentration and degradation percent of EBT

Time At Degradation%o
0 0.687 0
15 0.05 92
30 0.038 94
45 0.033 95
60 0.028 96
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Figure ( 3-36 ): Correlation of methyl violet concentration with
irradiation time

Table (3-12): Variation of concentration and degradation percent of MV

Time At Degradation%
0 1.57 0
15 0.85 46
30 0.19 88
45 0.023 98.5
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3.6.2 Kinetic model

It is necessary to determine the Kinetic order and apparent rate constant
for the degradation of the dyes and further to investigate the overall order
of reaction with respect to the initial dye concentration. According to
some researchers [113,114], the photocatalytic degradation of organic

pollutants is described by pseudo-first order Kinetics.
—dC/dt = KgppC (3.12)

Integrating the eq. (3-11) with the boundary conditions that at the start of
irradiation (t = 0), the concentration is the initial one, results in the

following expression:
—In (C/ Co) = Kappt (3.13)

Where ki, is the apparent first order rate constant (min~* or sec™) and Co
and C; are the concentration of the dyes at t=0 and a given irradiation
time, t (min), respectively. Kinetic studies were monitored by the change
in azo dye concentration at certain interval of time (C;). A linear
correlation was observed by plotting In C,/C; versus time, Figures (3-37)
and (3-38), which may indicate that the photodegradation is pseudo-first-
order kinetics [114]. The slope equals to the first-order rate constant Kapp .
The half life of the reaction accordingly computed from the expression
ti, = 0.693/ Kapp, Which has been equal to 7 min. for EBT and 9 min. for
MV.
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Figure ( 3-37 ): Degradation rate of Eriochrom Black T at optimum

conditions
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Figure ( 3-38 ): Degradation rate of Methyl Violet at optimum

conditions
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3.6.3 Langmuir-Hinshelwood kinetic model for the Photocatalysis of
EBT and MV dyes

The Langmuir—Hinshelwood model is usually used to describe the
kinetics of photocatalytic reactions of aquatic organics [115].
Furthermore, the Langmuir-Hinshelwood rate used successfully for
heterogeneous photocatalytic degradation [116]. It relates the rate of
photodegradation (r) and the concentration of organic compound (C),
which is expressed as follows:

r=dC/dt=k kg C/1+kC (3.14)

where kr is the reaction rate constant (M/min), ks is the adsorption
equilibrium constant of dye on catalyst particle (M), and t is the
irradiation time (min). When the concentration of the dye is low, the

equation can be simplified to an apparent first-order equation [117,118].

Ct = C, e—"@PP! (3.15)

If the pseudo first-order kinetics is applicable, the plot of —In(C/C,)
against t should yield a straight line as indicated in Eq. (3-14) from which
Kapp 1S Obtained from the slope of the plot. Most authors [119,120,88]
agree that when the following assumptions were established,
heterogeneous photocatalysis could be analyzed using the Langmuir-
Hinshelwood model:

(1) at equilibrium, fixed number of catalyst surface adsorption sites,

(ii) the surface of catalyst can be covered to the maximum by one layer;
only one substrate may bind at each surface site.

(i1i) the adsorption reaction is reversible, (iv) the catalyst surface is
homogeneous and (V) there is no interaction between adjacent adsorbed

molecules.
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To determine rate constants, k, of adsorbed dyes and the adsorption
constants Kags, the Figures (3-39) and (3-40) are used for EBT and MV,

respectively. These values are reported in Table ( 3-15).

y = 0.0769x + 1.526
R? = 0.9463

1/r, M*.sec x 10’
w

1/Co M™* x 10°

Figure ( 3-39 ): Langmuir-Hinshelwood model outcomes for the disappearance of
EBT at different initial concentrations; TiO, loading = 0.08 g/l; pH =3.0

Tables ( 3-13) and ( 3-14 ) demonstrate the detailed calculation and
comparision between computed and observed rate constants, k, for EBT
and MV dyes, respectively.
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Table (3-13): The observed and calculated initial rates of EBT photobleaching

Co Co, M K, sect 1/r 1/Co Observed rate | Calculated rate
ppm M™. sec i (uM.sec™) (uM.sec™)
10 0.216*10* | 8.90*10° | 5.3*10" | 46*10° 1.92*10° 1.97*10°
15 0.325*10% | 8.10*10% | 3.9*10" | 31*10° 2.63*107 2.56*107
20 0.433*10% | 7.90 *10* | 2.9*10" | 23*10° 3.42%107° 3.02*10°
30 0.649*10" | 6.30*10% | 2.4*10" | 15*10° 4.09%107 3.67*107
60 1.300%10* | 3.36*10% | 2.3*10’ 8*10° 4.37*10° 4.69%107
90 1.950%10% | 2.38*10% | 2.2*10’ 5*10° 4.64*107 5.17*107
6 y = 0.2483x + 0.2989
5 4 R? = 0.9709
S 4
X
g 34
= 2
=
1 n
0 5 10 15 20

1/Co, Mt x 10*

Figure (3- 40): Langmuir-Hinshelwood model outcomes for the
disappearance of MV at different initial concentrations; TiO, loading =
0.03¢/l; pH=7.0
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Table (3-14 ): The observed and calculated initial rates of MV photobleaching

Co Co, M K, sect 1/r 1/Co Observed Calculated
ppm M. sec M rate rate
(uUM.sec) | (uM.sec)
2 5.08%10° | 8.4*10* | 5.17*10% | 1.9*10° | 2.010*10° | 1.965*10°
4 1.01@*10‘ 1.2*107° | 2.428*10°% | 9.8*10* | 4.084*107 3.63*10°
6 1.52;1*10‘ 0.3*107 | 1.74*10° | 6.56*10% | 6.126*107 5.08*10°
8 2.03*10° | 5.1*10" | 1.517*10% | 4.92*10% | 8.160*10° 6.35%10°
10 | 2.54*10° | 3.3*10* | 1.621*10°% | 3.92*10% | 9.809*10° | 7.416*10°

Table (3-15): Rate constants and adsorption coefficients of

Dye Kads (M) k (UM. sec™)
Eriochrom black T 0.0199 0.0655
Methyl violet 0.0120 0.0335

From Tables (3-13) and (3-14), we notice that the observed degradation
rates in case of EBT are higher concerted with the L-H calculated rates
than in case of the MV (the triaryl methane dye). Furthermore, Table (3-
15) presents higher adsorption coefficient value (K,) for EBT in
comparison to that of MV, i.e. stronger adsorption of EBT moiety onto
the electrophilic (Ti*™) sites at TiO, surface. This is likely attributed to the
possible EBT adsorption geometries which stem from various adsorption
sites, like anionic sulphonate site [6], chair adsorption via NO, group
[121] and via coordinative azo group [61]. Correspondingly, EBT
exhibited better decomposition rate (Table 3-14) than that of MV, despite

of the higher initial concentrations for the former dye.
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3.7 Influence of some experimental variables on apparent quantum

yield

The quantum yield, ®, of a photochemical process is defined as the rate
of radiation-induced primary events divided by the rate of photon
absorption, and is generally used as a measure of the efficiency of a

photochemical process [106].
@ = rate of reaction/ rate of absorption of radiation

Figures (3-41a) and (3-42a) show quantum yield variation in suspension
with different TiO, loadings for EBT and MV, respectively. Incrasing
the loading of suspension, the flux of absorbed photons increases
resulting in an increase in quantum yield. But the excess concentration of
catalyst leads to unfavorable light scattering and reduction of light
penetration into the solution as we indicated previously. Figures (3-41Db)
and (3-42b) rationalize the initial pH and ® of EBT and MV photo-
decomposition, respectively. It could be concluded that the pH variation
could result in enhancement of the efficiency of photo removal of organic
pollutants in presence TiO, [122]. The initial dye concentration is another
important variable in the evaluation of photocatalytic efficiency. The
results which are shown in Figure (3-41c) elucidates the relation between
EBT initial concentration and the process quantum yield. The quantum
yield increased with increasing the initial concentration of EBT from 10
ppm to 60 ppm for EBT dye. With the visible light irradiation period and
catalyst dose are kept constant, the increase in initial concentration of
dye, more dye molecules are adsorbed onto the surface of catalyst and
hence the amount of decomposed dye is increased [6]. In contrary an
increase in the concentration of MV above 4ppm a decrease in the

guantum yield is observed in 60 min irradiation of visible light because at
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high-substrate concentration, the photonic efficiency diminishes and

consequently quantum yield is lowered [123], Figure (3-42c).
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Figure ( 3-41): Effect of (a) TiO; loading (b) pH and (c) EBT initial concentration on the quantum
yield of photocatalytic degradation of EBT at optimum conditions
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Figure ( 3-42): Effect of (a) TiO, loading (b) pH and (c) MV initial concentration
on the quantum yield of photocatalytic degradation of MV at optimum conditions
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3.8 Effect of temperature and the thermodynamic parameter s

Various operational parameters including temperature and corresponding
thermodynamic functions impact on the photocatalytic degradation rate of
organic compounds [124]. Figure (3-43) shows the effect of aqueous
solution temperature on the degradation of EBT in the range of 20 C°-45
C° The degradation rate of the dye increases with the temperature
increase in the presence of nano TiO, powder. The degradation percent
increases from73% to 99.6% when the temperature rises from 20 C° to
45C°. The apparent rate constant and activation energy can be determined

via Arrhenius relation as follows [125,126];
Kapp = Ae ERT (3.16)

where kg is the apparent rate constant, A is the frequency factor or pre-
exponential factor, E, is the activation energy of the reaction, R is general
gas constant ( 8.314 J mol™ K ) and T is the absolute temperature.

Translation of Eg. (3-16) resulted in the following equation
InKapp = INA - E, /RT (3.17)

The activation energy (E,) was obtained from a plot of In Ky, versus 1/T
as shown in Figures (3-43) and (3-44) for EBT and MV, Respectively.
The other thermodynamic parameters, free energy, enthalpy and entropy
of activation were calculated as presented in (Table 3.16) and (3.17) for
EBT and MV, respectively. The value of AG" (the free energy of
activation) may be determined from following equations [127]:

Kapp = ks T/h exponential (-AG*/RT) (3.18)

AG" = RT x [In (kgT/h) — In kepp] (3.19)
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where kg is Bolzmann constant (1.3805x 102 J K™%), h is Planck constant
(6.6256X 10" J s). Which after introduction of the constant values, leads

to:

AG* =RT x (23.76 + InT — Inkgpp) (3.20)
The enthalpy (AH") and entropy (AS®) of activation are derived from
equations (3.17) and (3.18), leading to the final relations

INKapp = InA — E, /RT (3.21)
d(In Kapp) / AT = E,/ RT? (3.22)
equation (3.18) is rewritten as:

In Kgpp = In (KBT/N) - AH* / RT + AS*/ R (3.23)
d(In Kqpp) / dT = 1/ T +AH* / RT?> = (AH* + RT) / RT* (3.24)
Solving equations (3.22) and (3.24) for the activation enthalpy gives
AH* = Ea—-RT (3.25)
finally giving access to the entropy of activation

AS"=(AH" - AG") /T (3.26)

From Tables (3-16) and (3-17), one could observe that the degradation
rate increase at higher temperatures. This fact indicates that with the
temperature increase the mobility of dye molecules increases. Also an
increase in collision frequency of molecules in solution due to molecules
possessing more Kinetic energy and moving faster. Additionally, also
increased the number of molecules possessing enough energy to
overcome the activation energy [128]. In a photocatalytic process the

existence of an activation energy barrier has so far been mainly linked
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with an increase of the desorption of adsorbed products with increasing
temperature and enhances recombination of charge carriers [122,129]. On
the other hand, the exothermic adsorption of reactants becomes
disfavored and tends to become the rate limiting step, when temperature
increases above 80 C° and approaching to the boiling point of water
[130]. The positive values of AG” gives an indication of non-spontaneous
process as one expected. The process was endothermic due to positive
values of AH i.e., that higher temperatures are favored for enhanced
removal of organic pollutant. The negative values of AS” suggest the
decreased randomness at the solid/ solution interface during the
adsorption of dye on catalyst and further ratification for the non

spontaneous process.

UT ,K?
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25 — < . . .
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_35 i

Figure ( 3-43): Arrhenius plot of rate constant versus reciprocal of
reaction temperature for degradation of EBT
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Table (3-16 ): Thermodynamic parameters for the photocatalytic degradation of

EBT
T (K) Ea (kI mol™) | AG” (kI mol™) | AH* (kI mol™) | AS" (K™ mol™)
293 15.3 64.22 12.86 -175.29
298 66.44 12.82 -179.93
303 68.25 12.78 -183.07
308 68.96 12.73 -182.56
313 70.05 12.70 -183.23
318 71.72 12.66 -185.72
1/, K
0.0031  0.00315 0.0032  0.00325 0.0033  0.00335 0.0034  0.00345
'24 T T T T T T 1
-2.5 4
o -2.6 y =-1411.7x + 1.9163
g 2 _
X 2.7 R? = 0.9557
=
-2.8 Slope=-E,/R
-2.9 4
-3 _

Figure ( 3-44): Arrhenius plot of rate constant versus reciprocal of reaction
temperature for degradation of MV
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Table (3-17): Thermodynamic parameters for the photocatalytic degradation of MV

T (K) Ea (kI mol™) | AG* (kI mol™) | AH* (kI mol™) | AS* (JK™ mol™)
293 11.7 78.6 8.06 -240.7
298 79.7 8.02 -240.5
303 81 7.98 -240.9
308 82 7.93 -240.4
313 83 7.89 -239.9
318 85 7.85 -242.6

3.9 Comparison and evaluation of photocatalytic degradation of
Eriochrom Black T (EBT) and Methyl Violet (MV) dyes

The comparison of photocatalytic degradation efficiency of EBT and MV
dyes, at optimum conditions revealed different effects of pH on EBT and
MV. EBT was degradated at acidic ( pH=3 ) since it is anionic dye and
consequently, lowering pH below pH,. = 6.9, would increase the
positive charge onto TiO, surface and thus promotes the adsorption of
anionic EBT dye onto positively charged TiO,, which eventually
accelerates the degradation. While, in the case of cationic dye the
optimum adsorption and degradation occure at higher pH (neutral or
basic pH). At the pH above pH,.=6.9 the negative charge on TiO;
surface increases and thus promotes the adsorption of cationic MV dye
onto negatively charged TiO, and accelerates the rate of the
photocatalytic bleaching of the cationic dye [131,132]. Also note that the
results show that both dye pollutants responded positively toward
photocatalytic decomposition using neat TiO, and under visible light.

This indicates that both dyes have propensity for in situ or self
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sensitization of the laboratory synthesized nano anatase TiO, powder.
Shorter illumination time was needed for the MV to be totally
photodegraded in comparison with EBT. It is suggested that
photodegradation efficiency of each dye is related with its initial
concentration. Because of the higher E.x value (67709.5 L.mol.* cm'l)
of MV than of EBT (9412.15L.mol.* cm™), lower initial MV
concentration was employed. Accordingly shorter complete
photocatalysis time was required. The expectation is concerted with our
experimental results of the lower rate and longer half life (0.099 min™,
7min) for EBT relatively to that of MV (0.077 min™,9 min ) despite of the
higher adsorption coefficient of EBT ( Kas=0.0199 uM™ ) onto TiO-..
Also from thermodynamic perspective, the relatively higher Ea for EBT
results in intermediates with slower rates and probably higher heat of
formation [133,134,135] and consequently lower apparent degradation

rate.

3.10 Immobilization of TiO, nanoparticles

3.10.1 Dispersibility of nanoparticles

Anatase TiO, photocatalysis has been proven to be an effective process in
water purification by the degradation of toxic organic contaminants [136].
Conventional photocatalytic studies are usually conducted with TiO,
dispersions in aqueous solutions [137]. Unfortunately, the aqueous
suspension of TiO, powder was limited for industrial applications due to
the high cost of the catalyst filtration process which is considered as one
of the major drawbacks and further, the loss of photocatalyst upon
decantation process [138]. Accordingly, the immobilization strategy has

been adopted as an approach to overcome this discrepancy, because
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reactors utilizing the TiO, catalyst as immobilized on supports have
shown a unique advantage over reactors exploiting suspended TiO,
powder [139]. Furthermore, the immobilization of TiO, on a solid support
permits its reuse without loses and improves its stability which in turns
relies largely upon the dispersibility of the suspension, immobilization
procedure and the properties of the substrate [140]. When the pH value of
the suspension was adjusted to 3, the as-prepared TiO, nanoparticles were
dispersed well in solution for at least 24 hours as shown in Figure (3-45),
and beyond this period of time, a little precipitate was observed.
However, the suspension could be readily redispersed in solution by
either ultrasonication or stirring .When the aqueous solution was adjusted
to pH 7, TiO, nanoparticles precipitated over this period of time. When
the pH value was further increased to 9, TiO, nanoparticles were stably
dispersed again. This suspension phenomenon could be ascribed to the
electrostatic repulsion forces among colloidal particles [141]. Moreover,
small amounts (0.5 g) of cetyltrimethyl ammonium bromide (CTAB)

were added into the aqueous solution for further stabilization of the

colloid.

Initial .
H3 ‘ CTAB
‘

Figure (3-45): Photographs of dispersibility of as-prepared nano TiO, suspension in
different media after 24 hours, used for the thin film coating of stainless steel slides.
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These results suggested that the as prepared nano anatase TiO,

suspensions were stable in water at about pH 3 or 9.

3.10.2 Immobilization methodologies

The aim of this part of study was to evaluate different recipes for
immobilization of nano TiO, powder onto stainless steel slides and to
find a suitable recipe to be applied in a prototype reactor later on. As
prepared TiO, in anatase form has been immobilized in this research
work onto stainless steel substrate by three techniques namely; Rotation,
R, Dipping, D, and Swirling, S, in order to develop immobilized thin
catalyst films for water decontamination. The first series of samples was
coated to find a stable and suitable TiO, immobilization technique that
could be applied afterwards in the photocatalytic prototype reactor. Multi
TiO, coatings which were prepared by various recipes loaded several
layers of TiO, on the surface of stainless steel slide following the R, D
and S methodologies and their photocatalytic effects on the
decomposition of EBT are shown in Figure (3-46). The photocatalytic
decomposition yield of EBT increases with increasing the number of
TiO, coatings via repetition of the immobilization procedure. Also from
Figure (3-46) and Tables 3-18, 3-19 and 3-20, we observe the
degradation percent of EBT reaches the highest values of 61%, 45% and
22% after 180 minutes of visible light illumination for R, D and S,
respectively, for one, three and five TiO, coatings. Cherif et al. [142]
reported that the catalyst film is porous and it consequently can provide a
large surface area for the degradation of contaminant molecules upon

increasing of the repetitions.
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Figure ( 3-46 ): Effect of (a) Rotation; (b) Dipping; (c) Swirling immobilization
techniques and the number of immobilizations on the photodegradation of EBT

Table (3-18): Percent degradation of EBT with rotating method

Time, min R1 %deg R3%deg Rs%deg
0 0 0 0
60 5.26 7.2 45
120 22.2 32 49
180 28.4 44 61

Table (3-19): Percent degradation of EBT with dipping method

Time, min %deg of D; %deg of D3 | %deg of Ds
0 0 0 0
60 11 12 38
120 22 23 44
180 24 39 45
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Table (3-20): Percent degradation of EBT with swirling method

Time, min | %deg of S; %deg of S3 %deg of Ss
0 0 0 0
60 13.6 1.78 7.1
120 24 24 12
180 25 33 22

Based on the above results one could report here that the rate of
photocatalytic decomposition and the removal efficiency are sensitive to
the variation of immobilized catalyst dosages. In other words, the number
of TiO, particles that can be involved in the photocatalytic reaction
increases with the number of coatings of TiO,, which likely, to a good
extent, could be interpreted in terms of increase in the generation of OH
radicals.

Hu et al. [143] stated that the increase in the number of TiO, loaded layer
will consequently increase the surface active sites of the catalyst, leading
afterwards to higher pollutant removal efficiency. However, when the
number of coatings was further increased to 7 loaded layers of TiO,, no
further improvement was observed and on contrast, the dye degradation
yield was declined (see Figure (3-47)). This finding is in accordance with
other reported data [139,143, 144]. Chen and Dionysiou [139] stated, in
their work on the immobilization of Degussa P-25 TiO,, that the increase
in the TiO, loading on the slide causes an increase in;

1) the amount of crystalline material retained on the support; (ii) the
number of grains and (iii) the number of pores on the slide. However,

Hu et al. [143] have very recently reported that partial aggregation of

TiO, could be a result of multilayer coatings. Whereas, Feng and
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coworkers [144] concluded that at high coating layers the outer TiO,
molecules may block the inner ones and form TiO, agglomerate which
consequently accelerates the recombination of the generated electrons and
holes, thus lower the efficiency of light quantization and also declining
removal efficiency. Accordingly, we believe that the active surface area
of TiO, particles, beyond a certain limit, decreases gradually since only
the outer surface can have contact with the EBT solution and
correspondingly we conclude that five repetitions of the as prepared TiO,

rotational (R5) immobilization procedure appeared to be optimal.

70 -

%Degradation
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Figure ( 3-47 ): Photodegradation yield of EBT at Rs and Ry coatings

Figure (3-48) shows the optical microscopic images of the TiO, coatings
onto stainless steel slides for the three immobilization methods (R, D, S)
with different number of layer loadings. Figure (3-48 Rs) presents better
coverage and distribution in comparison to R; and R;. Figure (3-48 Dj)
indicates that the second coat did not cover the entire surface; therefore,
additional coats were needed to complete coverage (see Figure (3-48

Ds)). Swirling coats reveal poor distribution of TiO, particles and this is
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concerted with the random results appears in Table (3-20). The
interesting observation in Figure (3-48 R;) is the explicit prevailing of
Ti0O, aggregates which resembles randomly distributed colonies onto the

slide. Hence, this result agrees well with the outputs of Figure (3-47).

Figure ( 3-48 ): Optical microscopic images of the TiO, coatings onto stainless steel
slides for three methods of immaobilization
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For further scrutinization, the Rs coated slide was also employed in the
photodegradation of the cationic MV dye under visible illumination. At
optimum conditions of MV (pH 7, 4 ppm initial concentration) there was
58 % decrease in the concentration of dye after 3 hrs of visible light

illumination, Figure (3-49).

Time,m %deg
in

%Degradation

0 | T T 1
0 50 100 150 200

Time, min

Fig ( 3-49): Percentage degradation of MV using Rs immobilized TiO,

3.10.3 Prototype immobilized TiO, assembly

Titanium dioxide generates normally electron—hole pairs and
consequently degrades organic moieties only under UV irradiation.
Therefore, many efforts have been paid to enhance the photoresponse of
TiO, to longer wavelengths because UV radiation accounts for 4-7 %
energy of the incoming sunlight, while the visible light (A > 400 nm)
constitutes around 43 % of solar energy [145,46]. In order to leverage the

effectiveness of the rotational (Rs) approach, exhibited under visible light
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on a laboratory scale, for the photocatalytic degradation of EBT and MV,
we escalated the photocatalylsis unit, as shown previously in Figure (2-8),
housing a st. st. 316L plate with coating repetitions of 1, 3 and 5 times
and oriented in away facing the sun light at angle of 45 degrees. Figure
(3-50) shows the optical microscope and photographic images for the
one, three and five rotational technique coatings for a stationary phase
immobilized TiO, onto st. st. plate constituted in the prototype assembly.
The photocatalytic degradation process, in a continuous mode, using solar
light as an irradiation source, and immobilized TiO, as a photocatalyst,
has been applied on the photobleaching of EBT and MV using the
laboratory built prototype assembly.

Figure (1 3-50 ): Optical microscope images for the TiO, film creation onto prototype plate
following; (a) one; (b) three; (c) five rotational approach coating repetitions. Insets show the
photographs of the coated plate.
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Figure (3-51) shows the optical microscope images for the immobilized
TiO, film onto prototype unit post solar light degradation of EBT and
MV. Further, the insets represent the coated plates after continuous solar
assisted degradation for each dye. We observe that the amount of
stationary TiO, which is adherent to stainless steel slides is still persisting

after a full photobleaching process.

Figure ( 3-51): Optical microscope images for the immobilized TiO, film onto prototype
unit post solar light degradation of EBT and MV. Insets represent the coated plates after
continuous solar assisted degradation.

It was noticed that 91% and 97% photodegradation was achieved for
EBT, MV within 180 and 120 minutes, respectively, as it is obviously
presented in Figure (3-52). One of the interesting observations was that
the faster degradation rate under sun light irradiation using immobilized

Ti0,, in comparison to the pure visible light for laboratory runs, and this
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Is certainly attributed to the existence of about 5% UV light within the
solar light. The higher degradation rates and yields for UV illumination
over visible irradiation for the photodecomposition of EBT were also
observed in our previous experiments as it is explicitly revealed in Figure
(3-53) and Figure (3-54), respectively. Some authors [40,146] reported
that the TiO, photocatalyst is able to utilize solar light to produce many
reactive species, including the powerful and non-selective oxidant
hydroxyl radicals, to destroy organic compounds exploiting the following

initiation reactions;

Sunlight

Tio, WMo, ey o (3.27)
e +0,— 0, (328)
h* + OH — OH (3.29)

On the other hand, the decolorization of dye through photosensitization
process was related to the adsorbability of dye on TiO, and the
absorbance of dye under solar irradiation. Also Kuo and Ho [146] have
stated that in a solar photocatalytic system immobilized with TiO, film,
both the maximum absorbance wavelength of the dye and the
adsorbability of the dye on TiO, film play significant roles on the rate and

efficiency of color removal of the dye solutions.

Based on our findings and alongside the literature data , we report here
that the photocatalytic degradation process using solar light as an
irradiation source, and immobilized TiO, as a photocatalyst, showed
potential application for the decolorization of EBT and MV dyes in
agueous media. In addition, solar light can be used as an alternative

irradiation source for photocatalytic systems. However, the reported data
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related to decoloring efficiency of dye on TiO, film especially with solar
irradiation are quite limited [146].
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Figure ( 3-52 ): Photocatalytic degradation of (a) EBT and (b) MV
employing prototype assembly under solar illumination. Insets represent
degradation yields versus solar irradiation time.
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Figure ( 3-53): Comparison of reaction rates of EBT photodecomposition at
different initial pHs under UV and VIS illumination.
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Figure ( 3-54 ): Comparison of photodegradation yield of EBT at different

initial pHs under UV and VIS illumination.
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