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ABSTRACT

The photocatalyts are prepared using the sol immobilization and micro emulsion methods
and are characterized by the use of SEM/EDX, TEM, XRD, ICP-OES, BET techniques,
TGA, DRS UV-Vis, DRIFTS and TPO/TPR. The results obtained from the characterization
show that the optical properties of the catalyst has been shifted toward the visible region and
the XRD shows that anatase phase is the predominant phase in the TiO2> used. The
photocatal ytic degradation of phenol was done by varying the type of oxidant i.e. compressed
air, oxygen and hydrogen peroxide, with the different types of photoreactor. Thereaction rate
was monitored using HPLC and GC-MS. The quantum efficiency of the reaction was
calculated using the radiant flux and the rate of reaction determined using the Langmuir-
Hinshelwood model with a pseudo-first order kinetics. Using the suspension/slurry
photoreactor in oxygen, 86.4% conversion of phenol to CO, and H2O after 120 min was
achieved in the case of 1%Pd-TiO. and 1%Au-TiO> gives 73.4% conversion. For 1%Fe-
TiO2, 1%Cu-TiO2, P25 (Degussa) and hydrothermal treated TiO> the degradation was 64.4,
54.8, 64.5 and 77.8% respectively. In order to achieve the main aim of the research in
developing a pilot waste water treatment plant which worked in a continuous mode, the
experiment was conducted using the 0.5%Pd-TiO; catalyst using the trickle bed system in
continuous mode. The results showed that the Phenol conversion efficiency of the 0.5%Pd-
TiO2 was 70.3% and remained stable for 48h. Similar result was obtained in the trickle bed
system when P25 was used with oxygen, 71.9% conversion was obtained in 48h. When P25
was used on the trickle bed reactor in the presence of hydrogen peroxide as the oxidant,
99.5% conversion was obtained in 24h. Comparing the amount of phenol converted using

visible light and the UV light, it was concluded that the bimetallic photo catalyst i.e., the



0.5%Pd 0.5%Au-TiO, are more stable to leaching and have an enhanced activity inthevisible
region compared to the other catalysts used. To further improve the efficiency of the process,
a Taylor flow system was designed and developed to obtain complete mineraization, the
complete mineralization were achieved because the surface of the catalyst was not
deactivated by poisoning from the hydrocarbons which increased the reactivity life-time of
the catalyst to 26h in case of the P25 in the continuous mode: it was 34h for 0.5wt%Pd-TiO2
and for the 1wt%Au-TiO. the reaction rate was slow but consistent for 52h. Using the
2.0%Pd@TiO2 with the batch mode in oxygen as oxidant, there was a 24% conversion of
phenol, 85% conversion was achieved with the trickle bed system and 97% conversion with
the Taylor flow system, the increase in the photodegradation rate of phenol was due to the
micro emulsion methods used in catalyst synthesis and the Taylor flow photoreactor. This
work produced a novel continuous flow micro photoreactor which employed Taylor flow
system designed to reduce the mass transfer limitation between oxygen gas and phenol
solution. The reactor has the inherent advantages of afixed-bed catal yst designed to increase
the reaction efficiencies over the slurry batch reactor when used with the prepared catalyst in

oxygen.
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CHAPTER ONE

1.1 Introduction
1.2 Photocatalysis

Clean water as a basic resource for the survival of man is being threatened by the activities
of industries through the discharge of chemicals in rivers and aquifer, agriculture practices
that involved the use of pesticides and natural processes like volcanic eruption, and urban
activities (Malato et al., 2009). Polluted water has been the cause of water borne diseases;
and it makes water unfit for human consumption and industrial use. As a result several
legislations and initiatives have been introduced by both governments and private
organizationsin abit to salvage the rapid deterioration of clean water globally (Wintgens et

al., 2008; Richardson, 2008; Suarez et al., 2008).

Presently, there are severa techniques that are being used in reclaming wastewater into a
portable standard, fit for human use. The use of activated carbon in the treatment of
wastewater has been one of the most widely acceptable technique (Bradley et al., 2002;
Lapenaet al., 1995). Reclaiming the wastewater involved the removal of suspended solids,
bacteria, coliforms, recalcitrant organic compound that are not easily removed by the use of
activated carbon technique (Viessman Jr. and Hammer, 1998), due to these an aternative to
the use of activated carbon (sludge) has been introduced in many wastewater treatment plants,
which involved chemical process aso known as Advanced Oxidation Processes (AOPs). The
AOP is atechnique that is well known for the complete oxidizing and mineralizing of most
recalcitrant organic contaminant (Comninellis et al., 2008). Neverthel ess, advance oxidation

process has some technical drawbacks that is negating its industrial or large scale



applications. Diverse modification into the AOP has been proposed by several researchers,

which include the integration of photocatalysisin wastewater treatment.

Heterogeneous photocatalytic purification of wastewater constitute the use of light source
(electromagnetic radiation) of the required wavelength which are used with photoresponse
semiconductor, to generate oxidizing species due to the photogenerated holes used to attack
organic pollutant, virus, bacteriaetc. through oxidation processto form carbon dioxide, water

and dilute inorganic acid.

The photocatal ytic decontamination of wastewater has the following features: It is a process
that occurs at ambient temperature and normal atmospheric pressure. The detoxification of
the organic species to CO> occur via oxidation or reduction, the oxidant required can be
obtained from the dissolved oxygen in the aqueous solution or atmospheric air. The catalyst
used is normally inexpensive, stable and nontoxic. The catalyst can be modified to be used

under solar energy

1.3 Theory of Photocatalysis

The diagram in Figure 1 shows the schematic of titanium(lV) oxide semiconductor in a
photocatal ytic reaction. TiO2 has a valence band (VB) and Conduction band (CB) separated
by Band gap energy of 3.2eV in the case of an anatase phase. Figure 1 illustrates seven key
steps (1 to 7), which are fundamental steps in the metal-doped TiO- photocatalysis. Step 1is
the absorption of photon emitted with the required wavelength to be able to excite electrons

from the valence band to conduction band leaving a hole (h*) in the valence band (VB).
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Figure 1.1: Schematic of photocatal ytic degradation of organic contaminants



The second step involves the behaviors of charge carriers and electron transfer processes at
TiO2 surface after their creation and stabilization of an electron on the surface to form a
trapped electron by the aid of the metal deposited. The essential characteristic of TiO»
photocatalysis is the electron transfer event, the third step is dedicated to reviewing various
electron hole recombination processes at TiO> surfaces, with the focus on the dynamics of
single electron-hole recombination. The fourth step involves the holes transfer to the surface
of the TiO2 and stabilization of the hole on the surface to form a trapped hole. The fifth
process involves the reduction of oxygen molecules; the electron must approach the TiO>
surface, and in many cases, become chemisorbed by the metal deposited on the surface. The
sixth process involves the reduction of water molecule by the positive hole to create reactive
hydroxyl species. So the seventh step will review how these additives affect i.e. the electron
transfer and catal ytic aspects of TiO. photocatalyst to mineralize organic pollutant into CO>

and H20.

1.3.1 Basicprinciples

A photocatalysis process essentially is similar to the conventiona catalysis except that the
catalyst is activated by photons instead of thermal energy. A simplified diagram of a
semiconductor photocatalytic process is presented in Figure 1.1. When electron-hole pairs
are formed, the photo-excited electrons can reduce molecular oxygen to give superoxide ion.
The positive holes attract hydroxideions or water mol ecul es adsorbed on the external surface,
and form hydroxyl radicals, which are the main species responsible for oxidation of organic
chemicals. In liquid phase, a complete oxidation of the organic chemicals can be usually

achieved, which leads to the formation of CO, and water as benign final products



1.3.2 Photon absorption

Photocatalytic oxidation reaction involves the mineralization of organic pollutants into
harmless molecules like CO. and H2O in the presence of semiconductors. The process
involves the use of light source and oxidizing agent like hydrogen peroxide, oxygen, air etc.
The diagram in Figure 1.1 illustrates the mechanism of titanium(lV) Oxide photocatalyst in
photoxidation process, only photon with the required energy equal to the band gap energy
can promote the excitation of the valence band el ectron to the conduction band. Photons with
energies lower or greater than the band gap energies of the TiO; are dissipated in the form of
heat. Theirradiation of the photocatalyst surface with sufficient required energy leads to the
formation of a positive hole (hv*) in the valence band and an electron (€') in the conduction
band (CB) which are relevant for the generation of the radical species (Ahmed et al., 2010).

The activation of TiO2 by UV light can be represented by the following steps:

TiO, + hv > e~ +ht 1.1

e~ +0, - 05 1.2

1.3.3 Chargetransfer and trapping

In order for photon absorptivity in a semiconducting photocatalyst to translate into surface
photoactivity, generated charge carriers must reach the surface with high probability and be
stabilized at the surface for electron/hole transfer processes (and not for recombination
events) (Henderson, 2011). Photogenerated charge carriers of opposite sign can be separated
efficiently by the electric field, which is formed spontaneously in the space charge region of
semiconductor interfaces. Separated electrons and holes can then migrate and reach the
surface, where they can get trapped in subsurface and surface states of the semiconductor

particle.



ecB ™ €rrap 1.3
+ +
hyg = hirap 1.4

It is believed that Ti (IV) at the surface or in the bulk of the semiconductor particle are
reduced by photogenerated electrons forming Ti (I11) (Kondarides, 2010), which can be

considered to be intrinsic surface states tocatized below the conduction band edge:
ecg + Ti"VOH - Ti'"OH 1.5
ecg + Ti'V > Til!! 1.6

1.3.4 Electron —holerecombination

When the generated el ectrons and holes are not involve in the oxidation of organic pollutant
and the reduction of the oxidant into reactive species, there will be accumulation of electrons
on the conduction band, which will result to rapid recombination of the electrons and holes
that are produced initially. The prevention of recombination of the electrons and holes in
photocatalysisis a vital issue because the rate of recombination is arate limiting step in the
photocatalysis process. The recombination can result to two major outcomes; (1) Radiative
and (2) Non-radiative. There are severa attempts by researchers to address the problem of
electrons and holes recombination, which involve the use of metals and non-metals dopants
on the semiconductor. The radiative decay involves the dissipation of the light absorbed by
TiO2 inthe form of heat during the light irradiation, but it was reported by Leytner and Hupp
(2000), that in a recombination process 150kJ/mol of energy was released as heat while in
non-radiative quenching 310kJmol of heat is dissipated. These implies that in TiO>
recombination process, it mostly take the non-radiative pathway due to the fact that most

radiative processes do not release significant amount of energy.

6



In order to understand the reaction mechanism of photocatalysis process, a simple kinetic

model is shown below as reported by Malato et al., (2009).

TiOy + hv 5 e + bt 17
Fae
e~ + A+-1"- (reduction — products) 1.8
b kn
h* + D DY - (Oxidation — Products) 19
key
e” +h* 5 Tio, 110
Ky
A~ 4+D*= A+D 111

where € and h* are conduction band el ectrons and valence band holes, respectively. A and D
represent molecules which are reduced and oxidized, respectively. Theintermediates species,
A" and D*, precede the reaction toward reduction and oxidation products. The Photoinduced
electron and hole recombine with each other and diminish in the solid (Eq. (1.10)). Indirect
recombination or anet recombination may occur between the primary reductant and oxidant,
asindicated by Eq. (1.11). According to the reaction scheme of Egs (1.7)-(1.10), the reaction

rates for € and h* can be expressed respectively as follows:

Sle”]
ot

= —k.[e"] - kle][A*] +g 112

M = —kalh*] ~ kyle 1] + g 113

where, [€] and [h*] are densities (cm™) of conduction band electrons and valence band holes
in the semiconductor particle, respectively, g represents the generation of photoinduced e h*

pairs (cm3s1), which can be calculated with the flux of the incident light, absorption



coefficient of the system, and the density of the semiconductor material. ke and kn are the
rates of electron and holetransfers (s), respectively. Both of the decay rates must be affected

by the molecules, A and D, adsorbed on the particles surface, respectively.

The differential equations can be solved by employing a steady state approximation for [€7]

and [h7]:
g— kele™] = ke h* 1.14
kplh™] = kele™] 1.15

which |ead to the following relationship;

1-Pe _ ky

¢'§ = mg 1.16

where @, , defined by @, = k.[e"]/g, is the quantum yield of the electron transfer. The
dependence of quantum yield on the incident light intensity is supported by the experimental

evidence of the electron transfer to methylviologen induced by laser (Nosakaand Fox, 1988).

When the quantum yield is so low that the recombination reaction becomes relatively

dominant, Eq. (1.16) is simplified to ®, = (kokn/krg)? of [e”] = (kng/kyko)z . This
relationship indicates that the steady amount of photoinduced electron is proportional to the
sguare root of the light intensity. A similar relationship can be also obtained for the case of
the photoinduced holes, and an equation similar to Eq. (1.16) is used to calculate the hole

transfer yield, @, (Kaneko and Okura, 2002).

1.3.5 Photocatalytic quantum efficiency
The quantum efficiency of a photocatal ytic processis avital way to compare the activity of

different photocatalyst involved in a photocatal ytic process. Quantum yield is defined as the
8



number of defined events (reactant consumed or product formed) which occur per photon
absorbed by the system at a given wave length. Quantum efficiency is defined as the number
of defined events (reactant consumed or product formed) which occur per photon absorbed

by the system at broadband radiation (Serpone and Salinaro, 1999).

Based on the proposed photocatalysis mechanism described above, the electron-hole pairs
generated upon light irradiation do not necessarily lead to the degradation of organic
chemicals. Therefore, the light use efficiency is usually less than 100%. This efficiency may
vary from one photocatalyst to another, which is generdly attributed to the difference in the
chemical, structural, electronic, and optical properties of photocatalyst materias. In
heterogeneous photocatalysis, qguantum efficiency has commonly been taken to quantify the
photocatal ytic activity. It is defined as the number of reactants consumed or product formed

relative to the number of photons at wavelength A absorbed by the photocatalyst:

Py =— 117

nph

where ®,= quantum yield at wavelength A; n = number of molecules reacted or molecules

formed; n,,, = number of absorbed photons at wavelength A.

The number of absorbed photons is experimentally difficult to determine owing to the
reflection, scattering, transmission, and absorption of the photocatal yst particles in agueous
suspension. It has been suggested that light losses due to scattering or reflection can be
significant, accounting for up to 70% of the incident light (Serpone and Salinaro, 1999) and
(Panayotov and Y ates Jr, 2003). To circumvent the problem of quantifying the exact number
of photons absorbed by photocatalyst particles, researchers often use the term apparent

guantum efficiency reference to incident photons to quantify the photocatalytic activity.



Apparent quantum efficiency is defined as the number of reactant molecules converted
divided by the number of photons of the incident light supplied: @ is number of reactant
molecules per number of photons supplied. This apparent quantum efficiency, ® can be also

expressed as the initial reaction rate divided by the incident photon flux:

_ (NgVidCy/at
O = (———Mph o ) 1.18

where: Vi = volume of the reaction solution (L); t = reaction time (s); Ca= concentration of
the reactant A (mol L™); Nph = number of photons supplied in time t; Na= Avogadro’s
number, 6.022 x 10? (number of molecules mol™Y). The apparent quantum efficiency for
liquid photocatalysis is usualy very low, typically around a few percent. This is the main
obstacle that has prevented this technology from being widely commercialized. Currently,
extensive research has been conducted to design a more effective photocatalysis system.
Photocatalyst materials were engineered to achieve lower bandgap energy and thus stronger
light absorption in both UV and visible ranges. In the meantime, more efficient photocatal ytic

reactors were designed to achieve high illuminated surface area per unit volume of liquid.

1.3.6 Reduction and oxidation of molecules at the surface
In this reaction, h* and € are powerful oxidizing and reductive agents respectively. The

oxidative and reductive reaction steps are expressed as.

Oxidative reaction:

h* + Pollutants — CO, 1.19
h* + H,0 -» OH + H* 1.20
Reductive reaction:

10



OH' + Pollutants — CO, 121

Hydroxyl radical generation by the photocatal ytic oxidation process is shown in the above
steps. In the degradation of organic pollutants, the hydroxyl radical, which is generated from
the oxidation of adsorbed water where it is adsorbed as OH", is the primary oxidant; and the
presence of oxygen prevents the recombination of an electron-hole pair. The desired process
consists in the reaction of the activated electron with an oxidant (O>), yielding a reduced
product(03 ), and the reaction of the photogenerated hole with a reductant to produce an

oxidized product, asindicated in Figure 1.1 (Kondarides, 2010)

In aerated conditions, molecular oxygen adsorbed on the surface of the semiconductor acts
as electron acceptor, while adsorbed water molecules and hydroxyl anions act as electron
donors, leading to the formation of very powerful oxidizing OH' radical. In the presence of
an organic molecule (Pollutants) adsorbed in the catalyst surface, hydroxyl radica is the
primary oxidizing entity, reacting by adduct formation, followed by structural breakdown

into severa intermediatestill, eventually, total mineralization. (Serpone and Salinaro, 1999)

1.3.7 Incident light intensity and wavelength

Light intensity determines the extent of light absorption by the semiconductor catalyst at a
given wavelength. The rate of initiation of photocatalysis, €lectron-hole formation in the
photochemical reaction is strongly dependent on the light intensity (Cassano and Alfano,
2000). The light-induced nature of activation of photocatalytic processes implies that the
reaction rate should increase with increasing the number of incident photons and, thus, light
intensity, 1. Thisis true for very small values of 1, typically of the order of a few mw/cm?,
where the rate increases linearly with increasing light intensity, above a certain value of I,

the reaction rate becomes proportional to the squareroot of light intensity as shown on Figure
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1.2(a). With increasing light intensity, the extent of band bending tends to decrease and the
surface reactions strongly compete with processes involving electron-hole recombination.
Under these conditions, the rate becomes half order with respect to I. At even higher light
intensities, the rate may become independent of | and the rate becomes mass transfer limited.
While in some cases the rate of reaction exhibited a square root dependency on the light
intensity, others observed alinear relationship between the two variables (Herrmann, 1999;
Ollis et al., 1991; Al-Sayyed et al., 1991). The effect of light intensity on the organic
pollutant degradation rate was reviewed, and it has been reported that the rate is proportional

to the radiant flux ¢ for ¢ > 25mW/cm?, and above 25mW/cm? the rate has been shown to

be varied aSq?%_, indicating a too high value of the flux and an increase of the electron-hole
recombination rate. At high intensity, the reaction rate was independent of light intensity.
This is likely because, at low intensity, reactions involving electron-hole formation are
predominant and electron-hole recombination is insignificant (Ollis et al., 1991). Besides,
energy loss due to light reflection, transmission and energy loss as heat is inevitable in the

photocatal ytic process (Y ang and Liu, 2007).

The rate dependence of a photocatalytic process on light intensity can be introduced in a

global rate equation in a power form (Hermann, 2005)

rol? 1.22
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Figure 1.2: Influence of some physical parameters on the rate, r, of photocatal ytic reactions:
(&) radiant flux ¢; (b) initial concentration, C, of reactant; (c) temperature, T; (d) mass of

catalyst, m redrawn from (Hermann, 2005).

With 0 < a < 1. Clearly, in any photocatalytic system, the optimal light power utilization

corresponds to the domain where r is proportiona to |, i.e.,, whena=1.
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Different light sources with varying wavelength will produce different photochemical result
when used with semiconductors, titanium(lV) Oxide exists in three different forms i.e. the
rutile, anatase and brookite phases. P25 Degussa which is the most commonly used
titanium(lV) Oxide standard in photochemical reactions has a crystalline ratio of anatase to
rutile (70/80:30/20). Light source of >>380nm is sufficient for photonic activation due to the
bandgap energy of the rutile phase of 3.12eV and the anatase phase of 3.20eV (Gaya and
Abdullah, 2008; Chong et al., 2010). Due to the bandgap of the rutile phase 3.12eV it implies
that therutile titanium(1V) oxide will be photo active with light source of 400nm wavelength.
The electromagnetic spectrum can be classified as. The UVA ranges from 315 to 400nm
(3.10to 3.94ev), the UV-B ranges from 280 to 315nm (3.94 to 4.43ev) and the UV -C ranges
from 100 to 280nm (4.43 to 12.4ev) (Rincon and Pulgarin, 2005). Most of the photocatal ytic
experiment were conducted using the UV-A light source due to the bandgap energy of the
titanium(lV) Oxide it can undergo photonic activation at the wavelength ranges within the

UV-A (Chin et al., 2006: Ochuma et al., 2007)

1.3.8 Concentration of reactants

One of the prerequisite for a photocatal ytic reaction to proceed is adsorption of at |east one
reactant on the photocatalyst surface, because interfacial electron transfer has to compete
with the very fast electron-hole recombination process. The adsorption of a substance i on

the photocatal yst surface can be described by the Langmuir isotherm:

6; = KiC;

= 1.23
1+K;C;

where 6; is the surface coverage, Ki the adsorption equilibrium constant, and C; the initial

concentration of species i in the agueous solution. It should be noted here that the surface
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coverage of an adsorbed species in the dark may be significantly different than that under
illumination conditions. The electromagnetic radiation can change the equilibrium position
of a chemisorption process by affecting the bond strength between the adsorbed molecule
and the semiconductor surface, this is due to the change that occurs both on the Fermi level

of the semiconductor and the population of the surface electrons and holes upon irradiation.

The rate of a photocatalytic reaction is related to the surface coverage of reactants and
products by equations which are similar to those developed for thermal catalytic reactions.
In most cases, the kinetics of a photocatal ytic process can be described adequately with the
use of Langmuir-Hinshelwood (LH) or Eley-Rideal (ER) pathways (Kondarides, 2010). The
LH mechanism has been found to apply in a great number of photocatalytic reactions
occurring in the liquid or in the gas phase. According to this model, the primary redox
intermediates undergoes subsequent thermal surface reaction before desorbing from the
surface. Using a simple unimolecular reaction occurring in the liquid phase where reactant A
yield product P and the reactant is significantly more strongly adsorbed than the product

(Kondarides, 2010), the I_H rate equation is of the form:

_KinKaCa 1.24

Ty = kp6a =
LH LHYA ™ 11K sCa+KCs

where ry is the reaction rate, ky  is the rate constant, and subscript “A” and “S” refer to the
reactant and solvent, respectively. Similarly, the rate of a bimolecular surface reaction A +

B — P between two surface species adsorbed independently on the surfaceis of the form:

kpHKACaKpCg
(1+KACA+KSCS)(1+KBCB+KSCS)

Ton = KLn6a0p = 1.25
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when EQ. (1.25) reduces to a form similar to EQ. (1.24), under such condition the
concentration of one of these surface species at the photostationary state is considered
constant, where Cs >> Ca and that Cs stays essentially constant, the part of the semiconductor
surface covered by the solvent is approximately unchanged (Kondarides, 2010). Under these

conditions EQ. (1.23) can be written as:

> _ kiuK'Ca
LH ™ 14K'cy,

1.26

where K" = K, /(1 + KC ). For dilute solutions, where KaCa << 1, the reaction is of the
apparent first order, whereas for high reactant concentrations, where KaCa >> 1, the reaction
rateis maximum and is of the apparent zero order as shown on Figure 1.2(b). The Eley-Rideal
kinetic treatment implies that reactions occur between a surface species and a reactant

molecule diffusing simultaneously from the fluid. The rate of the reaction is as follows

7er = KgrCa 1.27

where ker isthereaction rate constant. Eq. (1.27) isapseudo-first-order rate equation. If both
LH and ER pathways are operating simultaneously, then mixed behavior for the reaction rate
versus concentration of the reactant is to be expected (Kondarides, 2010), keeping the
experimental condition constant while varying the initial concentration of organic molecule
in agqueous solution will result to different irradiation time for complete degradation of the
organic molecules, dueto thefact that asthe concentration of the organic moleculesincreases
it concurrently saturates the surface of the photocatalyst thereby reducing the photoresponse
of the catalyst which leads to rapid deactivation of the photocatalyst (Saguib and Muneer,

2003; Aranaet al., 2004).
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Hong et al., (2001) studied the effect of initial concentration of phenol on the photocatal ytic
efficiency of titanium(IV) oxide mixed with water; it was observed that the rate of phenol
decomposition is high with the minimum concentration of phenol, also Paridaand Parijaalso
reported that the rate of phenol degradation decreases when the concentration was increased

under both solar radiation and visible light (Hong et al., 2001; Parida and Parija, 2006)

1.3.9 Temperature

The bandgap energy of semiconductor photocatalysts is too high for thermal excitation to
become significant at ambient temperature. Therefore, photo driven reaction steps are in
principle, not sensitive to minor changes in temperature and the true activation energy, E is
theoretically zero. When temperatureis varied in such arange that thermal transformation of
reactant does not occur, then the rate may vary with temperature as shown in Figure 1.2(c).
This behavior can be explained within the frame of the Lagmuir-Henshelwood mechanism
described in section 1.3.8, by considering that adsorption and desorption are thermally
activated processes. For the simple case of aunimolecular reaction ( A — P ) where product

P adsorbs on the same sites as reactant A, Eq. (1.24) can be written as:

T L 1.28

iy =k y6sh =
LH LHZA ™ 14K aCa+KyCp

If the surface coverage of P is high, desorption of P can be the rate-limiting step and the

apparent activation energy of the reaction, Es, is given by:
Ea: Et _QA+QP 129

where Qa and Qp are the (positive) heats of adsorption of reactant A and P, respectively. At
intermediate temperatures, P may be weakly adsorbed and therateis, practically, independent
of temperature, i.e. E, = E, = 0 (Figure 1.2(c), region I1). At low temperatures, adsorption
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of theinhibition product P is favored (Qp >> Qa) and Eatends asymptotically to Qp (region).
Finally, at high temperatures the adsorption of reactant A, may become rate-limiting and Ea
tendsto Qa, i.e,, it takes negative values region (region I11). The above considerations often
apply in photocatalytic reactions occurring in agueous solutions, such as degradation of
organic pollutants present in water and wastewater. An increase in reaction temperature
generally results in increased photocatal ytic activity however reaction temperature >>80°C
promotes the recombination of charge carriers and disfavors the adsorption of organic
compounds on the titania surface. A reaction temperature below 80°C favors the adsorption
whereas further reduction of reaction temperature to 0°C resultsin an increase in the apparent
activation energy (Chong et al., 2010). In this case, the apparent activation energy isusualy
very small at ambient conditions (afew kJ/mol) and, as a consequence, the optimum reaction
temperature is generally in the range of 20-80°C (Hermann, 2005). Generally, theincreasein
temperature enhances recombination of charge carriers and desorption process of adsorbed
reactant species, resulting in decrease of photocatalytic activity. This is in conformity with
Arrhenius equation, for which the apparent first order rate constant K,,,, should increase

linearly with exp(-1/T) (Gaya and Abdullah, 2008).

1.3.10 Massof catalyst

The rate of photocatalytic reactions is generally proportional to the catalyst loading due to
the higher surface area of the photocatalyst that is available for adsorption of the reactants.
For reactions occurring in photocatalyst suspensions, the initia rate increases linearly with
increasing mass, m, of photocatalyst up to a certain limit and then gradualy levels off as
shown on Figure 1.2(d). The linear region corresponds to the true heterogeneous catalytic

regime and its limit represents the maximum amount of photocatalyst in which the surface of
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al particles is totally illuminated. Above this limit, the solution opacity increases and
screening effect of excess particles occurs, which masks part of the photosensitive surface.
For even higher photocatalyst contents, a decrease in reaction rate is often observed, which
is due to a reduction of light penetration in solution and the contribution of “terminal”
reactions between the photogenerated species. A number of studies have reported the effect
of TiO2 loadings on the treatment efficiency of the photocatalytic reactor (Daneshvar et al.,
2006; Gaya and Abdullah, 2008; Chin et al., 2006; Chong et al., 2009; Kondarides, 2010).
Although a direct comparison between these studies is difficult to be made due to the
differences in the working geometry, radiation fluxes and wavelengths used, it was evident
that the optimum dosages of photocatalyst |oading were dependent on the dimension of the
reactor. With these, the photoreactor of choice should be used under an optimized condition
to avoid the use of excess amount of catalyst which can reduce the photons efficiency.
Therefore, the optical path length of a photoreactor is a function of the light scattering and

amount of catalyst used

1.3.11 Solution pH

The photocatal ytic process involves the formation of hydroxyl radical ((OH) and reactive
oxygen species; these also mean that the processis pH dependent. The aqueous solution pH
affect the surface charge of semiconductors, which also affect the rate of adsorption of the
organic pollutant unto the surface of the catalyst, the rate of adsorption and rate of
mineralization are shown to be at maximum near the zero point charge of the semiconductor

in solution (Subramanian et al., 2000).

Semiconductors can act like diprotic acid in aqueous solution, due to their amphoteric

properties, in the case of TiOz it reacts with water in the following manner:
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wlfriiq
TiOH; "% TiOH + H* 1.30

hinlca
TiOH 595 Tio~ + H* 1.31

For P25 Degussa, pKa = 4.5 and pKa2 = 8.0, which yield apH of zero point of charge (pHzpc)
equal to 6.25. Thus, the rate of adsorption of organic pollutant unto the surface of
titanium(lV) Oxide is a function of the electrical charge on the organic pollutant in solution
and the titanium(1V) oxide surface. From the pKa values above it is evident that at low pH
more of the negatively charged organic molecules will be adsorbed due to the interaction
with the positively charged TiO» surface, and repulsive force will be experienced in the same
solution with positively charged organic molecules, thereby decreasing the amount of
pollutant adsorbed on the catalyst surface. At higher pH the exact opposite will occur.
According to Nernst’s law; varying the pH of the solution, will shift the energies of the
valence and conduction band edges by 0.059 V per pH unit (at ambient temperature) (Nozik
et al., 1996; Matsumoto, 1996; Kormann et al., 1988). According to the Nernst law the
solution pH affect the energies of the valence and conduction band edges which in turn affect
the rate of the OH' radical formation, therefore, the holes at the valence band are considered
as amgjor step in the oxidation at low pH and the hydroxyl radicals are the predominant
species produced at both neutral and high (Shifu and Gengyu, 2005; Matthews, 1990).
Generdly, it is expected that the rate of decomposition of organic pollutants on the surface
of TiO- to be higher in the presence of excess hydroxyl species, but it was discovered by
researchersthat titanium(IV) oxide have high oxidizing activity at low pH dueto the presence
of excessH™ and thusit decreasesthe rate of the photocatal ytic degradation (Sun et al., 2006).
Severa investigations had being done to logicaly look at the effect of pH on the

photocatalytic degradation and adsorption of organic pollutant in agueous solution using
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titanium(lV) oxide catalyst. (Singh et al., 2007; Rahman and Muneer, 2005; Wen-Yu and
Ku, 2007; Mrowetz et al., 2006). To obtain a complete mineralization of organic pollutant in
photocatalysisit involves optimizing the whol e process which include obtaining the right pH

for the solution and the semiconductor photocatalyst to be use.

1.3.12 Dissolved oxygen

There are severa controversial reports concerning the role of Oz in photocatalytic reaction
(Henderson, 2011), oxygen acts as an electron scavenger during photocatalytic reactions
were for several reactive specieslike 05, HO; and dissolved oxygen are form (llisz and La,
1999). It has been reported that all the reactive species are generated through the reaction of
the conduction band e ectron with O, therefore oxygen is indispensable in the generation of
singlet oxygen, hydrogen peroxide, superoxide radical and hydroxyl radical (Chatterjee and
Mahata, 2001). Due to the importance of these reactive species formed in the presence of
oxygen and the ability of oxygen to reduce recombination rate, oxygen is very vita in
photocatal ytic degradation of organic pollutants (Zhang et al., 2009; Dijkstra et al., 2001;
Chong et al., 2009). More a so, the reactive species aid the stabilization of the intermediates
formed during the process. The amount of oxygen needed in liquid phase photocatal ysis need
to be optimized due to the ability of oxygen to act as an electron sink and provides a

weightless form for the titanium(1V) Oxide particlesin solution (Habibi et al., 2005)

1.4 Methodsfor Improving Photocatalytic Efficiency

Titanium (V) dioxide as a photocatal yst has some limitation, which tend to affect its activity
in photocatalysis. The bandgap of titanium (1V) dioxideis 3.2eV for the anatase phase which
is the most used phase of TiOz in photocatalysis, implying that anatase can be photo-excited
with UV light source above 350nm. The solar spectrum contains about 4% UV radiation
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reaching the surface of the earth, this implies that if the solar radiation will be used for
photocatalysis, the process is aready limited due to the small amount of the tota UV
radiation from the solar radiation. Also the rapid rate of electron-hole recombination in TiO>
IS energy wasting, due to these several methods are already in use in order to improve the
photoresponse, suppressed the recombination rate and thus improve the activity of
titanium(lV) Oxidein the photocatal ytic degradation of organic pollutant (Kamat and Meisdl,
2002), these include; the use of dye sensitizers (Vinodgopal et al., 1996), metallic ion
deposition (Ni et al., 2007), transition metals doping (Litter, 1999), incorporation of carbon
(Yuet al., 2005), and doping with non-metals (Fujishimaet al., 2008) as depicted on Figure
1.3. Theintroduced species can act as trap centers for the photogenerated el ectrons and holes

and thus enhance el ectron-hol e separation.

1.4.1 Metal-deposited TiO2 photocatalyst:

Metal deposited onto titanium(lV) Oxide is use to improve it photoresponse and also to
reduce the rate of electrons-holes recombination. Thisis one of the prominent and frequent
ways of improving TiO> activity in photocatalysis (Dobosz and Sobczy'nski, 2003; Hu et al.,
2003; Jang et al., 2008). Metals like Cu, Fe, Pd, Au, Ag etc. have been deposited onto TiOo,
these metals have the ability of atering the optical properties of the TiO, semiconductor so
asit can be photoexcited in the visiblelight region (known as bathochromic shift). The metals
also act astrap centers, in which they trap the electrons generated from the val ence band thus
promoting charge separation which further decrease the recombination of the electron and
hole. When a UV light isirradiated on a metal deposited TiO2 (e.g. Au-TiO2) a Fermi level
equilibration due to charge distribution is established between the metal and titanium(1V)

oxide,
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Figure 1.3: Method for improving the activity and photo-response of TiO (Park et a., 2013)
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Figure 1.4: Fermi level equilibration via charge distribution between UV -irradiated TiO2 and

metal nanoparticles with redox couple (Park et al., 2013).
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which enhance the photocatal ytic activity of the photocatalyst (Chandrasekharan and Kamat,
2000; Subramanian et al., 2004) as shown on Figure 1.4. The valence electrons of gold and
silver oscillate in their nanoparticles. These feature is called localized surface plasmon
resonance (LSPR) (Rycenga et al., 2011), and happens when the metals are deposited onto
TiO2 semiconductor used in photo-reaction (Maicu et al., 2011; Ismail et al., 2009). These
free oscillations of the free electrons of gold and silver are known to make titanium(lV) oxide

reactivein visible light when used in photocatalysis (Kowalska et al., 2010; Yu et al., 2013).

1.4.2 Doped TiO2 and visiblelight photocatalytic activity

Another way to retard the rate of recombination and enhance the visible light response of
titanium(lV) Oxide semiconductor is by using dopants. Dopants are usually classified into
metal ions (transition metal s and noble metals) and nonmetal ions, and the sel ection of dopant
isvery crucia in determining overall photocatal ytic activities of semiconductors (Park et al.,
2013). There has been a large number of studies that tried various doping combinations of
metal/metal e.g., Au/Pd, (Hamill et al., 2014; Su et al., 2012), non-metal like Nitrogen (Asahi

et al., 2001).

1.4.3 Composite semiconductor photocatalyst

Composite semiconductors can improve photocatal ytic activity dueto their ability to increase
charge separation and extension of the catalyst to be visible light responsive (Beydoun et al .,
1999). Coupled semiconductor system with promising photocatalytic performance include

CdS-TiOz, Bi2Ss-TiO2, CdS-ZnO, CdS-A@:S, ZnO-ZnS, ZnO-ZnSe etc.

1.4.4 Dyesensitization
Dye sensitization is another way to expand the range of wavelength at which semiconductor
responds to visible light. Thisis achieved by attaching a sensitizer (S), onto the surface of a
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semiconductor particle. Irradiation of the dye sensitized semiconductor by visible light
results in excitation of an electron to either the singlet or triplet excited state (S*) of the

molecule (Kondarides, 2010).

1.4.5 Hybridswith Nano materials

Nanocomposites containing carbon nanotubes (CNTs) have attracted great attention because
of the unique electrical and structural characteristics of CNTs. Since CNTs can show
excellent electron conduction, high surface areas and strong adsorption capacities, they are
also used as effective dopants and also supports for TiO» based photocatal ytic materials. The
ability of carbon nanotubes to conduct both electricity and heat foster their role to support
the separation of the photogenerated electron-hole pairs through the formation of

heterojuctions at the titanium(IV) Oxide/carbon nanotubes interface (Yu et al., 2007).

1.4.6 Roleof inorganic adsorbates

The presence of electron donors or acceptors in photocatal ytic reaction can decrease the rate
of recombination of electrons-holes pair, with these the electrons and holes are made readily
available for the generation of the reactive species needed in the reaction (Park and Chai,
2004) inorganic anions such as sul phate (Samantaray et al., 2003), fluoride (Kim et al., 2010)
and phosphate (Rg et al., 2009; Korosi et al., 2007), have been used in such photocatalysis

to enhance the rate of the reaction.

1.5 Phenaol

Phenol is a mono-substituted aromatic hydrocarbon. In its pure state, it exists as a colorless
or white solid. This pure compound is mixed with water and commercialy sold as aliquid

product, it gives off a sweet, acrid smell detectable to most people at 40 ppb in air and at
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about 1-8 ppm in water (Toxicological Profile, 1998). It evaporates more slowly than water,
and it is also combustible. Phenol is one of the most widely used organic compounds in
existence, due to its used as one of the basic starting material in the pharmaceutical,

agricultural (pesticides), petrochemical industries.

1.5.1 Usesof phenol

Phenol is one of the basic feeds stock in most petrochemicals, agro-alied chemicals and
Pharmaceuticals Company, which make it to be used in a broad spectrum. More also,
phenolic resinsare used in paints and polymer materials, also phenol isused in the production
of epoxy resinswhich isaprecursor to other chemicals. Phenol has an antiseptic effect which
makes it useful in the production of bactericides, fungicides, insecticides, pesticides and
acaricide etc. The cosmetic industries are also known to be a major users of phenol in the

production of ointments, antiseptic soaps and lotions etc.

1.5.2 Propertiesof phenol

Phenol is categorized as one of the aromatic compounds, in which an "OH group is attached
directly to a benzene ring as illustrated in Table 1.1. The crystals are often rather wet and
discolored. Phenol hasalimited solubility in water. It isdlightly acidic. Its molecule has weak
tendencies to lose the H' ion from the hydroxyl group, resulting in the highly water-soluble
phenoxide anion C¢HO5 . High concentration of phenol and its derivativesisfound in nature.
They are contaminates found in waste water derived from different chemical industries such
as resin manufacturing, petrochemical, oil-refineries, paper making as well asiron smelting.
However, phenol ishighly corrosive and moderately toxic. It causes many effects on humans
by burning the skin and other tissues that it comes into contact with. This gives severe skin

burning and if inhaled seriousit is harmful to the body.
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1.6 Aim and Objectives

The aim of thiswork is to develop a pilot wastewater treatment plant which work with the
principle of photocatal ysiswith the use of light source of UV-visible (solar light) wavelength,
using phenol in solution as a probe molecule. The optimizations of the process for efficient
wastewater treatment will be done so that the plant can run continuously for longer time
duration: To achieve the above aim the following objectives will focus on: The development
of photocatal yst using an established methods but with few modifications: To deposit copper,
iron, gold and palladium unto titanium(lV) Oxide (P25 Degussa) and also produce bimetallic
Au-Pd on P25, so as to reduce the recombination rate of electron-ho pair during

photocatalysis and also shift the band-gap of the modified P25 into visible light region.

To study the effect of mono and bimetallic catalyst system namely gold palladium on the
photocatal ytic oxidation of phenol and observe the effect of metalic ratio on the reactions

activity and selectivity.

To study the effect of the preparation of catalyst using (sol immobilization, microemulsion
and hydrothermal treatment method) on the photocatal ytic degradation of phenol and other

substituted phenol compounds with oxygen, air and hydrogen peroxide as oxidant
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Table 1.1: Physical properties and chemical identity of phenol (Lide, 1993)

Properties Vaue
Melting point, °C 14
Boiling point, °C 181.8
Water solubility, g/L at 25°C 87
Molecular weight g/mol 94.11
Density, at 20°C 1.0576
Log Kow (1-Octanol-water coefficient) 1.46
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Toinvestigate the effect of different oxidant in the photocatal ytic degradation of phenol using
compressed air, oxygen and hydrogen peroxide as oxidant. Due to economic consideration

of the cost of H20», oxygen will be used to optimize the batch reactor.

To transfer the photocatal ytic experiment which begin with the continuous stir tank reactor
(CSTR batch process) to the use of trickle bed system and the Taylor flow system in

continuous mode.

To make use of the modified catalyst of the M-doped TiO. (where M = Cu, Fe, Pd and Au)
in photocatal ytic degradation of phenol. Also, the photocatal ytic activities and rate constants

of each M-doped TiO2 and P25 TiO, were studied.

Finally, the thermo-catalysis efficiency of P25 will be tested using the Taylor flow system,

to try the viability of the system running 24h both in the presence of UV light and in the dark.

1.7 Justification of the Resear ch

The conventional wastewater treatment process is costly in terms of the chemicals used in
the process. In thisresearch, the natural resources that were bestowed on nature like sunlight
and air can be harnessed and used in the photocatalytic treatment of organic waste in water
by these a sustainable green chemistry pathway was achieved. More aso, in line with the
Nigeria’s economic objective of self-reliance, this work will motivate local industries to
embark on the production of titanium(lV) Oxide from the rutile ore deposited in Middle Belt
region of Nigeria: conserve foreign exchange used for the importation of material hither to
bridge the gap between demand and supply of titanium(lV) Oxide, there by checking the

present high cost.
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CHAPTER TWO

2.1 Literature Review

Toxic chemicals found in water supplies and aquifers can be trace to human activities from
chemical industries, pharmaceuticals, agricultural pesticides etc. Due to the carcinogenic
effect of these chemicals and their support to some pathogens in water, there are severa
wastewater treatment techniquesin useto restorethe quality of water from thesetoxic organic
pollutant found in water. These techniques include the use of activated carbon and sludge,
filtration, biological treatment, chemical treatment involving the use of hydrogen peroxide,
ozone and the use of UV light (Legrini et al., 1993; Mills et al., 1993; Ollis, 1989; Robert
and Malato, 2002). These techniques used in wastewater treatment has some limitation which
ranges from technical issues to the overall efficiency of the methods and the economic cost
of maintaining the treatment plant. One of the basic limitations of the use of activated
carbons/sludge is the issue of phase transfer of organic pollutant, which is not a total
decomposition of the pollutant. The use of biological treatment is cost effective but the
organic pollutant can be toxic to the microorganism used which can reduce the overall
efficiency of the process. The use of strong oxidizing chemicals in the treatment process is
effective but the oxidants used are of hazardous nature coupled with the requirement of high-
energy artificial UV light sourcerequired (Millset al., 1993; Robert and Malato, 2002). Also
the formation of stable intermediates contributes to the surge in the overall treatment cost
when total mineralization are to be achieved in the wastewater. Due to the problems
associated with the use of the techniques listed above, research interest are being focused no
the use of TiO. for the complete mineralization of organic pollutant and some pathogenic

microorganisms in water in the presence of light, non-toxicity, low cost and its non-
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selectivity toward a wide range of organic pollutant in agueous solution (Ollis, 1989;
Matthews, 1990). The use of metal semiconductors have been shown to be very effectivein
the treatment of wastewater when compared with fenton oxidation process (Kar et al., 2013;
Hoffmann et al., 1995; Herrmann, 1999) due to the following merits of Photocatalysis. the
use of solar radiation and low energy UV light which leadsto total mineralization of pollutant
to CO2 and water. The non-selectivity of the photocatalyst alows it to mineralize a broad
spectrum of organic pollutant. The process can take place at ambient temperature and normal
atmospheric pressure. The industrial application of photocatalysis in wastewater treatment
can be enhanced through reactor design which will further increase the efficiency of the
process. The problems associated with the reactor design are as follows: (i) Light exposure
has to sufficiently reach the catalyst surface (ii) Substantial portion of the photocatalyst has
to beilluminated with the light (iii) The issue of mass transfer in the reaction mixture has to
be minimized, and (iv) the photocatal yst hasto be stable towards |eaching of the active metals

and corrosion.

This research examined the mineralization of aqueous phenol solution in a designed and
fabricated new type of continuous Taylor flow photo reactor using modified TiO- as catalyst.
Chemical, pharmaceutical, petrochemical aswell as petroleum refinery use phenolsto agreat
extent. Due to toxicity of phenols and their derivatives, their disposal in water bodies causes
severe problem to human and animal health. Over the past ten years solar activated
photocatalytic purification of water has received significant attention with research focus

moving from laboratory studies to pilot experimentation (Malato et al., 2009).
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2.2 Typesof photoreactor

The design of highly efficient photoreactor is paramount in the application of photocatalysis
in wastewater remediation. The magjor aim of reactor design in photocatalysis is to pave a
pathway for the scale up of the bench scale photoreator to industrial treatment plant using the
techniques. To achieved this goal several factors need to be addressed which include the
distribution coefficient between the organic pollutant and the photocatalys, mass transfer,
kinetics and thermodynamic of the reaction, flow rate of the effluent and oxygen, and the
light source (Mccullagh, 2011). In designing the Photoreactor the state of the photocatal yst
need to be criticaly examined i.e. whether the catalyst will be used as suspension or
supported (immobilized) or it will be packed on a bed, these will also determine the cost of
the treatment plant in such away that if the suspension mode isto be used theissue of catalyst
filtration from the treated waste water need to be put to account which entails the type of

filtrate to be used etc.

2.2.1 Slurry/suspension liquid photoreactor s systems

Titanium(1V) oxide semiconductor has been widely investigated as a photocatalyst in both
dlurry/suspension and immobilized systems. The main advantage of using photocatalyst
durries is the larger surface area compared with the immobilized system and limited mass
transfer effect. The separation of the photocatalyst is, however, economic extensive and is a
major drawback in the commerciaization of the system. It was also reported that it was
difficult to effect irradiation of all the photocatalyst particles in the slurry in the unit due to
shielding from the light source of particles in the body of the unit by particles closer to the
reactor walls (Mccullagh, 2011). Therefore depth of light penetration into the slurry reactor

was restricted. A wide range of photocatal ytic reactors have been developed and reported:
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i.  Photocatalytic Taylor vortex reactor (Duttaand Ray, 2004; Sczechowski et al., 1995)
ii.  Therotating disk photocatal ytic reactor (Dionysiou et al., 2000)

iii.  Slurry reactor Immersed membrane (Erdei et al., 2008).

The effect of light wavelength on the complete decomposition of phenol solution was
investigated in the presence of TiO. and oxygen using the suspension/durry system (Chun et
al., 2000). This study was further supported by Saravanan et al., (2009), who demonstrated
the complete mineralization of phenol at low concentration (50mg/l) in water, under solar
irradiation for 5h using P25, Rahmani et al., (2008), illustrate the complete mineralization of
phenol using the suspension system and effect of medium pH on the reaction. In a bit to
obtain complete degradation of phenol in a short time, Laoufi et al., (2008), reported 99%
conversion of phenol to CO2 and water in 4h. The reaction conditions investigated involved
the use of helical photoreactor with TiO2 suspension and UV radiation sources of 15W and
400W low-pressure mercury vapor quartz lamps. The lamps emissive lengths were 254 nm
and 365 nm respectively. Dagan and Tomkiewicz (1993), reported the photodecomposition
of salicylic acid with TiO. aerogels using a suspension mode system. The reaction was
performed in a Pyrex cell with a quartz window for illumination and under constant stirring.
The cell wasirradiated by 85W Hg lamp. Irradiation intensity was between 300 and 400 nm
and oxygen was not added to the reaction vessel. Thus, oxygen used in the reaction is merely
atmospheric oxygen dissolved in the solution. The experiment shows a much higher

photocatal ytic activity under the conditions used.

San et al., (2001) investigated the photodegradation of 3-aminophenol (3-AP) inaTiO, batch
suspension photoreactor. They reported that this process followed pseudo-first-order

kinetics, with the apparent rate constant depending on the initial 3-AP concentration.
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Furthermore, the addition of el ectron acceptors enhanced the reaction rate significantly. Mass
transfer within slurry reactors has not received a great dea of attention primarily because
such problems have not been recognized as being major impediments to the application of a

dlurry reactor.

2.2.2 Immobilized/Packed catalysts photoreactor systems

Photoreactor operating with immobilized catalysts eliminate the need for catalyst separation
step and almost eliminate the problem due to light penetration. The mgor drawback with the
immobilized catalysts system isthe mass transfer limitation, which can easily occur, coupled
with the limited surface area available for the reactants. A variety of support materials have
been used for the photocatalytic applications including silica based materias (Silica gel,
glass/quartz wool, and beads), lamp casings, glass tubes, hollow beads, membranes, optical
fibers, zeolites, activated carbon, pellets, stainless sted, etc. A wide range of photocatalytic

reactors have been devel oped and used as Immobilized systems such as:

i.  Annular photoreactor (Mohseni 2005; Vincent et al., 2008)
ii.  Packed bed photoreactor (Mehrvar et al., 2002)
iii.  The monolith photoreactor (Hossain et al., 1999)

iv.  Coated fibre optic cable reactor (Peill and Hoffmann, 1995)

Al-Ekabi and Serpone (1988) investigated TiO> supported on a glass matrix for the photo-
decomposition of phenol, 4-chloropheol, 2,4-dichlorophenol, and 2,4,5-trichlorophenol. The
degradation followed first-order kinetics with the reaction occurring on the surface of the
semiconductor. The irradiation source was an AM-1 filter simulating solar irradiation. A
fixed bed reactor system employing a fiber-optic cable (OFR) was reported by Peill and
Hoffmann (1995), the system was conceived to allow for remote light distribution to
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photocatalysts, to effectively determine quantum yields through effective light flux
measurement. Furthermore OFR allowed for reactor reuse to assess different coatings and
light input angles, and to minimize potential heating and photocatalyst delamination. They
anchored TiO> particles onto quartz fibres and light was transmitted to the TiO> particles via
radial refraction of light out of the fibre. This study was followed with an investigation into
the application of the OFR system to the photocatalytic degradation of pentachlorophenal,
oxalate and dichloroacetate. The OFR configuration enhanced not only the distribution but
also the uniformity of activated photocatalyst within a particular reaction volume compared
to standard fixed-bed designs. These characteristics reduced mass transport limitations for
photochemical conversion efficiency and allowed higher processing capacities. Furthermore,
potential light loss via absorption or scattering by the reaction medium was minimized. The
OFR system could be used in batch or continuous flow operation for both liquid and or gas
phase reactions. The transmission cable also allowed for remote light delivery to the

photocatal yst.

2.3 Conversational waste water treatment

Some methods were used in the treatment of wastewaters containing resistant organic matters
such as phenol. Degradation of phenol usually takes place by physicochemical methods
including adsorption using activated carbon (Ozkaya, 2006), biological treatment (Wang et
al., 1999), emulsion liquid membrane (Wan et al., 1997), ion exchanges, advanced oxidation
processes (AOPs) (including cavitation, Fenton, and photocatalyst) (Wang et al., 1999;
Petrovic et al., 2011), chemical oxidation (methods in which ozone and water are used),
photochemical and electrochemical, and ultrasound waves such as sonochemical,

photochemical, photo-sonochemical (Lifka et al., 2003), and hybrid of mentioned methods.
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However, advanced oxidation processes (AOPs) are among the most effective processes in
degradation of resistant compounds. UV/TiO2 processis one of the latest and most effective
methods for the treatment of these pollutants. Advanced oxidation process those not involved
the transfer of pollutant from one form to another as the case with activated carbon but it
involved the complete mineralization of these recal citrant waste into harmless compound like

water and carbon dioxide.

It is estimated that more than 1500 chemical pesticides have been produced and as many as
8,000 individual formulations are available for specific application (Becker and Wilson,
1978). This has caused many undesirable effects, such as disturbing the ecosystem and
resulting in environmental contamination. These harmful and hazardous materials are

leached into surface and ground waters.

The potable water thus has to be made free of these materia's, because they may accumulate
in the food chain and many have short- and long-term effects on human and animal life.

(Bansa and Goyal, 2010).

2.3.1 Photocatalysis of organic pollutant using transition metal doped TiO2

The photocatal ytic decomposition of organic pollutant in agueous solution using modified
titanium(lV) Oxide with transition metals has been demonstrated by several researchers by
varying the conditions of the reaction or the reactor design asthe case may be. The basicam
of the structural modification of TiO, for photocatalysis is to enhance the photoresponse of
the catalyst and also improve the photocatalytic activity. Sonawane and Dongare (2006),
investigated the photocatalytic degradation of phenol in sunlight with Au/TiO- thin films
prepared using Sol-gel synthesis. The investigation showed that doped catalyst promoted the
photoresponse of TiO2 and increased photocatal ytic decomposition of agqueous solution of
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phenol in sunlight. Doping 1-2% Au into TiO» also improved the photocatal ytic activity by
2-2.3 times than undoped, also the catalyst was very stable and it can be used for a number
of times with no much change in efficiency for long term use. Also Maicu et al., (2011),
comparatively studied the photodeposition of Pt, Au and Pd on pre-sulphated TiO- prepared
by sol gel method for the photocatal ytic decomposition of phenol performed by using aUV -
transparent plexiglas top window (threshold absorption at 250 nm) with a sun-like radiation
spectrum for 2h and a main emission line in the UVA range at 365 nm. The study showed
that the photoactivity of the catalysts with respect to the doped metal species was in the
following order Pt >>Pd >>Au. Non-sulphated Pt-doped TiO. showed a significant
enhancement in photoefficiency after metal deposition, as illustrated by an enhancement
factors (Ef) of 2.37. Pd deposition resulted in modest improvements in the photoactivity (Ef
= 1.17), while photodeposited Au actualy resulted in a lowered catalytic activity in
comparison to unmodified TiO2, with a calculated Ef of 0.63. In the same way Loganathan
et al., (2011), reported the photocatalytic degradation of 4-chlorophenol with TiO»
nanoparticles doped with silver, platinum, and gold synthesized by acetic acid hydrolyzed
sol-gel method, according to the results obtained, the photocatalytic mineralization of 4-
chlorophenol over the catalysts established the activity order as. Au doped nano TiO2 >> Pt
doped nano TiO2 >> Ag doped nano TiO2 >> pure nano TiO, and established the cathodic
influence of metals in suppressing electron-hole recombination during the reaction. The
reactivity order followed the el ectro-negativity and electron affinity order of the dopant metal
atom. From this study, it was concluded that Ag, Pt and Au doped nano TiO> catalysts could
be better materials than bulk commercial TiO- for the mineralization of organic pollutants.
The study of the effect of deposition of silver on structural characteristics and photoactivity

of TiO»-based photocatalysts in phenol decomposition was also studied using light emission
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at 365 nm in suspension mode, the experiment showed that the optimum metal loading was
0.3wt% Ag and the photocatalyst also showed greater efficiency in photocatalysis than bare

TiO2 and P25 for different pollutants (Meli'an et al., 2012).

Rengarg) and Li (2006), enhanced the photocatalytic activity of TiO2 by doping with Ag,
these were used for the degradation of 2, 4, 6-trichlorophenol (TCP) in agueous suspension
with aUV-A light source with amain emission at 365 nm. It was found that with a suitable
amount (0.5 wt %), the Ag dopant effectively increased the photocatal ytic activity of the TiO-
by reducing the recombination rate between the electron-hole pairs. Also the experiments
demonstrated that TCP was effectively degraded in aqueous Ag-TiO2 suspension by more
than 95% within 120 min, while total organic carbon (TOC) was aso converted into CO> by
a high proportion of up to 80%. Furthermore, a nano-catalyst Fe on TiO2 was prepared and
tested for efficient total organic carbon (TOC) remova during the photocatal ytic oxidation
of chlorophenolsin agueous solution with 254nm light irradiation. The study showed that the
2,4-dichlorophenol photo-degradation efficiency catalyzed by Fe/TiO2 increased with
increasing iron concentration, reaching a maximum at 1.0 wt% Fe, matched with the highest
TOC removals (often 70-80%) and highest conversion (almost 100%), at 18 Fe atom to every
20 nm TiO2 crystal (though 0.5 or 0.8 wt% Fe had aso high activity), and then decreased
with a further increase in iron content, also for 2,4-dichlorophenol degradation, acidic

conditions (preferably pH 4) were more favorable than alkaline conditions (Liu et al., 2012).

Yu et al., (2010), investigated the photocatalytic degradation of malathion in agueous
solution using an Au-Pd/TiO> nanotube film with a rectangular quartz reactor
(40mmx50mmx60mm) under the UV light irradiationi.e. 450W high-pressure mercury lamp

(principal wavelength 365 nm). The photocatal ytic experimentsreveal ed that, compared with
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anaked TiOz film, Malathion could be more efficiently degraded by using Au-Pd/TiO; asa
photocatalyst. Su et al., (2012), reported the synergetic effect of noble metal nanoparticles
(Au, Pd, Au-Pd aloys) with a narrow size distribution supported on nanocrystaline TiO>
(M/TiO2) which have been synthesized via a sol-immobilization route on the
photodecomposition of phenol with continuousirradiation by light-emitting diode (LED) UV
light source at 365 nm. The effect of metal identity (Au, Pd, Au-Pd alloys) and size on the
photocatal ytic performance of M/TiO> has been systematically investigated using phenol as
aprobe molecule. A different phenol degradation pathway was observed when using M/TiO-
catal ysts as compared to pristine TiO». It was discovered that the metal nanoparticles directly
participate in the photocataytic reactions and play a significant role in suppressing the
benzoquinone-to-hydroguinone conversion process. The results suggest that the metal
nanoparticles can mediate undesired redox reactions that ineffectively consume
photogenerated radicals, thus improving the photo-oxidation efficiency of phenol. Pd
supported on TiO- tends to yield a higher conversion to CO» and exhibits better long-term
photoactivity than the corresponding Au/TiO2 materials. Photocatalytic degradation of
phenol using titanium dioxide has already been studied through experiments in mini-Batch
reactor (Nickhedlat et al., 2013; Hadj-Salah and Boultif, 2004; Saravanan et al., 2009; Chun
etal., 2000; Su et al., 2012), unfortunately, most of the experiment make used of batch reactor
and the experimental conditions used by each of them appear to be so different that it is
impossible to compare the results or to get global view of photocatalytic performance of the

system for the studied substances.
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2.4 Analytical Instrument for Catalyst Characterization

2.4.1 Diffuse Reflectance UV-Vis Spectroscopy (DRS)

Background

Spectroscopy in the ultraviolet (UV), visible (Vis) and near infrared (NIR) region of the
electromagnetic spectrum are often called electronic spectroscopy because electrons are
transferred from low-energy to high-energy atomic or molecular orbitals when the material
isirradiated with light (Weckhuysen et al., 2000). Such electron transfer processes may take
place in transition metal ions (d-d transitions and ligand-to-metal or metal-to ligand charge
transfer transitions), and inorganic and organic molecules (mainly n - n* and w - ©*
transitions). They are responsible for the color of matter. Spectroscopic investigations of
solutions, gas phase and individual crystals usually take place in transmission, but it is very
difficult to obtain transparent films of powders and solids (e.g., heterogeneous catalysts),
making transmission experiments almost impossible. Alternatively, diffuse reflected light
can be collected and this technique has been named diffuse reflectance spectroscopy (DRS)
(Weckhuysen et al., 1999). One of the advantages of DRSis that the obtained information is
directly chemical in nature since outer shell electrons of the transition metal ions are probed.
This provides information about the oxidation state and coordination environment of
transition metal ionsin catalytic solids. Diffusereflectanceisan excellent sampling technique
as it eliminates the time-consuming process of pressing pellets for transmission
measurements. Diffuse reflectance can aso be used to study the effects of temperature and

catalysis by configuring the accessory with a heating chamber.

Principles of Diffuse Reflectance Spectroscopy in the UV-Vis Region
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The interaction of light of the UV-Vis-NIR region with catalytic solids is considered to be a
complex process due to absorption and scattering phenomena. These phenomena are largely
overcome by the application of techniques such as DRS spectroscopy. Although transmission
mode certainly has advantages, ailmost al UV-Vis-NIR investigations in the catalysis field
have been conducted in diffuse reflection mode due to the high absorption and scattering of
the materials. DRS is based on the reflection of light by a powdered sample, and the
dimensions of the individual particles in such powdered sample are comparable to the
wavelength; i.e., 0.2-3 um (Weckhuysen et al., 2000). Thismakesit impossibleto distinguish
the phenomena of reflection, refraction and diffraction; the light is scattered. There are two
extreme situations of reflection: specular and diffuse reflection are shown in Figure 2.1 In
the case of specular reflection from a smooth and non-absorbing medium, the light beam is
reflected under the same angle by the surface asthat of the incoming light beam. On the other
hand, diffuse reflected light from a non-absorbing medium involves photons, which are
scattered in all directions. Three different regimes can be distinguished: (1) single scattering;
(2) multiple scattering; and, (3) dependent scattering. The first type arises when scattering
centers are sufficiently apart that each is illuminated only by light particles not previously
scattered, and on the average, there is no phase relationship between the photons scattered
from neighboring particles. In the case of multiple scattering, the scattering centers are still
far enough apart that they may be treated as independent, but each center is now illuminated
by photons scattered from adjacent particles. Dependent scattering arises when, in addition
to multiple scattering, phase coherence exists between scattered photons from adjacent

centers (Weckhuysen, 2004).
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Absorption measurements based on electromagnetic radiation in Ultraviolet and visible
region 200-800nm have been widely used for quantitative and qualitative measurements of
liquid and solid samples (Higson, 2004; Skoog et al., 1998). The absorbance of the sampleis

calculated by using the ratio between the incident and transmitted beam intensities.

The Beer-Lambert law which relates the absorbance to sample concentration is given below
A =log™ 2.1

where A = Absorbance; |, = Incident beam intensity; | = Transmitted beam intensity. When
photoabsorption is measured in a reflection mode, | can be an intensity of reflection, but,
different from the measurement in atransmission mode, it isimpossible to measure intensity
of incident light by removing a sample because of the lack of reflection, and thereby an
integration sphere, the inner wall of which is covered with a "standard reflection material”
such as barium sulfate, should be used based on the assumption that a such standard material
reflects all incident light, i.e., 100% reflection. Even if this reflection problem is solved,
measured optical density cannot be absorbance, since absorbance can be defined for the case
where extinction of light intensity is assumed to be induced only by photoabsorption, not by
scattering. When such an effect of light scattering is neglected, absorbance is proportional to
the concentration of a given material dispersed in a homogeneous medium but not to the
number of photons absorbed by a solid sample. This is easily understood by the fact that
absorbance 1 and 2 correspond to 90 and 99% absorption of incident light. In order to

calculate the extent of photoabsorption of a solid sample, it is necessary to measure

absorption fi not absorbance (Ohtani et al., 1997). It is possible to obtain the corresponding

44



absorption spectrum from the reflected light by transforming the reflectance data into
Kubelka-munk (K-M) function (Weckhuysen et al., 1999; Jentoft, 2009). K-M function or
remission function f (R) links the reflectance at infinite sample thickness with absorption

coefficient (k) and scattering coefficient (s).
The Kubelka-Munk (K—M) function is defined as

(1-R)* _k
2R

f(R) = 2.2

where R, k and s are diffuse reflectance(: fi) absorption coefficient and scattering

coefficient, respectively. The K-M theory has some limitations and can be applied only when
the following conditions are fulfilled. (Weckhuysen et al., 1999; Jackson and Hargreaves,

2009)

i. The layer of the sample is of infinite thickness (generally thicker than a couple
millimeter for typical materials
ii.  TheIncident radiation is monochromatic and completely diffused
a) For samples diluted with a medium of less photoabsorption, K-M function can be a
measure of sample concentration. The information obtained from the application of
UV-Vis spectroscopy is detailed below oxidation states and coordination
environments of metals from charge transfer transition.
b) Particle sizes and shapes of dispersed metals from surface plasmon resonance
¢) Band gaps of semiconductors from analysis of absorption edge

d) Nature of surface adsorbate or functional groups (Jentoft, 2009)
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2.4.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Background

In diffuse reflectance spectroscopy, the electromagnetic radiation reflected by roughened
surfacesis collected and analyzed. When thistechniqueisapplied in FTIR region, it istermed
as diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). It isaso known as
"Kubelka-Munk "reflection, because they developed a theory on the radiation transport in

scattering media (Kubelka and Munk, 1931).

Light incident onto a solid sample may be partly reflected regularly (specular reflection) by
the sample surface, partly scattered diffusely, and partly penetratesinto the sample. Thelatter
part may be absorbed within the particles or be diffracted at grain boundaries, giving rise to
diffusely scattered light in all directions. Diffuse reflectance spectroscopy associated with
the reflected lights which are produced by diffuse scattering as shown on Figure 2.1. Since
regular reflection distorts the DRS spectra, thus, the regular reflection component should be
eliminated in diffuse reflectance measurement. The DRIFTS accessory is designed to
eliminate the specularly reflected radiation. In diffuse reflectance spectroscopy, there is no
linear relation between the reflected light intensity (band intensity) and concentration, in
contrast to traditional transmission spectroscopy in which the band intensity is directly
proportional to concentration. Therefore, quantitative analyzes by DRIFTS are rather
complicated. The empirica Kubelka-Munk equation relates the intensity of the reflected
radiation to the concentration that can be used for quantitative evaluation. The Kubelka-

Munk equation is defined as:

2.3

(1-R)% ¢ _K
2Ry k )

f(Roo) =
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where f (R, ) = Kubelka-Munk function,

R, = the absolute reflectance of layer (the ratio of the sample diffuse reflectance spectrum

and a non-absorbing reference (normally KBr or KCl)), both measured at indefinite depth.

K isthe absorption coefficient; s= the diffusion (scattering) coefficient which is proportional
to the fraction of diffused light; k is molar absorption coefficient (proportiona to the

fractional of transmitted light) and c is sample concentration.

The reflectance R, indicates the sample is thick enough that no radiation reaches the back
surface (indefinite thickness). In the case of R, < 0.01, the simpler function log 1/ R, is
often used for measuring the diffuse reflectance. Since such small R, valueisusualy found
in the near-IR region, therefore, an aternative relationship between concentration and

reflected intensity in near—IR is defined as:
1
— =k 24
log (Rm k c)
where k™ is aconstant.

In Kubelka-Munk equation it is assumed that sisindependent of wavelength and the sample
isweakly absorbing. The former condition is achieved by proper sample preparation and the
latter by dilution of strong absorbing samples with non-absorbing substrate powder (such as
KBr or KCl). Therefore, to obtain reproducible results, particle size, sample packing and

dilution should be carefully controlled, especially for quantitative analysis.

Infrared spectroscopy is one of the most widely used tool to study the catalyst surfaces. This
technique can provide information about the adsorbed species or reaction intermediates and

thelr structures on catal ytic surfaces under reaction conditions. The energy of IR radiation is
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not energetic enough to cause eectronic transition in molecules like in the case of UV-Vis.

However, it is strong enough to cause molecular vibrational and rotational transitions.

In the diffuse reflectance mode, samples can be measured as loose powders, with the
advantages that not only is the tedious preparation of discs unnecessary but also diffusion
limitations associated with tightly pressed samples are avoided. The DRIFT make use of
reflected radiant energy that has been partially absorbed, transmitted and partially scattered
by a surface, with no defined angle of reflection. In diffuse reflectance spectroscopy,
diffusely scattered light can be directly, collected from material in a sampling cup or,
aternatively, collected by using an abrasive sampling pad. In mid-IR, the diffusely reflected
light from sample is generally collected by large ellipsoidal mirrors, which cover as much
area above the sample as possible and focused on the detector. (Niemantsverdriet, 2007;

K hoshhesab, 2012).

Normally, the IR radiation in the middle range (4000-400cmY) is used for the analysis. If the
energy of the radiation matches with the energy of molecular vibration of the molecule, the
absorption will occur. Absorption of IR only occurs if the molecule has a change in dipole
moment during vibration or rotation and species with polar bonds will absorb IR strongly
whereas the molecules with covaent bonds exhibit weak IR band. In the case of rotational
transitions, the energy needed to cause the change in rotational statesis very low (Skoog et

al., 1998) corresponding to far-IR region (200-10cm™Y).

Fourier transform infrared (FTIR) spectroscopy is a measurement technique operating under
the principle of Michelson interferometer which the data are collected and converted from an

interference pattern (interferograms) to spectrum (Farrauto and Bartholomew, 1997). The
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FTIR has many advantage over the dispersive type because it gives better signal-to-noise

ratio, precise measurement and also the ability to increase the scan speed.

DRIFTS is aversatile technique for analyzing nontransparent samples, powders, roughened
surfaces and coating. It offers the advantages of easy sample preparation and applicability to
analyze samples at elevated temperature and pressure (Armaroli et al., 2004). By using
diffuse reflectance, it eliminates the need for sample preparation i.e. (Pelletization) as needed
in traditional transmission methods. Moreover, this techniques give the avenue to study the

surface species on the catalyst under reaction conditions.

2.4.3 Powder X-Ray diffraction measurements

Background

X-ray diffraction is a non-destructive technique widely used for determining the structure of
crystalline solids. X-rays are electromagnetic radiation with photon energies in the range of
100eV-100keV . Only the short wavelength X-rays afew angstromsto 0.1A (1keV-120keV)
are used for diffraction applications (Cullity, 1978). Since the X-ray wavelength is
comparable to the size of atoms, it is suitable for probing the structural arrangement of atoms
and molecules in a wide range of materials. By heating the tungsten filament, the electrons
are emitted and accel erated by a potential difference in the X-ray tube towards a metal target.
Once the electrons hit the metal target or anode, usually copper or molybdenum, the anode
emits X-ray continuous spectrum superimposed with intense X-ray peaks (Ka and Kf3). The
radiation is monochromated and the Ka radiation, in this case, is used for X-ray diffraction.
With X-ray diffraction the reflection only occurs when the conditions for constructive
interference are fulfilled which is demonstrated in term of Bragg’s law. The Bragg condition
for the reflection of X-raysis shown in Figure 2.2. The parallel X-ray light (rays 1, 2) fals
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on a crystal with a lattice plane distance d and is scattered below the angle © (rays 1’, 27).
The proportion of the beam that is scattered on the first and second plane has a phase
difference of ACB. The X-ray data are recorded in term of intensity of the diffracted peaks,
while varying the diffraction angle ©. The XRD pattern is obtained by plotting the value of
20 versus intensities of each diffraction angle. ACB = 2d sin g. The condition is fulfilled
when the phase difference is a whole multiple of the wavelength A shown in the equation

n\ = 2d sin ©, where nisreflection order (1, 2, 3 ...) and A is X-ray wavelength.
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Figure 2.2: Bragg condition

51



2.4.4 Thermogravimetric Analysis (TGA)

Background

Thermogravimetric analysis (TGA) measures the mass change of a material as a function of
temperature and time, in acontrolled atmosphere. It isideally used to assess volatile content,
thermal stability, degradation characteristics, aging/ lifetime breakdown, sintering behavior
and reaction kinetics. Differential scanning calorimetry (DSC) measures the heat flow
associated with phase transitions or reactions, such as melting, crystalization, solid phase
transition, glass transition, curing, sorption, etc. It isideally used to determine melting point,
glass transition temperature, crystallinity, degree of curing, heat capacity, crystaline

impurities, etc.

2.4.5 Inductively coupled plasma optical emission spectrometer (ICP-OEYS)

Background

ICP is an argon plasma maintained by the interaction of an RF field and ionized argon gas.
The plasma can reach temperatures as high as 9726.85°C, alowing the complete atomization
of the elements in a sample and minimizing potential chemical interferences. Inductively
coupled plasma optical emission spectroscopy (ICP-OES) is the measurement of the light
emitted by the elements in a sample introduced into an ICP source. ICP-OES measures the
light emitted at element-specific characteristic wavelengths from thermally excited analyte
ions. This light emitted is separated and measured in a spectrometer, yielding an intensity
measurement that can be converted to an elemental concentration by comparison with
calibration standards. The measured emission intensities are then compared to the intensities
of standards of known concentration to obtain the elemental concentrations in the unknown
sample.
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Figure 2.3: Mettler-toledo TGA/DSC | STAR® (Schematic of TGA/DSCI, 2012)
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2.4.6 Scanning electron microscopy

Background

The Scanning Electron Microscope (SEM) uses a focused beam of high-energy electrons to
generate a variety of signals at the surface of solid specimens. The signals that derive from
electron-sample interactions revea information about the sample including externa
morphology (texture), chemical composition, and crystalline structure and orientation of
materials making up the sample. In most applications, data are collected over a selected area
of the surface of the sample, and a 2-dimensiona image is generated that displays spatia
variations in these properties. Areas ranging from approximately 1 cm to 5 micronsin width
can be imaged in a scanning mode using conventional SEM techniques (magnification
ranging from 20X to approximately 30,000X, spatial resolution of 50 to 100 nm). The SEM
isalso capable of performing analyses of selected point |ocations on the sample; this approach
is especidly useful in qualitatively or semi-quantitatively determining chemical
compositions (using EDX) (Egerton, 2005). Scanning electron microscopy (SEM) involves
rastering a narrow electron beam over the surface and detecting the yield of either secondary
or backscattered electrons as a function of the position of the primary beam. Contrast is
caused by the orientation: Parts of the surface facing the detector appear brighter than parts
of the surface with their surface normal, pointing away, from the detector. The secondary
electrons have mostly low energies (= 5 — 50 el/) and originate from the surface region of
the sample. Backscattered electrons come from deeper and carry information on the
composition of the sample, because heavy el ements are more efficient scatterers and appear

brighter in the image (Chorkendorff and Niemantsverdriet, 2006).
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Figure 2.4: The interaction of electron beam with samplesin SEM
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SEM analysis is considered to be "non-destructive"; that is, x-rays generated by electron
interactions do not lead to volume loss of the sample, so it is possible to analyze the same
materias repeatedly. The Diagrammatic illustration of the Interaction of electrons with a
sample using the Scanning Electron Microscope is shown on Figure 2.4. The SEM is
routinely used to generate high-resolution images of shapes of objects and to show spatial
variations in chemical compositions by: acquiring elemental maps or spot chemical analyses
using EDX, discrimination of phases based on mean atomic number (commonly related to
relative density) using BSE, compositional maps based on differences in trace element
"activators' (typically transition metal and Rare Earth elements). The SEM is also widely
used to identify phases based on qualitative chemical analysis or crystalline structure also
The SEM s critical in all fields that require characterization of solid materials. The main
difference between SEM and TEM is that SEM sees contrast due to the topology and
composition of a surface, whereas the electron beam in TEM projects al information on the
mass it encounters in a two-dimensional image, which, however, is of sub nanometer

resolution.

2.4.7 Energy-Dispersive X-Ray (EDX)

Interaction of an electron beam with a sample target produces a variety of emissions,
including x-rays. An energy-dispersive (EDX) detector is used to separate system software
is used to analyze the energy spectrum in order to determine the abundance of specific
elements. EDX can be used to find the chemical composition of materials down to a spot size
of afew microns, and to create element composition maps over a much broader raster area.
Together, these capabilities provide fundamental compositional information for a wide

variety of materias. (Goldstein et al., 2003) EDX systems are typically integrated into either
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an SEM instrument. EDX systemsinclude a sensitive x-ray detector, aliquid nitrogen Dewar
for cooling, and software to collect and analyze energy spectra. The detector is mounted in
the sample chamber of the main instrument at the end of along arm, which is itself cooled
by liquid nitrogen. The most common detectors are made of Si(Li) crystals that operate at
low voltages to improve sensitivity, but recent advances in detector technology make
available so-called "silicon drift detectors’ that operate at higher count rates without liquid
nitrogen cooling. An EDX detector contains a crystal that absorbs the energy of incoming x-
rays by ionization, yielding free electrons in the crystal that become conductive and produce
an electrical charge bias. The x-ray absorption thus converts the energy of individua x-rays
into electrical voltages of proportional size; the electrical pulses correspond to the
characteristic x-rays of the element. (Clarke and Eberhardt, 2002; Reimer, 1998), the picture

of Scanning electron microscopy with EDX from FEI™ is shown on Figure 2.5.

2.4.8 Transmission Electron Microscope (TEM)

Background

It was discovered in the 1920s that the accelerated electrons behave in a vacuum just like
light. Electronstravel in straight lines and have awavel ength much smaller than that of light.
In addition, the electric and magnetic field also have the same effect on electrons as lenses
and mirrors have on visible light. By replacing light with electrons a resolving power of
0.1nm at magnification of 1 million times is achieved in TEM. Thus, it is a very powerful
tool for investigation of surface texture, morphology, crystallite size and size distribution of
catalysts (Satterfield, 1980; Farrauto and Bartholomew, 1997). The transmission electron
microscope uses a high energy electron beam transmitted through avery thin sampleto image

and analyze the microstructure of materials with atomic scale resolution.
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Figure 2.5: Scanning electron microscopy with EDX (Quanta Scanning electron microscope,

2013)
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The electrons are focused with electromagnetic lenses and the image is observed on a
fluorescent screen, or recorded on film or digital camera. The electrons are accelerated at
several hundred kV, giving wavelengths much smaller than that of light: 200kV electrons
have a wavelength of 0.025A. The schematic outline of TEM is presented in Figure 2.6. In
TEM, aprimary electron beam of high energy and high intensity passes through a condenser
to produce parallel rays that impinge on the sample. As the attenuation of the beam depends
on the density and the thickness of the sample, the transmitted electrons form a two-
dimensional projection of the sample mass, which is subsequently magnified by the electron
optics to produce a so-called bright field image. The dark field image is obtained from the
diffracted electron beams, which are dlightly off-angle from the transmitted beam. Typical
operating conditions of a TEM instrument are 100-200 keV electrons, 10 mbar vacuum,
0.5 nm resol ution and amagnification of 3 x10°to 10° (Chorkendorff and Niemantsverdriet,
2006). If the sampleisnot thin enough, electrons will ssmply be stopped and no image would
be shown. Normally, the thickness of specimens for TEM is around 0.5um or less. An
aternative way of studying a thicker sample is to use a higher speed electrons (Higher

accelerating voltage).
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Figure 2.6: Schematic outline of TEM (Basic principle of TEM, 2013)
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Figure 2.7: Transmission electron microscope (TEM) FEI™ Tecnai G2 F20 (FEI Technal,

2013)
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2.4.9 TheBrunauer—Emett-Teller (BET)

Background

The importance of surface area, pore size and pore volume is obvious since they determine
the accessibility to active sites and also the ability of products to be transported from the
catalyst surface (Wijngaarden et al., 1998). To measure the total surface areathe principle of
physical adsorption by van der Waals forces has been applied. By measuring the amount of
gas adsorbed, the surface area is determined. Any inert gas such as krypton, argon and
nitrogen can be used for this measurement. However, nitrogen is a preferabl e choice because
it ischeaper and readily available. General physical adsorption isotherm are shown in Figure

2.8.
Classification of Adsorption Isotherms

Adsorption isotherms should conventionally be plotted on the basis of relative pressure, p/p°
(x-axis) versus amount adsorbed expressed as amolar quantity (y-axis) in mmolg?, to alow
comparisons to be made. The experimenta procedure involves the use of partial pressure,
where the actual pressure is expressed with respect to the saturation vapor pressure at a
constant temperature of adsorption, hence the process is isothermal. Adsorption data may
aternatively be expressed in terms of an isobar, the variation in uptake with temperature at
constant pressure, or an isostere, the change in temperature with pressure at aconstant surface
coverage. Isotherms provide a significant amount of information about the adsorbent used
and the interaction with the adsorbate in the system, including: assessment of the surface

chemistry and fundamentalsinvolved in the adsorption process; estimates of the surface area,
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pore volume and pore size distribution; efficiency profiles for catalysts used in industrial
processes. Theinterpretation of adsorption isotherms can yield alarge amount of information
about the processes involved, as outlined above. The extent of adsorption on a surface,
usually denoted n, is generally a function of the temperature, pressure and nature of the

adsorbent and adsorbate: n =f (P, T, adsorbate, adsorbent).

For isothermal adsorption of a particular system this smplifiesto n = f (P) T, adsorbent,
adsorbate, by working within the limits of vacuum and the saturation vapor pressure, the
pressure may be expressed in terms of relative vapor pressures, i.e. p/p% n = f (p/p°)T,
adsorbent, adsorbate. Thisgivesauniversa basis upon which all isotherms may be displayed
in order to make the comparison of results easier. The above relationship may be used to
graphically represent uptake profiles in the form of an ‘adsorption isotherm’. All adsorption
isotherms should fit at least one, or at least a combination of two or more, of the six
recognized types classified by Brunauer, Deming, Deming and Teller (B.D.D.T. system)

(Brunauer et al., 1940).

Typel Isotherm - these aretypical of adsorbents with a predominantly microporous structure,
asthe mgority of microporefilling will occur at relative pressures below 0.1. The adsorption
processisusualy complete at apartial pressure of ~0.5. Examples include the adsorption of

nitrogen on carbon at 77K and ammonia on charcoa at 273K.

Type |l Isotherm - physical adsorption of gases by non-porous solids is typified by this class
of isotherm. Monolayer coverage is followed by multi-layering at high relative pressures.

Carbons with mixed micro- and meso-porosity produce type Il isotherm. Type Il Isotherm -



the plot obtained is convex to therelative pressure axis. Thisclass of isothermis characteristic
of weak adsorbate-adsorbent interactions (Kiselev, 1968), and is most commonly associated
with both non-porous and microporous adsorbents. The weak interactions between the
adsorbate and the adsorbent lead to low uptakes at low relative pressures. However, once a
molecule has become adsorbed at a primary adsorption site, the adsorbate-adsorbate
interaction,which is much stronger, becomes the driving force of the adsorption process,
resulting in accelerated uptakes at higher relative pressure. This cooperative type of
adsorption at high partial pressures is known as cluster theory and examples include the
adsorption of water molecules on carbon where the primary adsorption sites are oxygen

based.

Type IV Isotherm - A hysteresis loop, which is commonly associated with the presence of
mesoporosity, is a common feature of Type IV isotherms, the shape of which is unique to
each adsorption system. Capillary condensation gives rise to a hysteresis loop (Sing et al.,

1985) and these isotherms also exhibit alimited uptake at high relative pressures.

Type V Isotherm - these isotherms are convex to the relative pressure axis and are
characteristic of weak adsorbate-adsorbent interactions (Kiselev, 1968).. Theseisothermsare
indicative of microporous or mesoporous solids. The reasons behind the shape of this class
of isotherm are the same as those for type 1l and again water adsorption on carbon may

exhibit atype V isotherm.

Type VI Isotherm - introduced primarily as a hypothetical isotherm, the shape is due to the
complete formation of monomolecular layers before progression to a subsequent layer. It has
been proposed, by Halsey (1948), that the isotherms arise from adsorption on extremely
homogeneous, non-porous surfaces where the monolayer capacity corresponds to the step
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height. One example known to exist isthe adsorption of krypton on carbon black (graphitized

at 3000 K) (Kratschmer et al., 1999).

2.4.10 Temperature Programmed Reduction (TPR) and Chemisor ption

Temperature programmed reduction (TPR) is the method used to determine the number of
reducible species on the surface of the catal yst and the reduction temperature of each reduced
species, the method is involving the effect of temperature on surface reactions. The results
are obtained by monitoring the reaction products or the pre-adsorbed species which desorb
from the catalyst surface as afunction of temperature. Normally, analysis data are plotted as
guantities desorbed versus temperature or time. Temperature programmed desorption is
commonly used to determine the number, type and strength of active sites available on the
surface (Farrauto and Bartholomew, 1997; Micromeritics Autochem2910, 1999). Pre-
reducing the catalyst at 300°C, temperature at which the support surface is fully reduced and
carrying out the pulse chemisorption experiment at low temperature prevent the Hydrogen
spill over from taking place (Fornasiero, et al., 1997; Salasc, et al., 2002; Perrichon, et al.,

2004; Berndl, et al., 1993).

2.4.11 Temperature Programmed Oxidation (TPO)

Temperature programmed oxidation (TPO) is sometimes used to investigate the quantity of
reduced species but widely used to determine different forms of carbonaceous deposits on
catalyst surface (which is applied to this study), temperature Programmed Oxidation system
istypically used to quantify coke deposits in heterogeneous catalysts. Carbons and carbides
are amenable to evaluation by careful oxidation while being heated. A stream of diluted
oxygen (e.g. 2-10% O2in He) directed over the sample during alinear heating ramp generates

asigna due to the loss of O, from the gas stream. The products of oxidation, CO and CO>
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need not be trapped. Different forms of carbon such as amorphous, nanotube, filament and
graphitic, oxidize at different temperatures due to varying availability of reactive carbon-
carbon bonds. In this way, fullerenes, soot’s, cokes on catalysts etc., can be quickly
characterized and differentiated. Oxidation catalysts, e.g. those incorporating chromium,
cobalt, copper and manganese, and redox supports like ceria can also be characterized by

using the Temperature Programmed Oxidation (ChemBET Overview, 2013)

2.4.12 High Performance Liquid Chromatography (HPL C)

Chromatography is a technique by which a mixture sample is separated into components.
Although originally intended to separate and recover (isolate and purify) the components of
a sample, today, complete chromatography systems are often used to both separate and
quantify sample components. The term, “chromatography” was coined by the Russian
botanist, Tswett, who demonstrated that, when a plant extract was carried by petroleum ether
through a column consisting of a glass tube packed with calcium carbonate powder, a number
of dyes were separated. He named this analysis method "Chromatographie” after "chroma’
and "graphos"”, which are Greek words meaning "color" and “to draw," respectively.
"Chromatography" represents a separation technique; whereas a " chromatograph” isasystem
for performing chromatography. The chart displaying the time-dependent change in signal

intensity as a result of the separation is called a "chromatogram”.

HPLC is a separation technique that involves. The injection of a small volume of liquid
sample into a tube packed with tiny particles (3 to 5 micron (um) in diameter called the
stationary phase) where individual components of the sample are moved down the packed
tube (column) with a liquid (mobile phase) forced through the column by high pressure

delivered by a pump. These components are separated from one another by the column
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packing that involves various chemical and/or physical interactions between their molecules
and the packing particles. These separated components are detected at the exit of this tube
(column) by aflow -through device (detector) that measures their amount. An output from
this detector is called a “liquid chromatogram” from the HPLC picture in Figure 2.9 the

following component function thus:

Pump

The role of the pump is to force a liquid (called the mobile phase) through the liquid

chromatograph at a specific flow rate, expressed in milliliters per min (mL/min).

During the chromatographic experiment, a pump can deliver a constant mobile phase

composition (isocratic) or an increasing mobile phase composition (gradient).

Column

Considered the “heart of the chromatograph” the column’s stationary phase separates the

sample components of interest using various physical and chemical parameters.

Injector

The injector servesto introduce the liquid sample into the flow stream of the mobile phase.

Typical sample volumes are 5 to 20 microliters (UL).
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Figure 2.9: An Agilent 1100 high performance liquid chromatography (HPLC)
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The injector must also be able to withstand the high pressures of the liquid system.

An autosampler is the automatic version for when the user has many samples to analyze or

when manual injection is not practical

Detector

The detector can see (detect) the individual molecules that come out (elute) from the column.

A detector servesto measure the amount of those molecul es so that the sample can be analyze

quantitatively.

The detector provides an output to a recorder or computer that results in the liquid

chromatogram (i.e., the graph of the detector response).

Computer

Frequently called the data system, the computer not only controls al the modules of the
HPLC instrument but it takes the signal from the detector and uses it to determine the time
of elution (retention time) of the sample components (qualitative analysis) and the amount of

sample (quantitative analysis).
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CHAPTER THREE

3.1 Experimental
3.2 Materialsand Reagent

3.2.1 Reagents

All the reagents used for experimental studies were of analytical reagent grade, phenal,
paladium (11) chloride, hydrogen tetrachloroaurate (111), copper (I1) Sulphate, Iron (I1)
chloride, Poly (VinylAlcohol), Hydrogen tetraoxosulphate (V1), Sodium Hydrogen
trioxocarbonate (1V), dichloromethane, and methanol (HPLC grade) where obtained from
Sigma Aldrich, UK, titanium(IV) Oxide (P25) was obtained Degussa AG, sodium
borohydride powder was obtained from Lancaster Synthesis UK and oxygen gas (99.5%

Purity) was obtained from BOC, UK.

3.3 Methods

3.3.1 Preparation of catalyst

3.3.2 Sol Immobilization M ethod

Preparation of Au/TiO2 and Pd/TiO2 Catalyst

The catalysts were prepared using sol immobilization method as reported elsewhere (Su et
al., 2012; Essam et al., 2007), except for some few modifications. A standard sol-
immobilization method was utilized to prepare the metal nanoparticles (i.e., Au, Pd, Au-Pd)
supported on TiOy, for the preparation of supported gold and gold and palladium colloids
using PVA as a protective ligand, aqueous solutions of PdCl, and HAuCl4.3H20 of the
desired concentration were prepared. A poly vinyl alcohol (PVA) (1 wt% agueous solution,

Aldrich, MW =10 000, 80% hydrolyzed) solution wasfreshly prepared just prior to synthesis
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of the metal colloid. A representative protocol for preparing a catalyst comprising Au-Pd

nanoparticles with 1 wt% total metal loading on a TiO2 support is as follows.

To an agueous PdCl, and HAuCI4 solution of the desired concentration, the required amount
of a PVA solution (1 wt %) was added (PVA/ (Au & Pd) (w/w) = 1.2); afreshly prepared
solution of NaBH4 (0.1 M, NaBH4/ (Au&Pd) (mol/mol) = 5) was then added to form a dark
brown sol. After 30 min of sol generation, the colloid was immobilized by adding TiO>
(acidified to pH 1-2 by using hydrogen tetraoxosulphate (V1)) under vigorous stirring
conditions. The amount of support material required was calculated to have atotal final metal
loading of 1 wt %. After 2 h, the slurry was filtered and the catal yst was washed thoroughly
with distilled water (neutral mother liquors) and dried at 120°C overnight. Sol immobilized

mono-metallic gold and palladium catal ysts were prepared using a similar methodology.

3.3.3 Hydrothermal synthesisof TiO2 nanotubes

Titanium(lV) Oxide nanotube was produced using hydrothermal method similar to that
described by Kolen'ko et al., (2006), with a few modification of using methanol than water
in typical nanotube preparation, 3 g of the TiO2 (P25 Degussa) powder was mixed with 200
cm® of 5M NaOH in methanol and stirred for 4h on a magnetic stirrer followed by
hydrothermal treatment in a Teflon-lined autoclave high-pressure stainless steel reactor at 90
°C for 8h. After hydrothermal treatment the obtained TiO2-nanotubes were centrifuged and
washed with deionized water until pH is neutral, then 0.1M HNO3 solution was dispersed by
ultra-sonication for 30min. The acid treated TiO> nanotubes were washed continually with
deionized water to pH 7. The resulting sample was dried in oven at 120 °C overnight after

which it was calcined at 300°C for 4h to get titanium(lV) Oxide nanotubes.
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3.3.4 Micro-emulsion preparation

To 108.8cm?® of n-hexane in 250cm?® round bottom flask, 0.6cm3 of deionized water was
added and stir at 500rpm with magnetic stirrer, ensuring the flask is closed, 5.821g of CTAB
was added to the solution, after which 43.92cm? of 1-butanol was slowly added and the
stirring continue for 1h. The flask was closed by stopper to avoid evaporation or loss of any
solvent which will destabilize the microemulsion, gradually, the mixture will result in aclear
transparent microemulsion (if it does not dissolve all the CTAB 0.5cm® of deionized water
was added to increase the molar ratio between water and surfactant), allow the solution to

achieve equilibrium for 2 to 24h by stopping the magnetic stirrer.
Preparation of 2%Pd-TiO>

Split the microemulsion into two different 200cm?® round bottom flask containing 60cm?®
each. To thefirst flask 1.56cm?® of PdCl» (1g of PdCl2 in 100cm? of deionized water), 1.56cm?
of NaBH4 (0.4677g to 5¢cm? of deionized water) was added to the second flask, stir the both
flask for 30 min, after which the microemulsion were mixed in a 250cm? round bottom flask
and it was stirred for another 30min solution turning black. To the mixed microemulsion
2.0cm? of titanium-n-butoxide was added and stirred for 4h, to the mixed microemulsion
60cm?® of methanol was added to break the microemulsion and centrifuged at 600rpm for 5
min. The microemulsion was washed with methanol and the nanoparticles separated into
glass via then dried in the oven for 24h at 120°C, lastly the prepared nanoparticles was

calcined at 300°C for 4h in air. (Sanchez-Dominguez et al., 2009; Zhang et al., 2007)
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3.4 Preparation of Stock Solution

3.4.1 Preparation of phenol stock solution
To prepare 1000 cm? of a0.001M solution of phenol, 94.112mg of phenol was dissolved in
deionized water, and then dilute the solution to afinal volume of 1000 cm?® with deionized

water.

3.4.2 Preparation of resorcinol stock solution
To prepare 1000 cm?® of a 0.00IM solution of resorcinol, 110.111mg of resorcinol was
dissolved in deionized water, and then dilute the solution to afinal volume of 1000 cm? with

deionized water.

3.4.3 Preparation of catechol stock solution
To prepare 1000 cm?® of 20.001M solution of catechol, 110.111mg of catechol was dissolved
in deionized water, and then dilute the solution to afinal volume of 2000 cm?® with deionized

water.

344 Preparation of pyrogallol stock solution
To prepare 1000 cm?® of a 0.001M solution of pyrogallol, 126.11mg of pyrogallol was
dissolved in deionized water, and then dilute the solution to afinal volume of 1000 cm? with

deionized water.

3.4.5 Preparation of hydroquinone stock solution
To prepare 1000 cm? of a 0.001M solution of hydroquinone, 110.111mg of hydroguinone
was dissolved in deionized water, and then dilute the solution to afinal volume of 1000 cm?®

with deionized water.
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3.5 Characterization of Catalyst

3.5.1 Diffuse Reflectance UV-Vis Spectroscopy (DRS)

Procedure

The optical characterization of the photocatalyst was carried out using Diffuse Reflectance
UV-vis spectrophotometer equipped with a Harrick Praying Mantis™ diffuse reflection
accessory used for solid samples (Perkin Elmer Lambda 6505) in the wavel ength range from
250 to 800 nm with scanning speed of 300nm/min. Before recording any spectrum, the signal
was maximized by adjusting the height of the sample holder using a micrometer. Firstly, the
spectrum of reference material (MgO) was recorded and saved as an auto-zero (background
spectrum). Then the analysed sample was replaced into the microsampling cup by using the
provided samplefunnel. To obtain aflat surface, aflat blade isneeded to level off the surface.
After that, the sample holder with the sampling cup was placed into the praying mantis. In
cases where the sample was a very strong absorber, dilution of the sample with a non-

absorbent matrix is needed. In those studies, the sample was normally diluted with MgO.

3.5.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTYS)

Procedure

The diffuse reflectance cell (Sampling chamber) used in these experiments was provided by
Spectra Tech™. The cell is located ina VERTEX 70 FTIR (Bruker), operating at a resolution
of 4cmt. The cell contains a dome with ZnSe window. The dome is sealed with the base
plate by using O-ring and screws to provide an airtight connection. The system is operated

by OPUS software, version 5.5. The fresh and used sample were place on the sample holder
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located in the dome and then the spectrais taken and analyzed, to obtain aflat surface, aflat

blade is needed to level off the sample surface.

3.5.3 Powder X-Ray Diffraction measurements

Procedure

X-ray diffraction patterns of the samples were collected at room temperature using Cu-Ka
radiation (wavelength | = 1.5406A), by a Philips X’Pert3 Analytical diffractometer. The
diffraction intensity was measured in the 26 range between 20° to 90° with a step size of
0.017°and time per step is ca 10.2s. The scan speed used for the analysis was 0.21°s. The
obtained result was then matched with diffraction patterns (JCPDS files) from software
library. The sample was replaced into the microsampling holder by using spatula, to obtain a
flat surface, aflat blade is needed to level off the surface. The average crystallite sizes were

deternuned using the Scherer formula

0.91
D = T 3.1

where A is the wavelength characteristic of the Cu-Ka radiation, B is the full width at half

maximum (in radians) and © is the angle at which the 100% intensity peak appears.

3.54 Thermogravimetric Analysis (TGA)

Therma characterization of the catalyst samples was performed using Mettler-Toledo
TGA/DSC | STAR® instrument with heating rate of 20°C/min in nitrogen (N2) atmosphere.
Therma Anaysis (TGA and DSC) detects the interatomic and inter-/intra- molecular

interactions as related to an imposed external change in temperature.

Test Procedure: The Nitrogen gas was set astheinert gas and the oxidative (O-), therequired

flow rates was adjusted to provide the appropriate environments for the test. Then the catal yst
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was placed in the specimen holder and the temperature of the furnace wasraise to 500°C, the
initial weight was set to read 100%, then heating program wasinitiated. The gas environment
is preselected for thermal decomposition (inert - nitrogen gas) and an oxidative
decomposition (air or oxygen). The schematic diagram of TGA used is presented in Figure

3.1

3.5.5 Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES)

Procedure

The active metal content of the catalysts used for the photoctalytic degradation reactions
which include both the fresh and used catalyst were analyzed using Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES, P-1000, Perkin- Elmer). Inductively
Coupled Plasma (ICP) analytical techniques can quantitatively measure the elemental content
of a material from the ppt to the wt% range. The only elements which cannot be measured
by ICP methods are C, H, O, N and the halogens. The catalyst samples are digested in an
acidic agueous solution (mixture of nitric acid and sulfuric acid). The sample solution is then
sprayed into the core of the inductively coupled argon plasma, were the temperature was raise
to approximately 9726.85°C. At such high temperature, all anayte species are atomized,
ionized and thermally excited, and they were detected and quantified with an emission

spectrometer (OES).
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3.5.6 Scanning Electron Microscopy

Procedure

Minimal preparation includes acquisition of a sample and placing it on a Clean Carbon strap
that will be attached on the sample holder, which fit into the SEM chamber and some
accommodation to prevent charge build-up and the sample from making a contact with the
Detector. The Crystalline structure and External morphol ogy of the catalyst was viewed using
Quanta Scanning Electron Microscope FEI Quanta 250 of the School of chemistry and

Chemical engineering Queens University, Belfast.

3.5.7 Transmission Electron Microscope (TEM)

Procedure

The TEM samples are prepared by weighing 5mg of the Catalyst sample in 50cm?® methanol
after which the sampleis Sonicate for 20min to ensure a complete dispersion of the particles.
A TEM sample must be approximately 1000A or lessin thicknessin the area of interest. The
entire sample must fit into a 3mm diameter cup and be less than about 100 microns in
thickness. A thin, disc shaped sample with a hole in the middle, the edges of the hole being
thin enough for TEM viewing. The Samples were analyzed and recorded using The FEI
Tecnai™ F20 Transmission electron microscopes (TEMs) at 200kV at the Nanostructured

Media School of Physics and Science, Queens University, Belfast.

3.5.8 TheBrunauer—-Emett-Teller (BET)

Procedure

The Brunauer—Emett-Teller (BET) surface area of the synthesized transition metals doped

TiO, catalysts were measured from N2 sorption isotherm at 77K using a Micromeritrics
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Tristar |1 surface area and porosity as shown on Figure 3.2, the samples were degassed under
flowing nitrogen at 250°C for 4h using the Smart Prep™ 065. The degassing unit removes
adsorbed contaminants from the surface and pores of a sample in preparation for analysis.
The sample tube in the analysis port was again degassed before the Dewar containing liquid
nitrogen was automatically elevated upwards to submerge the sample tube. A predetermined
pressure of nitrogen was bled into the manifold above the analysis port. The sample analysis
port valve was then opened, exposing the sample to nitrogen. The quantity of adsorbed
nitrogen was determined by the differencein the recorded pressure. The sample analysis port
was then closed and the manifold filled with adightly higher pressure of nitrogen before re-
exposure to the sample followed by calculation of the next value. Repeating this process led
to the generation of an isotherm of the type shown in Figure 3.3 the surface area of the sample
was then calculated from the isotherm using the Brunauer—Emett—Teller (BET) equation and

N- cross-sectional arez of 0.162nm?>.

Pe _ 1 (D P

= 3.2
(Po_Pe)Vads CVm CVn Po

where Pe is the equilibrium pressure (i.e after sample is exposed to N2 in manifold), P, the
saturation pressure, Vads the volume of nitrogen adsorbed, Vm the volume of nitrogen

monolayer and C is constant.

80



Figure 3.2: Micromeritrics Tristar |1
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3.59 Temperature Programmed Reduction (TPR) and Chemisor ption

Procedure

The metal dispersion was determined using the Temperature Programmed Reduction (TPR)
and CO-chemisorption using Micrometrics Auto-Chems 2910. The gases (i.e H> and Ar)
were supplied by BOC (>99.9% Purity) and used without further purification, 0.1 g of the
sample was loaded into a quartz U tube and held in place by a quartz wool plug. The U tube
was then positioned in the furnace. The catal yst was pre-treated at 300°C (Temperature Ramp
at 5°C/min) in 5%H2/Ar mixture for 1 hour. After purging in argon at the same temperature
for 2 hours, the sample was cooled to -80°C, and the H: pul se chemi sorption experiment was
performed. In order to carried out hydrogen pulse chemisorption experiment under
Isothermal conditions (at -80°C), the reactor was submerged in a cold bath, obtained by
mixing liquid nitrogen and isopropyl a cohol. The chemisorption of hydrogen was performed
by pulsing aknown volume of Hao/Ar mixture over the catalyst (Argon was used asthe carrier
gas), an on line thermal conductivity detector (TCD) measured any H2 not chemisorbed by
the sample. Hydrogen was pulsed over the catalyst sample once every ten minutes until the
response peaks were of consistent area. The amount of hydrogen chemisorbed per pulsed was
calculated by difference in peak area (The area for a pulse of no H2 chemisorption had been
predetermined). The difference in was converted into a concentration using a calibration
equation. Finaly, by calculating the number of hydrogen atoms that had been chemisorbed,
the number of surface palladium atomsin the sample was determined (assuming aPd/H> ratio

of 1).
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The metal dispersion (Dy,) of the catalyst was calculated from

D, (%) = 2Pdsurface \ 10 3.3

no.Pdsample

and the surface area of Palladium was calculated by

no.PdsyrfacePdaa

Pd.S.A(™ /g0 ) = o 3.4

where no. Pdgyyrqace 1s the number of palladium atoms on the sample surface, no. Pdsgmpie

the total number of palladium atoms in sample, Pdaa the atomic area of a palladium atom

(1.27x10%atoms/cm?) and SW the sample weight (g)

3.5.10 Temperature Programmed Oxidation (TPO)

Procedure

The Temperature Programmed Oxidation experiment was done using the following
condition, 0.10 g of catalyst sample was packed in a quartz micro-reactor under 10% O./He
a 45ml/min and 1%Kr/Ar a 5ml/min using temperature ramp of 10°C/min reaching a
maximum temperature of 900°C, before the temperature ramp begin the quartz micro-reactor
used with the sample was stabilized by heating the electric furnace at 50°C for 30min, thisis
done so that the mass spectrometer detector will also be stabilized. The importance of the
TPO techniques is to find the most viable and efficient way of reduction condition for the
optimum regeneration of the spent/deactivated catalysts. The amount of CO. and eventually

CO produced during the TPO step were measured by mass spectrometer.
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3.6 Photocatalysis Experiment

3.6.1 Photocatalysisusing slurry batch process

Photocatalytic activity was evaluated using phenol degradation experiments. The reactors
used were closed Pyrex reactors with an outer diameter of 42.0 mm and a height of 210 mm
and thickness of 4mm, to 100 cm? of a solution containing 0.001M of phenol in deionized
water from Barnstead Nanopure diamond machine and 0.2 g of the catalyst was added to the
reactor. The pH of the aqueous phenol solution was monitored during the reaction using the
Jenway 3010 pH meter. The suspension was stirred magnetically using yellow line MST
basic magnetic stirrer at 650 rpm at ambient temperature for 2h in the dark, and a small
amount of the suspension was withdrawn to analyze equilibrium concentration of phenol in
the solution. The mixture was then exposed to UV light using a Rayonet RMR-600 reactor.
The RMR-600 consists of 279.4mm in square and 266.7mm high (external measurements)
chamber manufactured from Alzak aluminum. The reactor has 6 (8 watts) UV lamps (350nm
wavelength), with an arc length of 76.2mm each (48 lamp watts total) and for the visiblelight
aflorescence lamp of (555nm was used with 315, 00 lux). The distance between the UV lamp
and the surface of the solute was set at 63.5mm. An oxygen balloon was connected to the
reactor in order to assure a high oxygen saturation of the solution without the need for a
sparger and condenser. At selected time intervals of approximately 20 min over atypical 2h
reaction, 2.5 mL of the suspension was withdrawn and filtered using Acrodisc CR 13mm
syringe filter with 0.45um PTFE membrane for HPLC analysis, the diagram is presented on

Figure 3.5
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3.6.2 Ultraviolet emission spectra

The ultraviolet light used for the experiment is classified as UV-A. This UV category has a
wavelength range between 320 to 400nm. The light source is a UV lamp that comes with a
UV-A cut off filter, resulting to a transmission wavelength of between 300 to 400 nm and a

peak at 350nm.

The UV lamp: The emission spectra of the bulb installed in the UV lamp is shown in Figure
3.6, for this work, a RPR-3500A lamp equipped with 8watt bulb (Southern New England
Ultraviolet Company) isused asa UV light source. The bulb has an emission spectraranging

from 300 to 400nm with adistinct peak at 350nm.

3.6.3 UV Irradiance Measurement
UV radiation reaching the reactor inside the Rayonet compartment is measured using UV X
Radiometer (UVP Inc., Upland CA) equipped with a UVX-36 long wave sensor. It is

calibrated at 365nm but can be used also for 335 to 380nm applications.

3.6.4 Quantum Yield/Efficiency calculation of the UV Light

Energy of asingle photon at 350 nm (wavelength of lamp) = PA—C

= (6.626x10%x 2.998x10°) / 350x10°= 5.6756x10° J
The Average value of measured irradiance of the UV lamp within 1.5cm from the reactor

| = 0.19mW/cm? = 0.00019 Jcm?/s
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Nphotons= 0.00019 / 5.6756x10° = 3.3477x10* photons/cm?/s,
Area of reactor = Area of Cylinder

area of reactor = 2mry,l

1 = length of cylinder

Tin= Tout - thickness

i = internal radius

rout = Outer radius = 2.0cm

reactor thickness = 0.4cm

rin = 2.0-0.4 =1.6cm

where length of reactor = 11cm.

Areaof reactor = (2xnx1.6x11) =110.58cm?

Number of Photons Incident on the reactor surface area=
3.3477x10%photons/cm?/s x area of reactor

Nphotons = 3.3477x10* photons/cm?/s x 110.58cm?
Nphotons = 3.7020x 10'®photons/sec.

Quantum vyield ¢ describes the number of reactant molecules transformed or product
molecules formed divided by the number of photons at a given wavelength (Serpone and

Salinaro, 1999).
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CI) — Nmolecules 35
Nphotons

Nmolecules =Number of Phenol molecules converted to CO: i.e. the Initial rate of reaction
Nphotons= Number of Photons per second incident inside reactor

where Nmolecules= Initial rate per second x Nax Volume

Volume = 0.1liter

Na= Avogadro number (6.022x10%%)

Initial rate of reaction from the data is in millimoles per minutes this is converted to Moles

per second

Quantum Yield =Initial rate of reaction/ Amount of photons absorbed by the photocatal yst at

wavelength

Quantum efficiency = Initial rate of reaction/ Amount of photons absorbed by the

photocatalyst at wavelength x 100
Measuring luminous flux per unit area of Visible Light

A florescence lamp at 555nm was as a visible light source to trigger the photocatalytic
reaction and was positioned at 1.5cm away from the reactor within the Rayonet compartment,
the focused intensity on the reactor was (31500 lux) that is 0.004612 W/cm?, which was

measured using “LIGHT METER Model : LX-101A".

3.6.5 Quantum Yied/Efficiency calculation of the visible light:

Energy of asingle photon at 555 nm (wavelength of lamp) E = hc/A
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= (6.626x103*x 2.998x10°) / 555x107°= 3.57923x101° J

The Average value of the measured luminousflux per unit areaof the florescencelamp within

1.5cm from the reactor

Nphtons= 0.004612 / 3.57923x10*° = 1.2885x10'° photons/cm?/s.
Areaof reactor = Area of Cylinder

area of reactor = = 2mr;,l

1 = length of cylinder

Tin= Tout - thickness

r;, = internal radius

rout = OUter radius = 2.0cm

reactor thickness = 0.4cm

rin = 2.0-0.4 = 1.6cm

where length of reactor = 11cm

Areaof reactor = (2xnx1.6x11) =110.58cm?

Number of Photons Incident on the reactor surface area=
1.2885x10'°photons/cm?/s x Area of reactor

Nphotons = 1.2885x10® photons/cm?/s x 110.58cm?

Nphotons = 1.42487x 10 photons/sec
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3.7 Photocatalysis Process using Trickle Bed in Continuous mode

Photocatal ytic activity of the prepared catal ysts were al so eval uated using phenol degradation
experiments. The reactor used in the case of the continuous flow system was atubular trickle
bed column made with quartz glass with external diameter of 9.89mm and internal diameter
of 9.56mm. The reactor was attached to three neck 100 cm?® round-bottomed flask, the flask
was connected to Polytetrafluoroethylene (PTFE) Tube, and the complete set up was
connected to Masterflex L/S Digital Drive, 600 RPM, 115/230 VAC, HV-07523-80 pump,
for the circulation of the phenol solution. A 100 cm?® portion of 0.001M phenol agqueous
solution and 1.0 g of aPd, Au, and Pd/Au-TiO> pelletized with 456-600um size were added
to the reactor. The pH of the agueous phenol solution was adjusted from 3.5 to 6.4 using
Jenway 3010 pH meter. Then the complete set-up was exposed to UV light under a Rayonet
RMR-600 reactor. The RMR-600 is 279.4mm in square and 266.7mm in high. The chamber
is manufactured from Alzak aluminum and is 228.6mm deep x 177.8mm diameter. The
reactor has Six (8 watts) UV lampswith 350 nm, with an arc length of 76.2mm each (42 lamp
watts total). The top opening is 127mm diameter. The main emission of the lamp was 350
nm. The distance between the UV |lamp and the surface of the tubular Trickle bed column
with the catalyst was position at 15 cm, the schematic of the Trickle/Taylor flow system is

presented on Figure 3.7
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Figure 3.7: Schematic of the Trickle/Taylor flow system in continuous process
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3.7.1 Photocatalysis processusing Taylor flow system in continuous mode

The photocatalysis of phenol was aso evaluated using the catalyst prepared on the Taylor
flow system. The experimental setup for the Taylor flow system is similar with the trickle
bed process except for the difference in the tubular quartz column that contains the catalyst.
This containsa special type of connection using the 1.588mm size tube to form a constriction
within the Swagel ok valve so as to produce the aternating flow between the oxygen and the
phenol solution. The picture of the Taylor flow system is shown on Figure 3.8, and the Picture
of the Photo-reactor i.e the quartz column isinserted on the Taylor flow as shown on Figure

3.7.

3.7.2 Thereactor flow systems

Oxygen Delivery System. The schematic of the experimental set-up is shown in Figure 3.7,
using the Taylor flow system oxygen is carried from the Cylinder into the reactor using
Teflon and stainless steel tubing. System piping is made from 6.35mm sized and 316
stainless-steel tubing and inter-connected by Swagelok tube fittings. An On/Off valve
controls the main supply of oxygen going into the system. Through a mass flow controller
unit (Aera FC-7700C), oxygen flowrate is adjusted to the value of 15 sccm (standard cubic
centimeter per minute). The calibration chart of the mass flow-meter used in the experiment
isshownin Figure 21. Oxygen flowrate is monitored using a mass flow meter (ROD 4 Aera)
which is operated with the mass controller unit. Flowmeter digital readout is calibrated by

setting various flowrates between 0 to 100% i.e. flowrates in percentage.
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Thecalibration isdone by using abubble lo-meter. Oxygen coming out of the massflowmeter
is monitored using the bubble lo-meter, which then displaces the liquid water inside the
burette to 15cm interval, using a stopwatch, to measure the time it takes to for each flow in
percentage to reach the 15cm interval. Actual flowrate is computed by dividing the displaced
volume of water with average time in seconds. This gives the flowrate in standard cubic
centimeter per minute (sccm) the process is repeated to come up with five measurement

points

3.8 Analysis

3.8.1 High PerformanceLiquid Chromatography (HPLC)

Procedure

The HPLC technique was mainly used to monitor the formation of any intermediates during
the photocatal ytic reaction of phenol mineralization. In the quantitative analysis, an Agilent
1100 was used which was equipped with Eclipse XDB C18 reverse phase column (3.5um,
4.6*150mm) and Diode Array Detector (DAD) at wavelength of 254nm at flow rate of
1.0p/min, Column temperature of 300°C with 50% methanol and 50% water was used as
mobile phase. The prominent peak of phenol was obtained at around 2.99-3.04 min retention
time. At selected time intervals of 60 min for 24h in the case of the slurry/suspension mode
reactor and interval of 1h for 52h in the case of the Trickle bed/ Taylor flow system. About
1.5 ml of the solution was withdrawn for HPLC analysis to monitor the rate of the

mineralization of the phenol.
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3.8.2 The Gas Chromatography-M ass Spectr oscopy

The GC-MS techniques was used to identify the intermediates formed during the reaction
and to ascertain the completion of the photodegradation of phenol in the reaction. The phenol
solution was treated with dilute sulphuric acid and sodium hydrogen carbonate after the
photodegradation then the phenol was extracted with dichloromethane. The extract was
analyzed using Perkin EImer Clarus 500 GC-M S with auto-sampler at injection temperature
at 250°C. Amount of sample injected was 1.0uL, the carrier gas used is helium at a flow rate
of Iml/min and split flow of 50:1 was used. The oven temperature was programmed with

initial temperature of 50°C for 5 min; it was ramp at 100°C/min to 300°C hold for 10 min.
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CHAPTER FOUR

4.1 Resultsand Discussion
4.2 Characterization of Catalysts

4.2.1 Diffusereflectance UV-Visof Au-Pd/TiO2

The determination of band gap energies is essentia for identification of changes in the
electronic structure of the titanium(1V) Oxide (P25) after deposition with gold and palladium.
From the DRSUV-Vis spectraobtained in Figure 4.1 and Figured4.2, an absorption peak, with
a center at 580 nm was observed for 1wt%Au-TiO. at a high intensity. This was due to the
surface plasmon resonance of spatially confined electronsin 1.0wt% Au-TiO» catalyst. There
are band gap excitations a aregion near 400 nm in al the spectra. The transmittance edge of
Au-Pd/TiO,2 samples varies as the content of Au metalsin TiO2 (Yang L 2000); with these
they exhibit a dight red shift (the band gap excitation was dlightly shifted to longer
wavelengths) in the band transition from the normal value with adding the metal at various
ratios. This red shift was attributed to the charge-transfer transition between the d electrons
of the dopant and the Conduction Band (CB) or Valance Band (VB) of TiO2 (Chen and Mao,
2007). Thus, the high level of dispersion and interaction between the dopant metal atom and
TiO2 particles would be expected to enhance the catalytic activity of metal doped TiO2
(Loganathan et al., 2011). Based on the origin of excitation, the band gap vaues of TiO2
(P25 Degussa) and 0.5%Au.0.5%Pd, 1.0%Au, 0.5%Pd, 0.25%Au.0.75%Pd,
0.75%Au.0.25%Pd were cal cul ated, and the values found to be 3.2, 2.99, 3.01, 2.97, 2.97 and

2.97¢eV respectively as presented on Table 4.1.
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Figure 4.1: The UV-visible diffuse reflectance spectra of Au-Pd/TiO. and P25
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Figure 4.2: Diffuse reflectance UV-Vis spectraof Au-Pd/TiO2
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Relying on the similar appearance of all the spectra, it can be concluded that varying the Au
and Pd content during the synthesis may not influence the crystallization of TiO2 which was
confirmed on the XRD result. Comparing the optical absorption spectrashownin Figure 4.1,
it deduced that the Au-Pd/TiO. catalyst with significant bandwidth show stronger visible
light absorption, suggesting great potentials of these catalysts in photocatalysis with

applicationsin the visible light range.

4.2.2 Diffusereflectance UV-Visof 2% Pd@TiO2

From the result of the DRS UV-Vis spectra of the catalyst prepared using the microemulsion,
shown in Figure 4.3 the amorphous titanium(IV) Oxide displayed absorption bands in the
UV region at 325 and 415 nm also the 2%Pd@TiO- also exhibits bands at the same positions,
but there exists absorption bands in the far UV region at 270 nm on the 2%Pd@TiO2 which
can be attributed to the effect of the palladium nanoparticles on the catalyst. The absorption
of the 2%Pd@TiO: in the visible region confirm the reports by Ohde et al., (2002), that the
palladium nanoparticles are known to absorb in the UV -vis region. The ability of the catal yst
to absorb UV light explains the reasons the 2%Pd@TiO> support the photocatal ytic oxidation

of phenal.
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Table 4.1: The physico-chemical properties of Au-Pd/TiO2 and P25 with the Surface area,

pore Volume, crystallite size and Band gap

CATALYST Ager(m’gl) Vp(ecmigl) P (nm) Crystallite ~ Band Gap
Size (nm) (eV)
Anatase Rutile
1%AU-TiO2 43.63 0.10 10.66 223 316 3.01
0.75%Au.0.25%Pd-TiO» 44.80 0.12 10.00 222 34.2 2.97
0.5%Au.0.5%Pd-TiO> 45.76 0.14 1057 224 353 2.99
0.25Au%.0.75Pd-TiO» 48.83 0.15 1190 219 34.7 2.97
0.5%Pd-TiO2 47.05 0.13 1260 229 34.6 2.97
2%@Pd-TiO2 190.09 0.19 3.91 32.7 -
P25 Degussa 55.00 0.19 - 15.6 19.9 3.12

Crystallite size calculated using Scherrer formula D = KA/BCos6. Band gap energies were

calculated using the formula E = (h*c)/\, where; h = Planck constant (6.63x103* Js?h), A =

cut off wavelength from the % reflectance graph, c= speed of light in a vacuum (=3x108 m

sh and 1eV = 1.6x10*° J (Conversion factor)
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Figure 4.3: The Diffuse reflectance UV-Vis spectra of the 2%Pd@TiO- and the amorphous

TiO2
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4.2.3 XRD of transition metal doped-TiO2

X-ray diffraction (XRD) patterns of the catalyst deposited with transition metals shows
anatase peaks for all studied samples. The XRD patterns of Pd-TiOz, Au-TiO», Fe-TiOz, Cu-
TiO2 and P25 Degussa, resembl e each other as the same preparation conditions are used, the
results is shown on Figure 4.4. But the pattern for the hydrothermal treated P25 shows a
significant transformation of the anatase to rutile phase, while the Hombikat (commercial
titanium(lV) Oxide from Hombikat) is mostly anatase with the smallest average crystallite
sizeof 5.4 nm. The crystallite size of the sampleswere cal cul ated using the prominent anatase
peak at 26= 25.27°. The Pd-TiO., Au-TiO2, Fe-TiO., Cu-TiO2 and P25 Degussa has a
crystallite size of 22.3nm but the average size of the rutile peak of the hydrothermally treated

P25 is 33.3nm.
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Figure 4.4: X-ray diffraction patterns of the prepared catal yst deposited with transition metals
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4.2.4 XRD of Au-Pd/TiO2

The phase structure, crystalite size, and crystallinity of TiO> plays an important role in the
photocatal ytic activity of the catal yst prepared, and many studies have confirmed that anatase
phase of titanium(lV) Oxide shows higher photocatalytic activity than brookite or rutile
phase (Carp et al., 2004). The XRD patterns of Au-Pd/TiO: catalysts calcined at 120°C for
24h were show in Figure 4.5. There existed diffraction peaks, which lay at 25.40, 37.90,
48.00 and 53.90°, corresponding to the anatase phase. The large surface area, high
crystalinity, low crystallite size, and crystal structure are important properties that influence
the photocatalytic activity of TiO.. The average crysta size of TiO. was determined to be
22.3 nm calculated using the characteristic anatase peak at 26= 25.30 and 34.1nm for the
rutile peak at 20=27.40. The peaks marked x in the prepared catal yst which appear at 20.51°
may be due to impurities as a result of catalyst preparation, because the peak does not
correspond to any element included in the samples. There were no peaks that indicate the
presence of the metal nanoparticles or the metal oxide when compared with JCPDS 88-2335,
88-2434 and 4-0784. This is an indication that the sizes of the metals nanoparticles are
between 2 to 4nm. For the characterization of supported metal catalysts XRD technique has
limited capacity to detect crystalline particles with asize below 2 to 4 nm (Wanke and Flynn,

1975), thisisin line with the results reported by Hamill et al.,(2014).
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Figure 4.5: The XRD Pattern of Au-Pd/TiO- prepared by sol immobilization
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4.2.5 XRD of 2% Pd@TiO2

From the XRD result of 2%Pd@TiO> as shown on Figure 4.6, the average crystallite size of
paladium core-shell in the TiO> was determined to be 32.68 nm calculated using the
characteristic palladium peaks at 26= 38.6, 44.7, 65.1 and 78.5°. The titanium-n-butoxide
used in the catalyst preparation produced an amorphous titanium(lV) Oxide which explains
the absence of the anatase and rutile peaks on the XRD result. The modification of the
titanium(l1V) Oxide with palladium gave a characteristic peaks at 26= 38.6, 44.7, 65.1 and
78.5° which correspondsto the palladium 111, 200, 220 and 311 respectively when compared
with PDF# 84-0300. The pure amorphous titanium(lV) Oxide without palladium

nanoparticles did not show any peaks on the XRD.

4.2.6 Thermogravimetric Analysis (TGA) of Au-Pd/TiOz2

Thermogravimetric Analysis (TGA) measures the mass of a sample as it is submitted to a
selected temperature program in a defined atmosphere. The TGA curves show three weight
loss steps. The first step is between 25 and 180°C corresponding to the removal of volatiles
(moistures, solvents) and adsorbed water. The main weight loss occurred between 350 and
550°C that could be assigned to high temperature pyrolysis of carbon species from the PVA
used in the catalyst preparation and the third step above 550°C might be assigned to loss
probably accompanied with collapse of inter-agglomerate and escape of trace moiety during
the phase transformation from anatase to rutile (Y u et al., 2000; Porter et al., 1999; Song and
Pratsinis, 2000). Thisis also in agreement with the results obtained from the XRD analysis,

the TGA result of the Catalyst are present in Figure 4.7 and 4.8
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4.277 Thermogravimetric Analysis (TGA) of 2% Pd@TiO>

The TGA result obtained for 2.0wt%Pd@TiO. catalyst shown on Figure 4.7(a), shows a
different pattern from the other samples. The TGA curve shows four weight loss steps. In the
first step the main weight loss is between 10 and 122°C which corresponds to the removal of
volatiles like n-hexane, methanol and 1-butanol that were used in the preparation of the
catalyst. The second step is a weight loss between 122 to 250°C which is due to adsorbed
water. The third weight loss occurred between 250 and 355°C that could be assigned to high
temperature pyrolysis of carbon species from the CTAB used in the catalyst preparation and
the fourth step above 444°C might be assigned to loss probably accompanied with collapse

of the core shell moieties.

4.2.8 Estimation of gold and palladium content on Au-Pd/TiOz2

The results of the compositional analysis of the fresh and used Au-Pd/TiO. catalysts are
conducted using the ICP-OES technigue. The results are presented in Table 4.2. From the
results obtained suggest that the estimated gold and palladium content on titanium(lV) Oxide
are in good agreement with the expected theoretical values. Also the results show a small
degree of leaching of the gold metals compare to the palladium metals. Although the
palladium based catal yst which isthe most reactive in mineralization of phenol shows agreat
level of instability in the suspension mode which is due to leaching and poisoning of the
catalyst with hydrocarbons that were formed due to incomplete mineralization of the
intermediates’ formed in the course of the reaction. These also explain why the catalysts
become deactivated after the fourth cycle in the photocatalysis of phenol. It also indicates
that the catal yst active surface has been greatly affected which explains why the P25 Degussa

shows more reactivity in the conversion of phenols compared to the other samples. Thereis
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a2-5% deviation in results for gold and palladium content as compared to theoretical values.
This may be attributed to the instrumental errors as well as persona (human) errors during
the sample preparation and sample anaysis. The result obtained by the techniques is

comparable to theoretical values.

4.2.9 Estimation of palladium content in 2% Pd@TiO2

The compositional analysis of the fresh catalysts was conducted by ICP-OES technique.
From Table 4.2 the results show that the catalyst prepared contains 1.8% palladium for the
2wt%Pd@TiOo2. The result aso shows a small degree of leaching of the palladium metals.
This explains why the catalysts reactivity reduces with time as the photoxidation of phenol
progresses. The result shows a 2-5% deviation in the amount of palladium from the
calculated value. This may be attributed to the instrumental errors as well as personal
(human) errors during the sample preparation and sample analysis. However, the results

obtained by the techniques are comparable to the theoretical values.

4.2.10 Scanning electron microscopy of transition metal doped TiO2

The morphology of the transition metals doped photocatal ysts was examined by scanning
electron microscope (SEM). The micrographs of 1%Cu-TiOz, 1%Fe-TiO2, 1%Au-TiO, and
1%Pd-TiO> are shown in Figure 4.9 (a), (b) and Figure 4.10 (C) and (d) respectively. The
figure shows typical surfaces of doped TiO, (Degussa P25) with the average crystallite size
about 22 nm. When metals were doped on the TiO», aggregates could be observed clearly
from the micrographs in Figure 4.9, that the morphology of the doped TiO. powder was
completely different from each other based on the type of metal used. The copper doped TiO>
powders has a flat smooth and flake-like surface, while the Pd-TiO. and Fe-doped TiO-

formed alump that composed of some small particles agglomeration on the surfaces.
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Table 4.2: The ICP-OES results of Au/Pd-TiO2 and 2.0wt%Pd@TiO>

ICP-OES
CATALYST Fresh Samples Used Samples after four reuses
Au (%)  Pd (%) Au (%) Pd (%)

1%AU-TiO2 1.02 - 0.96 -
0.75%Au.0.25%Pd-TiO> 0.74 0.23 0.60 0.11
0.5%Au.0.5%Pd-TiO2 0.46 0.40 0.46 0.39
0.25Au%.0.75Pd-TiO2 0.21 0.72 0.19 0.68
0.5%Pd-TiO: - 0.43 - 0.33
2%Pd@TiO2 18 - 1.78 -
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Figure 4.9: The SEM of (@) 1%Cu-TiO2 and (b) 1%Fe-TiO2
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Figure 4.10: The SEM of (c) 1%Au-TiO- and (d) 1%Pd-TiO-
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4.2.11 Scanning electron microscopy of hydrothermally treated TiO2

In general, the hydrothermally treated TiO- powders consist of nano-sized primary particles
with a spherical shape of agglomerated powder particles, which are packed on layers of cubic
flakes as shown on Figure 4.11 (a), also a close look into these powders’ micrographs on

Figure 4.11 (b) revedls that a degree of rode-like shape are aso formed.

4.2.12 Scanning Electron Microscopy (SEM) of Au-Pd/TiOz2

The surfaces of the catalysts were observed to be extremely rough and nanocrystalline hence
provide the enhanced high surface area to absorbed incident light. The SEM images of
0.5wt%Pd-TiO2 and 1wt%Au-TiO2 are shown in Figure 4.12. The microscopic rough surface
could temporarily trap microscopic oxygen gas bubbles on rough surface that may have acted
as tiny lens and spherical mirrors that helped to concentrate the incident light (Gleckman et
al., 1989). The Au particles were dlightly elliptical in appearance. This dlightly elliptical
appearance of the Au colloid is typica for particles in metal sols which generally exhibit
some polydispersity in both metal colloid particle size and shape (Khlebtsov et al., 1996;
Bloemer et al., 1990). The EDS and mapping of 0.5wt%Pd-TiO, are shown is Figure 4.13,
the result confirmed the existence of Pd and reveal ed that Pd wasrich in the catalyst prepared.
Thedeposited Au—Pd alloy wasfurther analyzed using other techniquesto verify the presence

of gold and palladium
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Figure 4.11: The SEM of the hydrothermal treated TiO»
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Figure 4.12: SEM images of 0.5wt%Pd-TiOz (a, b) and 1wt%Au-TiO2 (c, d)
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Figure 4.13: The mapping of 0.5%Pd-TiO>
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4.2.13 Scanning Electron Microscopy (SEM) of 2% Pd@TiO:2

The surfaces of the catalysts were observed to be slightly smooth and nanocrystalline hence
provide the enhanced high surface area to absorbed incident light. Figure 4.14 shows the
SEM images of 2%Pd@TiO.. The microscopic rough surface could temporarily trap
microscopic oxygen gas bubbles on rough surface that may have acted as tiny lens and

spherical mirrors that helped to concentrate the incident light (Gleckman et al., 1989).

4.2.14 Transmission electron microscopy of Au-Pd/TiO2

The TEM images obtained show the presence of dispersed metallic particles on the P25
Degussa support. The TEM images support the result obtained from the XRD anaysis in
Figure 4.5 as no Au or Pd peaks are detected on the XRD result. The TEM images are
reported in Figure 4.15 which confirm the presence of highly dispersed metal nanoparticles.
One particle was selected within the image in Figure 4.15(b) i.e. 0.5wt%Pd-TiO. and was
subjected to further EDX analysis and this is shown on Figure 4.16 which confirmed the
presence of palladium. All the samples showed the presence of the metals used in the

modification of the P25 which peaks were not seen on the XRD analysis.

4.2.15 EDX of 0.5wt% Pd-TiO2

The energy dispersive X-ray (EDX) spectra of 0.5 wt %Pd-TiO are shown in Figure 4.16.
The peaks corresponding to titanium, oxygen and the palladium metal can be clearly seen in
the spectra. In addition to these peaks, the presence of Cu (source) and Si (grid) were also
observed which is due to the sample holder that isused for the TEM-EDX analysis. The EDX

results also confirmed the ICP-OES result of the elemental analysis done
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Figure 4.14: The SEM images of 2%Pd@TiO2
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Figure 4.15: The Energy Dispersive X-ray (EDX) of asingle particle of 0.5 wt%Pd-TiO-

using TEM
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Figure 4.16: TEM images of 0.5wt%Pd-TiO- in (a, b) and 0.5wt%Pd0.5wtAu-TiOzin (b, ¢)
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4.2.16 Transmission electron microscopy of hydrothermally treated P25

Transmission electron microscopy was applied to investigate the microstructure of titanium
(IV) oxide prepared by high temperature hydrothermal treatment of P25 Degussain agqueous
solutions of 5 M sodium hydroxide in methanol at 100°C using an autoclave line with PTFE
at process duration of 12h. Figure 4.17 shows atypical TEM image of the prepared catalyst.
The sample mostly consists of cubic like particles of different sizes packed in layers, in good

agreement with the SEM data.

4.2.17 Transmission electron microscopy of 2% Pd@TiO2

Transmission electron microscopy measurements were done with aTECNAI FEI instrument
which did not reveal the shell clearly. Cores were clearly observable, but there was no sharp
contrast for the shell. Subsequent images were collected with the same instrument, and some
of the images are shown in Figure 4.18. The figure shows a collection of TiO. covered
palladium particles with particle size is 35+15 nm along one axis and a range of particle
morphologies. Although most of the particles seen in thisimage are spherical or oval, faceted
structures were also observed. The shell is evident and more distinct on each particle, and
more TEM studies were done with this material. A closer look at each of these particles
revealsthat the shells completely covered the particles (Figure 4.18 (c)). There appears some
non-uniformity in the shell thickness, yet the coverage is complete. The typica palladium
particle size isin the range of 4.3 nm as seen on Figure 4.18 (d). Microscopy did not revea

free particles of metals or oxides.
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Figure 4.17: TEM images of hydrothermally treated P25 Degussa

128



Figure 4.18: TEM images of 2%Pd@TiO>
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4.2.18 TheBrunauer—-Emett-Teller (BET)
A typical catalyst contains one or more group of pores whose size and volume depend on

preparation method. The pores are classified in different classes depending on their size:
i. Micropores (8 <2 nm),

ii. Mesopores (2 <8< 50 nm),

ili. Macropores (6 > 50 nm).

The porous structure enables the solid catalyst to have atotal surface area much higher than
that corresponding to the external one. Most common catalysts have a specific surface area
between 1 and 1000m?g* while their external specific surface areais in the range 0.01-10
m2gL. In fact the catalytic process takes place at the surface. To reach the surface sites the
molecules of the reactants must diffuse through the porous system of the Catalyst, while the
reaction productsfollow the opposite path. Mass transfer process inside the granules depends
on pore size (bulk diffusion in macropores, Knudsen diffusion in mesopores and molecular
diffusion in micropores). Also deactivation phenomena (i.e. organic material deposition) are
greatly influenced by pore size; deposition of carbonaceous material with blockage of
micropore mouth and coverage of the whole wall in mesopores and macropores are typical
examples. The morphological characteristics of interest are the specific surface area, the
specific pore volume, and the distribution of the area and of the pore size (Leofanti et al.,
1997). The data obtained on the BET analysis are: surface area, pore volume and pore size
of the catalyst as presented on Table 4.1. The surface area and pore volume show an
increasing order with gold and palladium loading. Deposition on titanium(lV) Oxide

nanoparticles with metals resulted in increase in BET surface area and pore volume. Larger
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surface area increased adsorption desorption capacity and consequently good photocatal ytic
activity (Diebold, 2003; Hussain and Siddiga, 2011). The extensive photocatalytic
application of the 0.5wt%Pd-TiO: catalyst can be attributed to the anatase particle size of
22.9nm and surface area of 47.05 m?g! and the pore volume of 0.13cm3g? which aso
indicate that the sample is a macro pores catalyst. Also it was found that BET surface areas
of the titania were dlightly decreased after the impregnation with Pd and Au suggesting that

the metals particles are deposited in some of the pores of the TiO>

4.2.19 CO chemisorption - pulse method

Surface area plays an important role in the reactivity of acatalyst. The reactivity of a catalyst
is proportional to the number of active sites. Due to the importance of active sites, their
dispersion on the support is avital issue to note. Dispersion is defined as the fraction of total
atoms or molecul es of the active phase available at the surface for catalysis, i.e. for aspecified

catalytic phase

Dispersion(%) = (%) x100 41

TA

Nas is the number of surface atoms or molecules and Na is the total number of atoms or
molecules of the specified catal ytic phase. Dispersion is an average property that rangesfrom
0to 1 (Farrauto and Bartholomew, 1997). However the dispersion of metalslike Pd, Au, Fe,
Cu etc., on a support like titanium(IV) Oxide is very vita due to the fact that agglomeration
of the metal particles can easily happen. The larger the metal particles due to agglomeration
the less reactive the catalyst because it has reduce the amount of the active sites. A high
dispersion means that many atoms are at the surface and implies an effective usage of the

component. The addition of metals on the catalyst can alter the properties of the active sites
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by affecting the reactivity and selectivity. Depending on the effect of the metals on the
catalyst it will be called a promoter if it enhance the reactivity or a poison when it lowered

the activity (Bowker, 1988).
Theory

Pulse chemisorption is used to determine the amount of adsorbate that adsorbs on the catalyst
surface. This study utilized CO as the adsorbate gas. Pulse chemisorption is accomplished by
sending pulses of CO from the switching valve to the reactor until al the catalyst sites are
saturated. The amount of CO pulsed to the reactor is known through the sample loop size and
the CO gas composition in the sample loop. The amount of CO adsorbed from each pulseis
calculated by subtracting the molar amount of CO in the sample loop (nCO, loop) from the
molar amount of CO detected downstream of the reactor by the TCD (nCO, TCD), defined

in the equation below.
CO uptake (Per Pulse) = ncoioop - Ncotcp 42

There are several inconsistencies observed with the CO chemisorption experimental result
after running single sample five times. Due to these, it was chosen not to report the particle
size diameter using this technique, but the metal surface areaand dispersion are reported. At
the -46°C, it was found that the adsorption rate of CO unto the catalyst was too slow. From
the pulse data of the experiments shown in Figure 4.19 for the 2%Pd@TiO> the metallic
surface area was 0.134m?/g and dispersion of 1.506%. The same pattern was also observed
when 0.5%Pd-TiO> was analyzed, the pattern was shown on Figure 4.20, the metal surface

areawas 0.205m?/g and the dispersion was 9.023%.
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Figure 4.19: Pulse data showing TCD response versus pulse number for CO chemisorption

chemisorption on the 2%Pd@TiO- photocatal yst at -46°C
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The CO chemisorption adsorption unto the photocatalyst was not consistent as when
compared to hydrogen adsorption due the fact that the stoichiometry of CO adsorption on
metalsis highly variable because of the possibility of each CO adsorbing either in the hollows
of three or fourfold sites such that the one CO molecule binds to 2-4 metal atoms or, in the
other extreme, 2-3 CO molecules adsorbing on a single metal atom; the actual CO-metal
species formed depend on the metal and its dispersion/surface structure (Farrauto and
Bartholomew, 1997). The low dispersion observed using this technique correspond with the
image obtained from the TEM analysis. Another method that could be used to measure
dispersion is transmission electron microscopy (TEM). This approach is quite tedious since
alot of pictures must be acquired of different part of the structure before the dispersion of
the active phase can be estimated (Lin et al., 2008). A high dispersion also causes problems

with the contrast of the pictures.

4.3 Photo Catalysis Experiment

4.3.1 Photocatalysisof phenol using transition metals doped TiO2

In order to improve the photo-response and to enhance the photocatal ytic efficiency of TiO-
under visiblelight irradiation, the structural modification of titanium(1V) Oxide was achieved
by depositing transition metal on the surface. The Photocatal ytic experiment was conducted
using 0.2g of catalyst in 100micm? of 0.001M phenol solution using the slurry/suspension
batch reactor as described in experimental section. The recombination of photogenerated
electrons and holes is the reason behind the low photoactivity of TiO.. Structural
imperfections in the TiO> lattice generate trap sites which may act as recombination centers,
leading to a decrease in the levels of el ectrons and holes.
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Figure 4.20: Pulse data showing TCD response versus pulse number for CO chemisorption

on the 0.5%Pd-TiO photocatalyst at -46°C
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In order to enhance the TiO> photocatalysis as well as its response into the visible spectrum
of solar light, TiO> has been deposited with certain transition metalslike Au, Pd, Fe and Cu.
These metals are to act as charge trapping sites and thus reduce el ectron-hol e recombination.
Both positive and negative results have been reported from doping TiO2 with metal ions. The
increase in charge separation efficiency will enhance the formation of both free hydroxyl
radicals and active oxygen species (Kato et al., 2005). Based on these studies P25 Degussa
was deposited with gold, palladium, iron and copper nanoparticles by keeping the optimum
metal loading to 1wt%. The metals were deposited using the Sol immobilization method.
Table 4.3 shows the influence of transition metals on the photocatalytic degradation of
phenol. The efficacy of the modified TiO2 were tested using the photocatal ytic degradation
of phenol in slurry/suspension batch made in oxygen. The results represented in Figure 4.21
show that 86.4% conversion of phenol to CO. and H>O after 120 min was achieved in the
case of 1%Pd-TiO2 and 1%Au-TiO2 gave 73.4% conversion. For 1%Fe-TiO2, 1%Cu-TiOz,
P25 and hydrothermally treated TiO- the degradation is 64.4%, 54.8%, 64.5% and 77.8%
respectively. These trends can be attributed to the fact that the photocatal ytic properties of
the catalyst in oxygen is as a result of the monometallic catalyst had higher selectivity and
reactivity, due to the fact that the metals deposited on the titanium(lVV) Oxide those not block
the active site on the support, with these more surface area are involved in adsorption of the
phenol onto the surface of the catalyst and the transition metals are acting as a trap centers
and participating in the photocatalysis (Karvinen and Lamminmaki, 2003). It has been
reported by Karvinen and Lamminmaki (2003), that the catalytic activity of palladium

modified TiO2 is better than that of unmodified TiO2 in term of reactivity,
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the iron and copper has an activity lower than the Pd and Au which can be due to the phase
transformation aided by Fe and Cu, i.e they enhance the formation of rutile phase during
calcination, and the rutile phase is not a good photocatalyt when compare to anatase, this
phase transformation was also monitored using XRD analysis as presented on Figure 4.4. In
addition, the comparatively low reaction rate experienced with 1%Cu-TiO can be due to the
dissolution of copper in agueous solution when illuminated with UV light (Kaneko and Okura
2002), The effect of addition of Cu?*on TiO- in the photocatal ytic decomposition of phenol
acted positively or negatively, depending on the concentration of Cu on the TiO». Less than
0.1 mM Cu? increased the rate, but a larger amount was detrimental. This shows that for
depositing copper metal on TiO- there is an optimum amount that needs to be deposited. In
addition, the trapping of electrons by Cu*" and the trapping of holes by its reduced form were
proposed to explain the decrease of the e~ — h* recombination rate and a higher production

of OH radicals:

cu?* S cut Seu 43

h* ht )
Cu— Cu™ — Cu®* 4.4

The negative effect of high Cu?* concentrations was attributed to the short circuiting reactions
that create a cyclic process without generating active HO: radicals, and retard the reaction
(Cunningham and Sedlak, 1994; Sclafani and Schiavello, 1992). Cu?* at concentrations
higher than 1mM hindered phenol degradation and the detrimental effect was attributed to
CuO deposition on the TiO2 surface. Cu?* can also compete with oxygen for the conduction

band electrons. Another proposed reason for the decrease in the rate was the formation of
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Table 4.3: Influence of transition metals doped on TiO2 on the photocatal ytic degradation of

phenol in oxygen using the Slurry/suspension mode

Feae

Catalyst '““ '"_‘_?-‘ = Phenol Converted (%)
1%Pd-TiO2 2.630 86.4
1%AU-TiO2 1.741 73.4
1%Fe-TiO> 1.298 65.4
1%Cu-TiO2 1.051 54.8
Hydrothermal Treated P25 1.605 77.8
P25 Degussa 1.317 64.5
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surface complex structures of Cu?* ions with phenol or its degradation products, which can
act as surface poisons (Bideau et al., 1992). The Pd metals deposited on the surface of the
TiO2 increase the selectivity of the photocatalyst, also it enhanced the photocal ytic efficiency
of the catalyst by the ability of palladium in both oxide (PdO) and reduced formed to be very
reactive in phenol photo-oxidation. The hydrothermally treated P25 has an enhanced
photocatal ytic activity due to the formation of alarge surface area and the contribution of the
crystalite size. Even though the hydrothermal process increased the phase transformation of
anatase to rutile, it cannot be used for further studies due to its instability in the reaction
medium. It is noted that even though the deposition of transition metalsimproved the photo-
response of the catalyst but it does not improve the photocatal ytic efficiencies. The rate of
reaction of the catalyst as in the case of copper Figure 4.22 shows that the Linear fit to the
data represent Pseudo-first-order degradation kinetics. The kinetics of the photocatalytic
degradation of phenol on solid surface has been reported in terms of Langmuir- Hinshelwood
(L-H) equation (Su et al., 2012). The Langmuir-Hinshelwood expression is widely used in
semiconductor photocatalysis to determine the rate and order of the photocatalytic
degradation of organic pollutants (Sauer, et al., 2002; Khezrianjoo and Revanasiddappa,

2012).

1 i n [Ph],
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Figure 4.22: Photocatalytic degradation of phenol over transition metals doped TiO: in

oxygen. The linear fit to the data represent pseudo-first-order degradation kinetics
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where [Ph], is the initial concentration of phenol (mgL™), Kin is the Langmuir-
Hinshelwood adsorption equilibrium constant (Lmg™) and k. is the rate constant of the
catalyst surface reaction (mgL*min™). Fitting of the experimental data into the Langmuir-
Hinshelwood model has been shown to work only for organic pollutant of single component.
The photocatalytic degradation of phenol follows pseudo-first-order Kinetics with respect to

the concentration of the bulk solution of phenal.

dac
dt

= kypsC 4.6

Integrating the equation with the following restriction C = Co at t = 0, with C, being theinitial
concentration of the phenol solution and t the reaction time. The following expression is

obtained:
In (%) =k, C 47

from the expression, Kos IS the apparent pseudo-first-order rate constant and is affected by
the concentration of phenol. The plot of In(Co/C) versus irradiation time for the
photocatalysis experiment using the slurry batch reactor in oxygen with the different
modified photo catalyst in UV light is presented in Figure 4.22. Deposition of gold
nanoparticles alters the adsorption of water and diminishes the population of surface the
hydroxyl group bonded to the titanium(lV) Oxide (titanol). As mentioned earlier, it is on
these surface hydroxyl groups where the deposition step anchors monometallic gold species
depending on the solution pH and initiates the nucleation of the gold nanoparticles.
Therefore, in this regard, deposition of gold can play a negative effect, decreasing the

142



photocatal ytic activity of titania under UV illumination. This negative effect is expected to
occur when gold is not playing any active role in the process and simply masks and covers
the surfacetitanol groups. It has been reported that in photocatal ytic reactions, it is considered
that the deposition of metals, such as gold, palladium, iron and copper, on TiO2 increases the
charge separation efficiency and inhibits recombination of el ectron and hole produced by UV
absorption (Hoffmann et al., 1995; Linsebigler et al., 1995; Subramanian et al., 2001). The
increase in charge separation efficiency will enhance the formation of active oxygen species.
From these considerations, it is expected that the deposition of metals on TiO2 enhances the
interaction with phenol and the formation of active oxygen species, which result in high
degradation rate of phenol. Palladium, gold, iron and the hydrothermally treated TiO- has a
superior photocatalytic activity than the commercia P25 Degussa under the experimental
conditions. It has also been reported that Fe-doped TiO. was found to have very high
photocatal ytic activity under visible light irradiation than Degussa P25, Fe** cations acted as
shallow traps in the TiO- lattice, Fe ions trapped not only electrons but also holes, which
leads to increase of photoactivity (Litter 1999). From the results obtained the Pd and Au
deposited on the TiO: increased the visible light response of the catalyst and the
photocatalytic efficiency of the system, but the target of the studies is to obtain complete
mineraization of phenol in the least contact time. This lead to further experiment into the
synergetic effect of gold and palladium deposited onto P25 in Continuous Stir Tank reactor

(CSTR) used for the photocatal ytic degradation of phenolic wastewater.

4.3.2 Effect of H202, O2 and N2 on the photolysis of phenol in UV light
Individual contributions of UV light at 350nm, H20-, Oz and N2 in the absence of any other

oxidant on phenol photodegradation was tested using 100 ml of 1mM of phenol solution
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using the Slurry/suspension batch mode. The results obtained are shown in Figure 4.23. The
rate of phenol photolysis increased in the following order: UV light under nitrogen
atmosphere < UV light under O2 atmosphere < UV light at in 0.17 M of H20> (1.75 ml) <
UV light in 1.39 M H20> (14.11 ml). There was 8.8% degradation of phenol by nitrogen and
UV light, UV light with Oxygen showed 28.5% degradation, while 1.75ml of 0.17 M
hydrogen peroxide led to 32.1% phenol degradation which is significant. However, anotably
improved degradation was obtained with 14.11ml of 1.39 M hydrogen peroxide with UV
light where 42.2% degradation was observed within 120 min irradiation time. However,
increasing the amount of hydrogen peroxide showed superior performance of hydrogen
peroxide in the photolysis of phenol. It is reported that hydrogen peroxide dissociates in
agueous solutions, forming HO?~ anion (Venkatadri and Peters, 1993) and O in a chain
reaction, which convert substrates to other oxygenated intermediate compounds. It was
observed from these studies that higher concentrations of hydrogen peroxide have to be used
in order to achieve higher conversions of phenol to CO2 and water in the presence of UV
light. The combination of UV light and a small amount of H>-O. enhanced strongly the
efficiency of phenol destruction. In the first step, hydrogen peroxide absorbs UV light and
decomposes to highly reactive hydroxyl radicals (‘OH), then, hydroxyl radicals, which are
non-selective powerful oxidants and reacted with most organic compounds with very high
rate constants (k ~ 10® — 101°M~15™1) (Safarzadeh-Amiri, 2001; Esplugas et al., 2002;
Huang and Shu, 1995). The hydroxyl radicals can abstract H-atom from many sites of an
organic molecule or add to any C=C bond or accept an electron, producing therefore awide
spectrum of products (Hugul et al., 2000). The photolysis of phenol using hydrogen peroxide,

oxygen and nitrogen show the necessity of oxidant in the photocatal ytic reaction.
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Figure 4.23: Effect of photolysis on phenol photodegradation using hydrogen peroxide,
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According to Kondarides (2010), there is an optimum molar ratio between concentrations of
hydrogen peroxide and pollutant [H-O2/pollutant], for which -OH radicals’ concentration
photogenerated becomes enough to oxidize all the organic matter present in the reaction
medium. It must be noted that an excess of -OH radicals formation could be detrimental to
the photoactivity as a consequence of hydrogen peroxide disproportioning to water and
molecular oxygen. The optimum molar ratio described in literature was around 10-100moles
(Adan et al., 2006). For this reason, 1.75 ml of hydrogen peroxide solution was used in this
study. Thus from economic considerations, combination of photocatal ysis with oxygen or air
offers an efficient solution for organic pollutant removal from waste water. Further study
with phenol using the Au-Pd/TiO> were used for the suspension and Trickle/Taylor flow

mode to obtain an improved process.

4.3.3 Effect of catalyst loading on photocatalytic degradation of phenol

Either in static, or in slurry or in Continuous flow photoreactors, the initia rates of reaction
were found to be directly proportional to the mass m of catalyst. This indicates a true
heterogeneous catal ytic regime. However, above a certain value of m, the reaction rate levels
off and becomes independent of m. This limit depends on the geometry and on the working
conditions of the photoreactor. It was found equal to 1.3mg TiOz/cm? of a fixed bed and to
2.5 mg TiOz/cm? of suspension (Herrmann 1999). These limits correspond to the maximum
amount of TiOz in which al the particles are totally illuminated. For higher quantities of
catalyst, ascreening effect of excess particles occurs, which masks part of the photosensitive
surface. For applications, this optimum mass of catalyst has to be chosen in order to avoid

excess of catalyst and to ensure atotal absorption of efficient photons. In these experiments,
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using the suspension/slurry batch photoreactor, an optimum amount of Au-Pd/TiO> used is
2.0 g/100 ml., whereas for the Continuous flow reactor, which has a recirculation flow rate
of 3ml/min and a continuous flow of 0.083 ml/min from the reservoir, the optimum catalyst
concentration wasonly 1 g/ of pelletized catalyst per 300 ml of phenol solution. To determine
the optimal dosage of the catalyst to be used in the experiment, 0.5wt%Pd-TiO> was used in
100 ml of 1.0 mM phenol solution for 80 min at the pH of 6.4 using the Suspension Batch
mode. The result obtained was shown in Figure 4.24. Finding the optimum loading capacity
avoids an ineffective excess of catalyst within the system. The dosage of catalyst is an
important parameter in suspended photocatal ytic degradation processes (Kutty and Ahuja,
1995; Mogyorosi et al., 2002). Severa studies have indicated that the photocatalytic rate
initially increased with catalyst loading and then decreased at higher values because of light
scattering and screening effects. The tendency toward agglomeration (particle-particle
interaction) also increases at high solids concentration, resulting in areduction in surface area
available for light absorption and hence a drop in photocatal ytic degradation rate. Although
the number of active sites in solution will increase with catalyst loading, a point appears to
be reached where light penetration is compromised because of excessive particle
concentration. The trade-off between these two opposing phenomena results in an optimum
catalyst loading for the photocatalytic reaction (Adesina, 2004). From the result in Figure
4.24 it is shown that increase in catalyst loading beyond the optimum point will result to the
shielding of the light from an even distribution of light to the surface of the catalysts. For this
experiment, the photo degradation of phenol was found to increase with increase in
0.5wt%Pd-TiO2 loading up to 0.4g. An increase in the amount of catalyst provides an
increased number of active sites for adsorption. However, this also causes simultaneous

increase in solution opacity which further causes a decrease in the penetration of UV light.
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Figure 4.24: Effect of catalyst loading using 0.5wt%Pd-TiO2 in oxygen
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It was believed that as the catalyst loading increased the photo degradation rate should also
increase as well, owing to the higher holes and hydroxyl radicals that were generated. This
suggests that the amount of photo-catalyst to be used should maintain a balance between
these two opposing effects. It can be seen from the result obtained in Figure 4.24, that the
photocatal ytic degradation for phenol increases as the catal yst loading isincreased from 0.1g
to 0.2g but when the catalyst loading is increased further to 0.3g, the rate of degradation
decreases. However, when the amount of catalyst wasincreased to 0.4g the rate of conversion
of phenol to water and CO, was also slightly increased which is mainly due to the increase
in adsorption of the phenol onto the surface of the catalyst. The decrease in degradation rate
with increase in catalyst loading can be attributed to the increased opacity of the solution
which hinders the light transmission through the solution. However, an excess dosage of the
catalyst decreases the light penetration via shielding effect of the suspended particles (Burns
et al., 2001; Sobczynski et al., 2004). Theincreasein the amount of catalyst result to decrease
in effective light intensity and the photo generation of electrons and positive holes would be
reduced | eading to reduces rate of photocatal ytic degradation (Mangrulkar et al., 2011). From
the experiment it can be concluded that the conversion of phenal is influenced by different
factors: () al of the additional catalyst surface area does not comein contact with apollutant
because of external mass-transfer resistance, (b) the pollutant cannot reach some of the
catal yst surface area because of agglomeration of the catalyst particles (internal mass-transfer
resistance), (c) light cannot reach some of the catalyst surface area because of absorption and
scattering (shielding effect) of light, (d) light cannot penetrate the agglomerates and activate

theinner surfaces, and/or (€) acombination of all of the above (Mehrotraet al., 2003). Hong
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investigated the effect of catalyst dosage (1.0-4.0 g/l) on the photocatal ytic degradation of
phenol. Under the conditions tested, optimum degradation was achieved at 2.0 g/l (Hong et
al., 2001), which also agreed with the result obtained in our experiments. The optimal dosage
was also found to depend on the initia solute concentration (Herrmann, 1999). Based on the
experimental results shown in Figure 4.24, the dosage of 0.2 g catalystsis selected for further
studies because in this case the shielding effect is avoided whatever types of cataysts

particles were adopted.

4.3.4 Photocatalysisof phenal in air using the batch mode

The photocatalysis of Phenol in compressed air using the Slurry/Suspension batch mode with
Sparger to increase the solubility of the compressed air in the phenol solution were done
using the catalyst prepared. The Picture of the Photoreactor with sparger is shown in Figure
4.25. Using 1mM of phenol inwater and air as oxidant it wasidentified that the most efficient
catalyst for the photocatal ytic oxidation of phenol to CO2 and H20 was the 0.5%Pd-TiO; it
converted 49.76% in 120min followed by 1.0%Au-TiOz, 0.75Pd0.25Au-TiO, 0.5Au0.5Pd-
TiO2 and 0.75Au0.25Pd-TiO> with 36.86, 27.87, 18.7 and 16.41% respectively. The
photocatal ytic degradation of phenol in air depicts the reaction with limited oxygen supply,
these were performed to compare catalysts photoreactivity under the ‘toughest’ reaction
regime, where the overall reaction rate could be mass transfer limited by the supply of
oxidant. In this case, most of the oxidant isfrom the dissolved oxygen within the liquid and
additional oxygen was provided by mass transfer through the surface of the reaction liquid.
The rate of the photocatalytic mineralization of phenol is completely suppressed in the
absence of electron scavenger such as molecular oxygen which are supplied from the oxidant

present (Diebold, 2003). Due to limited supply of the molecular oxygen the rate of
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Figure 4.25: Picture of the Slurry/suspension photoreactor: () with sparger and (b) without

Sparger
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recombination of electron-hole pair was favorable which explained the limited
photodegradation of phenol in the experiment. Several engineering aspects have to be
optimized in order to make the catalytic processes economical. These are mainly reactor
design and mass-transfer limitations, process energetics, flow rate and types of oxidants. The
sources of oxidants may be either air or dioxygen (in most investigations), dissolved
hydrogen peroxide or ozone are used. The rate of oxidation by air is limited by the low
solubility of oxygen in water and the slow rate of air-to-liquid mass transfer. The enhanced
solubility of oxygen at elevated pressures provides a strong driving force for catalytic
reactions (Matatov-meytal and Sheintuch, 1998). Due to the high solubility of oxygen at
elevated pressures the reactor design in the experiment was modified with a spager so that
the compressed air can be used at a high pressure. Under these condition the availability of
the dissolved oxygen for the photocatalysis of phenol was enhance due to reduction of the
mass transfer limitation. The amount of phenol converted islimited due to the type of oxidant
used. From the result on Figure 4.26 it is shown that the 1.0Au%-TiO- has the highest ability
to adsorb phenol but the rate of the mineralization of phenol is limited in the presence of air.
It must be noted that when expensive oxidant such as H-O. or Os are used the running costs
are higher and therefore such processes need to be optimized. It has been reported by M atatov
(1998), that enhanced solubility of oxygen in agueous solution at el evated pressures provides
astrong driving force for catalytic reactions. Oxygen flux can be improved by using soluble
and active oxidants like hydrogen peroxide or ozone. Oxygen flux can aso be increased by
reducing the mass-transfer resistance. The film mass transfers between the air bubble and the
liquid bulk and between the fluid and the catalyst can be reduced by improving agitation and
by inducing smaller air (or oxygen) bubbles. These suggest that most of the data concerning

oxidation of phenol which typically require 10-60 min for significant conversion typically
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Figure 4.26: Photocatal ytic degradation of phenol with air as oxidant over Au-Pd/TiO2 using

Slurry/suspension photoreactor with UV light
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using catalysts that are a few millimetersin diameter, are limited by pore diffusion. Indeed,
limitations due to intra-particle diffusion have been found to be significant in catalytic
systems with particle diameters as low as 20um. For particles larger than 40um, it has been
proposed that the oxidation of phenol occurs predominantly on the outer surface. Using
compressed air as oxidant in this experiment shows that the presence of oxygen isasvital as

its availability for the reaction due to the effect of the oxidant on the rate of the reactions.

4.3.5 Reusability of 0.5wt% Pd-TiO2 with air using batch mode

After establishing that 0.5wt%Pd-TiO. has the highest efficiency in the photocatalytic
mineralization of phenol in compressed air, the same catalyst was used to determine its
reusability in phenol photodegradation. In this experiment the resulting solution from the
photocatalytic degradation of phenols were filtered, and the catalyst washed and dried at
120°C overnight, the dried catalyst were subsequently used again under the same
experimental conditions with a fresh phenol solution. The results obtained show a loss in
activity which is due to deactivation of catalyst by deposition of the intermediates formed
and as a result of the active metal leaching hence the filtrate was subjected to ICP-OES
analysis to assess the loss of Pd?* ions into the reacting solution as a result of dissolution of
PdO. Figure 4.27 and Table 4.2 show that the 0.5wt%Pd-TiO- catalyst lost 60.9% activity
which is equivalent to 20.2% palladium metal loss after being reused for 4 times while some
loss of activity is attributed to the immense amount of intermediates deposited on the surface
of the catalyst due to the insufficient oxygen to support the photocatalytic process. The use
of air as an oxidant in the photocatalytic degradation of phenaol is a viable pathway when
considering the economic implication of using H20», but the maor bottleneck is the low

amount of oxygen present in air and the availability of the oxygen for the reaction.
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Figure 4.27: Reusability of 0.5%Pd-TiO2 in phenol photocatalysis using air as oxidant
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4.3.6 Photocatalysisof phenaol in Oz using the batch mode

The results obtained in the photocatal ytic degradation of phenol with oxygen as oxidant at
reaction pH 6.4 over P25 and Au-Pd/TiO» catalysts show that in all cases, the photocatalytic
process was initiated after an initial equilibration period (120 min) during which relatively
negligible amounts of phenol was chemisorbed on the catalyst surface, always lower than 3-
4%. The result shows that 86.4% conversion of phenol to CO2 and H2O after 120 min could
be achieved using 1.0% Pd-TiO, with Oxygen whereas the 0.5%Pd-TiO- gives 79.7% and
1% Au-TiO2 gives 73.4% conversion. For 0.5%Au0.5%Pd-TiO, 0.25%Pd0.75%Au- TiO-
and 0.25%A u0.75Pd%-TiO- the degradation is 69.0%, 64.4% and 41.8% respectively which
areal lower than the monometallic catalysts. In contrast, 64.5% degradation is obtained with
unmodified TiO2 (P25 Degussa) suggesting that the bimetallic catalysts do not contribute to
that of the supported catalyst and can in fact lower it as presented on Figure 4.28. From the
resultsit can be observed that the monometallic catalysts have the highest rate of adsorption
of the phenol onto the surface of the catalyst over the first 20 min of the reaction. Thiswould
increase the availability of the phenol molecul es on the surface for photocatal ysis destruction
(Takedaet al., 1995; Torimoto et al., 1996).These results confirm that the synergetic effect
of Au-Pd aloy on titanium(IV) Oxide does not show enhanced activity toward phenol
mineralization as it does in other reactions (Kaneko and Okura 2002). The rate of phenol
photocatal ytic degradation was determine after the first 20 min of the reaction assuming the
Photocatalytic degradation of phenol follows the first order kinetics. Table 4.5 present the
result obtained. The polymerization of phenol and formation of intermediates like catechol,
pyrogallol and benzoquinone occurred immediately after the first 20 min of irradiation with

UV light.
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Figure 4.28: Photocatal ytic degradation of phenol with oxygen as oxidant over P25 and

Au-Pd/TiO2 using the Slurry/suspension photoreactor with UV light
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The brownish colours formed in the first 20 min of the reaction which slowly disappear
confirm the presence of the polymeric phenol species and intermediates when analyzed with
HPLC and GC-MS. Theresults of HPL C analysisindicated that the polymer was transformed
to hydroxylated products that were the same as those intermediates produced in
photocatalysis of phenol, and further oxidized via organic acids to CO> in the course of the
photocatalytic degradation of phenol (Chun et al., 2000). The rate of the photocatalytic
degradation of phenol was faster at the starting stage while there was a kind of a steady rate
after 60 min of the reaction. This result was attributed to the changes of the amount of
polymer produced. It is clear that the polymeric species from the phenol are constantly
formed and then gradualy disappeared as the reaction progresses. The extensive
photocatalytic application of the 1.0wt%Pd-TiO. catalyst can be attributed to the particle
size, surface area of 48.81m?/g and the pore volume of 0.10cm?®/g which also indicates that
the sample is a macro pores catalyst. Also it was found that BET surface areas of the P25
were slightly decreased after the impregnation with Pd and Au suggesting that the metals
deposited in some of the pores of the TiO.. The catalyst with higher percentage of gold
deposition tends to exhibits low mineralization of phenol to CO. and water in the
photocatalytic degradation of phenol. Due to this fact, the formation of phenol polymeric
species on the catalyst are more favorable compare to the rate of mineralization (Su et al.,

2012).

158



4.3.7 Phenol photocatalysisin Oz with the batch modein visible light

The results of the metal analysis of the fresh and used catalyst using ICP-OES shows that the
0.5%Pd 0.5%Au-TiO> are more stable towards leaching in the photocatal ytic conversion of
phenol to water and CO2 in UV light. Also the catalyst shows aremarkable ability to adsorb
and destroy phenol thermally i.e. in the dark compared to the other catalyst as shown in Table
4.2 and Figure 4.28. Due to this the catalysts was used with visible light lamp at the
wavelength of 555nm to assess the synergistic effect of the gold and palladium metals on the
P25 support in improving the photo-response and the activity of the prepared catalysts. The
experiment was done using similar condition as described earlier using the Slurry Batch
reactor with oxygen as oxidant. Figure 4.29 represents the photocatalytic conversion of
phenol using the Visible light with Oxygen at timet = 0 i.e., after the 2h equilibration in the
dark. It was observed that 39% of phenol was converted to CO, and water using the 0.5%Pd
0.5%Au-TiOz in the visible light and 1%Pd-TiO2, 0.75%Pd 0.25%Au-TiOz, 0.5%Pd-TiOx,
0.75%Au 0.25%Pd-TiO2 and 1%Au-TiO2 converted 22, 20, 25, 19 and 22% respectively
which are higher than P25 which only converted 18% of the phenol in the visiblelight. These
results show that the metals used in the modification of the titanium(IV) Oxide actually
enhanced the photocatal ytic activity of the catalyst bothinthe UV and Visregion. Comparing
the amount of phenol converted using the visible light and the UV light as shown in the Bar
Chart in Figure 4.30, it is concluded that the bimetalic photocatalyst i.e., the 0.5%Pd
0.5%Au-TiO2 are more stable to leaching and have an enhanced activity in the visible light
region compare to the other catalysts. Meanwhile, the monometallic photocatalysts have
enhanced reactivity with the UV light due to their ability to suppress the recombination of

the photogenerated electron-hole pair in the reaction.
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Figure 4.29: Photocatalytic conversion of phenol to CO> and H20 using the Slurry batch

reactor with oxygen in the visible light of 555nm wavelength
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The stability of the 0.5%Pd 0.5%Au-TiO. catalyst towards leaching in agueous solution
during the photo oxidation reaction in both UV light and Visible light make the catalyst the
most suitable catalyst, which led to the investigation of its thermal catalytic efficiency. The
thermal catalytic efficiency of P25 was compared with 0.5%Pd 0.5%Au-TiO- in terms of the
rate of the reaction and it was discovered that the rate at which 0.5%Pd 0.5%Au-TiO:
thermally degraded phenol in the absence of light is 2.0 times higher than the P25 in the same
condition. These implies that the 0.5%Pd 0.5%Au-TiO> can be used in a wastewater
treatment plant that can be operated 24h non-stop using both photo catalysis and thermal

catalysis simultaneoudly.

4.3.8 Reusability of 0.5wt% Pd-TiO2 with Oz using batch mode

After establishing that 0.5wt%Pd-TiO. has the highest efficiency in the photocatalytic
mineralization of Phenol to CO», the same catalyst was used to determine the reusability of
the catalyst in phenol photodegradation. The solutions resulting from the photocatalytic
degradation of phenols were filtered, and the catalyst washed and dried. These dried catalyst
samples were subsequently used again under the same experimental conditions. Clearly, there
isalossin activity which may be as aresult of metal leaching hence the filtrate was subjected
to ICP-OES analysis to assess the loss of Pd®" ions to the solution as a result of dissolution
of PdO. Figure 4.31 and Table 4.2 shows that the 0.5wt%Pd-TiO, catalyst loss 51.1%
reactivity which isequivalent to 13.2% palladium metal |oss after being reused for four times
while some loss of reactivity could be attributed to leaching or poisoning of the catalyst
surface with some of the intermediates. The ICP-OES results show that the estimated gold
and palladium content on titanium(IV) Oxide are in good agreement with the expected

theoretical values and within the a 2-5% deviation expected using this technique.
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Figure 4.31: Reusability of 0.5wt%Pd-TiO- in phenol photocatalysis with oxygen using the

Slurry/suspension batch mode
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These results suggest a small degree of leaching of the gold metal compare to the palladium
metals on the Trickle/Taylor system. Further tests were conducted using the fresh catalyst in
the Trickle Bed mode with hydrogen peroxide as oxidant and another test was conducted
using limited UV-light to confirm the formation of polymeric species on the surface of the
catalyst during the reaction. After the test, the used catalyst where analyzed using the

temperature program oxidation.

4.3.9 Photocatalysis of phenol in H202 with the batch mode

Figure 4.32 shows the phenol photocatalytic degradation results with hydrogen peroxide as
oxidant at reaction pH 6.4 over Au-Pd/TiO» catalysts. In all cases the photocatal ytic process
wasinitiated after an initia equilibration period (120 min) during which relatively negligible
amounts of phenol was chemisorbed on the catalyst surface, aways lower than 3-4%. The
final phenol conversion using Au-Pd/ TiO- catalyst is significantly higher than the conversion
achieved when oxygen and air was used as oxidant agent. In asimilar manner Tryba (2006),
studied asimilar reaction. The formation of hydroxyl radicals over the surface of the catalyst
were detected and it was attributed to the decrease of the activity to the depletion of -OH
radicals’ concentration. This behavior could be probably due to the inherent capacity of
hydroxyl radicalsto react with hydrogen peroxide and giverise to the formation of water and
oxygen. This is in agreement with the results exhibited in Figure 4.32, where hydrogen
peroxide conversions were 96.1% using the 0.5%Pd-TiO, 65.9%, 52.2% 40.3% and 33.3%
using 1%Au-TiO, 0.25%Au0.75%Pd-TiO2, 0.75%Au0.25%Pd-TiO. and 0.5%A u0.5%Pd-
TiO2 respectively, which did not correlate with the phenol conversion values obtained when

oxygen and air were used. One of the major drawback in using TiO> as photocatalyst is the
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photons wasting in the electron hole recombination which results in low quantum yield.
Hence the prevention of electron hole recombination becomes very important. The
prevention of electron hole recombination can be achieved by adding proper electron
acceptors i.e. oxidant or deposition of the surface of titanium(lVV) Oxide with transition
metals. In these experiment gold and palladium were deposited on the surface of the
titanium(1V) Oxide and compressed air, oxygen and hydrogen peroxide were used as oxidant
to act as the electron acceptors in the photocatal ytic degradation of phenol. The presence of
some electron acceptors (oxidants), such as H>O, Oxygen or air can serve as electron
scavengers to prevent the recombination and enhance photodegradation efficiency. Besides
the addition of molecular oxygen, the electron-hole recombination can be reduced by the
addition of irreversible electron acceptors such as H-O.. The addition of these electron
acceptors enhanced the degradation rate by severa ways (i) preventing the electron-hole
recombination by accepting the conduction band electron (ii) increasing the hydroxy! radical
concentration (iii) generating other oxidizing species to accelerate the intermediate
compound oxidation rate (Muruganandham and Swaminathan, 2006). The enhancement in
degradation by the addition of H20- is due to its dual function which can act as an electron

acceptor and it also increases the ‘OH concentration as given by following reaction:
H202 +eEB - 0H+0H— 4.8

Furthermore, the enhanced degradation rate by H20- is probably due to direct photolysis by
UV light. Thisgeneratesthe -OH, which are likely to be dominant rate improving mechanism
in the process. H20» has two hydrogen atoms bonded to oxygen atoms (H-O-O- H), thusit is
more electropositive than Oz, suggesting that H2O: is a better electron acceptor than oxygen

(Chen and Liu, 2007).
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Figure 4.32: Photocatal ytic degradation of phenol with hydrogen peroxide as oxidant over

P25 and Au-Pd/TiO:
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The combination of H>O> with TiO> under the UV illumination could greatly enhance the
degradation of phenol compounds (Barakat et al., 2005). However, extra addition of H20O»
which undoubtedly increased the cost of wastewater treatment process. These suggest that

further study should be done using the Trickle bed and Taylor system with oxygen.

4.4 Quantum Efficiency of the Catalysts

From an energetic point of view, the photonic efficiency of a photo-induced process can be
quantified in terms of its quantum yield (¢), i.e., the number of molecules which react
according to this process divided by the number of photons absorbed by the system during
the same time (Braun et al., 1991). The determination of the quantum yield is an important
tool used to compare the activity of different catalysts for the same reaction. The efficiency
of semiconductors in promoting photocatalytic reactionsis greatly determined by the extent
of the major deactivation processes, which involves electron-hole pair recombination. These
processes, which are characterized by alow kinetic barrier, are usually much faster than those
of interfacial charge transfer and depend strongly on semiconductor material characteristics.
The rate of charge carrier recombination can be reduced by trapping either the ecz by a
suitable surface adsorbed electron acceptor and/or the h;’z by a suitable surface-adsorbed
electron donor. Even electron transfer competes kinetically with the electron hole

recombination processes (Kondarides 2010).

The quantum yield of a process may vary on awide range according to the characteristics of
the catalyst, the experimental conditions and especially the nature of the reactions under

consideration. The photonic flux (©) is related to the radiant power of the lamp used in the
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degradation experiments as well as the wavelength of radiation emission. However, in
photocatalytic systems, the efficiency of a reaction is usually expressed in terms of its
guantum yield (QY), which defined as the ratio between the number of molecules

transformed per unit time and number of photons absorbed per unit time.

QY __ Transformed Molecules/seconds
N Adsorbed Photons/second

4.9

Thus, acompletely efficient reaction will have aquantum yield of 1, whileaprocessinwhich
absorbed light is entirely dissipated as heat or energy gives a quantum yield of zero. In the
present work, the lamp was used with the most important emission line at 350 nm, with a
photon flux for this wavelength of 3.3477x10'* photons/cm?/s. The quantum yields for the
photocatal ytic reactions of phenol with the different catalysts in different environment i.e.

oxidant are compared.

4.4.1 Quantum efficiency of Au-Pd/TiOzin air

Shown in Table 4.4 is a summary of the initial reaction rates for the photocatalytic
degradation of phenol using air as oxidant and quantum efficiency for the Au-Pd/TiOz in
compressed air. The Initial reaction rate was determine from Figure 4.33 and the quantum
efficiency were calculated as discussed in chapter three. It is clear that the maximum initial
rate of reaction of 1.325x10 'mol/s resulted to a quantum efficiency of 0.202. This valueis

low compared to quantum efficiency values obtained using oxygen and hydrogen peroxide.
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Figure 4.33: Photocatal ytic degradation of phenol over Au-Pd/TiOz in air. The linear fit to

the data represent first-order degradation kinetics
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Table 4.4: Comparison of the photocatalytic rate of phenol degradation in air over Au-

Pd/TiO, catalysts assuming first order kinetics and the corresponding quantum efficiency

Catalyst Rate (x107's?) Quantum Efficiency
1%AU-TiO2 1.325 0.202
0.75%Au.0.25%Pd-TiO> 0.134 0.020
0.5%Au.0.5%Pd-TiO> 0.522 0.079
0.25Au%.0.75Pd-TiO2 0.034 0.00204
0.5%Pd-TiO2 0.873 0.028
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4.4.2 Quantum efficiency of Au-Pd/TiOz2 in oxygen

Shown in Table 4.5 is a summary of the initial reaction rates for the photocatalytic
degradation of phenol and quantum efficiency for the Au-Pd/TiO. in oxygen. The Initia
reaction rate was determined from Figure 4.34 and the quantum efficiency was calculated as
discussed in Chapter Three. It is clear that the maximum initial rate of reaction of 3.385x10

"mol/s resulted to a quantum efficiency of 0.516 for 0.5%Pd-TiOx.

4.4.3 Quantum efficiency of Au-Pd/TiOz2 in hydrogen peroxide

Shown in Table 4.6 is a summary of the initia reaction rates for the photocatalytic
degradation of phenol and quantum efficiency for the Au-Pd/TiO. in hydrogen peroxide. The
Initial reaction rate was determine from Figure 4.35 and the quantum efficiency were
calculated as discussed in Chapter Three. It is clear that the maximum initial rate of reaction
of 3.653x10 'mol/s resulted to a quantum efficiency of 0.557 for 0.5%Pd-TiO,. This is the
biggest quantum efficiency achieved for the Slurry/Suspension photoreactor in thiswork due

to the dual role of hydrogen peroxide in the reaction as electron acceptor and as oxidant.

171



2.0
Catalyst
15{ —® 1%Pd-TiO2 Pad
' —B— 05%Pd-TiO2 A
LO%AU-TIO2 d
~ —A - 0.25%Pd 0.75%Au-TiO2 -
§ 0.5%Pd 0.5%AU-TIO2
< —4— O.75%Pd 0.25%-TI02 g
~ 109 4 P5Degusa
g
£
o
0.5
0.0
I I I I I I I
0 20 40 60 80 100 120
Time (Min)

Figure 4.34: Photocatal ytic degradation of phenol over Au-Pd/TiO- in oxygen. The linear fit

to the data represent first-order degradation kinetics

172



Table 4.5: Comparison of the photocatalytic rate of phenol degradation in oxygen over Au-

Pd/TiO, catalysts assuming first order kinetics and the corresponding quantum efficiency

Catalyst Rate (x107's?) Quantum Efficiency
P25 Degussa 1.030 0.157
1.0%AU-TiO 1.887 0.288
0.75%Au.0.25%Pd-TiO> 1.873 0.286
0.5%Au.0.5%Pd-TiO> 1.173 0.180
0.25Au%.0.75Pd-TiO2 1.337 0.204
0.5%Pd-TiO2 3.385 0.516
1.0%Pd-TiO2 2.916 0.445
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Figure 4.35: Photocatal ytic degradation of phenol over Au-Pd/TiOz in hydrogen Peroxide.

The linear fit to the data represent first-order degradation kinetics.
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Table 4.6: Comparison of the photocatal ytic rate of phenol degradation in hydrogen peroxide

over Au-Pd/TiO> catalysts assuming first order kinetics and the corresponding quantum

efficiency
Catalyst Rate (x107s?) Quantum Efficiency
1%AU-TiO2 2.113 0.322
0.75%Au.0.25%Pd-TiO> 1.218 0.186
0.5%Au.0.5%Pd-TiO2 1.685 0.257
0.25Au%.0.75Pd-TiO2 1.017 0.155
0.5%Pd-TiO> 3.653 0.557

175



4.5 Product Analysisand Reaction M echanism

The HPLC and GCMS analysis performed during the photocatal ytic reaction revealed that,
irrespective of the catalyst and the oxidant used, the primary reaction intermediates are
single-substituted hydroxyl derivates, indicating that HO: radicals are the key species
involved in the oxidation process. Catechol and hydroquinone were detected as main
intermediates, which is in agreement with the orientating properties of phenol’s hydroxyl
group. Photocatal ytic oxidation of benzene-substituted substrates containing electron donor
groups, such as phenol, generate ortho and para mono-hydroxyl derivatives as primary
intermediates (Palmisano et al., 2007). Trace concentrations of benzoquinone (in equilibrium
with hydroquinone) were aso detected. Thus, a simplified reaction mechanism is proposed
in Figure 4.36. Typicaly catechol was observed to emerge within the first 20 min of the
reaction there was also noticeable change in color of the reaction solution to light brown and
the solution became colourless as the reaction proceeded. Thereafter, hydroquinone started
to evolve. This observation is independent of the ratio of the metal and type of the metal
deposited on the P25 Degussa. The photodegradation of phenol is noticeably faster over Au-
Pd/TiO- than over the undoped P25 Degussa. It was note that 60% of the phenol molecules
were decomposed within 20 min of the reaction using the mono-metallic Au-Pd/TiOz,
whereas only 45% could be oxidized when using P25 TiO- irrespective of the reaction
oxidant. The photocatalytic decomposition of phenol in the presence of Au-Pd/TiO:
photocatalystsisillustrated in Figure 4.36. Phenol can undergo adirect ring opening process
or an indirect ring cleavage process, where the hydroxylated phenolic intermediates and its
oxidized form, mainly hydroquinone, and p-benzoquinone, are generated by the nonselective

attack of -OH radicals (Zazo et al., 2005).

176



OH OH OH
Au-Pd/TiO, OH
o +
UV/O,/H,0,/Air
Catechol o OH
Phenol p-Benzoquinone Hyroquinone
. +
HO™ | h
/\
4
H COOH
(0]
o\ OH o
: \\ + M€ + + )k
HO o] oOH H OH
H COOCH
Oxalic acid Acetic acid ; ; i i
Maleic acid Formic acid
\ Y
HO | h*
CO, * H,0

Figure 4.36: Simplified mechanism for phenol photocatal ytic degradation.

177



All these intermediates can eventually be oxidized to CO; via various sub intermediates
following the ring-opening processes (Mokrini et al., 1997). Alternatively, photoinduced

electron/hole pairs can also partigiipate in the redox reaction described by

Benzoquinone + 2e~ + i2H* i hydroquinone + H,0 4.10
hydroquinone + 0.50, kil Benzoquinone + H,0 4.11

Eq. (4.10) and Eq. (4.11): where ksn and kug are the rate constants for benzoquinone
reduction and hydroquinone oxidation, respectively. It was reported by Su (2012), that in
phenol photocatal ytic decomposition, a minimum of seven oxygen molecules is required to
fully oxidize a single phenol molecule and 28 electrons are necessary for this oxidation
process. The optimum efficiency is only reached if all the photogenerated electrons
participate in the oxidation of phenol and its intermediates. If, however, electrons are
consumed by the benzoquinone reduction reaction Eq. (4.10), the overal efficiency
decreases. Even worse, benzoquinone that has unintentionally been reduced to hydroquinone
has to be oxidized again, which consumes two electrons more than required by the direct
oxidation of benzoquinone. Thus, with each undesired benzoquinone reduction four electrons
are wasted. If the kinetics of the benzoquinone reduction is faster than, for example, the
oxygen reduction process, the consumption of photogenerated radicals by the redox couple
B/H will probably dominate. In the worst case, the degradation efficiency will decrease
severely and could even vanish. In the case of P25, photo-oxidized benzoquinone produced
from phenol or hydroquinone is rapidly reduced to hydroquinone using the photogenerated

electrons, which results in the observed accumulation of hydroquinone. This redox reaction
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rapidly consumes both free electrons and oxygen in an ineffective manner, and consequently
inhibits the overall photodecomposition efficiency. Conversdly, the accumulation of
benzoquinone observed in photodegradation experiments using metal decorated TiO2 can be
associated with the strongly depressed ksn, which suggests that a lot less free electrons and
oxygen molecules have been consumed in the redox reactions, thus resulting in an
improvement of the overall photo-oxidation efficiency of phenol. Ring-opening of the
aromatic intermediates leads to the formation of organic acids which were confirmed by the
use GC-MS. As a result, the pH of the reacting solution decreases in the middle of the
reaction, although the pH later increased slightly toward 100 min of the reaction which aso
signify the decomposition of the organic acids. The organic acids are intermediates and/or
final oxidation products. Maleic, acetic, and formic acids were the earlier and more abundant

products of the acid formation stage, oxalic acid was appearing at alower rate.

4.5.1 Photocatalysiswith P25 and 0.5% Pd-TiO2 using trickle bed mode

The photo-response and photocatalytic efficiencies of the bimetallic (Au-Pd) and mono-
metallic transition metals doped titanium(lV) Oxide using gold, palladium, iron, and copper
where tested using phenol as a probe molecule in the presence of compressed air, oxygen and
hydrogen peroxide as Oxidants with the Surry/Suspension Batch mode. From the
experiments conducted, it was observed that the 0.5%Pd-TiO- is the most photocatalytic
active catalyst in the photocatalytic degradation of phenol in oxygen under the reaction
conditions used as mentioned in the previous sections. In order to achieve the main aim of
the research in developing a pilot wastewater treatment plant which worked in a continuous
mode, the experiment was conducted using the 0.5%Pd-TiO> catalyst using the Trickle Bed

system in continuous mode. In the Trickle bed system 1g of pelletized catalyst was used, the
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oxidant used isoxygen with aflow rate of 15 Sccm (Standard Cubic Centimeters per Minute).
The flow rate of the phenol solution from the reservoir is 0.083ml/min and the recycled
phenol solution on the catalyst bed flows at 3ml/min. The detailed description of the
experimental set up was explained in sectioned 3.5.8. More aso the results of the
experiments are presented in Figure 4.37, the results showed that the phenol conversion
efficiency of 0.5%Pd-TiO> was 70.3% which remained stable in 48h. Similarly, inthetrickle
bed system when P25 was used with oxygen 71.9% conversion was obtained in 48h, but
when P25 was used on the Trickle Bed reactor in the presence of hydrogen peroxide as the
oxidant 99.5% conversion was obtained in 24h. The results from these experiments show that
increasing the contact time between the phenol and the catalyst in the presence of sufficient
oxidant promoted the photocatalytic degradation of phenol. These aso indicate that the
conversion of phenol to CO2 and H20 using the catalysts prepared is limited by Mass transfer
and the availability of oxidant. Mass transfer limitation easily occurs in immobilized
photocatalytic systems (Ollis et al., 1991; Ray and Beenackers, 1997). These results
supported the fact that the rate of phenol mineralization using 0.5%Pd/TiO. photocatalyst
was affected by the deposition of intermediates on the surface of the catalyst. These
intermediates form a kind of polymeric hydrocarbons on the surface of the catalyst which
tend to deactivate the catalyst by poisoning the catalyst active surface, also the active metals
are dightly leached into the reacting solution. This was proven when P25 was used for the
same reaction in the presence of insufficient supply of UV light. Only 67.2% conversion of
phenol was obtained in 47 h which was attributed to the reduced rate of photocatalysis due
to reduction in quantum yield (the number of molecul es converted relative to the total number

of photons incident on the reactor walls).
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Figure 4.37 Phenol photocatalysis in oxygen and hydrogen peroxide with 0.5wt%Pd-TiO-
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The used catalysts was subjected to Temperature Program Oxidation (TPO) and Diffuse
Reflectance Infrared Fourier Transformed spectroscopy (DRIFTS) so that the amount of
carbon deposited on the catalyst can be determine and the type of functional groups and
hydrocarbons. The TPO result indicated that the carbons on the surface of the catalyst are not
coke, which implies that the catalyst can easily be regenerated at atemperature range of 200-

350°C.

4.5.2 TPO of theused catalyst after using on trickle bed system

The photocatal ytic mineralization of phenol to CO. and H2O involves the formation of some
polymeric species and straight chain hydrocarbons as intermediates which tend to remain on
the surface of the Catalysts as shown on Figure 4.38 and 4.39. From the results obtained in
the TPO anaysis some of the hydrocarbons tend to form a kind of carbonaceous compounds
on the catalyst surface thereby deactivating the catalyst. The TPO anaysis was used to
guantify the carbon deposited on the catal yst during the photocatal ytic degradation of phenal.
The loss of catalyst activity due to the accumulation of hydrocarbon deposits from the
polymeric species and the unmineralised intermediates makes it necessary for regeneration
of the catalyst. The plot of CO2 evolved during the TPO is shown on Figure 4.38. In order to
optimize and properly design the regeneration of deactivated catal ysts, knowledge of the coke
burning kinetics is highly desirable (Sanchez et al., 2009). From the pictures of the catalyst
taken in the course of the photocatalytic oxidation of phenol as shown in Figure 4.39. It is
evident from (B 1,2) that hydrogen peroxide is a good oxidant in photoxidation reaction by
promoting the complete mineralization of time evolution Intermediates species that are form
in the reaction. The P25 catalyst used in the reaction in the presence of hydrogen peroxide

show a compl ete conversion of phenol to CO» and the catal yst retaining it color which proved
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Figure 4.39: Picture of catalyst bed: (A 1) fresh P25. (B1) P25 in H2O, with Trickle bed (C1)
P25 in oxygen with Taylor flow (D1) P25 in oxygen and less UV light with Trickle bed (E1)
P25 in oxygen and sufficient UV light with Trickle bed (F1) 0.5%Pd-TiO in oxygen with
Taylor flow. The Picture tags (2) are the same sample dried at 120°C overnight after the

experiment
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the presence of limited species deposited on the surface of the catalyst. On the other hand,
the inhibition of TiO, arose as a consequence of surface modification of titania upon
interaction with H2O» (Pelizzetti et al., 1991). Theresult of the TPO analysisisaso presented
in Table 4.7 show the amount of hydrocarbons on the surface of the catalyst and the
temperature at which the carbons are evolved as CO». This could be related to the yellow
color of the catalyst observed at the end of the reaction, in contrast to initial white color,
likely due to formation of surface peroxo complexes like Ti(O)2(OH)2 and Ti(OOH)(OH)s,
which are known to inhibit the photocatalytic activity (Marugan et al., 2007; Chan et al.,
2004; Xiao et al., 2003). When the same reaction was conducted with oxygen in limited UV
light (D 1, 2) there is deposition of species on the surface of the catalyst which tend to
deactivate the catalyst, these was confirmed when the TPO of the used catalyst where
performed. Although the palladium based catalyst which is the most reactive in
mineralization of phenol shows agreat level of instability in the suspension mode which can
be due to leaching or poising of the catalyst with hydrocarbons that are formed due to
incomplete mineralization of the intermediates’ formed in the course of the reaction. These
also explain why the catal ysts become deactivated after the fourth cyclein the photocatalysis
of phenol as reported earlier. To overcome the leaching and deactivation of the
photocatalysts, a new photoreactor was designed using the Taylor flow technique and also

structural modification of the catalyst was also proposed using the microemulsion methods.

4.5.3 DRIFTSof theused and fresh P25 Degussa
To investigate the deactivation mechanism of the catalysts used, the DRIFT of the P25 and
the used P25 in (a) Trickle bed reactor with less UV light, (b) Trickle bed reactor with

hydrogen peroxide as oxidant and (c) Taylor flow reactor with oxygen as oxidant was done,
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Table 4.7: The amount of carbons on the surface of the catalyst and the temperature at which

the carbons are evolved as CO»

Catayst Temperature (°C) Amount of Carbons (%)
P25 with Oxygen 285 33.6
P25 with H20» 232 21.2
0.5wt%Pd-TiO2 with Oxygen 300 47.9
0.5wt%Pd-TiO with lessUV light 314 78.1
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after the photocatal ytic degradation reaction of phenol with the catalyst, which was dried at
120°C overnight. The catalyst was used for the ex-situ DRIFT analysisto analyze the species
deposited on the catalyst surface. Common to all spectra is a broad band located between
2500 and 3800 cm'?, attributed to the stretching vibrations of hydrogen-bonded surface water
molecules and hydroxyl groups (Brownson et al., 2005). This is confirmed by the presence
of some weak bands around 1620 and 1685 cm™* caused by bending vibration of coordinated
water as well as from the Ti—-OH group (Gao, et al., 2004; Jere and Patel, 1962). The results
are compared with that of the fresh catalyst, as shown on Figure 4.40. The P25 catalyst used
in the Trickle Bed reactor in less UV light shows peaks at (i) 1261.40cm™ which is due to
primary and secondary -OH Plane bending, from the intermediates of the phenol photo-
oxidation, (ii) 1387.49cm which is due to C-C bending caused by the deformation of CH>
and CHs. (iii) 1421.57cm™ thisis as a result of -C —O-H bending from the carboxylic acid
and derivatives formed before the final mineralization of phenol to CO- also the peak isasa
result of O-H in plane bending from phenol and (iv) 3687.80 cm™ due to phenol OH
stretching. The P25 catalyst used in the Trickle bed reactor with hydrogen peroxide shows
only one distinct peak at 1421.57cm™. This is as a result of —-C-O-H bending from the
carboxylic acid and derivatives formed before the final mineralization of phenol to CO>. The
result of the P25 using the Taylor flow reactor in the presence of oxygen as oxidant shows
al the peaksthat correspond with the result obtained with the system in less UV light except
for the peak at 3098.98cm ™ which isdueto = C-H and =CH_ stretching also from derivatives
of the carboxylic acid formed. This is indicative of the presence of carboxylate species

strongly bonded to the catalyst (Coates, 200; Dick et al., 2003).
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4.5.4 DRIFTSof theused and fresh 0.5% Pd-TiO2

The DRIFT spectrum of the 0.5%Pd-TiO» catalyst both fresh and used catalyst using the
Taylor flow system are compared as shown in Figure 4.41 which revealed a typical pattern
of phenol and carboxylic acid. (a) a peak at 1442.02cm* due to —-C-O-H bending of -COOH
from the carboxylic acid derivatives produced in the reactions, (c) apeak at 1339.78cm™ due
to OH deformation of -COOH, -C-OH bending of phenols and of tertiary acohol; (d) a peak
at 3575.34cm* ascribed to -OH stretching of free OH, because of the polymeric association
of the —OH it is responsible for the shift of the frequency from 3500 to 3575.34cm™. The
DRIFT result obtained support the mechanism of reaction postulated earlier and it also
confirmed by the TPO result obtained. Phenol Photocatalysis with P25, 1%Au-TiO> and
0.5%Pd-TiO» using the Taylor flow mode To overcome the challenge of deactivation of the
photocatal ysts due to deposition of polymeric phenolic species formed on the surfaces of the
catalyst due to unavailability of sufficient oxygen for the photocatalytic degradation of
phenol using the Trickle bed system, anew photoreactor was designed using the Taylor flow
technique. By using the Taylor flow system the photocatal ytic efficiency of the monometallic
palladium and gold on titanium(IV) Oxide catalyst was enhanced by reducing the mass
transfer effect and increasing the availability of the oxygen required for the photodegradation
of phenol. The rate of mineralization of phenol was enhanced through the availability of
oxygen which supports the complete conversion of the intermediates formed during the
photocatalytic conversion of phenol to CO, and water. These were achieved because the
surface of the catalyst was not poisoned with the hydrocarbons which increased the reactivity
life-time of the catalyst to 26h in case of the P25 in the continuous mode and 34h for
0.5wt%Pd-TiO2 and for the 1wt%Au-TiO the reaction rate was slow but consistent for 52h,

Meanwhilefor the 0.5%Pd 0.5%Au-TiO converted 76% phenol and it retain its stability and
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activity for 52h due to its ability to withstand leaching in aqueous phase. More so the
photoresponse of the 0.5%Pd 0.5%Au-TiOzinthevisiblelight region makeit aviable catal yst
for industrial applicationin wastewater treatment as seen on Figure 4.42. It was evident from
the experiment that reusability of the catalyst is strongly affected by the type of reactor and
availability of oxygen controlled by gas-liquid ratio in Taylor flow for the reaction, seeing
that the catalyst can remain active for 48h in the Taylor flow reactor. These results show that
when there is sufficient supply of oxygen for the photocatalysis the deactivation of the
catalyst by poisoning the surface is minimized. Au-Pd alloy formation on the surface helps
to anchor Pd species and stop Pd leaching from TiO, surface. Leaching from the solid to the
liquid phase is a general issue when using solids in heterogeneous catalysis. Particularly in
the case of supported noble metals (Pt, Pd, Au, Ru, etc.) acting as active sites. It is necessary
to establish that the observed catalytic activity is not due totally or partly to minimum traces
of these metals becoming dissolved in the liquid phase. The occurrence of leaching is
typically assessed by analyzing the liquid phase and the solid catalyst after several uses and
by performing some catalytic testsin which the solid is filtered under the reaction conditions
and the supernatant solution particles are surveyed for further conversion in the absence of

solid (Primo et al., 2011)
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4.5.5 Photocatalysisusing 2% Pd@TiO2 on Batch, Trickle bed and Taylor flow

Addressing the leaching of the active metal (i.e. palladium) from the surface of the
titanium(lV) Oxide support, a structural modification of the catalyst was done by using the
microemulsion method in preparing the photocatal yst, this method aimed at placing the active
metal s within the catalyst core instead of depositing it on the surface as in the case of the sol
immobilization method. The photocatalytic degradation of phenol was done varying the
oxidantsi.e. compressed air, oxygen and hydrogen peroxide and aso using the different type
of photoreactor used in the previous reaction. The photocatal ytic degradation of phenol with
2%Pd@TiO2 using (Slurry/Suspension batch mode, Trickle bed system and Taylor flow
system) are shown in Figure 4.43 and Figure 4.44. With the Slurry/Suspension batch mode
using oxygen as oxidant, there was a 24% conversion of phenol to CO2 and water, but there
was a 85% conversion with the Trickle bed system and 97% conversion with the Taylor flow
system, the increase in the photodegradation rate of phenol compared to the val ue obtained
with the Slurry/Suspension batch mode is ascribed to the structural modification made
coupled with the increase in the metal loading from 1-2%, meanwhile the effect of the
different type of photoreactor used also contributed to enhanced photocatal ytic efficiency in
the case of the Trickle bed and the Taylor flow system. On the other hand, few reports have
revealed Ohtani et al., (1997), the photocatalytic activity of amorphous TiO». So far, only
few papers reported the negligible activity of amorphous TiO. by comparison with
commercia crystalline TiO. catalysts, but no interpretation for such behavior was given

(Tanakaet al., 1991).

193



104 @ WV Light
0.94
. 08
S °
3
B 0.7 (]
cC
Q
T °
0.6+ (]
[ )
0.5-
[ ]
0.4 T T T T T T T
0 20 40 60 80 100 120
Time (Min)

Figure 4.43: Photocatalytic degradation of phenol using 2%Pd@TiO2 with the

Slurry/suspension system in oxygen

194



The negligibly low activity of amorphous TiO2 is attributabl e to the facilitated recombination
of electron-hole traps on the surface and in the bulk of the particles. Although afew reports
described the photocatalytic activity of less (or negligibly) crystallized TiO> particles, as
amorphous TiO», prepared by hydrolytic precipitation from titanium (1V) alkoxides. From
this study the remarkable photocatalytic activity of the 2%Pd@TiO2 can be attributed to
palladium, which has facilitate the electron transfer from the TiO> surface to the palladium
present thereby reducing the recombination of the electron-hole pair. More aso this
significant change in the rate of phenol degradation is attributed to the impact of the Taylor
flow system used, which increased the availability of the oxygen needed for the oxidation
reaction. From the previous experiment conducted with the same catalyst in the
Slurry/Suspension Mode it was noted that the reaction is affected by mass transfer effect.
Using the Taylor flow system increased the mass transfer by enabling the complete
mineralization of the phenol. The result on Figure 4.23 shows the effect of photolysisin the
experiment that is the decomposition of the phenol moleculein the presence of UV light and
oxidative species only. From the result obtained it is evident that more phenol is degraded
with hydrogen peroxide compare to oxygen because the hydrogen peroxideisin liquid phase.
Alternating the flow of the phenol solution with oxygen bubble increase the rate of the
reaction, meanwhile, there was no significant difference in the reaction rate between the
Trickle bed system and The Taylor system due to the fact that the both system actualy
increase the mass transfer thus enhance the availability of the oxygen required, but the Taylor
flow system shows that the catalyst is more stable in the continuous mode and give 97%

conversion of phenol to CO..
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On the other hand, comparing the result on Figure 4.45 and Figure 4.23, the results show that
the rate of phenol degradation is increased with hydrogen peroxide as oxidant compare to
oxygen, thisisdueto the fact that hydrogen peroxide inhibit electron-hole pair recombination
thereby increasing the rate of the photocatalytic oxidation of phenol. Actualy, the
photocatal ytic oxidation of phenol is extensively investigated and its degradation proceeded
predominately via-OH radicals (Ilisz and La, 1999). Thus it suggest the Taylor flow system
can enhance the reaction rate by increasing the production of -OH radical in the presence of
oxygen on the surface of the palladium core shell on the titanium dioxide. Figure 4.45 show
that the effect of hydrogen peroxide concentration on the photocatalytic degradation of
phenol using the paladium core shell catalyst support the finding reported by Nam et al
(2002), the result show that H-O- is suitable for trapping electrons by preventing the
recombination of electron (e) and photogenerated hole (h*) pairs, aso, the chances of
formation of hydroxyl radical (-OH) on the surface of photocatalyst are aso increased.
However, in the presence of excess H>O», the phenol degradation decreased due to the
consumption of -OH radicals and the formation of proxyl Radicals (HO?) (Nam et al., 2002).
Therefore, it can be observed that the degradation decreased due to the consumption of “OH
radicals and formation of HO? radicals, which were significantly less reactive than -OH
radicals. Thus, the addition of H20. with a suitable concentration could assist the
photocatal ytic reaction in enhancing the degradation by preventing the recombination of e
and h*. These results give essential and important information for the design and synthesis
of highly active semiconductor photocatalyst using amorphous titanium(lV) Oxide and

palladium which also resolved the issue of leaching in liquid phase photocatal ytic reaction.
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4.5.6 Reusability of 2% Pd@TiO2in Oz and H202 with batch mode

The reusability efficiency of 20Pd@TiO, catalyst on the Slurry/Suspension batch mode
using oxygen and hydrogen peroxide as oxidant are shown on Figure 4.46 and Figure 4.47,
after each run, it was observed that the color of the catalyst turned to black. The change in
color of photocatalyst is due to the accumulation of intermediates on the 2%6Pd@Ti0- surface
and this led to catalyst inhibition. The intermediates form are competing for the active side
on the catalyst surface which leads to a gradua deactivation of the catalyst, aso it was also
discovered that the palladium used in the catalyst are leaching out which is amajor problem
in using paladium catalyst in liquid phase. Therefore, the competitive inhibition of the
catalyst and leaching reduced the photocatalytic activity in the reuse catalyst. But using
hydrogen peroxide showed that more phenal is converted to carbon dioxide due to the ability
of the hydrogen peroxide to remove the intermediates that are bound on the surface of the
catalyst. This was observed during the reaction, because the catalyst used with hydrogen
peroxide are not black in colour but the catalyst used with oxygen are black in color. To
confirm these claims, the Temperature Program Oxidation was done for the used catalyst to
determine the amount and type of hydrocarbon deposited on the surface of the catalyst. It
was found that light hydrocarbons are deposited on the catalyst and they are removed at
310°C. The result also showed that the catalyst can be regenerated when it is deactivated by

competitive inhibition.
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4.5.7 Thermocatalytic oxidation of phenol with P25 on the Taylor flow

Thermocatalytic oxidation of phenol was carried out using the Taylor flow system as
described in the previous Section 3.5.7, pelletized P25 Degussa was used, with oxygen flow
rate of 15sccm, the phenol flow rate from the reservoir was at 0.083 ml/min and recycling
rate of phenol over the catalyst at 3 ml/min. The main goals of these experiments were: (i) to
assess the possibility of combining thermocatalysis (at the temperature range of 54+3°C) and
photocatal ytic destruction of phenol and (ii) depicts the oxidation/destruction of phenol as a
function of maximum contact time (at 12h) and temperature (at 54+3°C) in the dark using
P25 catalyst. These will give the viability of the wastewater treatment plant running for 24h
continuously both in the presence of UV light and in the absence of UV light. From the results
obtained, in the presence of P25 Degussa at 50°C and residence time of 8h, 22.4% phenol
was destroyed. The plot of phenol destroyed with thermocatal ytic oxidation in the presence
of P25 TiO. as afunction of timeis given in Figure 4.48. Comparing the result obtained in
the photocatalysis of phenol using the Taylor flow system with P25, 86.2% conversion of
phenol was attained in 8h. By these it proved that combining photocatalysis and
thermocatalysis at el evated temperatures (50+3°C) complete mineralization of phenol to CO>
can be achieved in 16h. This conserved the time for attaining complete mineralization from
26+2h in the case of using only photocatalysis to 16h; thereby conserving energy from the

UV light source.
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CHAPTER FIVE

5.1 Summary, Conclusion and Recommendation
5.2  Summary and Conclusion

The application of photocatalysis for wastewater treatment and purification on an industrial
scale can be assisted by the development of new photoreactor designs. A good photoreactor
design should meet the following challenges. high ratio of the illuminated catalyst areato the
volume of the reactor; uniform light distribution; fast overall removal rate; high quantum
efficiency; high throughput; low power consumption; and easy scale-up capability. The
complete mineralization of phenol into carbon dioxide and water via Photocatalysisisamajor
challenge for industry and academia. Due to the recent discoveries related to the ability of
Au-Pd/TiO2 in enhancing the photo-response and photocatalytic ability of titanium(lV)
Oxidein the photoxidation of organic pollutant in wastewater, further work into the complete
mineralization of phenol using the (i) Slurry/suspension Photoreactor, (ii) Trickle Bed
continuous flow system and (iii) The Taylor flow Photoreactor with Au-Pd/TiO> was the
central focused of this study and has been addressed in this PhD thesis. The research intends
to develop apilot waste water treatment plant which work with the principle of photocatalysis
using both UV-Visible light source. Phenol is being used as probe molecule in agueous
solution. The plant was optimized for efficient wastewater treatment, which operates

continually for 52h to obtain complete mineralization of phenol.

In addition, environmentally benign catalysis has been also focused on these studies. An area
of heterogeneous catalysis including catalyst characterization, product anaysis and

validations, proposed reaction mechanisms and key reaction parameters for controlling
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activity were briefly covered in thisthesis. It is clear from the work outlined in the preceding
chapters that the photocatalytic degradation of phenol was successfully carried out using
heterogeneous Au and Pd based catalyst. In Chapter 4, a section was focused on the
characterization of the Photocatalyst prepared. The formation of presence Au-Pd alloy in
catalyst was confirmed by XRD, TEM/EDX, TPR and ICP-OES analysis, respectively and
other techniques like BET, DRS, DRIFTS, and TPO were also used in the characterization
of the catalyst. Preliminary experiments were done using the Slurry/Suspension batch mode
using the transition metals doped TiO> to improve the photo-response and photocatalytic
properties of the catalyst prepared, These was used as a guide to the reactor design and
provide the comparison basis for the evaluation of the reactor in three smpler reactors
including a Slurry/Suspension reactor, Trickle Bed reactor and Taylor flow continuous
reactor. The Slurry/Suspension batch reactor was used to calculate rate of reactions in three
types of Oxidant (i.e. compressed air, oxygen and hydrogen peroxide) and the quantum
efficiencies of each catalyst prepared and also identifies the intermediates of phenol
photocatalytic degradation by HPLC and GC/MS analysis and postulated the reaction
mechanisms. Phenol is completely mineralized using the Taylor flow system with 0.5%Pd-
TiO2 and P25 in 12h and the catalysts remain stable for 52h without producing other stable
intermediates products, whereas phenol photocatalytic degradation using the
Slurry/suspension and Trickle Bed mode only shows partial mineralization which becomes a
limitation of the heterogeneous photocatalytic degradation of phenol. Experimental results
showed two orders of magnitude higher quantum efficiency and comparable overall rate
constant with the 0.5%Pd-TiO- in oxygen with the Slurry reactor compared with the other
bimetallic and their monometallic catalyst, which suggested that the palladium doped TiO-

appropriately have potential in photocatal ytic waste water treatment.
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The presence of metal in metallic state especially Pd was identified to accelerate the
photocatalytic decomposition of phenol subsequently increase the catalytic activity of
palladium mono metallic catalyst. Synergistic effect of Au and Pd proof the enhancement of
catalyst stability towards leaching compared to its photocatal ytic activity when comparing to
mono catalysts. Further the photoxidation of phenol with different Au/Pd metal ratio
supported on TiO2 in different oxidant was also studied to see effect of oxidant. Thisreveaed
that the addition of Pd to Au significantly enhance photo-response and stability toward
deactivation towards leaching compare to the catalytic performance in the different oxidant
by obtaining the same pattern in all reactions The effects of oxidant type, different metals
dopant, and the phase transformation of TiO> (anatase and rutile) and the types of reactor
design were investigated. The results showed that hydrogen peroxide is the best oxidant due
to the dual roleit is playing in the photocatalysis of phenol in generating the active radicals
used in the oxidation reaction and also its ability to reduces recombination rate of the
electron-hole pairs, but due to economic consideration oxygen was used to optimize the
Taylor flow system, mass transfer effects could not be completely eliminated in the

continuous mode due to the difference in phase between the oxygen and phenol solution.

The catalysts reusability was tested and it shows a good data when it does not change
significantly in conversion during which 4 runs of the reaction was performed for the same
catalyst. From thisdata, it is believed that the use of this catalyst isvery useful becauseit can
be reused many times in the photoreactor also when the TPO of the used catalyst was tested
it shows that the carbons deposited on the catal yst surfaces can be regenerated at 350°C thus

itisagood catalyst to be used in the wastewater treatment plant.
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Using the Slurry/suspension mode a major problem was encountered with the process, the
catalyst are leaching the active metals used in the modification of the TiO, addressing this
challenge lead to structural modification of the catalyst by using the microemulsion methods
to place the active metals within the core of the TiO- instead of the surface of the catalysts.
The core shell 29%Pd@TiO- prepared was used both in the three types of reactors and in the

different oxidants mentioned earlier.

The Taylor flow reactor was used to evaluate the rate of thermalcatalysis of phenol in the
dark to test the viability of the wastewater treatment plant running for 24h by combining

photocatalysis and thermal catalysis.

In a nut shell, this work produced a novel continuous flow micro photoreactor, which
employed Taylor flow system designed to reduce the mass transfer limitation between
oxygen gas and phenol solution, the reactor has the inherent advantages of a fixed-bed

catalyst design to increase the reaction efficiencies over the Slurry batch reactor.

5.3 Recommendation for Future Work

Further investigations are possiblefor all fields explored in thisthesis. Brief recommendation

are shown below:

It was demonstrated in this study that supported Au-Pd nanoparticles catalysts were used to
successfully oxidized phenol to CO> and water using hydrogen peroxide and oxygen as
oxidant. However, it isimportant in the future study to utilize the effect of anions and cations
on the same oxidant in the same reaction with the catalyst and it is possible to achieve by
tuning the reaction conditions and morphology as well as characteristics of metal supported

catalysts.

207



It has been proved in this study that Au-Pd supported catalysts are capable in oxidizing other
aromatics compounds using oxygen. Therefore another step could be taken to further study

the Au-Pd system for other aromatics products like pesticides.

The possible used of another characterization technique such as STEM could further help in
identifying the nature of developed catalyst especially on Au-Pd supported systems,
combination between STEM, XPS and XRD data might give a clear picture on any possible

formation of alloy and also the average particle size of metal.

Concerning the kinetic aspect, the photodegradation by using TiO2 or modified TiO2 usually
has the pseudo-first order kinetic based on the Langmuir-Hinshelwood law (LH). Hence, it
is recommended that the substrate concentrations be varied and calculate the rate values in
each concentration by plotting between 1/r and 1/c Then both the rate constant (k) and the

adsorption equilibrium constant (Kag) will be obtained (Sano et al., 2008)

It has been proved in this study that the Taylor flow system isagood photo reactor for thermal
catalysis of phenol, further study need to be done in simultaneous combination of

photocatalysis and thermal catalysis which will aso need some reactor modification.

In-depth research should be carried out to focus more on Taylor flow system by using other

variables like phenol flow rate and oxygen flow rate and using the solar radiation.
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