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ABSTRACT

Photocatalysis process, as an environmental application is an advanced oxidation process with
tremendous potential in the near future. Previously many researchers, have conducted
photocatalysis in different reactor configuration using TiO; slurry and thin film, using a UV light
source, the constraints for these reactors are the need for the removal of TiO; particles at the
outlet stream in a slurry reactor and poor environment for the efficient use of TiO, film using UV

light, as the UV light penetration depth in water is about an inch*.

Taking all this into consideration, we propose a design for reactor with efficient contact of the
aqueous phase to the TiO, film so that UV light doesn’t need to penetrate through water, the
TiO, particles need not be removed from the outlet stream of water. The wok involves the
deposition of TiO, on quartz tubes with TiO, and TiO,-Fe doped film by sol-gel and ESA
(electrostatic self assembly) method and testing the performance of the coated film in proposed

photocatalytic reactor in degradation of congo red, KI and Nitro phenol.
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1 INTRODUCTION



1.1 Introduction

Water is a daily necessity in every industry and domestic life. The industrial effluent is often
contaminated with organic and inorganic materials. These effluents need to be treated before
being released into the lakes/rivers or being reused. Wastewater treatment is becoming ever more
critical due to diminishing water resources, increasing wastewater disposal costs, and stricter

discharge regulations that have lowered permissible contaminant levels.

Currently, most water treatment methods such as separation processes can remove most of the
contaminants, but they remove the hazardous compounds without decomposing them into non-
hazardous compounds. The hazardous compounds need to be treated further before discharging

them to biological processes that can decompose them.

In the past 10 years, there has been considerable research and commercial interest in the use of
advanced oxidation processes (AOP) for the treatment of organic contaminants in liquid and gas
phases’™*°. Advanced oxidation processes are essentially reactions that utilize oxidants to destroy
contaminants in liquid and gas phases® such as ozonation, hydrogen peroxide and hydrogen with
UV light treatment. The advanced oxidation process (AOP) has been successfully used to
decompose many hazardous chemical compounds to acceptable levels, without producing
additional hazardous by-products or sludge which requires further handling??. The term advanced
oxidation processes refers specifically to processes in which oxidation of organic contaminants
occurs primarily through reactions with hydroxyl radicals. AOPs usually refer to a specific

subset of processes that involve O3, H,0,, and/or UV light:



e Ozonelultraviolet light (Os/UV)

e Hydrogen peroxide/ozone (H,0,/O3)

e Hydrogen peroxide/ozone/ultraviolet (H,0,/03/UV) processes
The most widely applied advanced oxidation processes (AOP) have been based on
peroxide/ultraviolet light (H,O»/UV)'.The processes have shown considerable potential in the
treatment of recalcitrant®® as well as organic pollutants as diverse as humic substances and

textile dye waste®"®,

Among the several available advanced oxidation processes, photocatalysis has been more
efficient in the generation of OH* radicals in water without generation of any byproducts, and no
direct reaction of the catalyst™® has been observed. Sseveral semi-conducting oxides have been
investigated as potential photocatalysts. The ideal material for the photocatalytic application
must be photoactive, photo stable, biologically or chemically inert and inexpensive'3#*°. There
are semi-conducting materials such as TiO,, SnO,, ZnO,*, CdS, and WO; which are currently
used as photocatalysts. TiO, among these photo catalysts is very attractive because the price is

relatively cheap and it is chemically stable™.

Advantages of Advanced Oxidation Processes
e Rapid reaction rates**
e Small foot print(equipment size).

e Potential to reduce toxicity and possibly complete mineralization of organics

treated™?2.


http://www.spartanwatertreatment.com/advanced-oxidation-UV-Ozone.html
http://www.spartanwatertreatment.com/advanced-oxidation-UV-Ozone.html
http://www.spartanwatertreatment.com/advanced-oxidation-peroxide-ozone.html
http://www.spartanwatertreatment.com/advanced-oxidation-peroxide-ozone.html
http://www.spartanwatertreatment.com/advanced-oxidation-UV-peroxide-ozone.html
http://www.spartanwatertreatment.com/advanced-oxidation-UV-peroxide-ozone.html
http://www.spartanwatertreatment.com/advanced-oxidation-UV-peroxide-ozone.html
http://www.spartanwatertreatment.com/advanced-oxidation-UV-peroxide-ozone.html

e Does not concentrate waste such as in membranes process, which need further
treatment.
e Does not produce materials that require further treatment such as "spent carbon™ from
activated carbon absorption®??,
e Does not create sludge as with physical chemical process or biological processes
1,22

(wasted biological sludge)™.

¢ Non selective pathway allows for the treatment of multiple organics at once

Disadvantages of Advanced Oxidation Processes
e Capital Intensive
e Complex chemistry must be tailored to specific application

e For some applications quenching of excess peroxide is required

The selection of a specific advanced oxidation process is application dependent based on the type
of compounds to be removed, treatment objectives, concentrations, site considerations and

budget, etc.

For example, for higher COD removal rates, UV/Ozone/Peroxide/Catalyst systems can be more

effective as illustrated below?.



Table 1-1. COD removal percentage (%) using various AOP process.

Process
H,0,/O3/Catalyst Os/UV/Catalysts | H,O,/0O3/UV/Catalyst

COD Removal % 30% 49% 59%

Advanced oxidation processes are designed to both efficiently produce and use hydroxyl ions for
oxidation. They have a wide range of applications mainly for oxidation of refractory compounds,
TOC and COD reduction %3

o gas effluent treatment

« water reclaim / reuse / recycling

« drinking water supplies

e industrial & municipal wastewater

e process water, ultra-pure water

o electronic & pharmaceutical industries

e cooling water systems

o fish hatcheries and farm

AOP acts on organic compounds in water by converting one compound into another, and
thereby reducing the toxicity and breaking down of the organic compound to CO; and inorganic

salts>©,

In some cases, discharge permits simply require conversion from a compound of
interest to another compound that is not covered by the permit?’. For example, some permits

require taking phenol to a fraction of a ppm. In other cases, permitting authorities require the



toxicity of the compound/wastewater to be reduced prior to discharge. In some cases,

mineralization is needed as measured by a reduction of TOC.

1.2 Photocatalysis Reaction Mechanism
The basic mechanism of the photocatalysis involves using the light energy by means of
photocatalyst to degrade (oxidize) the organic compounds. So, the photocatalyst TiO, is not

being consumed during the process.

When a photon is absorbed by TiO; particle, the electron in the valence band of the TiO,
particle moves to the conduction band and hole in the valence band absorbs the electron from a

hydroxyl radical.
TiO,+hv > h'+e
h*+OH = OH’
e+0,2> 0,

Organic Compounds + OH* - CO, + H,0 + etc.

In the photocatalysis*>?

process the hole-electron pair is formed when a photon of energy
equivalent to the band-gap of the semi conductor strikes the semiconductor TiO,. The hole
receives an electron from OH" radical forming OH* and, in oxygenated environment, an O,

molecule absorbs the electron in the valence band forming O, , and thereby TiO, changes back



to its original state to absorb another photon. The OH* radical is used in oxidation process of

organic molecules and O’ is used in the reduction process.

The factors that are significant are discussed in later chapters includes the reactor configuration,
Ti02 film coating/ deposition, experimental design and results, and computational fluid dynamic

model of the reactor.

1.3 Advanced Oxidation Process and Photocatalysis
An advanced oxidation process involves oxidizing species of higher potential compared to the
normal oxidation process. The capability of the oxidizing species depends on the oxidation

potential of the oxidizing species.

Advanced oxidation processes generally involve generation and use of powerful oxidizing
species, primarily the hydroxyl radical (OH*)'"*%; in some advanced oxidation processes, singlet
oxygen or O (1D) has also been identified as the dominant oxidizing species. Table 1-2 shows
that OH* has one of the highest! oxidation potential which is perhaps why OH* based oxidation
processes have gained much attention of many advanced oxidation technology/process
developers for implementation. In addition to that as shown in Table 1-3, most environmental
contaminants react much faster' with OH* compared with Os. OH* can be generated by both
photochemical processes (ultraviolet [UV] radiation or in combination with O3z, H,O,, or a photo
sensitizer) and non-photochemical processes (electron beam irradiation Oz in combination with

H,0,, or Fenton’s reagent).



Table 1-2. Oxidation potential of several oxidants™? in water

Oxidant Oxidation Potential (eV)?
OH* 2.8
O (1D) 2.42
O3 2.07
H,0, 1.77
Perthyroxy radical 1.7
Permanganate lon 1.67
Chlorine dioxide 1.5
Chlorine 1.36
O, 1.23

Table 1-3. Rate constants’ for O3 and OH* reactions with organic compounds in water.

Rate Constant (MS™)

Compound Type O3 OH*
Acetylenes 50 10® to 10°
Alcohols 10%to 1 10 to 10°

Aldehydes 10 10°
Alkanes 10” 10° to 10°
Aromatics 1 to 10? 10® to 10%°
Carboxylic acids 102 to 10 10’ to 10°
Chlorinated alkenes 10 to 10° 10° to 10™
Ketones 1 10° to 10%°
Nitrogen-containing organics 10 to 10° 10® to 10%°
Olefins 1 to 450 *10° 10° to 10™
Phenols 10° 10° to 10™
Sulfur-containing organics 10to 1.6 *10° 10° to 10™




AOP technologies can be broadly divided into the following groups:
1) Vacuum ultraviolet (VUV) photolysis

2) Ultraviolet (UV)/Oxidation processes

3) The Photo-Fenton

4) Sensitized AOP processes.

1.3.1 VUV Photolysis

Photolysis™? of water by using UV radiation of a wavelength shorter than 190 nanometers yields
hydroxyl radical OH* (oxidizing agent) and hydrogen radicals H' (reducing agent). Contaminants
in water and in a relatively high-humidity air stream can be degraded through oxidation by OH*

and reduction by H',

1.3.2 UV/Oxidation Processes
This processes generally involves generation of OH* through UV photolysis™? of conventional
oxidants hydrogen peroxide (H20;) and ozone. Both UV/H,O, and UV/Os; processes are

commercially available and have been successfully implemented™?.

1.3.3 Photo - Fenton Processes

In this process generation of OH* is achieved by decomposition of H,O, using ferrous ion/ferric
iron (Fe (11))/ (Fe (111))*? under the acidic conditions. The rate of removal of organic pollutants
and the extent of mineralization using the Fe (11)/H,0, reagents are improved considerably by

irradiation with near UV radiation and visible light.



1.3.4 Sensitized AOP processes
Sensitized AOP processes, are broadly categorized as dye sensitized and semiconductor
sensitized processes. In a dye-sensitized AOP process, visible light is absorbed by a sensitized

1,2, 10-15

dye and it excites the dye molecules to a higher energy state. The excited dye molecule
then transfers some of its excess energy to other molecules present in the waste stream, which
results in a chemical reaction. When dissolved oxygen in water accepts energy from the excited
dye molecule, the dissolved oxygen is converted into singlet oxygen (O), a powerful oxidant.

In a semiconductor?1%1®

sensitized AOP process, metal semiconductors are used to
destroy/degrade the environmental contaminants by means of light-induced redox reactions.
These reactions involve generation of hole-electron pair by the transfer of electron from valence
band to the conduction band by absorbing UV irradiation in semiconductor materials such as

titanium dioxide (TiOy). In this process, the formation and availability of OH* can be maximized

by the addition of oxidants such as H,O, and Os.

In order for photocatalysis to be used commercially, design of the reactor plays a significant role
for maximum utilization of UV light by photocatalyst particles. The reactor design also should

be able to provide interface for the contact of the photocatalyst and the contaminant.

It is better for the photocatalyst to be immobilized to avoid the complicated separation of
ultrafine photocatalyst particles from the treated water. Since the reaction takes place only on the
surface of the photocatalyst illuminated by UV light, the effective sites in a photocatalytic

reactor are those places where photocatalyst, UV light and reactants exist at the same time. By

10



using the immobilized photocatalyst a uniform distribution of the UV light can be made on the
photocatalyst surface by proper design of the light source to illuminate uniform intensity across
the photocatalytic surface. The constraint of limited UV light penetration depth must be taken

into consideration in the reactor design, as UV light cannot penetrate more than 2-3cm in water.

1.4 Photocatalysis

A photocatalyst'®?

IS substance whose function is activated by the absorption of a photon (light
energy). It appears in the rate expression describing a reaction without appearing in the

stoichiometric equation of the reaction.

Organic Pollutant + O, "M *pPhoclys) - co, + H,0 +....

One can induce organic redox reactions photochemically with either organic or inorganic

catalysts.

- - +
TlOZL e + h (Photogenertion of electron and hole pairs)

h+ + Hzo 9 OH‘ + H+(Formation of radicals)

e+ 0, 20,

The UV light of wavelength less than 385 nm, which corresponds to a band gap (band gap is the
energy required to excite the electron from the valence band to the conduction band) of 3.2 eV is

used in the excitation of TiO, molecule in photocatalysis process.

11



A wide variety of chemical compounds (organic and inorganic compounds) are being

10-15

successfully treated using photocatalysis as listed by the EPA’. The list of compounds

includes priority pollutants, air toxics as compiled by the EPA.

1.4.1 Significance of TiO;

The oxide of choice is TiO, because it is inexpensive, non-toxic, and does not undergo
photocorrosion®. From the band gap perspective, absorption of a near UV photon (wavelength,
385 nm) is regarded as exciting an electron from the valence band to the conduction band as
shown in the Figure 1-2'°. TiO, is the most commonly used among all the photocatalysts;
Considerable research has been done in use of TiO, photocatalyst in degradation of organic

compounds®.

1.4.1.1 Structure
Titanium dioxide is used as photocatalyst in two crystallographic structures™: rutile and anatase
(Figure 1-3). In both structures, each titanium ion is at the center of an oxygen octahedron. In the

rutile form, the oxygen ions form a slightly distorted hexagonal compact lattice.

12
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Figure 1-1. Band gap of Figure 1-2. Anatase and
TiO,"**®¥ (R=reductant) Rutile™*®!° TjO, Structure'®

In the anatase form, the oxygen atoms form a CFC (face centered cubic) lattice. In both
structures, each oxygen has three coplanar neighbor titanium cations. But in rutile, the three Ti-
O-Ti angles are roughly equal to 120°. In anatase, on the other hand, one of the Ti-O-Ti angles is
about 180° while the two others are close to 90°. Because of the Hall mobility difference, the
movement of electrons in the anatase structure is easy compared to rutile. This makes the anatase
form more favorable for photocatalysis, as the electron from the conduction band in anatase
phase reaches the valence band (surface of the TiO, particle) more easily when compared to
rutile phase. The anatase TiO, was observed to be more effective® when compared to rutile TiO,
and there was difference in the reaction rates from anatase TiO, and rutile TiO; in degradation of

organic contaminants™.

Anatase form is preferred™*® when compared to the rutile form in the photocatalysis process. It
has been observed®® during the synthesis of the TiO- particles, the anatase particles are formed

when the particles are calcined at temperatures ranging from the 500-900 °C.
13
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Table 1-4. Selected physical properties of rutile and anatase TiO,

Rutile Anatase
Band gap energy 3.03 eV 3.2eV
Hall mobility 0.1 cm?/(Vs) 4 cm?/(Vs)

1.4.2 Oxidation-Reduction Reactions
At this point, | would like to go into slightly greater detail concerning the photocatalytic

reactions occurring on the surface of titanium dioxide.

The reaction starts with the absorption of light by the titanium dioxide, which results in two
types of carriers: electrons (¢”) and holes (h*) are generated due to the transfer of an electron
from the valence band to the conduction band. In most materials that are electrically conductive,
i.e, metals, the bands overlap so they are never separated. On semiconductors such as titanium
dioxide, however, they survive for longer periods of time*>*#*. The ratio of the recombination
rate (between electrons and holes) to the rate of production of electron—hole pairs is a good
indicator of the maximum efficiency of a photocatalytic reaction.

10-15 \water

On the surface of the catalyst, there is a single layer of tightly adhering (adsorbed)
molecules. When these adsorbed water molecules interact with holes, hydroxyl radicals are
formed. The hydroxyl radicals can then react with organic compounds, initially producing free
radicals. When molecular oxygen O, is present in the water, because it also has unpaired

1-15

electrons, it often reacts™ ™ with some other contaminants as a oxidizing agent. In a short time,

organic compounds are completely degraded, i.e, converted into carbon dioxide and water.

14



The electron produced in the electron-hole pair is used in a reduction process i.e, add electrons to
oxygen dissolved in the water or in the air. Because oxygen is easier to reduce than water, it will
tend to be reduced producing the superoxide radical anion (O;’). The superoxide anion attaches
itself to the peroxyl organic radicals. Superoxide (electron rich) greatly increases the reduction

process, in the form of a combustion process.

Organic compounds are easier to oxidize than water. Therefore, when the concentration of the
organic compound is high, the photo-generated holes can react directly with these compounds
rather than the predominant process of first reacting with water to produce hydroxyl radicals.
Anytime you eliminate one of the intermediate steps like this, you can increase the overall

efficiency.

The hole and electron pair formed on the surface of the catalyst can recombine which reduces
the effectiveness of the catalyst. The rate determining step of photocatalysis process is the
transfer of electrons to molecular oxygen. The reaction rate can be increased by decreasing the

recombination rate of hole-electron pair.

1.4.3 Sequence of events in Photocatalysis

15,18,19 ;

The sequence of events in a photocatalysis process are described below

1. Photons of incident light are absorbed by the semiconductor.

CB (conduction band)
hv

sl

VB (valence band)

15



2. Electrons are promoted from the valence band to conduction band thereby creating an

electron hole pair.

CB (conduction band)

3. Mobile electron & hole each participate in a reaction, and catalyst is “regenerated”. The
surface electron € is involved in reduction process and the h* is involved in the oxidation
process.

Oy

O,

h ‘OH

OH

As mentioned earlier, the form of TiO; particles, whether it is an anatase or rutile form, plays a
significant role in the photocatalytic behavior/performance of the TiO, particles. The form of
TiO, particles is based on the synthesis mechanism used in the synthesis of TiO, particles as

discussed below.

1.4.4 TiO;, particle size

20,23

During the synthesis of TiO,, rate of hydrolysis controls®“° the size of the TiO, particle formed,

and the size of the particle has an influence®®?

on the photocatalysis because the smaller size
particle has greater specific surface area®*?®, However, if the TiO, particle size is too

small®®?2 |ight scattering effects can reduce light absorption efficiency.
16



The limiting factors in the photocatalysis process using TiO, particles is the high recombination
rate of hole-electron pair and the narrow range of band gap energies for the excitation of
electron. To overcome these limiting factors, doping of TiO, particles/film with metal dopants is

common.

1.4.5 Significance of Doping

A mechanism of increasing the overall efficiency of the photo catalytic process is by increasing
the transfer of electrons to oxygen molecules. This can be accomplished by depositing very small
particles (e.g, on the order of several nanometers in diameter) of a metal such as palladium or

iron on the titanium dioxide particles to act as electrochemical catalysts or “electro-catalysts.”

24-28

This process is known as doping~ " of the TiO, surface. Usually metallic compounds are used

24-28

for the purpose of doping to enhance” " the photocatalysis process, where the metallic atoms on

24-28

the surface of the TiO, attract the electron and prevent recombination of electron-hole pair.

It has been observed that there was significant increase in the reaction rate of the photocatalytic

process based on the dopant. The dopant attracts the electron®*?

in electron-hole pair in the
conduction band, decreasing the recombination rate of the electron-hole pair and increasing the
life time of the hydroxyl radicals allowing more opportunity to oxidize the organic contaminant

and the reduction reaction of the electron.

The other significant behavior noticed because of doping is the shift in band gap®*® of the

wavelength of the photon required for the excitation of the electron in TiO, particles, for a wide

17



range of the wave length of ultra violet to visible region. Although not fully successful yet,

24-28
h

considerable researc is going in the photocatalysis process using visible light by the

application of dopants.

1.4.6 Photocatalysis using Photocatalyst Thin Film

Most of the recent research work?%4?

in the field of photocatalysis has been using the thin film
photocatalysts. The thin film properties such as thickness, porosity and UV light transmission
play significant role in the photocatalysis process. Thin film coating using various methods such
as sputtering®, chemical vapor desposition*, Sol-Gel*® and ESA*® methods have been used in

the creation of photocatalytic films.

1.4.6.1 Photocatalysis Using slurry and Thin Film

Several reactor configurations have been evaluated using TiO, particles in a slurry**. The
reactors were successfully used in the degradation of many contaminants, but had several
limitations such as UV light penetration depth (UV light can penetrate no more than 2-

15,18,28,30,31

3cm) post treatment of water to remove the TiO, particles in the slurry.

Many of the drawbacks in the photocatalytic process using slurry can be overcome by deposition
of the film on quart surface which eliminates the limitations caused by slurry particles, which are

shown below:

18



Significance of immobilized TiO, thinfilm on quartz tubes:
» The TiO; photocatalyst deposited as thin film on quartz tubes overcomes the difficulty in
recycling the photo catalyst or separation of the photocatalyst from the treated water.
» The light penetration depth in water is too small. This can be overcome by using TiO,
immobilized film with an environment for the contact of the UV light and TiO; particles.
» TiO, immobilized on quartz/glass provides more feasible environment for photocatalytic
activity than TiO, on stainless steel or glass because of the high UV light transmission of

quartz.

Because of the constraints of using TiO; slurry as photocatalyst and advantages of using the thin
film photocatalyst, the thin film gives the opportunity for efficient usage of UV light and doesn’t

require any post treatment process.

1.5 Summary

Most of the existing water treatment processes that degrade the hazardous compounds to non-
hazardous compounds are too slow or expensive. The degradation of the hazardous compounds
using biological process is quite slow when compared to AOP. The AOPs are currently the
strongest oxidizing process which can degrade the hazardous compounds into non-hazardous

compounds.

Most of the AOP process use strong oxidant chemicals which must be handled safely, where as
photocatalysis process does not use any chemicals of safety concern. The photocatalyst uses UV

light as the energy source for the reaction. It was also observed that the photocatalysis process

19



performance was better when compared to direct UV treatment of contaminant by photolysis

process.

Based on the limitations described in this chapter in reactor design and usage of photocatalysis,
the photocatalysis process needs to be implemented by coming up with a mechanism to enhance
the film behavior and reactor design for effective and most efficient usage of TiO; film and light
source. | will explain my work in the following chapters for solving the problems for

photocatalyst film deposition and reactor design.
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2. REVIEW OF PHOTOCATALYTIC REACTOR DESIGN
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2.1 Importance of Photocatalytic Reactor Design
Photocatalytic reactor design and configuration plays a significant role in the effectiveness of
photocatalytic reactors. The essential factors influencing the reactor performance is the

environment for the contact of light, TiO, and the contaminant.

A well-designed photocatalytic reactor should have effective high rate of mass transfer of
contaminant during the photocatalysis process, where the contaminant degrades on the surface of
the TiO, photocatalyst. Once the contaminant molecule is degraded at TiO, surface, another
contaminant molecule needs to be transported from the bulk of the liquid to the surface of the
TiO, particle. The reactor requires proper mixing inside the reactor for the movement of the

contaminant.

The light source should be designed to focus most of the light being utilized directly on to the
TiO, surface, rather than being transmitted through the water. The UV light transmission of the
substrate material on which the TiO; film is to be coated plays a significant role in light
propagation along the substrate material or any other medium light needs to propagate to reach

the film surface.

Previously many researchers*™* have examined photocatalysis in different reactor configurations
using TiO; slurry and thin film with different UV light sources. As discussed in chapter 1, the
constraints for these reactors are the need for the removal of TiO, particles at the outlet stream,

poor environment for efficient use of TiO; film and UV light as the UV light penetration depth in
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water is about an inch*2. The reactor configuration should be designed where the UV light source

and TiO, film need to be separated by a distance of no more than an inch in water.

2.2 Reactor Configurations

A number of photocatalytic reactors have been proposed, but none has been successfully
implemented on a large scale’™®. The reactors can be categorized based on the manner in which
the catalyst is used (slurry or thin film), and on the arrangement of the light source and the
reactor vessel, some of the reactor configurations are explained below. Even though there were
several reactor configurations being researched, we will be discussing some of the designs which
were effective in degradation of organic compounds but had several shortcomings; the individual

reactor configuration, results and shortcomings are explained in table 2-2.

2.2.1 Distributive Type Reactor

Distributive reactors™ are reactors in which the light from the source is transmitted by optical
means such as reflectors and light transmitting medium such as optical fibers/quartz rods. The
light is transmitted through the reactor by reflection and refraction inside the rod and external
surface of the rod was coated with the photocatalyst. The drawback of the system was the light
intensity drops across the reactor by reflection and refraction and large scale reactors can’t be

designed due to this.

This reactor design is limited to small scales by the low values of the key design parameters. The

only way to apply these systems to large-scale applications is by using multiple units.
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2.2.2 Glass Tubular Photo Chemical Reactor

Glass tube photochemical reactor performance, shown in Figure 2-1, was analyzed with and
without a TiO, film®. The dimensions of the glass tubular photochemical reactor were 330 mm
high, with inner diameter of 55 mm and volume capacity of 0.6 L. The TiO, film was coated on
an aluminum sheet of height 300 mm, 180 mm wide and 0.18 mm thick which was attached to

the interior surface of the reactor.

':'_Llj:

quartz thimble -

——p catalyst
lamp 4

)
o
E?—h porous glass plate

Figure 2-1: Tubular Photochemical Reactor®(ith copyright permission 2.5.1)
The aluminum sheet was used with and without TiO, catalysis to measure the reaction rate with
and without the film by photolysis process. The experiment was also performed using different
wavelengths to evaluate the best wavelength for the photocatalyst performance®. Two types of
low-pressure mercury lamps were used to provide UV or VUV illumination, where UV lamp
emitted at 254 nm (8 W), and a VUV lamp emitted at both 254 nm and 185 nm (8 W). The UV
lamp was placed in the center of the cylindrical photo reactor enclosed in a quartz tube of
external diameter 25 mm. The distance to the photocatalyst surface of the reactor wall and the

light source quartz tube external surface was 15 mm.
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Degradation of p-chloro benzoic acid was performed to evaluate the reaction kinetics based on
the initial concentration of p-CBA. The presence of titanium dioxide increased the
decomposition of p-CBA and TOC reduction, and the TiO/VUV combination was the most
efficient process among all the process as shown in table 2-1.

Table 2-1: First Order Reaction rate constants at different initial concentration using
different experimental setup and conditions®(Pyright permission2.5.1y

uv TiO,/UV Vuv TiO,/VUV

Con. (pg/L) K (min™") Con. (pg/L) K (min~") Con. (pg/L) K (min~") Con. (pg/L) K (min~")
449 0.0220 454 0.0361 432 0.2197 431 0.2381
1108 0.0266 1145 0.1619

1709 0.0221 1691 0.1232

2196 0.0250 2109 0.0333 2135 0.0843 2089 0.1001

Even though the results (table 2-1) showed the photocatalytic degradation, there wasn’t
considerable improvement compared to UV oxidation of contaminant®. Among the factors
affecting the photocatalyst performance is the distance between the photocatalytic surface and
the UV light source, in the experiment setup the light needs to travel through the water to

illuminate the photocatalyst surface for photocatalyst process to occur.

2.2.3 Multiple Tubular Reactor

The reactor modeled was based on a bench scale using hollow tubes®®. The reactor is a
cylindrical vessel of diameter 0.056 m with 54 hollow quartz tubes of diameter 0.006 m inserted
inside. Both the ends of the tubes are held by Teflon plates with perforated holes to pass the

quartz tubes through it.
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The reactor configuration imitates a shell and tube heat exchanger, where the water solution
with contaminant flows in the shell side and the light from light source is transmitted along the
hollow tubes (tubular side). The external surface of tubes was coated with the photocatalyst
exposed to the shell side. The tubes were arranged at a triangular pitch of 0.7 cm.

Ti0;, coated hollow glass tube Ou;‘“t

! A

Reflector

y¥YYyvy

Light source

Lens 1
+

Inlet

Figure 2-2: Multiple Tubular Reactor 8 Copyright permission 2.5.2)

The reactor performance is dependent on the penetration of UV light from one end of the reactor
through a lens across the reactor length inside the hollow tubes by reflection and refraction, the
light penetration is dependent on the parameters intensity of light, angle of incident on the centre

of tube, tube diameter and thickness of the hollow tubes.

The experiment was performed changing the reactor parameters in a semi-batch process with
flow from a reservoir using a gear pump to the reactor and back to the reservoir in degradation of
SBB dye. Along the flow line to the reservoir a cuvette spectrophotometer was used for
continuous online measurement of the solution concentration. The experimental results showed

90% of pollutant was degraded in 100 min.
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The major drawbacks/constraints of this reactor design were insufficient mixing inside the
reactor, for the mass transfer of contaminant from bulk liquid to TiO, surface and back to the
bulk liquid after reaction. The light intensity is non-uniformly distributed across the length of the

reactor and thereby the photocatalyst surface is not used affectively, and the light travels a very
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short distance by reflection and refraction across the length of reactor.

2.2.5 Tubular Lamp Reactor

Tubular lamp reactor®® consists of a stainless steel flat top plate with 21 holes, which was welded
to another plate perpendicularly in the middle.

second vertical plate and with both ends extended through the holes of the top plate for electrical

21 U-shaped lamps were placed around the

connections. The exterior surfaces of the tubes were coated with the TiO, film.

18( Copyright permission 2.5.2)



The reactor was tested using SBB dye solution with an initial concentration of 0.5 mol/m3, 90%
of the dye solution got degraded in 1hr. It was also observed the increase in flow rate increased

the reaction rate and after sometime it resulted in bubbles inside the reactor.

19(Copyright permission 2.5.3)

Figure 2-4: Tubular Lamp Reactor
Even though the reactor provided the direct contact light to photocatalyst without transmitting
through the liquid, the shortcomings of the reactor are it doesn’t provide enough mixing and
there is potential possibility of short circuit of flow in the reactor which will result in flow of
pollutant through reactor without contacting the photocatalyst surface. The other drawback is the
coating of the TiO, on the UV lamps which will impact the ability to reuse the lamps by

recoating them with TiO; film after few runs.
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2.2.6 Taylor Vortex Reactor
The experiments were conducted using concentric hollow tubes with annular space for the flow
of the liquid®. Taylor vortices are formed when the annular gap d the space between the inner

cylinder and the outer cylinder was small when compared to the inner cylinder radius.

Sczechowski observed that, when the photocatalyst particles were used as slurry in the reactor®,
the reaction occurred periodically when the fluid was in contact with the light illuminated inner

cylinder surface. The light source was inside the rotating inner cylinder.

Taking into consideration the constraints of using a slurry reactor, the TiO, film was
immobilized on the outer surface of the inner cylinder. This eliminates the constraints such as the
separation of the TiO, particles and proper mixing was achieved by the centrifugal motion by the
rotation of the inner cylinders. The reactor was tested in the degradation of Phenol and SBB dye
at low concentration of 100ppm and was able to degrade 60% of initial concentration in 240
seconds, both the compounds showed the same final concentration suggesting the overall
reaction is primarily controlled by mass transfer and not by intrinsic kinetics as SBB dye
degradation rate is 400 times lower than phenol?'.

Even though the reactor provided the required mixing the reactor volume to surface area is quite
small due to smaller annular space between cylinders, a small volume of the liquid can be filled
in annular space which doesn’t help in large scale treatment of water. The reactor can be used

only on lab scale for treating very small amount of water.
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2.2.7 Membrane TiO, Reactor

Membrane application in photocatalytic reactor was used in basically two ways?:

In photocatalytic TiO, slurry reactor, the membrane systems are used to separate the TiO,
particles from the photocatalytic reactor outlet stream. The TiO, particles separated from the
outlet stream of the reactor using membrane can be reused if the TiO; particles can be separated

from other contaminants.

In the second process, the Alumina template membrane was coated with a TiO; film. The system
acts as particulate separation membrane process, and also acts as an organic degradation process

by TiO, photocatalytic degradation of the organic contaminant when illuminated with UV light.

The membrane system was tested in the degradation of 1000ml of 100 mg/L of Direct Black 168,
The experimental results showed 80% degradation of Direct black 168 on the permeate side of

the membrane after 420 min.

The shortcomings/drawbacks of both membrane processes are: in the first process where the
membrane used for TiO, particle removal is quite expensive for large scale application. In the
second process of Photocatalytic TiO, film membrane it provides the dual advantages of
particulate separation and the photocatalytic activity in degradation of organic compounds, but
the distance of 10 cm between the UV lamps and membrane doesn’t help as most of the light will

be absorbed by the water and pollutants in water before reaching the membrane surface.
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2.3 Proposed Multiple Tube Reactor

Based on the fact that adequate reactor design has been the drawback for successful application
of photocatalysis process. Even though a number of different reactors have been proposed most
of them have design constraints, in direct contact of UV light to TiO, surface without traveling
through water, the removal of TiO, particles in slurry, and not providing enough mixing inside

the reactor resulting in potential short circuit of flow inside the reactor.

| propose a reactor using thin film of TiO, coated on quartz tubes. The light source UV lamps
are inside the quartz tubes. The light is transmitted through the quartz material on to the TiO,
film coated on the external surface of quartz tubes. The light doesn’t need to penetrate light
through the water to reach the TiO, film surface. The TiO; particles being coated on the quartz

surface overcomes the problem of removal of TiO; particles as in slurry reactors.

Figure 2-5: Proposed Photocatalytic Reactor.
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The reactor is similar to the shell and tube heat exchanger with quartz tubes coated with TiO,
film on the external surface. The shell side contains the water to be treated. Baffles are arranged
on the shell side of the reactor with opening in opposite direction for alternate baffles, acting as

flow interrupter for mixing in the reactor.

The reactor has influent and effluent ports at the opposite ends of the reactor. The water is fed in
a recirculating batch reactor to feed the reactor and back to tank using a pump. The reactor will
be tested in degradation of Congo red, nitro phenol and potassium iodide (KI). The influence of
reactor parameters baffles, lamps and flow rate of the water on the reactor performance by

performing the design of experiments.

The flow field inside the reactor was analyzed by performing 3D CFD model of the reactor for
potential dead zones for mixing and for any potential short circuit of flow, the results to be

discussed in chapter 5.

2.4 Summary
Some observations on the reactor design configurations are given below:
1. In slurry reactor it was observed that the surface area of contact of TiO; surface to the
organic contaminant was good, but the effective area of TiO, particle that was
illuminated by the UV light was not good, and also the TiO, particles need to be

separated from the outlet stream®’.

2. In multiple tubular reactors, UV light was made to pass through quartz hollow tubes'®

which were coated with TiO, film. The light travels along the quartz tube by reflection
38



and refraction along the tube, where some of the light transmits through of the quartz
tubes. The drawback is light energy wasn’t utilized efficiently and non-uniform

distribution of lights across the reactor.

3. The reactor with TiO, film coated UV lamps was observed to have an increase in

performance when compared to a slurry reactor*®%

, the ratio of area which was being
illuminated to the reactor volume was high. The drawbacks of the reactor were short

circuit of flow and insufficient mixing.

2.4.1 Slurry vs. Film Reactor
Previously, many researchers have done research using slurry of TiO, particles®?. The

drawbacks of it compared to thin film are listed below.

e The exponential decrease of the light availability due to the scattering of UV light by

particles and the UV light is being absorbed by the water®.

e The photocatalyst particles need to be removed from the outlet stream®’.
Advantages of using immobilized thin TiO, film on quartz tube:
e The TiO; particles need not be removed from the outlet stream of treated waste water in the

reactor as it is immobilized.

e The UV light doesn’t need to penetrate through the water if the reactor is designed where
the light reaches the film surface before reaching the water. It helps in efficient use of the

UV light.
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Taking all this into consideration, we propose the design for reactor where | can create an
environment for the TiO, film-UV light for effective photocatalysis. The advantages of this
reactor configuration are the UV light does not need to penetrate through water and the TiO,

particles need not be removed from the outlet stream of water.
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3. Review of TiO, Film Making Processes

The photocatalyst synthesis mechanism and the deposition method have a significant role in the
characteristics of the photocatalyst. In this chapter | will be reviewing the significance of the
various properties of the photocatalyst and their influence on photocatalyst performance.
Observations based on the review of different processes for the synthesis of TiO, particles,
different mechanisms for photocatalyst film deposition and, drawbacks and advantages of

individual film coating method are presented.

3.1 TiO, Film Coating

The TiO; film surface characteristics and morphology have a significant role in a successful
photocatalysis process. The thin film coating mechanism has a significant influence on the
resulting characteristics of the film such as the porosity of the film, thickness of the film,
uniformity of the film on the substrate surface, and the adhesiveness of the film to the substrate

surface.

The porosity and thickness of the film governs UV light penetration™ 2, thereby influencing the
photocatalytic activity. The adhesiveness™ 2 of the film plays a significant role in the absorption

of photons by the photocatalyst on the substrate surface and the resulting photocatalytic activity.
The porosity of the film influences the passage of organic contaminants and water in and out of

the TiO, film. Based on the film coating mechanism and process conditions, anatase or rutile

forms of the TiO, film can be formed and it has been observed that the anatase film has better®: 2
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photocatalytic activity when compared to rutile, the individual form properties were mentioned

in chapter 1.

The most common coating mechanisms for TiO, film are described below:

3.1.1 Sputter deposition

Sputter deposition is one of the PVVD (physical vapor deposition) methods to deposit thin films.
In the sputtering process, atoms are ejected from a solid target material due to bombardment of
the target by energetic particles. During deposition of thin film using the sputtering process, the
first step is to create gaseous plasma and then accelerate the ions from the plasma to the source
material. The source material is eroded due to the energy transfer ejecting neutral particles as
either individual atoms or a cluster of atoms or molecules. As the neutral particles are ejected
they travel in a straight line and get deposited on any material in their path. If the substrate
surface is placed in the path of traveling particles, they form as a thin film on the substrate.
Based on the required film, a reactive gas (such as O) is introduced for chemical reaction to

form the resulting product as a thin film on the substrate.

In TiO, film deposition using the sputtering process, the cathode surface (titanium substrate) is
bombarded with the oxygen atoms in a stable environment of argon. The titanium particles
generated from the cathode surface react with O, atoms and form a TiO, film on the substrate

35 to be coated. The composition of the film is controlled®*** by varying the relative

(anode)
pressures of the inert and reactive gases. As results of the chemical reaction between the target

material and the reactive gas, the product formed is deposited on the substrate to be coated
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The TiO, film formed using the sputtering process is usually a non-porous film, which is not

effective for photocatalysis as it blocks the light penetration through the film surface.

3.1.2 Chemical Vapor Deposition(CVD)

In chemical vapor deposition, the material to be coated is formed by a chemical
reaction/decomposition of its precursor with gases®’®. CVD relies on a carrier gas which acts as
a transporting medium for the precursor of the material to be deposited on the substrate surface,
where the precursor molecules react with the other gases to form the film on the substrate. Other
byproducts formed in the process are removed from the surface by gas flow through the
chamber®”®. The CVD process is one of the widely used processes using a precursor of material

to be coated on the substrate &"8,

The coating of TiO, film using the CVD process is not feasible on all the substrate surfaces and
shapes due to the equipment used for the film coating; in addition, the film formed by CVD
process is normally non-porous. For the successful application of TiO, film to be used in
proposed reactor(as mentioned in chapter 2), the film formed needs to be porous and needs to

coated on quartz tubes.

3.1.3 Sol-gel film coating
Sol-gel coatings result from dipping a substrate into a chemical solution. The solution is a

mixture of suspended precursor particles known as a sol-gel®%.
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Although the films are normally deposited at room temperature, a high temperature heat
treatment of the film is required to create a dense film and drying of the film, along with drying
the evaporation of the solvent in the film which was used in the sol-gel process. Sintering
temperatures are typically in excess of 400 'C*#. The final thickness formed using the sol-gel

method is typically in the range of 50 nm to 1 mm as described in Figure 3-1.

The sol-gel solution chemical composition is determined by the material to be deposited, because
this process involves a hydrolysis. The solution is commonly based on a metal alkoxide M(OR)x
precursor where the R representing an alkoxy group®?.. In the sol-gel process, the metal alkoxide
is dissolved in a solvent with or without water and the solution is destabilized by hydrolysis,
resulting in the formation of a gel solution of metal alkoxide particles in the solvent®?!. Catalysts
are used to modify the rate of reaction (hydrolysis) which controls the age of the solution before

it turns in to a total gel solution and hence it is used to control the properties of resulting film®2..

The advantages of this process include high purity, the film can be deposited on different
substrates of different shapes, and the films can be coated in a simple laboratory setup without
requirement of any sophisticated equipment 2!, The primary disadvantage is narrow range of
materials that can be deposited with this technique. A number of applications have been

demonstrated for this process® 2.
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Preparation of SC colloidal
suspension (3-50 nm
diameters)

Coating the glass surface
with colloids and air drying

Annealing at 200 - 400 °C
produces high surface area
SC thin film (1 pm)

Figure 3-1. The sol-gel film coating procedure.

It has been reported that many metal alkoxides can be easily formulated in the thin film form on
various substrates by using sol-gel with dip coating techniques®?". Titania films prepared by this
method can be of high purity and the process is relatively cheap. The latter advantage results
from the availability of high-purity chemical precursor materials in conjunction with the

simplicity of sol-gel preparation at room temperature®2..

The film formed using the sol-gel method is porous and the film thickness can be controlled by
the dipping rate of the substrate in the solution and the solution viscosity. Variations in the
composition of the solution will result in the variation of the performance of the photocatalyst.
Based on the process involved the TiO; film can be deposited on any substrate and shape in a lab

environment.
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For the proposed multiple tube photocatalytic reactor(mentioned in chapter 2), which requires a
porous TiO; film to be deposited on the quartz tubes, the sol-gel can be used in a laboratory

setup with a dip-coater to coat the TiO; film on quartz tubes.

3.1.4 Electro-static self assembly process (ESA)

The basic concept of the thin film coating using the ESA process is building up of multilayer thin
films of opposite charges as shown in Figure 3.2, where cationic and anionic polymeric materials
are shown to be deposited”. Initially the substrate surface is rinsed thoroughly in acid medium
followed by base medium, and then it is cleaned rigorously in deionized water to remove any

particles so the outermost substrate (glass or metal) surface layer has a net negative charge®%.

The substrate is then dipped into a solution containing water-soluble “cation” polymer molecules
that have net positively charged functional groups fixed to the polymer backbone®. The net
negative charge on the substrate is thus masked from other positive groups along the polymer
chain so the surface forms a net positive charge distribution on the outermost surface. Since the
total polymer layer is neutral, negative charges with relatively loose binding to the polymer
network pair up with positive ions. Subsequent poly-anion and poly-cation monolayer’s are

added to produce a multilayer structure.

The basic process involved in ESA film deposition is a charged substrate dipped in a solution
containing molecules that can bond to the surface. A layer (or multilayer) of the cation/anion

22-25

charges from the solution are bonded to the surface layer by layer®°, after every layer

deposition the substrate is rinsed in water. Physical forces of the neutral rinsing solution (water)
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strip away all the particles bonded by physisorption (physically bonded), but not the molecules
more strongly bound by chemisorption (chemically bonded) to the surface, leaving the surface
partially covered with the charged solution molecules?*®. If the chemistry is done properly, an
uniform coating will be formed after the substrate has been dipped in alternate charged solutions
(and then rinsed)®*®. It involves laborious and time-consuming deposition steps for practical

device applications.

In this instance of coating TiO, film, alternatively dip the substrate i.e quartz rod into PSS
(polysodium styrene sulfonate) and PDDA (polydiallyl di-ammonium acetic acid) as shown in

Figure 3-2 and then follow by dipping the solution in TiO2/PSS solution.

5 ® © © O ® © &

® © © O, @
® 6608600000
® * )+ + )+ )+ ()
| | |

Figure 3-2. ESA process for formation of multilayer thin films.

In between every dip in a solution, the substrate is cleaned by shaking vigorously in de-ionized
water to remove excess material from the surface. Only the compound that is chemisorbed? onto

the substrate remains.

In ESA method, the film thickness can be controlled based on two factors, the particle size

which is controlled during the synthesis of TiO, particles by controlled hydrolysis and the

number of dips in the solution, where coat multiple layer of the TiO; particle.
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The ESA method can be effectively applied in the photocatalytic process. The thickness of the
TiO, can be effectively controlled by controlling the TiO, particle size and number of dips
during coating process, the film generated can be porous and it can be replicated if the variation

in the synthesis of TiO; particles and film coating are controlled.

The ESA method can be successfully used in coating porous TiO, film on quartz tubes in a

laboratory setup, as required for the proposed multiple tube reactor.

3.2 Charge Carrier Separation

Charge carrier separation the separation of electron-hole pair formed during the photocatalysis
process, the separated electron-hole pair is used in oxidation-reduction process of compounds to
be treated in water. To enhance the performance of the photocatalyst, we have to accelerate the
formation of the electron-hole pair and also decrease the recombination of electron-hole pair.
The charge carrier separation of the electron-hole pair can happen by absorbing the photon of
sufficient intensity to provide energy for both the electron and hole pair formed in the
photocatalytic process to move in the opposite direction to each other. The minimum amount of
force required for this process is the columbic force of attraction between them. So any intensity
of greater the columbic force of attraction between hole-electron pair will prevent recombination
26-28.

The overall concept of the electric field application was to decrease the recombination rate of the
electron-hole pair, but the application of electric field is limited in the water treatment process as

the surface of the TiO, surface is exposed to the water.
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One successful method to decrease the recombination rate is using of metal dopant the TiO; film,

which attract the electron and thereby reduce the electron-hole pair recombination rate.

3.3 Iron doping of the TiO, Film

One of the significant factors in the photocatalyst performance is the recombination rate of the
hole-electron pair in activated TiO, The smaller the recombination rate, the better the
photocatalyst performance in terms of efficiency and rate of degradation. This has been a subject
of immense interest in photocatalytic surface research.

29-38

Considerable improvement has been observed by several researchers in the photocatalyst

behavior by doping of the TiO, film using transition metals®®***. In doping the TiO, film, one of
the most commonly used methods in the sol-gel process is using the iron precursor, mostly iron

29-34

nitrate solution during the TiO, solution preparation. The introduction of iron particles

affects the TiO; film surface in two ways as mentioned below.

The primary phenomenon observed is the formation of conductive particles on the surface on the

29-34

TiO, film, which reduces the electron-hole recombination rate by attracting the electron

generated by photocatalysis process as shown in Figure 3-3.
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Role of Promoters in TiO,
Photocatalytic process

Conduction Band
e(M)<-M+e eeeeceeeeeee

Electron/hole pair Electron/hole pair
recombination generation

Valence Band
h* h* h* h* h* h* h* h* h* h*

Metallic dopants attracts electrons from TiO, conduction
band and slows recombination reaction

Figure 3-3. Role of metallic promoters in photocatalytic process®=>*.

Transition metals such as Fe(lll) have been successfully®®3*

used in the photocatalytic process,
where the TiO, film surface is immersed in an Fe(lll) solution. The surface transition metal
(Fe(111)) dopant particle reduces®! the recombination rate as shown in reaction mechanism in
Figure 3-4.

Photo-generation electron/hole

Tio, ™ e +hn' pairs

h™ + HO > OHe + H'
e +05,>05e
O,e+H =>HO,e

Formation of radicals
(Ox- radical)

Radical oxidation of organic
) compound.

TOC + Ox = TOC
(partially oxidized species) + CO, + H>

W+ e D TiO, + energy Recombination of electron/hole
pair
M +e- > M(e-) Metal attracts free electron

slows recombination and
promotes radical formation

Figure 3-4. Role of metallic promoters in photocatalytic process®®™".

The other phenomenon observed is change in crystal lattice structure of the TiO, molecule by the
introduction of iron (doped) particle. The change in crystal structure shifts the band gap energy
level of the photocatalyst towards the visible light wavelengths. With increase in dosage of Fe 3+
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dopant, it was observed® to have resulted in decrease of the TiO, band gap as shown in below

figure 3-5.
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Figure 3- 5?1) Band gap of Iron doped TiO, film at different Fe** concentration®®(copyrioht
3.4 Conclusion
Based on the literature review of the film coating processes sputtering, CVD, Sol-gel and ESA.
The sputtering and CVD process are used for coating non-porous films. Based on the process
equipment used for the film deposition in CVD and sputtering the dimension and type of the

substrate is a constraint.

The sol-gel and ESA methods normally produce porous films and are not sensitive to the type or
shape of substrate. The process doesn’t involve any sophisticated equipment and can be coated in

a laboratory setup.
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4 MATERIALS AND METHODS

OF TiO; FILM MAKING AND RESULTS
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4.1 TiO; Film Making

As mentioned in Chapter 3 the film properties porosity, thickness, uniformity of the film on the
substrate surface, and the adhesion of the film to the substrate surface play significant roles in

photocatalysis process and the reactor performance.

Taking into consideration the limitations of CVD and sputtering processes, in deposition of
porous thin film on a glass/quartz tube substrate as mentioned in chapter 3. The sol-gel and ESA
methods are favorable processes for thin film deposition on different substrates of varied

dimension.

Experiments were performed using sol-gel and ESA TiO, films with different reactor
configurations. The reactor configuration and the experimental results of the reactor performance

are reported in Chapter 5.

The TiO, films made using the sol-gel and ESA methods with and without Fe doping were
analyzed using Photonics Model 420 UV-Visible spectrophotometer for the absorbance peak

and spectrum of the film formed.

4.2 Dip Coater
The dip coater (Figure 4-1) was constructed for the purpose of TiO, film depositions using the
sol-gel and ESA methods. The purpose of the dip coater was to enhance the reproducibility of

thickness of the TiO, film on the substrate using TiO, solution.
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For reproducibility of the film in a 7
solution i.e. the reproducibility of the
film thickness, each time the dip coater
was used to dip the substrate in the same
solution. The motor speed must be kept
constant to control the substrate dipping
rate.

The dip coater was marked at various
speeds of the motor for different rates of
immersion. The reproducibility of the

film using dip coater depends on the

N E!” ;; e :—*

Figure 4-1. Dip coater with a magnetic
stirrer place on it and a motor located on
the left side to move the dip-coater.

factors immersion rate of the substrate
in the solution, and the solution age
(Assuming the chemical characteristics

of the solution remains same during each dip of the substrate in the TiO, solution).

The substrate was dipped vertically by mounting it to the dip coater, the thickness of the film
increases from the top portion (mounted to dip coater) to the bottom portion. The thickness
increase was due to the increase in residence time from top to bottom portion of substrate as

gravity drives the solution on the substrate surface to drip towards the bottom portion.
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4.3 TiO, film by ESA Method:

4.3.1 TiO, Nano particle Solution

TiO, nano particles were prepared by controlled hydrolysis of Titanium (IV) tetraisopropoxide®
in water under controlled pH conditions. A 100ml solution consisting of 5 ml of liquid
Ti[OCH(CHs)2]4 (Aldrich, 97% purity) dissolved in 95 ml of isopropyl alcohol, was added drop
wise at a rate of approximately 1 ml/min to 900 ml of deionized water (5° C) at a acidity of
around pH=2 (measured by pH meter) controlled by addition of HNO3. After continuous stirring
for 12 hr or longer, the solution became transparent as TiO, nano particles were formed. The rate
of addition of titanium isopropoxide solution is controlled® as the size of the nano particles
depends on it. The colloidal solution was continuously stirred for a few days after the initial

reaction to ensure stable and more uniform size distribution® of TiO, particles.

4.3.2 Coating procedure

A glass microscope slide was cleaned in ethanol solution and followed by nitric acid solution.
Later, the microscope slide was dipped in a PDDA (poly diallyl diammonium acetic acid)*?
solution and PSS (poly sodium styrene sulfonate) *? solution alternatively for an equal number
of times. The glass slide was then dipped in PSS solution and TiO, solution for an equal
number of times (5, 10, 15 times). After every dip in one of the solution, the microscope slide
was dipped in water and shaken vigorously for 1 minute to detach any of the loosely attached

particles by physisorption . The slide was then calcined in an oven at 450°C for an hour.
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From the graph (Figure 4-2), it can be concluded that the increase in thickness of the film layer
formed for each dip of the glass strip in solution is uniform, as the absorbance increased linearly

with respect to the number of layers of coating using the same solution.
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Figure 4-2. Absorption vs. number of layers of the film (PDDA+PSS) by ESA method.
(Wave length: 483 nm).
4.4 Sol-Gel TiO; Solutions

The TiO, solution for the sol-gel method>* was prepared using the following procedures”.

4.4.1 Solution Type |

The solution* was prepared by adding 170 mL isopropanol to 12 mL titanium isopropoxide.
After stirring the solution for 10 min, 0.4 mL of Hcl was added, the Hcl controlling the rate of
hydrolysis. The solution was stirred using the magnetic stirrer for 24hrs until the solution became

slightly viscous. The viscous nature of the solution enabled the solution to stick to the substrate.
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Normally, after more than 24 hrs the solution was observed to determine whether the solution is
viscous visually if not, more time was allowed for the solution viscosity to increase. A highly
viscous solution is not desirable as it will not have the required adhesiveness to stick to the

substrate surface after calcination and it forms fragile top layers of the film.

After the solution acquired the desired viscosity (slightly jelly solution), the substrate was dipped
in the solution at a controlled rate by using a dip-coater as described before. Between each dip
the substrate surface was air dried and then the substrate was dipped back again in the solution
and air dried after being removed again at a controlled rate. Then the film was calcined in a

furnace at a temperature of 450 °C for 1 hr.

4.4.2 Solution Type II:

The solution* was prepared by adding 200 mL of de-ionized water to 13 mL of titanium
isopropoxide under vigorous stirring. 3 mL of nitric acid added to the solution slowly for 1
minute, the solution forms a suspension after mixing for 5-8 days. The substrate was coated by
dipping it in the suspension for 1 min and then it was allowed to air-dry. The substrate was
further dipped three times. The substrate was later calcined in an oven at a temperature of 450 °C

for an hour.

4.4.3 Solution Type I11:

The sol-gel precursor was prepared by adding 165 mL of titanium isopropoxide
Ti[OCH(CHs),]s to 285 mL of 0.1 M nitric acid solution under vigorous stirring. The solution*
was then heated at 80 °C for 10 hrs, for polymerization 12 g of polyethylene glycol (PEG,
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molecular weight of 20,000, Merck Chemicals Ltd.) was added to the solution. The solution was
deposited as a thin film of TiO; on a microscope slide by dipping the microscope slide 3 times in
the solution using the dip coater, and then the film was calcined at 450 °C for 1hr after air

drying.

4.5 Film Coating Results
The absorption spectrum of the films formed by ESA and Sol-gel Method was measured by
using an absorption spectroscopy (BECKMAN DU 640 SPECTROPHOTOMETER) to analyze

the absorbance peak and spectrum of individual films in UV and visible wavelength.

45.1 ESA

To validate the TiO; film deposition using the ESA method, the microscope slides were coated
using TiO, solution, PDDA and PSS polymer solutions**>®. The first microscope slide was
coated with 20 layers of each polymer (PDDA+PSS) film only, Second microscope slides coated
along with 20 layers of each polymer (PDDA+PSS) film 15 layers of TiO; film, the third
microscope slide was coated with 20 layers of each polymer(PDDA+PSS) film and followed by
20 layers of TiO, film. The absorbance spectrum of the substrate with no TiO, film and two

microscope slides with 15 and 20 layers of TiO; film can be observed in Figure 4-3.

The absorbance peak was in the UV region at a wavelength of around 264 nm for all three
substrates. The substrate with polymer (PDDA+PSS) film only had absorbance increase from
280 nm onwards and had lower absorbance when compared to the substrates with 15 and 20

layers of TiO, on top of the 20 layers of Polymer (PDDA+ PSS) film.
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Figure 4-3. ESA film absorbance spectrum of 15 and 20 layers of TiO; film and polyfilm 20
layers.

The substrate with 20 layers of TiO; film on top of the 20 layers Polymer (PDDA+PSS) film had
the highest absorbance with increase in absorbance starting from the 370 nm(3.4 ev) wavelength
onwards, similar absorbance was also observed for the 15 layers of TiO2 film confirming the
presence of TiO; film on the polymer film and increase in TiO2 film thickness from 15 to 20

layers of the film

We can infer from the absorbance spectrum in figure 4-3 above, among the three microscope
slides that there was considerable increase in absorbance of the substrate with TiO,+polymer
film when compared to polymer only film, and also there was increase in the absorbance with the
number of layers of the TiO, film. Even though the polymer film also has a peak in absorbance
at the wavelength 264 nm, the difference in peak height of the TiO, film with 15 layers and 20

layers compared to the polymer only film can be clearly attributed to the TiO; in the film.
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4.5.2 Sol-Gel Film
Type I: Type | Sol-gel film absorbance spectrum.
The absorbance peak was observed below 300 nm (Figure 4-4), which corresponds to a energy of

4.0 ev higher than the band gap energy of 3.4ev for the solid TiO, of 365 nm.
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Figure 4-4. Sol-gel film absorbance spectrum from 200 nm to 500 nm with a peak
absorbance at 285 nm.

The film absorbance was measured in the absorbance spectrophotometer by inserting the TiO,
film coated quartz micro scope glass slide in the sample port. The blank quartz slide was used as
blank sample to subtract the absorbance of the quartz material. The film had absorbance from

350 nm (3.5 ev) onwards, with high absorbance from 300 nm (4.0ev).

Photon of energy higher than 3.5 ev is required for the absorbance of TiO, particles and photon

of higher than 4.0 ev is preferable due to higher absorbance for photocatalytic activity.
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Type 1I: Type 11 Sol-gel film absorbance spectrum.
The absorbance was maximum at 280 nm (Figure 4-5) which corresponds to an energy level of

4.2 ev higher than the band gap energy of solid TiO; film (3.2ev).
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Figure
4-5. Type 11 Sol-gel film absorbance spectrum from 200 nm to 500 nm with a peak
absorbance at 265 nm.

The film absorbance was measured in the absorbance spectrophotometer by inserting the TiO,
film coated quartz micro scope glass slide in the sample port. The blank quartz slide was used as
blank sample to subtract the absorbance of the quartz material. The film had absorbance from
300 nm (4.0 ev) onwards, with high absorbance from 280 nm (4.2 ev).

Photon of energy higher than 4.0 ev is required for the absorbance of TiO, particles and photon

of higher than 4.2 ev is preferable due to higher absorbance for photocatalytic activity.
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4.5.3 Iron doping of the TiO, Film

The TiO, sol-gel solution was mixed with the iron nitrate solution”®?

at different compositions,
to observe the effect on the TiO, film spectrum due to the different levels of Fe doping of the

TiO; film.

The difference in the absorption spectrum can be seen from Figure 4-6 (the solution with 10%
iron nitrate in solution), Figure 4-7 (the solution with 30% iron nitrate in solution) and Figure 4-8
(the solution with 50% iron nitrate in solution). The difference in the spectrum of 3 figures
corresponds to the amount of iron nitrate solution in the TiO, solution during the preparation.
With addition of iron nitrate the absorbance has increased in the UV-visible spectrum, which will

help in usage of broad wavelength of UV-Visible light for the photocatalytic activity of Fe

doped TiO,.
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Figure 4-6.: Absorbance spectrum of iron nitrate-TiO; solution with 10% iron nitrate.
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Figure 4-7. Absorption spectrum of iron nitrate-TiO, solution with 30% iron nitrate.
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Figure 4-8. Absorption spectrum of iron nitrate-TiO, solution with 50% iron nitrate.

In Figure 4-9, there is a clear difference between the spectra of the different concentrations of
iron nitrate solution, which had an absorbance from 410 nm onwards, where as the TiO; solution
has an absorbance in the region from 350 nm onwards. The absorbance spectrum of the mixture

of the iron nitrate and TiO; solution has the absorbance spectrum peak at 290 nm and absorbance
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towards the end of the visible light spectrum of 900nm, so there was increase in the absorbance
range of the solution mixture extended towards the visible light) which will help in the

photocatalytic activity using the light energy of visible to UV wavelength.
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Figure 4-9. Absorption spectrum of iron nitrate, iron nitrate doped TiO; and TiO; solution.

The difference in the absorbance spectrum of the TiO, film coated with Fe doped and without
Fe, using the sol-gel method is shown in Figure 4-10. There is clear difference in the spectrum
behavior of Fe doped TiO, film which has absorbance from UV light region to the visible light
region compared to TiO; film, which has absorption in the UV region. The increased wavelength
of the TiO, absorbance spectrum allows the photocatalytic activity in the UV and extended

towards visible light region.
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Figure 4-10. The iron doped TiO, film absorption spectrum compared to TiO; film
spectrum.

A considerable increase in the absorption spectrum range can be noticed in the Figure 4-11 for
the Fe-doped film. The figure shows the spectra of 1 and 3 layers iron doped TiO, film which
has considerably greater absorption spectrum range when compared with the TiO, film in the
UV- visible light spectrum, the broad absorption spectrum of the Fe doped TiO, film allows the
usage of photon of UV-visible light wavelength for the photocatalytic activity on the TiO2 film

and increased absorption of UV light energy.

4.6 Conclusion/Summary

The TiO, film was successfully coated on the substrates using the sol-gel and ESA method. The
film thickness was successfully controlled by ESA method where the number of dips was
directly proportional to the absorbance of the film, showing the uniformity of film coating after
each layer deposition.
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From the absorption spectrum of the Fe doped TiO; film and TiO; film, it was observed that Fe
doping has significantly increased the absorption spectrum range of the film. It was also noticed
that the change in absorption of TiO,-Fe doped film was due to Fe dopant bonding in the TiO,

film not due to the iron nitrate compound.

The sol-gel and ESA TiO; film with Fe dopant leads to a significant shift in the absorption
towards the visible spectrum from UV spectrum. The Fe doped TiO, film using sol-gel and ESA
film was preferable when compared to the TiO, film in testing the reactor performance due to its

wider absorption spectrum in UV and visible region.
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5 REACTOR DESIGN, TESTING/EXPERIMENTS AND RESULTS
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5. 1 Introduction:

Based on the observation of absorption spectrum results of TiO, films coated using different
methods as discussed in Chapter 4,experiments were performed with TiO, film coated by
different methods using a microscope slide reactor, a single tube reactor and a multiple tube

reactor (seven tube reactor).

Experiments were performed using the microscope slide reactor to analyze the performance of
TiO, photocatalyst with UV light sources of 254 nm and 385 nm in the degradation of Congo red
and Methyl Orange compared to degradation by direct UV photolysis. The results demonstrate
the influence of wavelength on the photocatalysis process and TiO, photocatalysis performance

compared to UV photolysis.

Single tube reactor experiments were performed using quartz tubes coated with TiO;, and TiO,-
Fe doped films using the sol-gel and ESA methods. Based on the experimental results from the
single tube reactor using TiO, andTiO,-Fe doped films, the film with higher performance in the
degradation of Congo red, potassium iodide and nitro phenol was selected for experiments using

multiple tube reactor.

The multiple tube reactor performance was analyzed in the degradation of Congo red, Ki

(potassium iodide) and nitro phenol. Factorial DOE (design of experiments) was used to analyze

the individual reactor parameter affects on the reactor performance.
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5.2 Micro Film Reactor
The reactor, as shown in the Figure 5-1, consisted of a stainless steel rectangular vessel with
cylindrical hollow surface in the centre, and one of the side faces has been cut. At the open face
of the reactor, the microscope quartz slide was inserted and sealed using a rubber gasket and
steel clamp, which was tightened to the surface using thumb screws. Precautions were taken
while tightening the steel clamp to prevent breaking the microscope quartz slide. The internal
surface of the microscope quartz slide was
coated with TiO; film. The solution to be
degraded in the experiment was filled in the e
reactor, with a magnetic stirrer being kept at the

bottom of the reactor.

After each run, the TiO, film coated microscope

quartz slides were replaced.

!

Figure 5-1. Microscope slide Reactor with
microscope quartz slide and stirrer.

5.2.1 Experimental setup:

The experimental setup as shown in Figure 5-2 consisted of the microscope quartz slide reactor
with a stirrer kept on the top of the magnetic stirrer. The light source and the microscope quartz
slide need to be aligned for the transmission of the light from the light source to pass through to
the TiO, film coated microscope quartz slide. The wave-lengths of the light sources used in the

experiment were 254 nm and 385 nm. The light source was fixed using a stand and the alignment
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of the reactor was achieved by moving the magnetic stirrer which was placed on an adjustable

stand.
Reactor
- with dye
: solution
UV source
254 nm/
385 nm

Figure 5-2. Micro film reactor set-up with UV lamp source aligned to the reactor on the
stirrer table.

UV protective glasses must be worn while working near the reactor. The solution must be stirred
continuously using the magnetic stirrer for uniform concentration of the solution. Prior to

exposing the reactor to the UV lamp, it was warmed up for 30 min to achieve stable intensity.
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5.2.2 Experimental Procedure

The TiO, film was coated on the quartz slide using the sol-gel method as mentioned in chapter 4,
section 4.3.1, Solution Type 1. One side of the quartz slide was covered with tape and then the
slide was dipped in the TiO, solution using the dip-coater. In between each dip the glass slide
was air dried, and after which the tape was removed from the slide before calcining it in the

furnace for 1 hr at 450 °C.

The 100 mg/L solution of congo red/methyl orange sample was filled in the microscope slide
reactor with the stirrer rotating inside. The light was exposed on to the reactor after the 254/385
nm lamp was warmed up for 30 minutes. Every 10 min, 0.5 mL of sample was taken from the
reactor and it was diluted to 5 mL using the 5 mL volumetric flask, and its concentration was

measured using the absorption spectrophotometer.

5.2.3 Methyl Orange Degradation
One of the chemical compounds used to test the TiO, film photocatalytic performance was
methyl orange. Methyl orange was selected based on the feasibility of measuring the

concentration of the methyl orange.
A calibration curve for methyl orange was prepared by measuring absorption as a function of

concentration at 498 nm, by using the spectrophotometer in UV-visible region spectrum at a

wavelength of 498 nm.
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Figure 5-3. Calibration Curve of Methyl Orange

The TiO, film coated microscope quartz slide was tested with 254nm and 385 nm to observe the
photocatalyst performance in the degradation of methyl orange at different wavelengths. To
validate the photocatalyst degradation of methyl orange blank microscope quartz slide was used

for direct UV photolysis using 254nm wavelength lamp in degradation of methyl orange.

The experimental results as plotted on the Figure 5-4 show the concentration drops from 100

mg/L to 42 mg/L under 254 nm lamp sources.
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Figure 5-4. Methyl orange degradation using TiO, photocatalyst under 254 nm UV light
irradiation.

The experimental results as shown in Figure 5-5, the drop in methyl orange concentration from

100 mg/L to 85 mg/L under 385 nm lamp source.
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Figure 5-5. Methyl orange degradation using TiO, photocatalyst under 385 nm UV light
irradiation.

The experiment result as shown in Figure 5-6, the concentration of methyl orange dropped from
100 mg/L to 92 mg/L with 254 nm lamp source using blank microscope slide. There was a

substantial difference in the reactor performance in treating the methyl orange with TiO, film

86



compared to blank microscope slide, it can be concluded that TiO, had a significant role in the
degradation of the methyl orange. There was considerable increase in the TiO, photocatalyst
performance in degradation of methyl orange using 254 nm compared to 385 nm, as TiO;

absorbance is higher for shorter wavelengths.
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Figure 5-6. Methyl Orange degradation using blank microscope slide under 254 nm UV
light irradiation.

The factors which could affect the observed reaction rate are the concentration of the methyl
orange, the change in the microscope slide surface (blank vs TiO; film surface), and change in

the light intensity of the UV lamp.

If we assume the change in the light intensity of the UV lamps in both experiments was
negligible and with a significant amount of light will be absorbed by the TiO; film, the main
factors affecting the reaction rate are concentration of the methyl orange and microscope slide

surface being coated with TiO; film.

87



5.2.4 Congo Red Degradation

The TiO; film coated microscope quartz slide was tested with 254nm and 385 nm to observe the
photocatalyst performance in the degradation of Congo red at different wavelengths. To validate
the photocatalyst degradation of congo red, a blank microscope quartz slide was used for direct

UV photolysis using 254nm wavelength lampas a control.

Congo red solution of 100 mg/L was prepared in a 100 mL volumetric flask and the solution was
calibrated at different concentrations (figure 5-7) on the spectrophotometer in UV-visible region

spectrum at a wavelength of 498 nm.
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Figure 5-7. Calibration Curve of Congo red.

The experimental results in Figure 5-8 shows the drop in concentration of Congo red from 100

mg/L to 38 mg/L under 254 nm lamp source.
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Figure 5-8. Congo red degradation using TiO, photocatalyst under 254 nm UV light
irradiation.

The experimental results in Figure 5-9 shows the drop in concentration of Congo red from 100

mg/L to 65 mg/L under 385 nm lamp source.
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Figure 5-9. Congo red degradation using TiO, photocatalyst under 385 nm UV light
irradiation.
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The experimental results in Figure 5-10 shows the drop in concentration of Congo red from 100

mg/L to 86 mg/L under 254 nm lamp source for the blank control.
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Figure 5-10. Congo red degradation using blank micro slide under 254 nm UV light
irradiation.

Similar to the results in methyl orange degradation, there was a substantial difference in the
reactor performance in treating the congo red with TiO, film compared to blank microscope
slide, it can be concluded that TiO, had a significant role in the degradation of the congo red.
There was considerable increase in the TiO, photocatalyst performance in degradation of congo
red using 254 nm compared to 385 nm, as TiO, particles absorbance is higher for shorter

wavelengths.

Again the possible factors affecting the difference in observed reaction rate with TiO, film
coated and blank microscopic slides, are concentration of congo red, the change in the
microscope slide surface, the mixing inside the reactor and change in the light intensity of the

UV lamp.
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As any possible change in the light intensity of the UV lamp can be assumed to be very minimal
as both the contaminants showed similar behavior with change in UV light and photocatalyst
surface, and the mixing inside the reactor should be constant as it was operated with same stirrer
and rpm, the primary factors affecting the reaction rate are concentration of the Congo red and

the TiO; film surface on microscope slide.

From the experiments in degradation of Congo red and Methyl Orange, it can be concluded the
reactor was successfully able to degrade the contaminant, and there was considerable increase in
reaction rate using the microscope quartz slide with TiO; film coated when compared to blank

microscope slide.

Both the contaminants methyl orange and congo red degradation was higher by TiO,

photocatalysis with 254 nm UV light source when compared to 385 nm UV light source.
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5.3 SINGLE TUBE REACTOR

The performance of the TiO, photocatalyst surface coated on quartz tubes by different coating
methods were analyzed using single tube reactor (Figure 5-11). The single tube reactor consists
of a quartz tube in the middle of the rectangular vessel, with a magnetic stirrer at the bottom to

mix the solution for uniform concentration in the vessel.

Figure 5-11. The single tube reactor with UV lamp and KI solution.

Experiments were performed in the single tube reactor using solutions of Congo red, KiI

(potassium iodide) and nitro phenol as the contaminants to be treated.

5.3.1 Congo red Degradation

The single tube reactor was tested in the degradation of Congo Red by photocatalysis process

with TiO; film coated by various methods on the quartz tube.
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5.3.1.1 Experimental Procedure

In this experiment a quartz tube coated with TiO, film using sol-gel and ESA method, was fixed
in the single tube reactor using silica caulk and allowed to air dry for 24 hrs until it was totally
dried. When the silica caulk was dried and the reactor was ready for the experiment, Congo red
solution of 100 mg/L concentration was prepared in an 1000 mL volumetric flask after stirring
the solution to mix the Congo red in water. The solution was then transferred to the single tube
reactor to fill it slightly above the quartz tube a magnetic stirrer was placed inside it and the

reactor was placed on a magnetic stirrer.

The UV lamp was inserted through the quartz tube and wired to ballast, which was connected to
the power source. After the lamp was switched on, the magnetic stirrer was rotated and samples

of the solution were taken each 1 hr to measure the concentration.

The experiment was performed by coating sand blasted tubes with TiO, and TiO,-Fe doped film

by sol-gel and ESA methods as explained in Chapter 4, section 4.3 and 4.4.

The results as plotted in Figure 5-10, shows there was considerable difference in performance of
reactor in degradation of Congo red using TiO; film when compared to blank film quartz tube.
The results also showed TiO,-Fe doped film has slightly better performance when compared to

just TiO, film.
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Table 5.1: Congo red degradation in single tube reactor by different methods.

Rate Initial
Order of | Constant | Concentration Final concentration
Method Reaction (1/sec) (mg/L) After 6hrs (mg/L)
Sol-gel TiO, First Order 0.0814 96 60
Sol-gel TiO,-Fe | First Order 0.0852 89 51
ESA TiO, First Order 0.0772 99 66
ESA TiO,-Fe First Order 0.0821 89 54
Blank First Order 0.0472 95 71

The sol-gel film had slightly better performance when compared to ESA method the sol-gel

TiO,-Fe doped has the better performance among all the methods in degradation of Congo red.

Figure 5-13 shows that a plot of Ln (C) vs time (hr) was linear, suggesting a first order reaction
in the degradation of Congo red in single tube reactor for all experiments. The rate constant also
confirmed the better performance of TiO, —Fe doped and TiO, film when compared to blank

tube. The Sol-gel TiO,-Fe doped has better performance among all the TiO, film methods in

Congo red degradation.
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5.3.2 Potassium lodide (KI)

The single tube reactor was tested using iodine (I,) liberation from KI reaction with various film

coating on the quartz tube.

The typical absorption spectrum of I, is shown in Figure 5-14. The calibration curve was

prepared plotted before performing the experiments to measure the concentrations.

20
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Figure 5-14. Absorbance spectrum of the I, in the UV-Visible spectrum from 200 -800 nm.

The KI solution was transparent in color i.e. with no color, with the generation of iodine during

the photocatalytic process the solution turns yellow indicating the presence of iodine in the
solution as shown in Figure 5-15. The iodine concentration in the solution with respect to time

was used to evaluate the reactor performance and the rate constant of the reaction in the reactor.
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Figure 5-15. The I, liberated in single tube reactor by Kl degradation.
The generation of iodine in the solution was confirmed by adding starch solution. The blue color
generated by the addition of the starch further confirms the presence of iodine in the reactor, i.e.

the generation of iodine during the reaction process in the single tube reactor.

Figure 5-16 shows the reactor with the starch indicator added to the solution with iodine in the

top picture and picture below was the one with the light shown in it.
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Figure 5-16. The I, solution with starch indicator turning the solution blue.
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5.3.2.1 Experiment Procedure

In this experiment a quartz tube coated with TiO, film was fixed in the single tube reactor using
silica gel and it was allowed to air dried for 24 hrs or more until it was totally dried. When the
silica gel was dried and the reactor was ready for the experiment a Kl (Potassium lodide)
solution of concentration 0.1 N by adding 34 mg/L in a 1000 mL conical flask after shaking the
solution to mix the Kl in water. The solution was then transferred to the single tube reactor

covering the quartz tube.

The UV lamp was inserted through the quartz tube and wired to ballast which was connected to
the power source. After the lamp was connected to power source and switched on the magnetic
stirrer was rotated and samples of reactor solution were taken each 1 hr to measure the

concentration of the I, liberated in the solution.

Before starting the experiment the I, solution absorbance at different concentration was
measured using the absorption spectrophotometer to make a calibration curve plot figure 5-17 of

concentration to the absorbance of the I, at 293 nm.

Todine Concentrtion Vs Absorbance
0.14

0.12

0.1
0.08
0.06
0.04
0.02

Todine Concentration (gm/l)

] 0.5 1 1.5 2 2.5

Absorbance, units

+ lodine Concentration-Absorbance

Figure 5-17. Calibration Curve of I, Concentration Vs Absorbance
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The concentration vs time in Figure 5-18, shows the degradation of KI in single tube reactor
using TiO,, TiO,-Fe doped film by sol-gel and ESA method and blank quartz tube. It shows the
sol-gel-iron doped quartz tube performance was better when compared to the ESA and ESA-Fe
doped TiO; film performance. The blank quartz tube performance was far below to the TiO, and

TiO,-Fe doped film performance.

Table 5.2: KI degradation in single tube reactor by different methods

Initial Final concentration
Method Order of Reaction | Concentration
After 6hrs (mg/L)
(mg/L)

Sol-gel TiO, Pseudo First Order 34 33.15
Sol-gel TiO,-Fe Doped | Pseudo First Order 34 33.1
ESA TiO, Pseudo First Order 34 334
ESA TiO,-Fe Pseudo First Order 34 33.3
Blank Pseudo First Order 34 33.65

The Ln (C) vs time graph shown in Figure 5-19 demonstrates that the Kl degradation was
different in first 2 hr and the final 2-6 hrs. All the individual lines for each film show similar
behavior from 0 — 6 hrs, during the first 2 hrs the reaction rate was higher when compared to the
2-6 hrs showing it was dependent on the concentration of KI. The experimental results showed it

was first order reaction from 2-6 hrs.

Based on the experimental results of KI degradation using TiO, and TiO,—Fe doped

photocatalyst coated by sol-gel and ESA method were significantly different compared to blank

quartz tube(without TiO, film) degradation by UV treatment.
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It verifies the degradation of contaminant in water by TiO, photocatalysis process and also to
show the increase in performance when compared to direct UV treatment. The observed
difference in reaction rate 0-2 hrs to 2-6 hrs might be due to the deposition of I, layer on the film

where the film once stabilized started reacting with KI or decrease in TiO, film.

5.3.3 Nitro phenol Degradation
Single tube reactor was also used in testing the degradation of the nitro phenol. Experiments
were performed using quartz tubes coated with sol-gel TiO, film, sol-gel TiO,-Fe doped, ESA

TiO, and ESA TiO,-Fe doped film.

Based on safety toxicity limit of exposure for nitro phenol, the initial concentration of the nitro

phenol solution used for the experiment was 20 mg/L.

Typical absorbance spectrum of nitro phenol using spectrophotometer is shown in the below

figure (Figure 5-20).
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Figure 5-20. Absorbance spectrum of the nitrophenol in the UV —Visible spectrum of 200-
850 nm.

5.3.3.1 Experiment Procedure

The experiment was performed using TiO, and TiO,-Fe doped film coated on quartz tube using
sol-gel and ESA methods. A 20 mg/l nitro phenol solution concentration was used as the initial
concentration, and the sample concentration was measured every hour using the

spectrophotometer.

The concentration vs. time in Figure 5-21, shows the degradation of nitro phenol in the single
tube reactor with blank quartz tube and quartz tubes with TiO,, TiO,-Fe doped film by sol-gel
and ESA method, and blank quartz tube. The blank quartz tube performance is far below when

compared to the TiO, and TiO,-Fe doped film performance.
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Figure 5-22 Ln(C) Vs time shows the degradation of nitro phenol was a first order reaction, as
shown in above Table 5-3 the rate constant of blank quart tube was approximately 3 times less

when compared to of sol-gel TiO,-Fe doped film.

Table 5.3: Nitro phenol degradation in single tube reactor by different methods

Order of Rate Initial _ Final _
Method Reaction Constant Concentration concentration
(1/sec) (mg/L) After 6hrs (mg/L)
Sol-gel TiO, First Order 0.169 20.0 7.8
Sol-gel TiO,-Fe | First Order 0.198 20.2 7.4
ESA TIO; First Order 0.172 20.5 8.2
ESA TiO,-Fe First Order 0.187 20.0 7.3
Blank First Order 0.063 20.0 14.5

The single tube reactor experiments studying the degradation of Congo red, Kl (potassium
iodide) and Nitro phenol confirmed the better performance by TiO, photocatalysis when

compared to UV photolysis in direct treatment of contaminant by UV light.
The results of the single tube reactor helped in the selection of the TiO, film and the coating
method for the seven tube reactor experiments, based on the single tube reactor results the Sol-

gel TiO,-Fe doped film method had better performance among all the film coating methods.

The results also confirmed the enhanced photocatalytic activity with Fe doped TiO, film when

compared to TiO, film in sol-gel and ESA methods.
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5.4 Seven Tube Reactor

The reactor configuration is similar to a shell and tube heat exchanger with seven tubes arranged
in a tubular shell of diameter 89 mm as shown in the Figure 5-23. Seven tubes of outer diameter
23 mm were arranged in a triangular pitch of 5 mm between each other. 8 baffles were spaced at
equal distance with alternate openings in the opposite direction across the reactor length. The
reactor length was 30 cm and the lamps were inserted inside the tubes, which were connected to

a power source using ballast.

In the Figure 5-24, the reactor with lamps inside quartz tubes and the alternate baffles opening
are arranged in opposite direction. At the right end of the reactor a port is located for injecting
samples and also for collecting samples. In Figure 5-25 the pump was connected to one end of
reactor through pipe on one side and the outlet of the reactor was connected to tank for

recirculating the solution through the pump.

Z9mm

Figure 5-23. Reactor view lay out.
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The control valve at the discharge side of the pump was used to control the flow rate of the feed
to reactor, which was monitored using a rotameter. During startup, the valve was gradually
increased from completely closed position as the liquid fills in the reactor. The effluent from the

reactor was re-circulated back to a tank, which was circulated back to the pump in re-circulating

process.

Figure 5-25. Experimental configuration of the reactor.
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5.4.1 Congo red degradation

The 7 tube reactor performance in the degradation of the Congo red was performed using the
quartz tubes coated with TiO,- Fe doped film by Sol-gel method. The film was selected based on
the performance of single tube reactor using TiO,-Fe doped film coated by sol-gel method when

compared to TiO; film coated by sol-gel and ESA method.
A few sets of experiments were performed using the same quartz tubes, which were coated with
the TiO,-Fe doped film by sol-gel method in degradation of Congo red, and the film behavior

was observed with the number of experiments.

Table 5-4. Tabulated results of congo red degradation and reactor conditions.

Initial Flow Final Rate
Experiment | Concentration rate Baffles | Lamps | Concentration | constant
(mg/L) (gpm) (mg/L) K,1/sec | R’
I 73.5 2gpm 8 7 36.7 0.079 0.991
Il 64.6 2gpm 8 7 35.4 0.067 0.978
I 62.8 2gpm 8 7 36.5 0.056 0.986
vV 68.6 2gpm 8 7 43.2 0.052 0.998
Vv 73.2 1gpm 8 7 46.7 0.054 0.985
Vi 71.2 2gpm 8 7 48.5 0.043 0.996

The durability/life of the TiO, film on the quartz surface in the reactor was evaluated by
repeating the experiment with same tubes. The tubes were cleaned before starting each

experiment by using deionized water rinse through the reactor at 2 gpm for 30 min.

The results of the experiment are plotted in a Figure 5-26 concentration vs. time from 0-9 hr. The

plot of In(C) vs time in Figure 5-27 is linear and shows the reaction being a first order.
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The experiment results showed decline in reactor performance from experiment | to experiment
VI, the decline can be attributed to decline in the photocatalytic activity of the TiO, surface. The
results in experiment VV showed the reaction rate was faster when compared to experiment IV
and VI can be attributed to change in flow rate from 2 gpm (experiment IV and VI) to 1 gpm

(experiment V).

The rate constant in table 5-1 also shows decline in reactor performance from experiment | to VI,

change in reactor performance with flow rate in experiment V.

The decline in reactor performance can be attributed to either the loss of TiO, film on the quartz

surface or adsorption of Congo red onto the TiO, surface and thereby reducing the active TiO,

surface area available.
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5.4.2 Nitrophenol Degradation
The experiments were conducted using TiO, and TiO,-Fe doped film coated using sol-gel and
ESA method, in testing the 7 tube reactor. The table below presents the experimental condition.

Table 5-5. Tabulated results and experimental conditions of nitro phenol degradation and
reactor conditions.

Initial Flow Final Rate ,
Experiment | Concentration Baffles | Lamps | Concentration | constant R
(mg/L) rate (mg/L) K, 1/sec

Sol-gel 20.84 2 gpm 8 7 7.50 1.75 0.996
Sol-gel-Fe 22.79 2 gpm 8 7 6.42 0.19 0.996
ESA 20.67 2 gpm 8 7 7.05 0.18 0.994
ESA-Fe 20.57 2 gpm 8 7 6.54 0.196 0.992
Blank 21.35 2 gpm 8 7 14.10 0.07 0.983

The 7 tube reactor performance in the degradation of nitrophenol using different films was
analyzed for reactor performance in the degradation of the nitrophenol using different film
coating mechanisms. The results of the nitrophenol degradation using quartz tube coated with
TiO,/TiO,-Fe doped films by sol-gel and ESA method are plotted in Figure 5-28. The Ln(C) vs

time plot in Figure 5-29 shows that the reaction was first order.

The seven tube reactor showed similar results as the single tube reactor, the Sol-gel TiO,-Fe
doped showed better performance among all the methods. There was distinguishable difference
in performance of seven tube reactor in degradation of contaminant using quartz tube coated with

TiO, and TiO,-Fe doped film when compared to blank quartz tubes.
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5.4.3 Factorial Design of Experiment results using 7 tube reactor

The 7 tube reactor performance as a function of variation in reactor variables and their mutual
dependency was analyzed by design of experiments. Experiments were conducted in different
combinations, by changing the reactor parameters the number of lamps to 4 and 7, the number of

baffles to 6 and 8, and flow rates at 1 and 2 gpm.

The results are explained and the experimental combinations are tabulated below:

Table 5-6. Experimental combinations conducted for the DOE (design of experiments).

Experiment I | m v v VI Vil Vil
Flow rate 2 2 2 2 1 1 1 1
Baffles 6 8 8 6 6
Lamps 4 4 4 4

5.4.3.1 Experiment |

The experiment was conducted by modifying the reactor to 6 baffles with equal spacing between
them after sealing the reactor using the silica gel. 4 lamps were used on the four corners in a
rectangular fashion in the outer quartz tubes. The flow rate was maintained at 2gpm during the

experiment with 4 liters of 0.1N Kl solution.

The concentration of the iodine formation increased from 0 gm/L to 0.16 gm/l, the results are

plotted in Figure 5-30. The reaction rate showed similar behavior as in single tube reactor, it was

first order reaction from 2-6 hrs as shown in Figure 5-31.
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5.4.3.2 Experiment 11
The experiment was conducted by modifying the reactor to 6 baffles with equal spacing between
them after sealing the reactor using the silica gel. The flow rate was maintained at 2gpm during

the experiment with 4 liters of 0.1N Kl solution.

The concentration of the iodine formation increased from 0 gm/L to 0.19 gm/L, the results are

plotted in Figure 5-30.

5.4.3.3 Experiment 111
The experiment was conducted by modifying the reactor to 8 baffles with equal spacing between
them after sealing the reactor using the silica gel. The flow rate was maintained at 2gpm during

the experiment with 4 liters of 0.1N Kl solution.

The concentration of the lodine formation increased from 0 gm/I to 0.205 gm/I, the results are

plotted in figure 5-30.

5.4.3.4 Experiment IV

The experiment was conducted by modifying the reactor to 6 baffles with equal spacing between
them after sealing the reactor using the silica gel , 4 lamps were used on the four corners in a
rectangular fashion on the outer tubes of the quartz . The flow rate was maintained at 2gpm

during the experiment with 4 liters of 0.1N KI solution.
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The concentration of the lodine formation increased from 0 gm/I to 0.178gm/I, the experimental

results are plotted in figure 5-30.

5.4.3.5 Experiment V

The experiment was conducted by modifying the reactor to 8 baffles with equal spacing between
them after sealing the reactor using the silica gel , 4 lamps were used on the four corners in a
rectangular fashion on the outer tubes of the quartz . The flow rate was maintained at 1gpm

during the experiment with 4 liters of 0.1 N Kl solution.

The concentration of the lodine formation increased from 0 gm/l to 0.185 gm/I, the results are

plotted in figure 5-30.

5.4.3.6 Experiment VI
The experiment was conducted by modifying the reactor to 8 baffles with equal spacing between
them after sealing the reactor using the silica gel, 7 lamps were used. The flow rate was

maintained at 1gpm during the experiment with 4 liters of 0.1N Kl solution.

The concentration of the lodine formation increased from 0 gm/l to 0.23gm/I, the experimental

results are plotted in figure 5-30.
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5.4.3.7 Experiment VII
The experiment was conducted by modifying the reactor to 6 baffles with equal spacing between
them after sealing the reactor using the silica gel, 7 lamps were used. The flow rate was

maintained at 1gpm during the experiment with 4 liters of 0.1N Kl solution.

The concentration of the lodine formation increased from 0 gm/I to 0.22 gm/l, the results are

plotted in figure 5-30.

5.4.3.8 Experiment V111

The experiment was conducted by modifying the reactor to 6 baffles with equal spacing between
them after sealing the reactor using the silica gel, 4 lamps were used on the four corners in a
rectangular arrangement on the outer tubes of the quartz . The flow rate was maintained at 1gpm

during the experiment with 4 liters of 0.1N KI solution.

The concentration of the iodine increased from 0 gm/l to 0.175gm/I, the experimental results are

plotted in figure 5-30.

The I, concentration vs time plot shown in Figure 5-30, shows the configuration with 8 baffles,
7 lamps and operated at a flow rate of 1 gpm was better in performance when comapred to the
experimental results with other combinations. All the above experiments were performed using

sol-gel TiO,-Fe doped film quartz tubes.
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It can be observed from the reactor test results, the reaction rate varies with time. Which is
similar to reaction rate behavior observed in the single tube reactor degradation of the KI. In
single tube reactor the reaction rate was constant after the first 2 hrs, a similar behaviour can be
observed in the Ln( C) vs time plot in figure 5-31 of the 7 tube reactor, the reaction rate
changed in first 2 hours and was reaching a steady reaction rate after the first few hours of

starting the reactor.

The most likely reason for the observed pattern may be the absorption of I, on to the quartz tube

surface or the dissolution of the TiO, from the quartz surface into water.
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5.4.3.9 Factorial experimental statistical analysis:
Statistical ANOVA analysis of the factorial experiment is analyzed using MINITAB software

(Minitab Inc., State College, Pennsylvania).

INTERACTION PLOT FOR I2 CONCENTRATION
Data Means
3 E]
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Figure 5-32. Interaction plot of recirculation rate, baffles, lamps and I, Concentration.

Factorial Fit: 12 CONCENTRATION versus GPM, BAFFLES, LAMPS
Estimated Effects and Coefficients for I, CONCENTRATION

Term Effect Coef

Constant 0.138
GPM -0.125 -0.062
BAFFLES 0.006 0.003
LAMPS 0.02 0.009
GPM*BAFFLES 0.02 0.01

GPM*LAMPS 0.011 0.005
BAFFLES*LAMPS 0.003 0.001

GPM*BAFFLES*LAMPS -0.003 -0.001

Analysis of Variance for I, CONCENTRATION
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Source DF SeqSS AdjSS Adj MS F P
Main Effects 3 0.0035 0.00015 0.00005 * *
2-Way Interactions 3 0.0001  0.00005 0.00002 * *
3-Way Interactions 1 0.0000 0.00001 0.00001 *ox
Residual Error 0 * * *

Total 7 0.0036

Estimated Coefficients for I, CONCENTRATION using data

Term Coef
Constant 0.138
GPM -0.062
BAFFLES 0.003
LAMPS 0.009
GPM*BAFFLES 0.01

GPM*LAMPS 0.005
BAFFLES*LAMPS 0.001

GPM*BAFFLES*LAMPS -0.0014

* NOTE * some factors have more than 2 levels, no alias table was printed.

The plot shown in Figure 5-29 presents the interaction of each variable i.e., recirculation flow
rate (gpm), baffles and lamps on the reactor performance. The recirculation flow rate has a
negative effect on I, concentration with increase in flow rate there was decrease in amount of I,
liberated. Number of Baffles also had positive effect on the I, concentration with increase in
number of baffles from 6 to 8 there was increase in I, liberated and the number of lamps has
positive effect on the I, liberated with increase in the number of lamps there was increase in the
amount of the I, liberated, the results showed increased flow rate has resulted in decrease of the
contact time of contaminant to the photocatalyst surface, and increase in number of baffles
showed it provided more mixing inside the reactor and allowed the contact of contaminant to the
photocatalyst surface, and the increase in number of lamps resulted in increasing the

photocatalyst activity .
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The mutual interaction between the variables flow rate —baffles, baffles-lamps, flow rate-lamps
has positive effect on the I, liberation and the mutual interaction between three variables together
flow rate-baffles-lamps has negative effect on the I, liberation. For any future design
modification or reconfiguration of reactor, there is need to perform factorial design of
experiment at flow rates of below 1gpm and increasing the baffles to more than 8 baffles, and

changing the layout of the quartz tubes.

To study the flow field inside the reactor, mixing and any dead zones inside the reactor
Computational fluid dynamic model of the single tube reactor and seven tube reactor was

performed, which will be discussed in the following sections.

5.5 Computational Fluid Dynamics Model (CFD)

5.5.1 2D Model of Single Tube Reactor

2D model of the single tube reactor was built in the COMSOL using Moving Mesh and
Incompressible Navier Stoke models. Side view of the single tube reactor was modeled to test
mass transfer limitation associated with mixing, with the inner circle representing the quartz tube

and a stirrer vertically beneath the quartz tubes to reflect the stirrer inside the reactor

The model result shown in Figure 5-33, was generated with a stirrer speed of 120 rpm. The
moving mesh and incompressible Navier-Stokes equations were used together, the moving mesh
took into account the stirrer rotation and navier stoke model computed the flow field across the
reactor taking in to account of the moving mesh model. A detailed report of the model is attached

in Appendix 1.
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The velocity profile shows the maximum velocity around the stirrer and minimum at the surface
of the quartz tubes or walls of the reactor, the velocity increases as the distance from the stirrer
increases and decreases as it approaches the wall surface or quartz tube surface, the velocity in

the reactor ranged from zero to 0.05 m/s.
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5.5.2 3D Model of 7 Tube Reactor
A 3D model of the reactor was designed using predefined models in COMSOL software. The

dimensions of the reactor in the model were made to represent the actual reactor dimensions.

Meshing was fine mesh predefined in the COMSOL across the reactor and coarse mesh at the
edges and the boundaries at the baffles. Boundary conditions were assigned, and influent
conditions were specified in “Incompressible Navier-Stokes (Chemical Engineering Module)”

among the predefined models in the COMSOL 3.4.0.248 version.

The flow field generated using the COMSOL model showed the flow being laminar, the
Reynolds number ranged from 0-3000. The Reynolds number was minimum at the surfaces of
the reactor and edges, and was up to 3000 between the baffles, the maximum Reynolds number
was noticed in the region between the baffles, and passage across the baffles opening has
Reynolds number in the range of 200-2500 as shown in the Figure 5-34 below. The detailed

report of the COMSOL is attached in the Appendix 1.

The results of model showed the reactor provided the required mixing inside the reactor and
thereby the potential limiting factor will be reaction at photocatalyst surface not the diffusion of
particles from bulk to photocatalyst surface and model can be used to simulate the flow field

with change in reactor layout and process parameter.
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5.6 Appendix

5.6.1 2D Model Report:

2d model of the single tube reactor was built in the COMSOL using Moving Mesh and Navier
Stroke models, the side view of the single tube reactor was modeled with the inner circle
showing the quartz tube and stirrer even though doesn’t reflect the actual location in the reactor
was used to reflect the mixing in the single tube reactor.

The report generated in COMSOL is shown below

COMSOL Model Report

Table of Contents

e Title - COMSOL Model Report
o Table of Contents

e Model Properties

o Constants

o Geometry

e Geoml

e Solver Settings

e Post processing

e Variables
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5.6.1.1 Model Properties

Property Value

Model name

Author

Company

Department

Reference

URL

Saved date Jun 27, 2007 10:30:40 PM
Creation date May 6, 2007 12:03:58 AM
COMSOL version COMSOL 3.4.0.248

Application modes and modules used in this model:

e Geoml (2D)
o Incompressible Navier-Stokes (Chemical Engineering Module)

o Moving Mesh (ALE)

5.6.1.2 Constants

Name Expression Value Description

dens |1e3
visc |1le-2
rom 120
co 100
kads 1le-6
kdes 1e-9
theta0 1000
Ds le-11
D le-9
v_max le-3
delta |le-4
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5.6.1.3 Geometry
Number of geometries: 1

Geoml
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Boundary mode
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5.6.1.4 Geoml

Space dimensions: 2D
Independent variables: X, Y, Z
Expressions

Boundary Expressions

Boundary | 5-6, 11-12
react_surf| kads*c*(thetaO-cs)-kdes*cs

Subdomain Expressions

Subdomain 1 2
v_lam m”2 \v_max*(1-(2*(x-0.5*delta)/delta)*2) v_max*(1-(2*(x-0.5*delta)/delta)"2)

Identity Pairs

Identity Point Pairs

Identity pairs Source points Destination points
Pair 1 4-6,9 13, 16-17, 20

Identity Boundary Pairs

Identity pairs Source boundaries Destination boundaries
Pair 1 7-10 17-20

Mesh

Mesh Statistics

Number of degrees of freedom 1809
Number of mesh points 221
Number of elements 351
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Triangular 351
Quadrilateral 0
Number of boundary elements 93
Number of vertex elements |20
Minimum element quality 0.675
Element area ratio 0.006
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002
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Application Mode: Incompressible Navier-Stokes (chns)

Application mode type: Incompressible Navier-Stokes (Chemical Engineering Module)

Application mode name: chns

Application Mode Properties

Property Value
Default element type

Analysis type Transient
Corner smoothing Off

Weakly compressible flow Off

Lagrange - P, P;
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Turbulence model None

Realizability Off
Non-Newtonian flow Off

Brinkman on by default  Off

Two-phase flow Single-phase flow
Frame Frame (ale)
Weak constraints Off

Constraint type Ideal

Variables

Dependent variables: u, v, p, logk, logd, logw, phi, nxw, nyw
Shape functions: shlag(2,'u"), shlag(2,'v"), shlag(1,'p")
Interior boundaries active

Boundary Settings

Boundary 1-2, 3 13-16

4-12,

17-

20
Type Wall Symmetry Inlet

boundary

Name no_slip_CW
velType U0in UQin uo
x-velocity m/s 0 0 -
() pi*rpm*sin(pi*rpm*t/30)*x/30+pi*rpm*cos(pi*rpm*t/30)*y/30
y-velocity m/s 0 0 -pi*rpm*cos(pi*rpm*t/30)*x/30-
(v0) pi*rpm*sin(pi*rpm*t/30)*y/30
Turbulent m%s>0 0 0
kinetic
energy
(k0)
Turbulent m%s*0 0 0
dissipation
rate (dO)
Specific 1/s 0 0 0
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turbulent
dissipation
rate
(omega0)

Turbulent m  0.07 0.07 0.07
length
scale (LT)

Turbulent 1 0.054 0.054 0.054

intensity

(IT)

Wall m |h h H

offset

(dw)

Pair Pair 1
Type Interior boundary
Turbulent kinetic energy (k0) m?/s® 0
Turbulent dissipation rate (d0) m?/s® 0
Specific turbulent dissipation rate (omega0) 1/s |0
Turbulent length scale (LT) m  0.07
Turbulent intensity (IT) 1 0.054
Wall offset (dw) m h

Subdomain Settings

Subdomain 1-2
Integration order (gporder) 442
Constraint order (cporder) 221
Density (rho) kg/m® dens
Dynamic viscosity (eta) Pa-s visc
Streamline diffusion switch (sdon) 0
Streamline diffusion type (sdtype) pgc
idTon 1
delidT 0.5
sdTtype ad

5.6.1.4 Application Mode: Moving Mesh (ALE) (ale)
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Application mode type: Moving Mesh (ALE)

Application mode name: ale

Application Mode Properties

Property Value
Default element type Lagrange - Quadratic
Smoothing method Laplace
Analysis type Transient
Allow remeshing Off
Defines frame Frame (ale)
Original reference frame [Frame (ale)
Motion relative to Frame (ref)
Weak constraints On
Constraint type Non-ideal
Variables

Dependent variables:

Shape functions: shlag(2,'Im5"), shlag(2,'Im6"), shlag(2,’x’), shlag(2,'y")

Interior boundaries not active

Subdomain Settings

Subdomain 1

Shape functions shlag(2,'Im5")

(shape) shlag(2,'Im6")
shlag(2,"x")
shlag(2,'y")

Integration order 44

(gporder)

Name Default

Type None

Displacement M {0;0}

2

shlag(2,'Im5") shlag(2,'Im6") shlag(2,"x")
shlag(2,'y")

44

rotate CW
pres
{cos(pi*rpm*t/30)*X+sin(pi*rpm*t/30)*Y-X;-
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expressions sin(pi*rpm*t/30)*X+cos(pi*rpm*t/30)*Y-Y}
(presexpr)

Subdomain initial value| |1 2
Spatial coordinate (x) 'm Xxinit_ale xinit_ale
Spatial coordinate (y) 'm yinit_ale \yinit_ale

5.6.1.5 Solver Settings

Solve using a script: off

Analysis type Transient
Auto select solver On

Solver Time dependent
Solution form Automatic
Symmetric auto

Adaption Off

Direct (UMFPACK)

Solver type: Linear system solver

Parameter Value
Pivot threshold 0.1
Memory allocation factor 0.7

Time Stepping

Parameter Value

Times 0:0.1:4
Relative tolerance le-2

Absolute tolerance le-3

Times to store in output Specified times
Time steps taken by solver Free

Manual tuning of step size Off

Initial time step 0.0010
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Maximum time step 1.0

Maximum BDF order 5

Singular mass matrix Maybe
Consistent initialization of DAE systems Backward Euler
Error estimation strategy Exclude algebraic
Allow complex numbers Off

Advanced

Parameter

Constraint handling method
Null-space function
Assembly block size

Use Hermitian transpose of constraint matrix and in symmetry detection

Use complex functions with real input
Stop if error due to undefined operation
Store solution on file

Type of scaling

Manual scaling

Row equilibration

Manual control of reassembly

Load constant

Constraint constant

Mass constant

Damping (mass) constant

Jacobian constant

Constraint Jacobian constant

140

Value
Elimination
Automatic
5000

Off

Off

On

Off

None

On
Off
On
On
On
On
On
On



5.6.1.6 Post processing

Time=4 Suface: Velodty fiedd [mys] Contour: Velocity fiedd [m/s] Arrow: Velocity feld  Steamiine: Velocty fed Max: 00500 Max: 00625
aaz 005  [™0.0825
[=10.0593
0.05 0.045 I==10.0551
[~10.0529
0.05 008 o007
[=10.0465
0.04 [ i [~10.0433
0.0
0 [ 1003 e
[~10.0335
0.2 B oo
~]0.0272
0.01 r 0.0z
~0.024
Hoas | [~
g 0.0176
-a01 Lo T
0.0112
002 0.005 0.003
0.0048
-007 -0.06 -005 -0.04 003 002 001 ] a.01 a.a 0. 0.04 0.05 0.05 a.07 0.08 4 —0.0016
Mn: 0 Min: 1.602e-3
5.6.1.7 Variables
Point
Name |Description Unit Expression
xinit_ale x coordinate initial value M X
yinit_ale ly coordinate initial value M Y
Boundary
Name Description Unit Expression
K_x_chns Viscous force per area, x ~ Pa |eta_chns * (2 * nx_chns * ux+ny_chns * (uy+vx))
component
T_x_chns Total force per area, X Pa -nx_chns * p+2 * nx_chns * eta_chns *
component ux+ny_chns * eta_chns * (uy+vx)
K_y chns Viscous force per area,y |Pa |eta_chns * (nx_chns * (vx+uy)+2 * ny_chns * vy)
component
T_y chns Total force per area, y Pa |-ny_chns * p+nx_chns * eta_chns * (vx+uy)+2 *
component ny_chns * eta_chns * vy

xinit_ale x coordinate initial value 'm X
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yinit_ale |y coordinate initial value

Subdomain

Name
U_chns
V_chns
divU_chns

cellRe_chns
res_u_chns

res_sc_u_chns
res_v_chns
res_sc_v_chns
beta X _chns
beta_y chns
Dm_chns

da_chns
xinit_ale

yinit_ale

dx_ale
dy ale

Description
Velocity field
Vorticity

Divergence of
velocity field

Cell Reynolds number

Equation residual for
u

Shock capturing
residual for u

Equation residual for
Y

Shock capturing
residual for v

Convective field, x
component

Convective field, y
component

Mean diffusion
coefficient

Total time scale factor

x coordinate initial
value

y coordinate initial
value

x-displacement
y-displacement

m Y

Unit
m/s
1/s
1/s

1
N/m”"3

N/m”3
N/m”3
N/m”3
kg/(m”2*s)
kg/(m”2*s)
Pa*s

kg/m"3
m

m
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Expression
sqrt(u"2+v"2)
VX-uy

ux+vy

rho_chns * U_chns * h_ale/eta_chns
rho_chns * (u * ux+v * uy)+px-F_x_chns-
eta_chns * (2 * uxx+uyy+vxy)

rho_chns * (u * ux+v * uy)+px-F_x_chns
rho_chns * (u * vx+v * vy)+py-F_y chns-
eta_chns * (vxx+uyx+2 * vyy)

rho_chns * (u * vx+v * vy)+py-F_y chns
rho_chns * u

rho_chns * v

eta_chns

rho_chns
X

Y

X-X
y-Y



5.6.2 3D Model of Seven tube reactor

CFD model of seven tube reactor was built in 3d view using the Comsol and the using the
predefined model incompressible Navier stroke model the flow field in the seven tube reactor

was generated.

The Comsol report of the seven tube reactor shown below shows the flow field is not turbulence

COMSOL Model Report

Table of Contents

e Title - COMSOL Model Report
o Table of Contents

e Model Properties

o Constants

o Geometry

e Geoml

o Materials/Coefficients Library
e Solver Settings

o Postprocessing

e Variables

143



5.6.2.1 Model Properties

Property Value

Model name

Author

Company

Department

Reference

URL

Saved date Jun 27, 2006 1:03:57 PM
Creation date Mar 7, 2006 1:14:07 PM
COMSOL version COMSOL 3.4.0.248

Application modes and modules used in this model:
e« Geoml (3D)

o Incompressible Navier-Stokes (Chemical Engineering Module)

5.6.2.2 Constants

Name Expression Value Description
T 298

5.6.2.3. Geometry

Number of geometries: 1
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Sub domain mode

anz

oo

am

5.6.2.4 Geoml
Space dimensions: 3D

Independent variables: X, y, z

Mesh

Mesh Statistics

Number of degrees of freedom 860008

Number of mesh points 41620
Number of elements 160866
Tetrahedral 160866
Prism 0
Hexahedral 0
Number of boundary elements 57228
Triangular 57228
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Quadrilateral 0
Number of edge elements 6833
Number of vertex elements 720
Minimum element quality ~ 0.299
Element volume ratio 0.001

Application Mode: Incompressible Navier-Stokes (chns)

Application mode type: Incompressible Navier-Stokes (Chemical Engineering Module)

Application mode name: chns

Application Mode Properties

Property Value

\Default element type \Lagrange -Py Py
Analysis type Stationary
Corner smoothing Off
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Weakly compressible flow Off

Turbulence model None
Realizability Off
Non-Newtonian flow Off

Brinkman on by default  Off

Two-phase flow Single-phase flow
Frame Frame (xyz)
Weak constraints Off

Constraint type Ideal

Variables

Dependent variables: u, v, w, p, logk, logd, logw, phi, nxw, nyw, nzw
Shape functions: shlag(2,'u’), shlag(2,'v"), shlag(2,'w"), shlag(1,'p")

Interior boundaries not active

Boundary Settings

Boundary 1-35, 37-360, 362-364 36 361

Type Wall Inlet Open boundary
velType u0in u0  UQin
y-velocity (v0) m/s 0 3 0

Subdomain Settings

Subdomain 1
Integration order (gporder) 4442
Constraint order (cporder) 2221
Density (rho) kg/m® 11000
Dynamic viscosity (eta) Pa-s 0.001
Isotropic diffusion switch (idon) 1
Streamline diffusion switch (sdon) 0
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Streamline diffusion type (sdtype) pgc
5.6.2.5 Materials/Coefficients Library
Water, liquid

Parameter Value

Heat capacity at constant pressure (C) Cp(T)

Dynamic viscosity (eta) eta(T)

Thermal conductivity (k) k(T)

Kinematic viscosity (nu0) nuO(T)

Density (rho) rho(T)

Functions

Function Expression Derivatives

nuo(T)  (3.34e-10*T"4-4.57e- diff((3e-10*T"4-5e-

Cp(T)
rho(T)

eta(T)

k(T)

07*TA3+2.366-4*TA2-
0.054*T+4.67)/(-1.1538E-
07* T 4+1.6538E-04*T3-
9.1327E-02*T"2+22.333*T-
1014.6)

4200

-1.1538E-07*T"4+1.6538E-
04*T"3-9.1327E-
02*T"2+22.333*T-1014.6

3.34e-10*T"4-4.57e-
07*T"3+2.36e-4*T"2-
0.054*T+4.67

0.0015*T+0.1689

07*TA3+0.0002*T/2-
0.054*T+4.67)/(2E-05*TA3-
0.0187*TA2+6.7496*T+234.1),T)

diff(4200,T)
diff(2E-05*T"3-
0.0187*TA2+6.7496%T+234.1,T)

diff(3e-10*T"4-5e-07*T"3+0.0002*T"2-
0.054*T+4.67,T)

diff(0.0015*T+0.1689,T)
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5.6.2.6 Solver Settings

Solve using a script: off

Analysis type Stationary
Auto select solver On

Solver Stationary
Solution form Automatic
Symmetric Off
Adaption Off

Direct (UMFPACK)

Solver type: Linear system solver

Parameter Value
Pivot threshold 0.1
Memory allocation factor 0.7

Stationary

Parameter Value
Linearity Nonlinear
Relative tolerance 1.0E-6
Maximum number of iterations 40
Manual tuning of damping parameters Off
Highly nonlinear problem Off

Initial damping factor 1.0
Minimum damping factor 1.0E-4
Restriction for step size update 10.0
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Advanced

Parameter Value
Constraint handling method Elimination
Null-space function Automatic
Assembly block size 55000

\Use Hermitian transpose of constraint matrix and in symmetry detection \Off

\Use complex functions with real input \Off
Stop if error due to undefined operation On
Store solution on file Off
Type of scaling ‘None
Manual scaling |
Row equilibration On
‘Manual control of reassembly Off
Load constant On
Constraint constant On
Mass constant On
\Damping (mass) constant \On
Jacobian constant On
Constraint Jacobian constant On

5.6.2.7 Postprocessing

Subdomain: Cell Reynolds Number

tanz
lons

tana

152

Max:4000
000

3500

000

+ 2500

- 2000

1500

1000

-S00

0
Min:0



5.6.2.8 Variables

Boundary

Name

Description

K_x_chns Viscous force per
area, X component

Unit
Pa

T_x_chns Total force per area, x Pa
component

K_y chns Viscous force per
area, y component

T_y chns Total force per area, y Pa
component

K_z_chns Viscous force per
area, z component

Pa

Pa

T _z chns Total force per area, z Pa

component
Subdomain
Name Description
U_chns Velocity field
Vx_chns Vorticity, X
component
Vy_chns Vorticity, y
component
Vz_chns Vorticity, z
component
V_chns Vorticity
divU_chns Divergence of
velocity field
cellRe_chns  |Cell Reynolds
number
res_u_chns Equation
residual for u
res_sc_u_chns Shock
capturing
residual for u
res_v_chns Equation

Unit
m/s
1/s
1/s
1/s

1/s
1/s

N/m”3

N/m”3

N/m”3

Expression

eta_chns * (2 * nx_chns * ux+ny_chns *
(uy+vx)+nz_chns * (uz+wx))

-nx_chns * p+2 * nx_chns * eta_chns * ux+ny_chns *
eta_chns * (uy+vx)+nz_chns * eta_chns * (uz+wx)

eta_chns * (nx_chns * (vx+uy)+2 * ny_chns *
vy+nz_chns * (vz+wy))

-ny_chns * p+nx_chns * eta_chns * (vx+uy)+2 *
ny_chns * eta_chns * vy+nz_chns * eta_chns * (vz+wy)

eta_chns * (nx_chns * (wx+uz)+ny_chns * (wy+vz)+2 *
nz_chns * wz)

-nz_chns * p+nx_chns * eta_chns * (wx+uz)+ny_chns *
eta_chns * (wy+vz)+2 * nz_chns * eta_chns * wz

Expression
sqrt(u2+v2+wn2)
WYy-vz

uz-wx
VX-Uuy

sgrt(Vx_chns"2+Vy chns"2+Vz_chns”"2)
UX+Vy+wz

rho_chns * U_chns * h/eta_chns
rho_chns * (u * ux+v * uy+w * uz)+px-F_x_chns-

eta_chns * (2 * uxx+uyy+vxy+uzz+wxz)
rho_chns * (u * ux+v * uy+w * uz)+px-F_x_chns

rho_chns * (u * vx+v * vy+w * vz)+py-F_y chns-
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res_sc_v_chns

res_ w_chns

res_sc_w_chns

beta X chns

beta_y chns

beta z chns

Dm_chns

da_chns

residual for v

Shock
capturing
residual for v
Equation
residual for w
Shock
capturing
residual for w

Convective
field, x

component
Convective

field, y
component

Convective
field, z
component

Mean diffusion

coefficient

Total time
scale factor

eta_chns * (vxx+uyx+2 * vyy+vzz+wyz)

N/m”3 rho_chns * (u * vx+v * vy+w * vz)+py-F_y chns

N/m”3 rho_chns * (u * wx+v * wy+w * wz)+pz-F_z_chns-
eta_chns * (wxx+uzx+wyy+vzy+2 * wzz)

N/m”3 rho_chns * (u * wx+v * wy+w * wz)+pz-F_z_chns

kg/(m”2*s) rho_chns * u

kg/(m”2*s) rho_chns * v

kg/(m”2*s) rho_chns * w

Pa*s eta_chns

kg/m”3 rho_chns
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6 CONCLUSIONS
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6.1 Conclusion/Summary:

Microscope slide glass reactor experimental results in the degradation of congo red and methyl-
orange showed the TiO, photocatalysis process using UV light of wave length 254 nm had better
performance when compared to the wavelength of 385 nm. It was also verified from the blank
microscope glass slide experimental results that most of the degradation of congo red/methyl

orange was due to the TiO, photocatalysis process not the UV photolysis process.

Single tube reactor experimental results showed the successful degradation of the congo red, KI
(potassium iodide) and nitro phenol using TiO, film coated by sol-gel and ESA methods. The
results also showed the doping of TiO, has significant improvement in the photocatalyst
performance in the degradation of Congo Red/Kl/nitro phenol. It was observed from the
experimental results the sol-gel TiO,-Fe doped film had better photocatalytic performance when
compared to sol-gel TiO, film and ESA TiO,-Fe doped film had better performance when

compared to the ESA TiO, film.

The seven tube reactor experimental results showed same behavior to the single tube reactor in
the degradation of congo red, KI and nitro phenol using sol-gel and ESA method TiO,/ TiO, -Fe

Doped film, the Fe-Doped TiO, film had higher rate constant.

From the factorial experiment of the parameters in the 7 tube reactor, it showed the significance
of each variable: flow rate, baffles and number of lamps in the degradation of KI. By observing
the individual coefficient and effects of the individual variables on the KI degradation , the

results from the factorial experiment suggests that with increase in flow rate from 1 gpm to 2
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gpm the degradation decreased. It can also be observed from the concentration vs time plot in
Figure 5-28 that increase in number of baffles from 6 to 8 increased the reactor performance
and with increase in number of lamps 4 to 7 the reactor performance increased, the results
showed increased flow rate has resulted in decrease of the contact time of contaminant to the
photocatalyst surface, and increase in number of baffles showed it provided more mixing inside
the reactor and allowed the contact of contaminant to the photocatalyst surface, and the increase

in number of lamps resulted in increasing the photocatalyst activity .

The CFD model of the seven tube reactor shows the flow pattern of high mixing in between the
baffles, which corresponding to high Reynolds number. No mixing or low Reynolds number
was noticed at the inlet and outlet opening of the reactor. Further, work needs to be done using
CFD model to simulate the reaction kinetics on the photocatalytic surface, which will help in

design of a large scale reactor.

We can conclude that future work needs to done in the evaluation of reactor performance using
film with dopant of higher potential than the Fe-doped film. The multiple tube reactor of shell
and tube configuration can be considered for design of large scale reactor, as it provides the
required mixing inside the reactor and also it provides an environment for contact of UV light
with photocatalyst without necessity of penetrating through the water. For successful and
economically feasible large scale reactor, further research needs to be done for photocatalyst
with high efficiency in terms of light usage and also driving the photocatalyst activity with the

visible light.
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For successful commercial application of the reactor, the durability of the film plays significant.
Further work needs to be done to evaluate the durability of the film and enhance the film

durability without the need of reactivating the film too often.

The thickness of the film also plays significant role as with high thickness the TiO, particles
activated after absorbing the light photon might not be in contact with water and organic
contaminant, with small thickness if it’s lower than wavelength of photon then no TiO, photon
absorption will occur. Further work needs to be done to evaluate the optimum thickness for the

reactor performance.

Another area for potential commercial application is current advanced oxidation process using
ozone and H,O, for treating organic compounds can be replaced with TiO, photocatalysis
process in combination with H,O, or ozone. We need to evaluate the gain of using

photocatalysis+ O3/H,0, compared to Os/H,O, oxidation process.

Based on the constraints of most of the existing photocatalytic reactors such as the TiO, film
deposition, UV light transmission path to the TiO, surface and mixing inside the reactor. The
experimental results of the proposed multiple tube photocatalytic reactor showed the required
mixing with no flow dead zones inside the reactor and contact of the fluid to the photocatalytic
surface, UV light transmission mechanism to TiO, without the necessity to transmit through

water and deposition of TiO, film on quartz surface.
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From the experimental work it can concluded that the photocatalytic reactor can be used as
replacement for the existing photolysis process in commercial environment, as the photocatalytic
reactor provided better performance in degradation of congo red/methyl orange/Kl when

compared to the direct UV photolysis.
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