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PHOTOCATALYTIC OXIDATION OF GAS PHASE VOLATILE ORGANIC
COMPOUNDS (VOCS) USING NANOSTRUCTURE TITANIUM DIOXIDE
BASED MATERIALS

(Keywords: Photocatalyic, degradation, photoactivity, catalyst)

Various atomic ratios of metal doped TiO: were prepared using Mn**, Fe**, Fe’*,
Cu’*, Zn**, Cu** co-doped with Fe’* and Zn’* co-doped with Fe’*. Photocatalytic
degradation of CH>Cl;, CHCls and CCl+ using various atomic ratios of metal doped
TiO: showed the existence of optimum dopant ratio, which indicates the dependency
of photoactivity of doped TiO: on dopant concentration. Besides, dopants can affect
the photoactivity of doped TiO: by acting as hole/electron traps or as recombination
centres. Using doped catalysts such as Fe’*/TiOs, Fe’*/TiO2, Cu’*/TiOs, Zn’*/TiOs,
Cu**/Fe’*/TiO: and Zn’*/Fe’*/TiO: gave higher degradation of VOCs than pure
TiO:2. However, adding of Mn** was detrimental to the process. The rate of
degradation of the studied chlorinated hydrocarbons follows the order: CHCl: >
CH:CL: > CCls. This indicates different VOCs will have different levels of
degradation although same catalyst was used in the photocatalytic degradation
experiment. In photocatalytic degaradation of CHCL and CCls mixtures, low
concentration of CHCl; and CCls mixtures shows higher degradation than CCls. The
Cl- radicals do not attack C-Cl bond s in CCls, therefore, Cl- radicals formed during
the illumination of UV lamp may contribute to the degradation of CHCL.
Consequently, more CHCl: was degraded. Possible model for photocatalytic
degradation of VOCs were proposed, utilizing data from fragments analysis using
GC-MS. SEM/EDX, UV-Vis and ellipsometer were used to characterize the structural
and optical properties of thin films. Addition of dopants shifted the absorption edge
of TiO: and this indicated the changes of band gap energy. The film thickness for all
catalyst samples is between 227-251 nm and within the acceptable range of thin films
(<1000 nm).



PENGOKSIDAAN PEMANGKINAN FOTO BAGI SEBATIAN ORGANIK
MERUAP BERFASA GAS (VOCs) MENGGUNAKAN TITANIUM DIOKSIDA
BERSTRUKTUR NANO

(Kata kunci: Pemangkinan foto, pengdegradasian, aktiviti foto, mangkin)

TiO: dop dengan pelbagai nisbah logam ion telah disediakan dengan menggunakan
Mn’*, Fe’*, Fe’*, Cu’*, Zn’*, Cu’* ko-dop Fe’* dan Zn** ko-dop Fe’*. Mangkin foto
degradasi CH2Cl,, CHCL; dan CCls dengan menggunkan TiO: dop dengan pelbagai
nisbah logam ion menunjukkan kewujudan satu nilai optimum bahan pendop terhadap
TiO:. nilai ini menunjukkan bahawa aktiviti mangkin foto TiO: bergantung kepada
kepekatan bahan pendop. Bahan pendop mempengaruhi aktiviti pemangkin foto TiO:
dengan bertindak sebagai perangkap e/h* atau sebagai pusat pengabungan.
Penggunaan TiO: dop dengan logam seperti Fe**/TiO:, Fe’*/TiO2 Cu**/TiO,,
Zn**/TiOz, Cu’*/Fe’*/TiO: dan Zn**/Fe’*/TiO:2 memberikan degradasi VOCs yang
lebih tinggi daripada TiO: tanpa bahan pendop. Manakala penambahan Mn**
memberikan kesan yang negatif. Pendegradasina VOCs mengikut kadar: CHCL >
CH:Cl: > CCls. Ini menunjukkan VOCs yang berbeza akan memberikan degradasi
yang berbeza walaupun mangkin yang sama digunakan. Dalam mangkin foto degradasi
campuran CHCl dan CCls, campuran berkepkatan rendah menunjukkan degradasi
yang lebih tinggi daripada degradasi CCls. Ini disebabkan oleh radikal Cl- tidak
menyerang ikatn C-Cl dalam CCls, dengan itu, radikal Cl- yang terbentuk dalam
penyinaran UV akan meyerang CHCL. Akibatnya, lebih banyak CHCD
didegradasikan. Dengan menggunakn maklumat yang diperolehi daripada GC-MS,
model bagi pendegradasian VOCs boleh dicadangkan. SEM/EDX, Spektrofotometer
UV-Vis dan ellipsometer telah digunakan untuk mencirikan saput tipis. Penambahan
bahan pendop mengubah penyerapan TiO: ke kawasan nampak dan ini menunjukkan
perubahan tenaga lubang jalur. Ketebalan saput tipis adalah di antara 227-251 nm dan

ini adalah dalam lingkungan ketebalan saput tipis (< 1000 nm).



Benefits Report Guidelines

A. Purpose

The purpose of the Benefits Report is to allow the IRPA Panels and their supporting
experts to assess the benefits derived from IRPA-funded research projects.

B. Information Required

The Project Leader is required to provide information on the results of the research
project, specifically in the following areas:

e Direct outputs of the project;

e Organisational outcomes of the project; and

e Sectoral/national impacts of the project.

C. Responsibility

The Benefits Report should be completed by the Project Leader of the IRPA-funded
project.

D. Timing

The Benefits Report is to be completed within three months of notification by the IRPA
Secretariat. Only IRPA-funded projects identified by MPKSN are subject to this review.
Generally, the Secretariat will notify Project Leaders of selected projects within 18
months of project completion.

E. Submission Procedure
One copy of this report is to be mailed to :

IRPA Secretariat

Ministry of Science, Technology and the Environment
14th, Floor, Wisma Sime Darby

Jalan Raja Laut

55662 Kuala Lumpur



Benefit Report

1. Description of the Project

A. Project identification

1. Project number : 03-02-06-0127 EA001 (vot 74248)
Project title : Photocatalytic Oxidation of Gas Phase Volatile Organic Compounds

2. (VOCs) Using Nanostructure Titanium Dioxide Based Materials

3. Project leader : P.M. Dr. Mohd Yusuf Othman

B. Type of research
Indicate the type of research of the project (Please see definitions in the Guidelines for
completing the Application Form)
|:| Scientific research (fundamental research)

v Technology development (applied research)

|:| Product/process development (design and engineering)
I:I Social/policy research

C. Objectives of the project

1. Socio-economic objectives
Which socio-economic objectives are adressed by the project? (Please indentify the sector, SEO
Category and SEO Group under which the project falls. Refer to the Malaysian R&D
Classification System brochure for the SEO Group code)
Sector : Manufacturing and Construction
SEO Category : Manufacturing (S20600)
SEO Group and Code : Industrial Chemicals and Related Products (S20607)

2. Fields of research
Which are the two main FOR Categories, FOR Groups, and FOR Areas of your project? (Please
refer to the Malaysia R&D Classification System brochure for the FOR Group Code)

a. Primary field of research
FOR Category : Applied Sciences and Technologies
FOR Group and Code : Manufacturing and Process Technologies and Engineering (F10602)
FOR Area : Material Processing Technology

b. Secondary field of research

FOR Category : Engineering Science
FOR Group and Code : Chemical Engineering (F10702)
FOR Area : Catalyst Chemicals
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Project duration
What was the duration of the project?

36 Months

Project manpower
How many man-months did the project involve?

72 Man-months

Project costs
What were the total project expenses of the project?

RM 196,500.00

Project funding
Which were the funding sources for the project?
Funding sources Total Allocation (RM)

IRPA RM 196.500.00




Il. Direct Outputs of the Project

A. Technical contribution of the project

1. What was the achieved direct output of the project :
For scientific (fundamental) research projects?

Algorithm

Structure

Data

HD L

Other, please specify :

For technology development (applied research) projects :

v Method/technique

|:| Demonstrator/prototype

|:| Other, please specify :

For product/process development (design and engineering) projects:

v Product/component

Process

[ ]
I:l Software

I:l Other, please specify :

2. How would you characterise the quality of this output?
I:I Significant breakthrough

I:I Major improvement

\/ Minor improvement




Contribution of the project to knowledge

How has the output of the project been documented?

\/

Detailed project report

I:l Product/process specification documents

|:| Other, please specify :

Did the project create an intellectual property stock?

I:I Patent obtained
I:I Patent pending

I:l Patent application will be filed

[ | Copyright

What publications are available?

\/

\/

Articles (s) in scientific publications

Papers(s) delivered at conferences/seminars

I:I Book

I:l Other, please specify :

How Many:

How Many:

How significant are citations of the results?

|:| Citations in national publications

I:I Citations in international publications

\/

None yet

I:I Not known

How Many:

How Many:




Organisational Outcomes of the Project

A

1.

Contribution of the project to expertise development

How did the project contribute to expertise?

I:l PhD degrees

N MSc degrees

|:| Research staff with new specialty

I:I Other, please specify:

How Many:
How Many:

How Many:

5 students

How significant is this expertise?

I:I One of the key areas of priority for Malaysia

v An important area, but not a priority one

Economic contribution of the project?

How has the economic contribution of the project materialised?

Sales of manufactured product/equipment

Royalties from licensing

Cost savings

Time savings

JHH U

Other, please specify :

How important is this economic contribution ?

I:I High economic contribution Value:
Medium economic contribution Value:

I:l Low economic contribution Value:

RM

RM

100,000.00




When has this economic contribution materialised?
Already materialised

Within months of project completion
Within three years of project completion

Expected in three years or more

AU UL L

Unknown

C

Infrastructural contribution of the project

What infrastructural contribution has the project had?

New equipment Value: RM

New/improved facility Investment : RM

New information networks

IRINE

Other, please specify:

How significant is this infrastructural contribution for the organisation?

I:I Not significant/does not leverage other projects

\ Moderately significant

I:I Very significant/significantly leverages other projects

D.

1.

Contribution of the project to the organisation’s reputation

How has the project contributed to increasing the reputation of the organisation
Recognition as a Centre of Excellence

National award

International award

Demand for advisory services

Invitations to give speeches on conferences

Visits from other organisations

JHUHUUUL

Other, please specify:




2.

How important is the project’s contribution to the organisation’s reputation ?
I:I Not significant

\/ Moderately significant

I:l Very significant




1V. National Impacts of the Project

A. Contribution of the project to organisational linkages
1. Which kinds of linkages did the project create?

I:I Domestic industry linkages

I:I International industry linkages

v Linkages with domestic research institutions, universities

[ ] Linkages with international research institutions, universities
2. What is the nature of the linkages?

I:I Staff exchanges

Inter-organisational project team

Research contract with a commercial client

Informal consultation

JUUE

Other, please specify:

B. Social-economic contribution of the project
Who are the direct customer/beneficiaries of the project output?

Customers/beneficiaries: Number:

2. How has/will the socio-economic contribution of the project materialised ?
Improvements in health

Improvements in safety

Improvements in the environment

Improvements in energy consumption/supply

Improvements in international relations

U UL

Other, please specify:




3.

4.

How important is this socio-economic contribution?

I:I High social contribution

\/

Medium social contribution

I:l Low social contribution

When has/will this social contribution materialised?

I:I Already materialised

I:I Within three years of project completion

I:I Expected in three years or more

\/

Unknown

Date: 4 July 2007

Signature:
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End of Project Report Guidelines

A. Purpose

The purpose of the End of Project is to allow the IRPA Panels and their supporting
group of experts to assess the results of research projects and the technology transfer
actions to be taken.

B. Information Required

The following Information is required in the End of Project Report :

e Project summary for the Annual MPKSN Report;

Extent of achievement of the original project objectives;

e Technology transfer and commercialisation approach;

e Benefits of the project, particularly project outputs and organisational outcomes; and
e Assessment of the project team, research approach, project schedule and project

costs.

C. Responsibility

The End of Project Report should be completed by the Project Leader of the IRPA-
funded project.

D. Timing

The End of Project Report should be submitted within three months of the completion
of the research project.

E. Submission Procedure
One copy of the End of Project is to be mailed to :

IRPA Secretariat

Ministry of Science, Technology and the Environment
14" Floor, Wisma Sime Darby

Jalan Raja Laut

55662 Kuala Lumpur



End of Project Report

A

Project number : 03-02-06-0127 EA001 (vot 74248)

Project title: Photocatalytic Oxidation of Gas Phase Volatile Organic Compounds
(VOCs) Using Nanostructure Titanium Dioxide Based Materials

Project leader: P.M. Dr. Mohd Yusuf Othman

Tel:  07-5534126 Fax: 07-5566162

Summary for the MPKSN Report (for publication in the Annual MPKSN Report, please summarise
the project objectives, significant results achieved, research approach and team structure)

The main objectives of this project can be summarized as follows;

1. To develop an environmental catalyst with excellent photocatalytic activity for the
destruction of gas phase VOCs.

2. To identify the optimum conditions for catalyst preparations and photocatalytic reactions.
3. To investigate the chemical, optical and electrical properties of the catalyst.

In order to achieve the above targeted objectives firstly we have carried out synthesize of
various photocatalysts based on TiO,, We also prepared doped photocatalysts using selected
first transistion metals. All prepared photocatalysts were tested towards degradation of
various volatile organic compounds using home-built photomicroreactor.

Mechanistic study was also conducted using the best photocatalyst identified from the
screening test done earlier. Characterization of the best photocatalyst was done using
various analytical techniques such as XRD, SEM-EDX, XPS, FTIR, TGA/DTG and
nitrogen adsorption technique.

The result obtained so far still need some improvements especially on the property of
photocatalysts. As such further experimental modifications will be adopted integrating metal
oxides which could alter the excitation energy of the photocatalysts.

This project involves three researcher, and five research students
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Objectives achievement

e Original project objectives (Please state the specific project objectives as described in Section Il of
the Application Form)

1. To develop an environmental catalyst with excellent photocatalytic activity for the
destruction of gas phase VOCs.

2. To identify the optimum conditions for catalyst preparations and photocatalytic reactions.
3. To investigate the chemical, optical and electrical properties of the catalyst.

e Objectives Achieved (Please state the extent to which the project objectives were achieved)
1. To develop an environmental catalyst with excellent photocatalytic activity for the
destruction of gas phase VOCs.

2. To identify the optimum conditions for catalyst preparations and photocatalytic reactions.
3. To investigate the chemical, optical and electrical properties of the catalyst.

e Objectives not achieved (Please identify the objectives that were not achieved and give reasons)

Technology Transfer/Commercialisation Approach (Please describe the approach planned to
transfer/commercialise the results of the project)

The findings of this research will help in solving air pollution problem caused by VOCs
emitted from industries and household materials or furniture. The best catalyst can be coated
on glass or tiles, which are the major building materials.




E. Benefits of the Project (Please identify the actual benefits arising from the project as defined in Section Il of
the Application Form. For examples of outputs, organisational outcomes and sectoral/national impacts, please refer
to Section Il of the Guidelines for the Application of R&D Funding under IRPA)

e Outputs of the project and potential beneficiaries (Please describe as specifically as possible
the outputs achieved and provide an assessment of their significance to users)

e A supported titanium dioxide base catalyst with improved technology, knowledge and
skills relevant to catalysis

e An understanding of the chemical, physical, optical and electrical properties of
nanostructure

e Papers in scientific and engineering journals covering environmental catalysis, air
pollution control and surface science

e Organisational Outcomes (Please describe as specifically as possible the organisational benefits
arising from the project and provide an assessment of their significance)

Expertise development: 5 MSc students

Economic contribution: Royalties from licensing
Infrastructural contribution: Demand for advisory services
Industrial problems solving

NS

National Impacts (If known at this point in time, please describes specifically as possible the potential
sectoral/national benefits arising from the project and provide an assessment of their significance)

1. Organisation linkages — domestic industry linkage and linkages with other
universities or research institution.
2. Socio-economic contribution — improvement in health, safety and environment.




F. Assessment of project structure

e Project Team (Please provide an assessment of how the project team performed and highlight any
significant departures from plan in either structure or actual man-days utilised)

e This project was conducted within given time frame.
e This project also involved 3 researchers and 5 master students.

o Collaborations (Please describe the nature of collaborations with other research organisations and/or
industry)

G. Assessment of Research Approach (Please highlight the main steps actually performed and indicate
any major departure from the planned approach or any major difficulty encountered)

This research approached undertaken in this project was according to original research
methodology.

H. Assessment of the Project Schedule (Please make any relevant comment regarding the actual duration
of the project and highlight any significant variation from plan)

The project conducted according to initial project schedule.




l. Assessment of Project Costs (Please comment on the appropriateness of the original budget and
highlight any major departure from the planned budget)

The overall costs of the project actually spend was 137,840.21. This is 70.15 % the original
approved budget.

J. Additional Project Funding Obtained (In case of involvement of other funding sources, please
indicate the source and total funding provided)

K. Other Remarks (Please include any other comment which you feel is relevant for the evaluation of this
project)

Date : 4 July 2007 Signature :
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CHAPTER 1

INTRODUCTION

1.1 Heterogeneous Photocatalytic Oxidation

Photocatlytic oxidation (PCO) is an attractive technology for the remediation of
organic pollutants. It is economical, simple and can be easily implemented. The process
harnesses radiant energy from natural or artificial light sources with heterogeneous
catalyst to degrade the organic pollutants into their mineral components (Hoffmann,
1995; Mills, 1993; Fox, 1993). PCO has a promising application for the degradation of
VOCs in process air stream (Hester, 1995). PCO can readily mineralize simple organic
molecules into CO, and H,O at ambient conditions using molecular oxygen as the
primary oxidant, but complex pollutants are often more difficult to degrade with
undesirable intermediates and by-products formed. In addition, the rate of decomposition

is usually slow (Djeghri, 1980).

1.2 Titanium Dioxide as Photocatalyst

Heterogeneous photocatalysis using TiO, has several attractions: (a) TiO, is
relatively inexpensive, (b) it dispenses with the use of other coadjutant reagents, (c) it
shows efficient destruction of toxic contaminants, (d) it operates at ambient temperature
and pressure and (e) the reaction products are usually CO, and H,O, or HCI, in the case
of chlorinated organic compounds (Alberici, 1997) (f) able to utilize visible and / or
near-UV light (g) biologically and chemically inert (h) photostable (i.e not liable to
photoanodic corrosion for example) (Mills, 1997).

Most of the current wide interest in using TiO; in catalytic studies stems from the
highly reactive radicals (*OH and *O;") formed when irradiated together with handling
facilities (Monneyron, 2003). It can be seen that TiO; exists in two main

crystallographic forms, anatase and rutile. For anatase, the bandgap energy is 3.23 eV



while the bandgap energy for rutile is 3.02 eV (Litter, 1999, Mills, 1997). It is no
surprise that different samples of TiO, exhibit different photocatalytic activities towards
the same organic substrate under otherwise identical reaction conditions. Such
differences can be qualitatively attributed to differences in morphology, crystal phase,
specific surface area, particle aggregate size and surface density of OH groups in the
TiO, samples (Mills, 1997). For the degradation of organic compounds, the pure TiO,
anatase exhibited the best catalytic efficiency, while pure rutile was the poorer catalyst.
The recombination rate of e- and h+ in rutile is very highdue to its relatively low
dielectric constants compare to anatase. The conduction band level of anatase is
sufficiently negative for the reduction of oxygen, whereas for rutile is close to the

oxygen reduction potential thus retarded the reduction of oxygen (Braun, 1993).

1.4  Effect of Metal Ions (M™")

Knowledge of the effects of impurities on the pigment properties is essential in
order to be able to improve the photocatalytic properties by doping transition metal
elements (Karvinen, 2003). On the other hand, doping of TiO, produces crystal defects
and surface modifications, which alter the photocatalytical properties of TiO, (Malati,
1984). Cr’*/TiO, co-deposited with RuO, and Pt had been used as photocatalyst for
water decomposition (Bogarello, 1982). The facts indicate that introducing two or more
proper metals onto nanocrystalline TiO, particles will improve the photocatalytic effect
of TiO,. Co-doping rare earth metal and transition metal ions onto the nanocrystalline
TiO, may achieve the same effect as the noble and transition metal ions were
codeposited onto TiO; (Yang, 2002).

Degradation of a certain organic molecule will depend not only on its chemical
properties, such as its capacity for chemisorption and reacting with photogenerated
radicals, but on the catalyst properties and affinity for the molecule and its degradation
intermediates. For instance, catalysts showing a very high degradation activity for
certain species may be inactive for others or its intermediates (Arana, 2001). The effect
of metal ion doping is strongly depends on the factors such as the dopant concentration,

the particle size of the nanocrystalline TiO,, the distribution of the dopants and so on



(Yang, 2002). The high degree of recombination between photogenerated electrons and
holes is a major limiting factor controlling the photocatalytic efficiency (He, 2003). In
this case, the deposited metal on the surface of TiO, can act as a sink for photoinduced
charge carrier, promoting interfacial charge-transfer process. This migration of
generated electrons to metal particle, on the one hand, can increase the lifetime of the
holes and suppress the electron-hole recombination, beneficial to the photocatalytic
oxidation of organic pollutants (Dionysiou, 2000; Hirano, 1997). The addition of metal

ions M™" can also trap electrons (or holes) at the semiconductor surface (Eq. 1.1 and 1.2).

M™ 4+ & — MED (1.1)

MY o+ n > ME (1.2)

and the energy level for Mn+/M@m+1)+ lies above the valence band (Ew). The uses of
partially field d orbital of first row transition metal ions as dopants or co-catalyst
resulted in an increased rate of formation of *OH (Eq. 1.4, Eq. 1.5). This is due to the
electrons in valence band of TiO, can be transferred to the energy level of metal ions.

Consequently, the lifetime of h" can be prolonged and more *OH will be formed.

hv
TiO; —» TiO: (g™ h) (1.3)
h" + OH —— «0H (1.4)
k" + H.O0—* «0H + H (1.9)

When dopants are added into TiO,, the bulk and surface properties and the
photoactivity are strongly dependent on the method used for photocatalyst preparation.
The dominant parameters include the character and concentration of the dopant and the
thermal treatment (Palmisano, 1994). In highest concentrations the dissolved metal ions
have detrimental effect on the rate of organic substrate removal, which was attributed to
hv oxidation of reduced metals by *OH or photogenerated holes, proceeding in

competition with Eq. 1.4 and 1.5 (Butler, 1993).



1.5 Kinetics Study

Owing to the complex mechanism of reactions, it is difficult to develop a model
for the dependence of the photocatalytic degradation rate on the experimental parameters
for the whole treatment time. Thus, kinetic modelling of the photocatalytic process is
usually restricted to the analysis of the initial rate of potocatalytic degradation. This can
be obtained from the initial slope and the initial VOCs’ concentration in an experiment
in which the variation of the VOCs concentration is measured as a function of time. The
extrapolation of the photocatalytic degradation rate to time = 0 avoids the possible
interference from by-products. The initial photocatalytic degradation rate (ro) is observed
to be a function of the initial VOCs’ concentration (Cy). A linear plot of reciprocal initial
rate (ro") versus reciprocal initial concentration (Cy') is often obtained, that gives k as
the L-H rate constant and K as the Langmuir adsorption constant of the VOCs in the
photocatalytic degradation reaction (Kim, 2002).

The inherent uncertain nature (due to the presence of chain reactions and chain
termination) of photochemical processes makes the evaluation of reaction kinetics rather
complicated, thus requiring extensive and methodical studies in this area (Feiyen, 2002).
In this study, kinetics and possible pathways for the photocatalytic degradation of

chloroform, carbon tetrachloride and dichloromethane were being studied.

1.6 Photocatalytic Degradation Mechanism

In the last decade, the mechanism of heterogeneous photocatalysis has been
investigated by many researchers. According to Fu, Zeltner and Anderson, a
photocatalytic reaction proceeds on the surface of semiconductors via several steps: (1)
production of electron-hole pairs by irradiating the semiconductor by light whose energy
is higher than the band gap energy of the semiconductor (E.q 1.3); (2) separation of the
photogenerated electrons and holes due to trapping by species that are adsorbed on the
semiconductor; (3) redox reaction between the trapped electrons and holes and the
adsorbates present on the surface; (4) desorption of the products and reconstruction of
surface (Fu, 1996).

Oxidative pathway can be performed by direct hole attack or mediated by *OH

radicals, in their free or adsorbed form. The oxidative pathway leads, in many cases, to



complete mineralization of an organic substrate to CO, and H,O (Litter, 1999). In this
study, the gas-phase photocatalytic degradation of dichloromethane, chloroform and

carbon tetrachloride was investigated in detailed.

Ti¥ + & — Ti (1.11)
i7" + Opge —» Qe + Ti¥ (1.12)
«OH + O3 —» HO» + O (1.13)
Ongs ———» 204 (1.14)
Tim + O —» Ti¥ + O (1.15)

1.7  Research Objectives

The research objectives are as follows:
1. To develop an excellent TiO, based catalysts that able to degrade toxic VOCs into
non-toxic components.
2. To study the effectiveness of TiO, doped with various types of first row transition
metals towards the degradation of dichloromethane, chloroform, carbon tetrachloride
and a mixture of carbon tetrachloride and chloroform.
3. To study the kinetic and the model of the degradation of dichloromethane, chloroform

and carbon tetrachloride.

1.8 Scope of Study

The scopes of research are as follows:

1. TiO, will be prepared in the form of thin film using the sol-gel method through dip
coating technique.

2. Characterization of catalysts using various techniques includes XRD, SEM, EDX and
UV/Vis spectroscopy.

3. Degradation of dichloromethane, chloroform, carbon tetrachloride and a mixture of
carbon tetrachloride and chloroform using prepared catalysts. Experiments will be
carried out using UV light with ~ 354 nm wavelength, under atmospheric pressure and at
room temperature.

4. A possible model of the photocatalytic degradation of dichloromethane, chloroform

and carbon tetrachloride will be proposed.



CHAPTER 3

EXPERIMENTAL
3.0  Catalysts Preparation

3.1 Preparation of TiO2 Sol-Gel

The precursor solution for TiO, sol for coatings was prepared using a
modification of the sol-gel method reported by Kato (Kato, 1994). 6 g Polyethylene
glycol (2000) was dissolved in 600 mL ethanol in a volumetric flask (1000 mL). The
solution was then stirred continuously until the polyethylene glycol was fully dissolved.
85.2 g titanium tetraisopropoxide, 31.8 g diethanolamine and 5.4 mL deionized water
were added to the solution. The mixture was then stirred continuously using a magnetic
stirrer in order to achieve a stable, transparent and homogeneous sol-gel. The sol-gel was

then used to prepare doped and undoped TiO, thin films.

3.2 Preparation of TiO, Thin film

Hollow pyrex glass cylinders were used as the support substrates. The hollow
pyrex glass cylinders were cleaned with acetone, followed by ethanol and finally oven
dried prior to dip-withdrawal process. The TiO, thin films were prepared manually by
the dip-withdraw method. 135 mL sol-gel was added into a beaker (200 mL). The
hollow glass cylinder was then dipped into the sol-gel and left for a minute in the sol
before extraction. The thin film was dried at ambient temperature in a desiccator for 10
minutes before repeating the process. The complete dip-withdraw cycle was repeated 5
times. The dipping and withdrawing processes must be constant in order to ensure the
formation of a homogeneous thin film on the support. The thin film was then dried in the
oven at 80°C for 1 hour. Finally, the thin film was calcined in the furnace with an

elevated temperature of 2°C/min up to 500°C and kept at this temperature for 1 hour.

3.2.3 Preparation of Catalysts with Dopants
3.2.4 To determine the weight of Ti*" in the sol-gel, a clean container was weighted

before 10 mL sol-gel was poured into it. This was followed by the calcination of
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3.3.1

the solgel in a furnace with an elevated temperature of 2°C/min up to 500°C and
maintained for 1 hour. After it was cooled to room temperature, it was weighted
once again. The calcination and weighing processes were repeated until no
differences in weights were observed. The measured weight was the weight of
Ti*" in the sol-gel. This Ti*" weight will be used in the determination of the ratio
of TiO, against dopants weight. In the preparation of catalyst with dopants, the
metal salt was weighted into a 200 mL beaker based on the required amount and
dissolved with 135 mL sol-gel. The mixture was stirred till homogeneous.
Further procedures in the preparation of thin film catalysts with dopants were
similar to those used in preparing undoped TiO,. All the solutions were
transparent. Coloured solutions were caused by the presence of metal ions. For
instance, the solution which was green in colour was caused by the presence of
Fe® ions. Meanwhile, the solution which was chocolate in colour was caused by

the presence of Mn®" ions.
Photocatalytic Measurements

Calibration

The calibration process was carried out using vacuum pump and calibration glass

container with exactly 1000 mL. The samples used were dichloromethane, chloroform

and carbon tetrachloride. Before calibration was conducted, the glass container must be

vacuumed for a few minutes prior to use. This was important to ensure that all gases and

pollutants that might be present in the glass container was eliminated. Then, a certain

amount of sample was injected into the glass container through the septum. One of the

taps of the container was then opened and kept open until the “hissing” sound

disappeared to ensure that the pressure inside the container was equivalent to the

ambient pressure. The sample was left to evaporate for a few minutes. A 50 pL sample

was injected out from the container and analyzed using GC-FID. The resulting peak area

was recorded. This process was repeated for a different sample volume. A calibration

graph of peak area versus concentration was drawn.



3.3.2 Photocatalytic Degradation Testing

All photocatalytic degradation experiments of dichloromethane, chloroform and
carbon tetrachloride were conducted in a home built fixed bed annulus glass reactor with
exactly 1000 mL. The reactor is equipped with an electromagnetic pump to circulate the
sample, a glass compartment to place the catalyst and UV light and a septum for
injection of sample into the reactor. The UV radiation that was used in the photocatalytic
degradation experiments was provided by a light source from a 6 W black lamp (Toshiba
Litec Co.). The wavelength is ~ 354 nm. Reactor effluent was collected using a
Hamilton gastight syringe and analyzed every 10 minutes for 90 minutes using GC-FID.
All experiments were carried out under room temperature (28-30°C).

The gas chromatographic apparatus used in conjunction with the photocatalytic
degradation study was a Shimadzu GC-14A gas chromatograph which was coupled with
a Shimadzu chromatopac 4A. The GC was equipped with a 2.0 m of 15 % carbowax on
Csorb WNAW 80-100 GLT Mesh packed column and a flame ionization detector (FID).
The carrier gas was helium at pressure of 2.75 Kg/cm®. Gases used in the flame were air

. The detection, column and injection

and hydrogen at pressure of 0.5 Kg/cm
temperatures were 200°C, 95°C and 150°C respectively. The remaining samples were
analyzed every 10 minutes for 90 minutes using GC. The concentration of VOC (ppm)

was measured by integrating the peak area.

34 Mechanistic Study
3.4.1 Kinetic Study

The procedures followed in conducting the kinetics study were similar to those in
the photocatalytic degradation experiments. The experiments were conducted at ambient
temperature and pressure. The photoreactor was vacuumed prior to use. Total
illumination time of each photocatalytic degradation process was 10 minutes. Each
sample was analyzed at 2 minutes intervals using GC-FID. Six different concentrations
(0.2 uL, 0.4 pL, 0.5 pL, 0.6 puL, 0.8 uL and 1.0 pL) of each sample were degraded
individually. The kinetics study of dichloromethane, chloroform and carbon

tetrachloride was carried out using undoped TiO,, Fez+, Fe’”, Mn2+, Cu*", Zn2+-doped



Ti0,, Cu®*/ Fe*'/TiO, and Zn*'/Fe*"/TiO,. A graph of reciprocal initial rate (1/t”) versus
reciprocal initial concentration (1/C°) that gives k as the L-H rate constant and K as the
Langmuir adsorption constant of the VOCs in the photocaalytic degradation reaction

was drawn.

3.4.2 Determination of Model for the Photocatalytic Degradation of VOCs

Gas chromatography-mass spectrometry (GC-MS) is a combination of two
techniques to form a single method of analyzing mixtures of chemicals. The gas
chromatography separates the components of a mixture while the mass spectroscopy
characterizes each of the components individually. As the individual compounds elute
from the GC column, they enter the ionization chamber in the mass spectroscopy. In the
ionization chamber, sample molecules are subjected to bombardment by a stream of
high-energy electrons, converting some of the molecules to ions. The ions with a
particular mass to charge ratio (m/z) are detected by a device which is able to count the
number of ions which strike it. The detector’s output is amplified and fed to a recorder.

The trace from the recorder is a mass spectrum which is a graph of the number of
particles detected as a function of mass to charge ratio. Since most fragments have a
charge of +1, therefore, the m/z usually represents the molecular weight of the fragment
(Gudzinowicz, 1976).

In this study, A Hewlett-Packard Systems 5890 Series II GC and 5989 A MS
were used to analyze fragments that may form during the photocatalytic degradation of
the VOCs. The GC-MS is equipped with a 25 m crosslinked methyl siloxane capillary
column. Standard addition method was used to predict the reaction model for the
photocatalytic degradation of the VOCs. The isothermal temperatures of the oven,
injection port and detector were 200°C, 250°C and 250°C respectively.

The procedure used in predicting possible reaction model for the VOCs
photocatalytic degradation is similar to those used in the photocatalytic degradation
experiments. The experiments were conducted at ambient temperature and pressure. The
photoreactor was vacuumed prior to use. The total illumination time for each

photocatalytic degradation process was 90 minutes.
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3.5 Catalysts Characterization
3.5.1 Ellipsometer

In this research, a single wavelength (632.8 nm) Gaerther Scientific Corporation
ellipsometer model L116S was used to measure the thickness and refractive index of
thin films. The data obtained from the ellipsometer measurements were processed using
the software for ellipsometric analysis. Catalysts coated on glass plates were used as
samples. The thickness of thin films was used to calculate the optical band gap values

for the thin films.

3.5.2 UV-Vis Spectroscopy (Band Gap Measurements)

The optical band gap, Eg of thin films can be determined using the spectra of
measured absorption coefficient, a of the thin films. The a near the absorption edge was
derived from the measured transmittance (T) and reflectance (R) factors of the thin

films. The a can be obtained by using the following relationship:
T =(1- R? )exp(-ad) (1)

where d is the thickness of thin film. The calculation to obtain o value was
shown in Appendix A. The transmittance and reflectance data were obtained from the
optical spectra recorded using a UV-Vis-NIR Shimadzu UV-3101PC Spectrophotometer
in the wavelength range of 300-800 nm (Appendix B and C). The optical band gap, E,
values for all catalyst samples were determined by plotting (ahv);,; versus the equivalent
energy at the wavelength, A. h is planck constant while v is frequency. The resulting
diagram was called Tauc’s Plot. The respective band gaps were obtained by

extrapolation of the Tauc plot dataset to (ahv);, = 0.

3.5.3 Scanning Electron Microscopy (SEM) / Electron Dispersive X-ray Analysis
(EDX)
In this study the surface morphology of the catalysts was characterized using
SEM, but by selecting only the best catalyst (Zn®" co-doped Fe’*/TiO,) for

characterization. The samples were gold-coated to ensure conductivity. They were then
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placed on an aluminium sample stub using double sided carbon tape as adhesive and
coated with gold in a Bio Rad SEM coating system using a gold sputterer at 10" Mbar.
The current flow during the coating process was 30 mA. Then, the gold-coated
sample was placed in a specimen chamber under vacuum (5 bar) and the SEM analysis
was conducted using a Philip XL40 microscope interfaced with a PC through Philip XL
with version 5.01 software. The sample was bombarded using an electron gun with a
tungsten filament under 30 kV resolution. A Philips graphic video recorder model GP-
850 recorded an image with a 5k magnification. The EDX, model Ametek, USA, version
3.32 XL, is linked to the SEM and uses X-ray to identify trace amounts of elements on
the surface of the scanned test specimen. In this study, all doped and undoped TiO; thin
films were characterized using EDX. All data obtained from EDX were analyzed based
on the emission lines of the elements recorded on the diffractogram. These lines were
then referred to the Periodic Table from Link X-ray Analytical Systems for elemental

identification.

CHAPTER 4

RESULTS AND DISCUSSION

4.1 Retention Time from GC Analysis and Photolysis of Dichloromethane,
Chloroform and Carbon Tetrachloride
Individual gas sample was injected into the reactor and left to vaporize. The gas
sample was then injected into the GC-FID, and sharp peak was found. The retention time
for dichloromethane, chloroform and carbon tetrachloride were 1.358, 1.743 and 1.063

minutes respectively. (Refer Table 4.1)

Table 4.1: Retention times from GC analysis for dichloromethane, chloroform and

carbon tetrachloride.

Sample Retention Time / min
Dichloromethane 1.358
Chloroform 1.743

Carbon tetrachloride 1.063




12

In the photolysis experiment, UV light was used in the absence of catalysts in
order to ensure that the measured activity was photocatalytic in nature (Table 4.2). As
shown in Table 4.2, no photolysis was detected in the first 30 and 60 minutes. In
addition, the measured photolysis at 90 minutes was rather small, in which only 0.73 %
and 1.13 % were detected for dichloromethane and carbon tetrachloride respectively
while for chloroform, the photolysis was almost negligible. This indicated that all gas
samples could not be directly decomposed by UV light of maximum wavelength used in

this study (354 nm).

Table 4.2: % Photolysis of dichloromethane, chloroform and carbon tetrachloride.

Time (minutes) Photolysis (%)
Dichloromethane Chloroform Carbon Tetrachloride
30 0 0 0
60 0 0 0
20 0.73 0 1.13

4.2 Calibration Graph for Dichloromethane, Chloroform and Carbon

Tetrachloride

The glass cylinder was vacuumed prior to use to ensure that no gases or
pollutants were present. The volume of gas samples (uL) used in the calibration
experiments were expressed in terms of concentration (ppm). The calculation is given in
Appendix D. Figure 4.1 shows the calibration graph of dichloromethane, chloroform and
carbon tetrachloride. Excellent straight lines which intercept on the origin were obtained
in calibration graph. The R* and the obtained equations for dichloromethane, chloroform
and carbon tetrachloride were shown in Table 4.3. The R? of the lines were 0.9903,
0.997 and 0.9939 for dichloromethane, chloroform and carbon tetrachloride respectively.

The obtained equations were used to calculate the concentration of dichloromethane,

chloroform and carbon tetrachloride in further experiments.
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Figure 4.1: Calibration graph of peak area versus concentration for dichloromethane,

chloroform and carbon tetrachloride.

Table 4.3: R2 and the equation for dichloromethane, chloroform and carbon

tetrachloride.
VOCs Eguations R
Dichloromethane v=30661x 0.9903
Chloroform v=34785x 0.997
Carbon tetrachloride v=28911x 0.9939

4.3 Optimum Dopant Ratios

In photocatalytic degradation experiments, TiO2 doped with various metal ions
ratios were used as catalysts. It was interesting to note that when the photocatalytic
degradation experiments were conducted, a trend appeared in that only catalysts with
optimum dopant ratios resulted in appreciable degradation. It can be further observed
that the concentration of sample decreased with increasing of degradation time. Value of

% degradation at any particular time can be calculated using the following formula:

% of degradation = [sample]y — [sample]; x 100
[sample]y

whereby, [sample]o : Initial concentration of sample
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[sample]i: Concentration of sample at particular time

Five dopant ratios were prepared when Fe2+ and Mn2+ were used as dopant in the
photocatalytic degradation of dichloromethane, which ranged from 1:0.0003 to 1: 0.01
dopant ratios. However, only 3 dopant ratios were prepared for the Fes+-doped TiO2,
Cu2+-doped TiO2, Zn2+-doped TiO2, Zn2+ co-doped Fe3+/TiO2 and Cu2+ co-doped

Fes+/TiOz2. All photocatalytic degradation processes were conducted for 90 minutes.

4.3.1 Dichloromethane

Figures 4.2-4.6 compare the percentage degradation of dichloromethane using
catalysts TiO2 doped with various metal ions ratios. Figures 4.7 and 4.8 show the
comparison of percentage degradation of dichloromethane using catalysts Zn*" co-doped
Fe**/TiO, and Cu®" co-doped Fe*"/TiO, respectively. According to Figures 4.2-4.6, the
curves indicate that metal ion doped TiO, displayed preferable photoactivity compared
to undoped TiO, except for Mn2+-doped TiO,. From Figure 4.2, it can be seen that Fe*'-
doped TiO, with 1:0.0005 mole ratio showed the highest degradation of
dichloromethane with 33.79 % dichloromethane was degraded. This was followed by
Fe%—doped Ti0, with 1:0.005 mole ratio and 1:0.01 mole ratio. Fe%—doped TiO, with
1:0.0003 mole ratio gave slightly higher degradation of dichloromethane than pure TiO,
in which only 20.93 % dichloromethane was degraded.
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Figure 4.2: % Degradation of dichloromethane using Fe**-doped TiO, at various dopant

concentrations.
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Figure 4.3 depicts the % degradation of dichloromethane using Mn**-doped TiO, as
catalyst. It was found that Mn*"-doped TiO, gave lower degradation than pure TiO,

25

% Degradation

0 20 40 60 20 100
Time (min)

——0.0003 —=— (.0005 —— 0.001
—<—0.005 —=—0.01 —e— Pure T10;

Figure 4.3: % Degradation of dichloromethane using Mn*"-doped TiO, at various

dopant concentrations.

Among all dopant ratios, Mn*"-doped TiO, with 1:0.0005 mole ratio showed the highest
degradation of dichloromethane. Meanwhile, Mn”"-doped TiO, with 1:0.01 mole ratio
gave the lowest degradation of dichloromethane. When Mn**-doped TiO, with 1:0.0003
and 1:0.005 mole ratios were used, only 11.95 % and 12.31 % dichloromethane had been
degraded. From Figure 4.5, it can be observed that when Cu*"-doped TiO, was used as
catalyst in the photocatalytic degradation of dichloromethane, the optimum dopant ratio
was 1:0.0005 mole ratio where 34.3 % dichloromethane was degraded. However, when
Cu”**-doped TiO, with 1:0.0003 and 1:0.001 mole ratios were used as catalyst, 31.84 %
and 32.81 % dichloromethane were degraded respectively. According to Figure 4.6, it
was found that Zn*"-doped TiO, with 1:0.0005 mole ratio gave the highest degradation
among all dopant ratios where 34.89 % dichloromethane was degraded. For Zn*"-doped
TiO, with 1:0.0003 mole ratio, 34.01 % dichloromethane was degraded. Among all
dopant ratios, Zn**-doped TiO, with 1:0.001 mole ratio showed the lowest degradation
of dichloromethane where 33.98 % dichloromethane had been degraded.
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Figure 4.4: % Degradation of dichloromethane using Fe’*-doped TiO, at various

dopants
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Figure 4.5: % Degradation of dichloromethane using Cu**-doped TiO, at various dopant

concentrations.
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Figure 4.6: % Degradation of dichloromethane using Zn*"-doped TiO, at various dopant

concentrations.

Since the optimum dopant ratio for Fe’™ was 1:0.0005 mole ratio, therefore, in
the preparation of co-dopant catalysts, the dopant ratio for Fe’" was fixed at 1:0.0005
mole ratio while the co-dopant ratios for Zn*" and Cu®* were varied. Figure 4.7 and 4.8
depicted that the optimum dopant ratios for Zn*" co-doped Fe**/TiO, and Cu** co-doped
Fe’*/TiO, were 1:0.0005:0.0005 mole ratios. When Fe’*-doped TiO, with optimum
dopant ratio was used, 36.02 % dichloromethane was degraded (Figure 4.4). However,
when Zn>" co-doped Fe’/TiO, and Cu®" co-doped Fe’'/TiO, with optimum dopant
ratios were used, it was found that the % degradation of dichloromethane had been
increased to 41.05 % and 36.76 % dichloromethane respectively (Figures 4.7 and 4.8).

Besides, the % degradation of dichloromethane using Zn*" co-doped Fe**/TiO,
and Cu”" co-doped Fe’*/TiO, as catalyst was also higher than that using single Zn>" and
Cu”*- doped TiO: (Figure 4.5 and 4.6). Both of the Zn*" co-doped Fe’*/TiO, and Cu**
codoped Fe’™/TiO, with 1:0.0005:0.0003 and 1:0.0005:0.001 mole ratios gave less than

35 % degradation of dichloromethane.
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Figure 4.7: % Degradation of dichloromethane using Zn*" co-doped Fe’*/TiO, at

various dopant concentrations.
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Figure 4.8: % Degradation of dichloromethane using Cu*" co-doped Fe’*/TiO, at

various dopant concentrations.

4.3.2 Chloroform

In the determination of optimum dopant ratio in the photocatalytic degradation of
chloroform, Fe**, Zn*", Cu®’, Fe**, Mn?*-doped TiO,, Zn*" co-doped Fes+/TiO, and Cu*
co-doped Fe*"/TiO, were tested. Figures 4.9-4.13 depict the photocatalytic degradation
of chloroform using Fe**, Mn”>", Fe’", Zn*" and Cu*"-doped TiO, respectively while
Figures 4.14 and 4.15 show the photocatalytic degradation of chloroform using Zn**
codoped Fe*"/TiO, and Cu** co-doped Fe’*/TiO,.
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It can be seen that a dopant ratio of 1:0.0005 showed higher degradation of
chloroform when Zn**, Cu®", Fe*", Mn”*" and Fe’*-doped TiO, were used. When Fe*'-
doped TiO; was used, catalysts with dopant ratios of 1:0.0005 gave the best degradation
performance, with 34.21 % chloroform degraded, followed by the catalyst with 1:0.001
mole ratio and finally with 1:0.0003 mole ratio which showed 30.84 % and 29.8 %
degradation respectively (Figure 4.9).
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Figure 4.9: % Degradation of chloroform using Fe*'-doped TiO, at various dopant
concentrations.

Figure 4.10 shows that Mn*"-doped TiO, with 1:0.0005 dopant ratio showed
higher degradation of chloroform than other dopant ratios. However, pure TiO, showed
higher degradation of chloroform than Mn**-doped TiO,. Pure TiO, showed 23.87 %
degradation of chloroform while Mn**-doped TiO, with various dopant ratios used in

this study only showed less than 20 % degradation of chloroform.
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Figure 4.10: % Degradation of chloroform using Mn”>"-doped TiO, at various dopant

concentrations.
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Figure 4.11 shows the photocatalytic degradation of chloroform using Fe’'-
doped TiO, as catalysts. Fe’"-doped TiO, with 1:0.0005 mole ratio gave the best
degradation of chloroform among other Fe’” dopant ratios in which 43.10 % chloroform
had been degraded. Fe’*-doped TiO, with 1:0.0003 and 1:0.001 dopant ratios gave 35.74
% and 35.11 % degradation respectively. Figures 4.12 and 4.13 show the % degradation
of chloroform using Zn*" and Cu*"-doped TiO, as catalysts. From Figure 4.12, it can be
seen that the optimum dopant ratio for Zn*"-doped TiO, was 1:0.0005 mole ratio, where
36.98 % chloroform had been degraded. Meanwhile, Zn*"-doped TiO, with 1:0.0003 and
1:0.001 mole ratios showed 34.43 % and 34.77 % degradation of chloroform
respectively. When Cu’-doped TiO, was used as catalyst in the photocatalytic
degradation of chloroform, it was found that Cu*-doped TiO, had an optimum dopant

ratio of 1:0.0005, where 36.14 % chloroform was degraded (Figure 4.13).
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Figure 4.11: % Degradation of chloroform using Fe’*-doped TiO, at various dopant

concentrations.

Figures 4.14 and 4.15 depict the degradation of chloroform using Zn*" co-doped
Fe**/TiO, and Cu®' co-doped Fe’'/TiO, respectively. Both of the Zn®* co-doped
Fe*"/TiO, and Cu*" co-doped Fe’”/TiO, catalysts had an optimum dopant ratio of
1:0.0005:0.0005 where 49.45 % and 42.55 % chloroform was degraded respectively. It
was found that all Zn*" co-doped Fe3+/TiOz and Cu®’ co-doped Fe3+/TiOg with
1:0.0005:0.0003 and 1:0.0005:0.001 mole ratios gave less than 40 % degradation of

chloroform.
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Figure 4.12: % Degradation of chloroform using Zn*"-doped TiO, at various dopant

concentrations.
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Figure 4.13: % Degradation of chloroform using Cu*"-doped TiO, at various dopant

concentrations.
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Figure 4.14: % Degradation of chloroform using Zn*" co-doped Fe’/TiO, at various

dopant concentrations.
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Figure 4.15: % Degradation of chloroform using Cu*" co-doped Fe’"/TiO, at various

dopant concentrations.

4.3.3 Carbon Tetrachloride

Figures 4.16, 4.17 and 4.18 depict the photocatalytic degradation of carbon
tetrachloride using Mn”", Fe*" and Fe*-doped TiO as catalysts. From Figure 4.16, it can
be seen that the degradation of carbon tetrachloride using pure TiO, showed higher
degradation than Mn?*-doped TiO,. Among 1:0.0005, 1:0.0003 and 1:0.001 Mn®" dopant
ratios, it was noted that the optimum dopant ratio for Mn”*"-doped TiO,was 1:0.0005

mole ratio.
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Figure 4.16: % Degradation of carbon tetrachloride using Mn*"-doped TiO, at various

dopant concentrations.

Figure 4.17 shows the photocatalytic degradation of carbon tetrachloride using
Fe*"-doped TiO, as catalyst. When Fe*"-doped TiO, were used, the degradations of
carbon tetrachloride were lower than undoped TiO, except Fe*'-doped TiO, with
1:0.0005 mole ratio. From Figure 4.17, it can be seen that the optimum dopant ratio for
Fe*"-doped TiO, was 1:0.0005 mole ratio where 20.80 % carbon tetrachloride had been
degraded. Fe*"-doped TiO, with 1:0.0003 and 1:0.001 mole ratios only showed 13.42 %
and 12.36 % degradation of carbon tetrachloride.
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Figure 4.17: % Degradation of carbon tetrachloride using Fe**-doped TiO, at various

dopant concentrations.

Figure 4.18 depicts the photocatalytic degradation of carbon tetrachloride using
Fe**-doped TiO,. It can be seen from Figure 4.18 that the optimum dopant ratio for the
degradation of carbon tetrachloride was 1:0.0005 mole ratio, with 35.42 % carbon
tetrachloride degraded. This was followed by Fe’*-doped TiO, with 1:0.001 and
1:0.0003 mole ratio and finally pure TiO,.
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Figures 4.19 and 4.20 compare the % degradation of carbon tetrachloride when
Zn*"-doped TiO, and Cu**-doped TiO, with various dopant ratios were used. From the
figures, it was found that both Zn*"-doped TiO, and Cu*"-doped TiO, catalysts with
1:0.0005 mole ratios gave the best degradation of carbon tetrachloride where 27.44 %
and 25.67 % carbon tetrachloride was degraded respectively. This was followed by the
Cu?"-doped TiO, and Zn*"-doped TiO, catalysts with 1:0.001 mole ratios and then by
the Cu*"-doped TiO, and Zn*"-doped TiO, catalysts with 1:0.0003 mole ratios. Pure
TiO, gave the lowest degradation of carbon tetrachloride. It was found that only 17.40 %

of carbon tetrachloride was degraded when pure TiO, was used as catalyst.
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Figure 4.18: % Degradation of carbon tetrachloride using Fe’*-doped TiO, at various
dopant concentrations.

The influence of the second dopant ion in co-doped TiO, to the photocatalytic
degradation process is demonstrated in Figures 4.21 and 4.22. It can be seen that both
Zn*" co-doped Fe*'/TiO, and Cu®" co-doped Fe’/TiO, had an optimum ratio of
1:0.0005:0.0005, where 37.84 % and 33.88 % carbon tetrachloride had been degraded
respectively. For Zn?" co-doped Fe’”/TiO, and Cu®* co-doped Fe’”/TiO, with
1:0.0005:0.0003 mole ratios, the % degradation of carbon tetrachloride were 32.89 %
and 29.10 % respectively. When Zn*" co-doped Fe**/TiO, and Cu*" co-doped Fe*/TiO,
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with 1:0.0005:0.001 mole ratios were used, 32.73 % and 31.03 % degradation of carbon

tetrachloride were obtained respectively.
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Figure 4.19: % Degradation of carbon tetrachloride using Zn**-doped TiO, at various

dopant concentrations.
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Figure 4.20: % Degradation of carbon tetrachloride using Cu”*-doped TiO, at various

dopant concentrations.
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Figure 4.21: % Degradation of carbon tetrachloride using Zn>" co-doped Fe’'/TiO, at

various dopant concentrations.
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Figure 4.22: % Degradation of carbon tetrachloride using Cu** co-doped Fe**/TiO, at

various dopant concentrations.

In a typical photocatalytic degradation experiment, the high degree of
recombination between photogenerated holes and electrons was a major limiting factor

controlling the photocatalytic degradation efficiency. Below the optimum dopant ratio,
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the addition of metals as dopant can promote interfacial charge transfer process through
the Equation 1.1 - 1.2. This migration of the generated electron to the metal particles can
increase the lifetime of the holes and suppress electron-hole recombination and
consequently, be beneficial for the photocatalytic degradation processes.

However, when the concentrations of dopants ion are above the optimum dopant
ratio, photocatalytic activity decreases and this can be seen in Figures 4.2 - 4.22. This
means that heavy doping may result in the dopant atoms becoming recombination
centres, thus reducing the photocatalytic efficiency. Besides, the detrimental effect of
high metal ion concentrations on the degradation rate also can be explained by several
factors. In a photocatalytic degradation process, the *OH radicals exist in the catalyst are
used to degrade the pollutants. When the concentrations of dopants ion are above the
optimum dopant ratio, the metallic species can reoxidize the reduced metal ions by *OH
radicals or h+ (Eq. 4.1-4.2), forcing the reducing amount of *OH radicals to degrade the
pollutants. The large number of metallic species will also compete with oxygen to react
with generated electrons, consequently reducing the formation of *OH through Equation
4.3 - 4.8 (Litter, 1999). In the review of heterogeneous photocatalysis done by Litter in
1999, Litter noted another reason for the deleterious effect of high concentrations of

Cu2+, Ni2+ and Fe2+was the filter effect due to UV light absorption of the species.

M= L by — MY (4.1)
M®U"+ («OH) — M™ +O0H" (4.2)
e + o+t H — HO» «——* 0, = +H (4.3)
HOp» + e + 3H” — 21,0 (4.4)
2HO» — H,0,+ 05 (4.5)
Hy0:+ Oy« —* HO-+0;+ OH (4.6)
Hy00 + v ——» 2HOs @.7)
Ha0y + e » HO-+ OH™ (4.8)

4.4  Effects of Metal Ions (M"")
In a photocatalytic degradation process, photogenerated electrons and holes will
recombine; therefore suppressing the recombination of electron-hole pairs and

prolonging the lifetime of carriers are essential for improving the efficiency of the



28

catalyst. For this reason, various studies have been carried out to increase the lifetime of
the carriers and one such method employs transition metals as dopants.

Figure 4.23 shows the % degradation of dichloromethane using Cu®", Zn**, Mn*",
Fe**, Fe'"-doped TiO,, Zn*" co-doped Fe’*/Ti0O,, Cu®" co-doped Fe’*/TiO, and undoped
TiO; as catalysts. The photocatalytic degradation of dichloromethane was significantly
better with Zn*" co-doped Fe’"/TiO, (41.05 %) compared to other doped and pure TiO,
catalysts. This was followed by Cu®" co-doped Fe’"/TiO, and then Fe*'- doped TiO,. It
was found that the addition of co-dopants resulted in better degradation of
dichloromethane if compared with the addition of Zn** and Fe’* or Cu®" and Fe*" alone.

However, the addition of Cu®’, Zn’" and Fe’" had increased the TiO,
photoactivity. 36.02 % of CH,Cl, were degraded when Fe’*-doped TiO, was used in the
photocatalytic degradation process, 34.89 % and 34.30 % dichloromethane was
degraded with Zn** and Cu®"-doped TiO, respectively. Besides, Fe*"-doped TiO, had
increased the degradation of dichloromethane if compared with pure TiO, in which
33.79 % degradation of dichloromethane was obtained. However, addition of Mn*"
decreased the degradation of dichloromethane. When pure TiO, was used during the
photocatalytic degradation process, only 20.93 % CH,Cl, was degraded.

Figure 4.24 indicates the % degradation of chloroform using Cu**, Zn**, Mn*",
Fe*", Fe’*-doped TiO,, Cu®*" co-doped Fe*"/TiO,, Zn2+ co-doped Fe’"/TiO, and undoped
TiO:2 as catalysts. It shows that Cu®", Zn*", Fe*", Fe’"-doped TiO,, Cu®" co-doped
Fe’*/TiO; and Zn*" co-doped Fe’*/TiO, give better degradation of chloroform than pure
TiO,. Meanwhile, Mn*"-doped TiO, showed poor degradation in the photocatalytic
degradation of chloroform, with only 19.57 % chloroform was degraded. Zn*" co-doped
Fe3+/TiO, showed the best level of chloroform degradation among all doped TiO;
catalysts that were used in the photocatalytic degradation processes. From Figure 4.24, it
can be noticed that addition of Zn*" and Fe’* as co-dopant into TiO, enhanced the
degradation efficiency of TiO, from 23.87 % to 49.45 %. Fe*"-doped TiO, catalyst gave
lower degradation of chloroform if compared with Zn*" co-doped Fe’*/TiO, but slightly
higher than Cu®" co-doped Fe’/TiOs.
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Figure 4.23: % Degradation of dichloromethane using Cu2+, Zn2+, Mn2+, Fe%, Fe''-

doped TiO,, Cu®" co-doed Fe*'/TiO,, Zn** co-doped Fe*"/TiO, and
undoped TiO, as catalysts.

Figure 4.25 depicts the % degradation of carbon tetrachloride using Cu®", Zn*",
Mno+, Fez+, Fe3+—d0ped TiO,, Cu** co-doped Fe*'/ TiO,, Zn* co-doped Fe**/TiO, and
undoped TiO, as catalysts. Among all doped, co-doped and pure TiO,, Zn*" co-doped
Fe*"/TiO, showed the best photocatalytic activity where 37.84 % carbon tetrachloride
was degraded. This was followed by Fe’’-doped TiO, and then Cu®" co-doped
Fe’*/Ti0,. Photocatalytic degradation of carbon tetrachloride using Fe*” and Fe’"-doped
TiO, as catalysts were slightly slower than that of chloroform, which was 20.80 % and
35.42 % respectively. The addition of Cu®" and Zn*" increased the degradation of carbon
tetrachloride, with 25.67 % and 27.44 % carbon tetrachloride degraded. However, pure
TiO, showed higher photocatalytic degradation of carbon tetrachloride than using Mn*'-

doped TiO, as catalysts.

4.4.1 Effect of Zn’*/Fe’*/TiO;
In the photocatalytic degradation process, a good dopant must be able to act as

both electron and hole trap, so that the recombination process between photogenerated
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Figure 4.24: % Degradation of chloroform using Cu®*, Zn**, Mn*", Fe*', Fe*"-doped
TiO,, Cu? co-doped Fe3+/Ti02, Zn* co-doped Fe**/TiO, and undoped
Ti0; as catalysts.

electrons and holes can be suppressed, thus increasing the photoactivity of the catalyst
(Eq. 1.1 and 1.2). From Figures 4.23-4.25, it can be observed that Zn*" co-doped
Fe**/TiO,, Fe*-doped TiO, and Cu®" co-doped Fe’"/TiO, showed better degradation of
dichloromethane, chloroform and carbon tetrachloride than Cu2+, Zn2+, Mn2+, Fe%, Fe''-
doped TiO,. An increase in the photocatalytic activity is observed in the case of Zn*"
codoped Fe’"/TiO,. Such an improvement implies that there is a synergistic effect in
photocatalytic activity when both Fe’" and Zn®" are co-doped into TiO,. The effect may
be explained by the cooperative operation of the Fe’" and Zn*" in trapping charge
carriers and mediating interfacial charge transfer process. Zn’" and Fe** dopants in TiO,

can be randomly dispersed on the TiO, surface in the form of their oxides (Yuan, 2002).
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Figure 4.25: % Degradation of carbon tetrachloride using Cu2+, Zn2+, Mn2+, Fez+, Fe'¥'-
doped TiO,, Cu*" co-doped Fe’"/TiO,, Zn** co-doped Fe’/TiO, and
undoped TiO, as catalysts.

Due to the difference in the energy band position, the dispersed oxides on the
TiO, surface will involve some charges transfer between them and TiO, during
illumination. The valence band of TiO, is lower than ZnO but the conduction band of
TiO, is higher than Fe,;0s, so the photogenerated holes can move into ZnO while the
photogenerated electrons can move into Fe,Os. Since Zn*" co-doped Fe*"/TiO, can trap

electrons and holes, it is not surprising that its photoactivity is higher.

4.4.2 Effect of Fe’'/TiO,
The Fe'"/Fe*" energy level lies within the band gap, however the Fe*'/Fe’”
energy level is closed to the conduction band. Therefore, Fe’ can act as both electron

and hole traps as shown in Equation 4.9 and 4.10.

Fe™" + h° — Fe¥ (4.9)

Fe©* + ¢& —» Fe© (4.10)
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This process reduces the recombination rate of holes and electrons and thus
enhances the photoactivity of Fe**. Besides, the trapped hole embodied in Fe*" also can

oxidize the VOCs.

4.4.3 Effect of Cu”*/Fe*'/TiO;

In the photocatalytic degradation process, the usage of Cu*" co-doped Fe’*/TiO,
as catalyst resulted in a better degradation of the studied VOCs compared to single
dopant catalysts except for Fe'"-doped TiO,. Since the valence band of TiO, is lower
than the energy band for Fe’"/Fe*” while the conduction band of TiO, is higher than the
energy band for Cu®"/Cu’, therefore, Fe’" will trap photogenerated holes to form Fe*"
while Cu®" will trap the photogenerated electrons. (Refer Figure 1.2). As a consequence,
the recombination rate between photogenerated holes and electrons can be suppressed

and the photoactivity of Cu**/Fe*"/TiO, becomes higher.

4.4.4 Effect of Mn*"/TiO;

In the photocatalytic degradation of under studied VOCs, addition of Zn*", Cu*",
Mn®" and Fe** gave lower degradation of dichloromethane, chloroform and carbon
tetrachloride than Cu®" co-doped Fe**/TiO,, Zn*" co-doped Fe’*/TiO, and Fe**-doped
TiO,. As stated earlier, a good dopant must be able to trap photogenerated electrons and
holes. Zn*", Cu®*, Mn?" and Fe’" were unable to act as electron and hole traps, so the
photoactivity was lower. An experiment on phenol degradation using Zn>", Mn*", Fes+,
Co™, Cr’’, &, AI”", Li* and Pt’-doped TiO, as catalyst was conducted (Brezova,
1997). They reported that Mn®" inhibited the degradation of phenol. Mn®" is the most
stable oxidation state of manganese. When Mn?" loses an electron to a hole, Mns+ will be
created. Since the energy difference between Mn>" and Mn®" is small, so this electron
transfer process is not desirable. Therefore, the separation of the photogenerated electron
and hole is not effective, and as a consequence, photocatalytic degradation of under

studied VOCs was poor.
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4.4.5 Effect of Cu’"/TiO;

The presence of transition metal ions in photocatalytic reactions was reviewed
(Litter, 1999). It was found that Cu®" can act positively or negatively depending on the
concentration; large amounts of Cu®” will be detrimental. The result obtained gives good
agreement with this statement since in the photocatalytic degradation of
dichloromethane, chloroform and carbon tetrachloride, the usage of Cu®" as dopant
enhanced the photocatalytic activity although the photocatalytic activity was lower than
Cu?* co-doped Fe*"/TiO,, Zn** co-doped Fe**/ TiO, and Fe*-doped TiO,. Cu®" only can
trap the electrons to form Cu” and then Cu® (Eq. 4.11).

Cu"+e —> Cu +e — Cu (4.11)
However, Cu’" is unable to trap photogenerated holes, as a result, the
degradations of dichloromethane, chloroform and carbon tetrachloride were lower than

the catalysts with dopant which can trap electrons and holes.

4.4.6 Effect of Fe*"/TiO;

According to Figure 1.2, the energy level for Fe’"/Fe’™ is closed to the
conduction band, so Fe*" is expected to trap photogenerated holes to form Fe’" during
the photocatalytic degradation process. Since Fe*™ is unable to trap electrons, therefore,
the photoactivity of Fe*"-doped TiO, was lower than Cu*" co-doped Fe*/TiO,, Zn*"
codoped F e/ TiO, and F e3+—doped Ti0,.

I+

Fe'™ + " —* Fe~ (4.12)

4.4.7 Effect of Zn’"/TiO,

The effect of Zn2+—doped TiO,, Fe%—doped TiO, and Zn>* co-doped Fe3+/TiOz in
the degradation of phenol had been studied (Yuan, 2002). It was found that Zn*"-doped
TiO, showed higher degradation of phenol than pure TiO, but lower than Zn*" co-doped
Fe**/TiO,. However, when photocatalytic degradation of dichloromethane, chloroform
and carbon tetrachloride was conducted, it was noticed that in comparison with pure

Ti0,, Zn*" co-doped Fe’*/TiO, and TiO, doping with Zn>*, Zn**-doped TiO, can slightly
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improve the photocatalytic degradation but the % degradation was lower than Zn*" co-
doped Fe*"/TiO,. Zn*" dopant in TiO, can be randomly dispersed on the TiO, surface in
the form of zinc oxides. These oxides which dispersed on the TiO, surface can involve
some charges transfer between them and TiO; during illumination due to the difference
in the energy band position. As the valence band of TiO; is lower than that of ZnO,
therefore, the photogenerated holes can be transferred from TiO, to ZnO. As a result,
charge separation of the photogenerated carriers can be promoted and enhanced the
photocatalytic activity of Zn>*/TiO, (Yuan, 2002).

It can be concluded from the above observations (Figure 4.23, 4.24, 4.25) that a
dopant can give different effects to different VOCs. Zn*" co-doped Fe®*/TiO, seems to
be more suitable for the photocatalytic degradation of dichloromethane, chloroform and
carbon tetrachloride than other doped and undoped TiO; in this study. Meanwhile, Mn2+-
doped TiO, was found to be detrimental to the photocatalytic degradation of

dichloromethane, chloroform and carbon tetrachloride.

4.5  Effect of VOCs

It was found that different VOCs will have different levels of degradation
although the same catalyst was used in the photocatalytic degradation experiment. In this
study, dichloromethane, chloroform and carbon tetrachloride had been chosen for the
studies. Table 4.4 depicted the % degradation of dichloromethane, chloroform and
carbon tetrachloride when doped and undoped TiO, were used. From Table 4.4, some
differences in the levels of degradation of chloroform, dichloromethane and carbon
tetrachloride were found. It can be seen that the rate of degradation of the studied
chlorinated hydrocarbons follows the order: CHCl; > CH,Cl, > CCly. It is reported that
chloroform will show Cle sensitized degradation when its concentration was above 500
ppm (Feiyen, 2002). Since the concentration of chloroform that was used in the
photocatalytic degradation process was more than 500 ppm, the degradation of

chloroform was expected to undergo Cle sensitized degradation (Eq. 4.13- 4.14).

CHCl; + hv——» CHCly» + Cl» (4.13)
CHClz + Cl»+—* CCl» + HCI (4.14)
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Dichloromethane was expected to undergo Cle sensitized degradation since its
structure is quite similar to chloroform. However, when photocatalytic degradation
experiments using dichloromethane and chloroform were conducted, chloroform showed
higher levels of degradation than dichloromethane. This can be explained by the
different number of chlorine atoms in both dichloromethane and chloroform. Since
dichloromethane has 2 chlorine atoms in its structure, Cle sensitized degradation was
lower than in the degradation of chloroform which has 3 chlorine atoms in its structure.
Carbon tetrachloride showed the lowest levels of degradation in this study. Carbon
tetrachloride is a stable compound, in that chlorine radicals do not attack the C-Cl bond,

hence a Cle sensitized degradation does not happen in carbon tetrachloride.

Catalysts Dopant ratios % Degradation
T CH,Cl, CHCl: CCL
1:0.0003 1195 13.06 10.94
1:0.0005 16.47 19.57 15.87
Mn®"/ TiO; 1:0.001 11.49 13.12 12.12
1:0.0003 22 .08 2908 13.42
1:0.0005 33.79 3421 20.80
Fe/ TiO, 1:0.001 2276 30.84 1236
1:0.0003 34.53 35.74 2207
Fe'"/ TiO, 1:0.0005 36.02 43.10 3542
1-0.001 3391 3511 2444
1:0.0003 3401 3443 2277
Zn*"/ TiO; 1:0.0005 34.89 36.98 27.44
1-0.001 3398 3477 2332
1:0.0003 31.84 3427 2246
Cu®"/ TiO» 1:0.0005 34.30 36.14 25.67
1-0.001 3281 3445 2307
1: 0.0003: 0.0003 3427 36.55 3289
Zn*/Fe™/TiOz | 1: 0.0005: 0.0005 41.05 49.45 37.584
1: 0.0003- 0.001 3406 3902 3273
1: 0.0003: 0.0003 31.87 36.11 2910
Cu™"/Fe’/TiO; | 1: 0.0005: 0.0005 36.76 42.55 3388
1: 0.0003- 0.001 3356 3863 31.03
Pure TiO- - 2093 2387 17.40
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4.6 Photocatalytic Degradation of Chloroform / Carbon Tetrachloride Mixtures

Although photocatalytic degradation of chloroform and carbon tetrachloride had
been studied extensively, however, these studies are only limited to single contaminant
feed. In a real industrial application, chlorinated VOCs are found in mixture. Therefore,
photocatalytic degradation of chloroform and carbon tetrachloride mixtures had been
carried out in this study. Only the best catalyst (Zn>*/Fe’"/TiO,) was used in the
photocatalytic degradation of the mixture. The initial concentration of chloroform used
in the photocatalytic degradation process was 222 ppm for low and 528 ppm for high
concentration of chloroform. Meanwhile, the initial concentration of carbon tetrachloride
used in the photocatalytic degradation process was 203 ppm for low and 427 ppm for
high concentration.

Studies the effect of adding carbon tetrachloride into the chloroform
photocatalytic degradation process is shown in Figure 4.27. This figure depicts the %
degradation of carbon tetrachloride and chloroform mixture using Zn*"/Fe’/TiO, as
catalyst. In the photocatalytic degradation process, two observations can be made. First,
when the chloroform and carbon tetrachloride mixture was degraded, chloroform gave
higher % degradation than carbon tetrachloride. Second, when the concentration of
chloroform and carbon tetrachloride increased, the % degradation of both chloroform
and carbon tetrachloride was decreased.

For low concentration of mixture, it was noted that 50.89 % and 43.87 % of
chloroform and carbon tetrachloride were degraded respectively at 90 minutes.
However, for high concentration of mixture, only 43.85 % and 35.32 % of chloroform
and carbon tetrachloride was degraded respectively at 90 minutes. This indicates the
dependency of photocatalytic activity on the concentration of VOCs. In the
photocatalytic degradation process, the amount of chloroform and carbon tetrachloride
being degraded depends on the amount of hydroxyl radicals on the catalyst, which in
turn depends on the number of holes generated on the catalyst. With a higher
concentration of chloroform and carbon tetrachloride mixture, the generated hydroxyl

radicals are insufficient to degrade the chloroform and carbon tetrachloride. On the other
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hand, with lower concentration of the mixture, more chloroform and carbon tetrachloride
can be degraded. Consequently, the % degradation of the mixture is higher.

According to Figure 4.27, the degradation of chloroform was higher than carbon
tetrachloride. During illumination using the UV lamp, Cl* radicals were formed since the
mixture contained chloroform and carbon tetrachloride (Eq. 4.14 and 4.15). The Cle
radicals do not attack C-CI bonds in carbon tetrachloride, therefore, Cle radicals formed
during the illumination of UV lamp (Eq.4.15) may contribute to the degradation of

chloroform; consequently, more chloroform was degraded.

CCly + v —» Cls + CCls (4.15)
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Figure 4.27: % Degradation of chloroform and carbon tetrachloride mixture at 90

minutes using Zn”"/Fe*"/Ti0, as catalyst.

4.7 Kinetics Study

The photocatalytic degradation rate of dichloromethane, carbon tetrachloride and
chloroform using doped and undoped TiO, depends on the adsorbed concentration of
each gas sample. In general, the kinetics of photocatalytic degradation would follow the
Langmuir-Hinshelwood kinetics model (Kim, 2002). Besides, this model has been

shown to provide a quantitative kinetic treatment of many solid-gas reactions (Pichat,
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2000). Since the photocatalytic degradation rates of dichloromethane, carbon
tetrachloride and chloroform involved solid-gas reactions, therefore model L-H was
suitable to be used in this study.

Figure 4.28 describes the reciprocal initial rate, 1/ro versus reciprocal initial
concentration, 1/C° for photocatalytic degradation of dichloromethane. The plots for the
chloroform and carbon tetrachloride are shown in Figure 4.29 and 4.30 respectively. The
rate (mole L'min™") was calculated for the first 10 minutes of the photoillumination
process. A linear plot of reciprocal initial rate versus reciprocal initial concentration
(Figure 4.28, 4.29, 4.30) indicates a good fitting of the L-H model to the experimental
data thus confirming the L-H nature of the photocatalytic degradation reaction. Figure
4.28 shows that the initial degradation rate resulting from Fe’"-doped TiO, was lower
than Mn**, Fe*"-doped TiO, and pure TiO,. Although the initial rate of Fe’"-doped TiO,
was lower than other sample catalysts, the amount of dichloromethane degraded was
higher. This was also found to be the case in the degradation of dichloromethane using
Zn* /Fe**/TiO, as catalyst. The initial rate of Zn*'/Fe**/TiO, was the lowest among all

sample catalysts but the yield of degradation was the highest.

1.4
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Figure 4.28: 1/1° versus 1/C° plot for dichloromethane degradation.
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Figure 4.29 indicates the plot of reciprocal initial rate, 1/ro versus reciprocal
initial concentration, 1/C° for chloroform. According to Figure 4.29, Zn*"/Fe’"/TiO, had
the lowest initial degradation rate and this was followed by Zn*/TiO,. Meanwhile,
Mn”>*/TiO, had the highest initial rate but the % degradation of chloroform using
Mn”*/TiO, was the lowest.

Figure 4.30 shows the plot of reciprocal initial rate, 1/r° versus reciprocal initial
concentration, 1/C° for carbon tetrachloride. For carbon tetrachloride degradation, the
catalyst with the highest initial degradation rate was pure TiO, while the catalyst with
lowest initial rate was Cu®*/Fe’*/TiO,. It was found that pure TiO, had the highest initial
rate. However, the degradation of carbon tetrachloride using doped TiO, was higher than
pure TiO, except for Mn®"/TiO,. This indicates that the photocatalytic degradation
process with high initial rate does not necessary lead to high degradation of VOCs.

|:| | T T T T 1
0 0.002 0004 0006 0008 0.01 0.012 0014
1/Cy
* }‘hf_ m Fe™* s Fe¥ ; x Cul
x o™ ® Pure T1i0» = Zn/Fe™ Cu"/Fe™

Figure 4.29: 1/1° versus 1/C° plot for chloroform degradation.

The kinetic parameters k and K were obtained from the intercept of the curve
with the x-axis and the slope respectively. Table 4.5, 4.6 and 4.7 depict the obtained

equations, the k and K values for the degradation of dichloromethane, chloroform and
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carbon tetrachloride respectively using doped and undoped TiO, as catalyst. By
substituting the k and K values into Equation 1.8, the relationship between ro and C° is

obtained.

0.8 4

1/ I'n

O T T T T T T T 1
0 0.002 0004 0006 0008 001 0012 0014 0016
1/Cy
+ My " Fe™ A Fe{_ * Cui_ .
x Zn” —s— Pure T105 - Zn"Fe™ Cu/Fe™

Figure 4.30: 1/° versus 1/C° plot for carbon tetrachloride degradation.

It is interesting to note that the photocatalytic degradation rate is related to k and
K values; therefore, a higher adsorption constant does not always result in a higher
reaction rate. Although it could be thought that a high rate constant leads to a rapid
reaction, the reaction rate based on the Langmuir- Hinsshelwood kinetic model (Eq. 1.8)
depends simultaneously on k and K. As an example, carbon tetrachloride degradation
using Fe’"-doped TiO, had a higher adsorption constant than Fe**-doped TiO, but the
reaction rate of Fe’"-doped TiO, was lower than carbon tetrachloride degradation using
Fe*"-doped TiO,, consequently, the multiplied products of k and K of Fe**-doped TiO,
was higher than that of Fe*"-doped TiO, (Table 4.7).
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Table 4.5: Langmuir-Hinshelwood parameters and equations for the photocatalytic

degradation of dichloromethane.

Catalysts Equations k (ppm/min) K (ppm'll
Mn~/ TiO; v=177.5x + 0.0286 34.97 1.61x10™
Fe™/ TiO; v=50.785x + 0.0481 20.79 947x107
Fe '/ TiO, v=150.13x + 0.2659 3.76 1.77x 107
Cu”/ TiOs v=1384.50x + 0.0663 15.08 1.72x10™
Zn>"/ TiO, v=287.26x+0.2723 3.67 948 x 107

ZnTFeTTiO; | y=328357x+0.0143 69.93 435x 107
Cu [Fe /TiOy | y=170.51x + 0.2044 4.89 1.20x% 107
Pure TiO: v=44927x + 0.2085 4.80 464x107

Table 4.6: Langmuir-Hinshelwood parameters and equations for the photocatalytic

degradation of chloroform.

Catalysts Equations k (ppm/min) K {ppm'll
Mu”/ Ti0, v =156.394x + 0.3317 3.01 588x 107
Fe/ TiO; v =49.499x + 0.3037 3.29 6.14x 107
Fe' '/ Ti0, v =87.98x + 0.2079 481 236x107
Cu”/ Ti0; v=47.108x + 0.2157 464 458 x10°
Zn™/ Ti0, v=28876x+0.1718 5.82 595x 107

Zn~ /Fe  /TiO; v=23387x +0.241 415 1.03x 10™
Cu/Fe/TiO; | v=280955x+0.1036 9.65 1.28 x 107
Puze Ti0; v =43.19x + 0.2847 3.51 6.59 x 10~

The recombination of the photogenerated electron and hole is very fast (on the
picosecond timescale), and thus interfacial electron transfer is possible only when the
donor or acceptor is preadsorbed before photocatalysis (Alberici, 1997). The preliminary
adsorption of VOC:s is a very important pre-requisite for highly efficient degradation but

this requirement seems not to be sufficient to determine an efficient degradation.
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Table 4.7: Langmuir-Hinshelwood parameters and equations for the photocatalytic

degradation of carbon tetrachloride.

Catalysts Equations k (ppm/min) K {ppln'1:|
Mn"/ TiO; v=36436x+ 01759 5.69 482 x 107
Fe/ Th0; v=24242x+0.1707 5.86 3.15x 107
Fe™/ TiO; v=3998x +0.2035 491 5.09x 10~
Cu "/ TiO> v=30.143x + 0.2966 337 984 x107
Zn~/ T10, v=19.056x+0.1342 745 7.04x 10~

Zn " Fe/Ti0; v=231.859x +0.1486 6.73 466x 107
Cu/Fe /Ti0> v=42797x +0.0705 1418 163x107
Pure Ti0s y=2399x + 03145 318 131x10”

For carbon tetrachloride degradation using TiO, as catalyst, it was found that the
adsorption constant for pure TiO, was higher than that for Fe**-doped TiO, (Table 4.7)
but the degradation of carbon tetrachloride using Fe**-doped TiO, was more efficient
(Figure 4.25). Therefore, the preliminary adsorption of VOCs is not the major limiting
factor in photocatalytic degradation.

In order to determine the order of the degradation of carbon tetrachloride,
dichloromethane and chloroform, a graph of In [C] versus time was plotted. Figures
4.31, 4.32 and 4.33 depict the graph of In [C] versus time for dichloromethane,
chloroform and carbon tetrachloride degradation respectively. The initial concentrations
of dichloromethane were ranged from 430-733 ppm, 88-337 ppm for chloroform and
126-403 ppm for carbon tetrachloride. When a graph of In [C] versus time was plotted, a
straight line was obtained (Figure 4.31, 4.32, 4.33). This indicates that the VOCs in this
study degrade according to first-order kinetics. In order to confirm this, the Langmuir-
Hinshelwood model can be used (Eq. 1.8). From equation 1.8, when KC >> 1, the rate
law is reduced to zero-order (Eq.1.9), however, when KC << 1, the apparent kinetics

becomes first-order (Eq.1.10).
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Figure 4.31: Graph of In [C] versus time for dichloromethane degradation.
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Figure 4.32: Graph of In [C] versus time for chloroform degradation.
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Figure 4.33: Graph of In [C] versus time for carbon tetrachloride degradation.

Table 4.8, 4.9 and 4.10 show the R* and equation obtained from the graph of In

[C] versus time for dichloromethane, chloroform and carbon tetrachloride degradation.

From Table 4.8, 4.9 and 4.10, it can be seen that all the linear regression, R2 are greater

than 0.98.
Table 4.8: R? and eauations obtained from the eranh of In [C1 versus time for

Catalysts Equations R"
Mn~/ TiO, vy =-0.0076x + 6.3322 0.9898
Fe™ / TiOs v =-0.0088x + 6.1351 0.9990
Fe™™/ TiO, v =-0.005x + 5.1569 0.9998
cu”/ TiO> v =-0.0033x +5.7616 0.9957
Zn~ / TiO; y=-0.0041x + 5.4761 0.9928

Zn /Fe  /TiO, y=-0.0029% + 5.5776 0.9930

Cu”/Fe’ /TiO, y =-0.0052x + 5.2919 0.9934
Pure TiO» y=-0.0019%x + 6.1648 0.9974
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¥

Catalysts Equations R
Mn® / TiO; y =-0.0106% + 4.626 0.9953
Fe”™/ TiO> y =-0.016x + 4.4862 0.9958
Fe'/ TiO; y =-0.0134x + 4.6552 0.9994
Cu’/ TiO> y =-0.0185x + 4.4024 0.9960
Zn”"/ TiO, y =-0.0234x + 4.5262 0.9966
Zn' /Fe' /TiO; y =-0.0282x + 4.3351 0.9962
Cu” /Fe’ /TiO> v =-0.0324x + 4.2795 0.9946
Pure TiO, y=-0.015x + 4.4641 0.9934

Table 4.10: R” and equation obtained from the graph of In [C] versus time for carbon

tetrachloride
Catalysts Equations R’
M~/ TiO; v =-0.0215x +4.5071 0.9964
Fe™/ TiOs y=-0.0129x + 4.906 0.9971
Fe™ 7/ TiO» y=-0.021x +4.5276 0.9970
cu”/ TiO; v =-0.0277x +4.2728 0.9911
Zn~/ TiOs y=-0.0418x +4.336 0.9961
Zn /Fe  /TiO; y = -0.0383x + 4.4071 0.9921
Ccu”/Fe*/TiO; y =-0.0224x + 4.6536 0.9911
Pure TiO; y =-0.0278x + 4.2087 0.9951

Table 4.11, 4.12 and 4.13 depict the KC values for dichloromethane, chloroform
and carbon tetrachloride respectively, where K is the adsorption constant and C is the
concentration of a particular VOC. It showed that when the concentration of sample used
in the kinetics study was low, the KC values for dichloromethane, chloroform and
carbon tetrachloride were less than 1. According to Equation 1.10, the apparent kinetics
becomes first-order. However, when the concentration of sample was high, the KC value
will become more than 1, indicating that the kinetic order is variable. Previous research
also found that the degradation of chloroform below 600 ppm followed first-order

kinetics (Feiyen, 2002). However, when the initial concentration of chloroform was
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above 600 ppm, the reaction seemed to follow second-order kinetics with respect to
chloroform concentration, indicating a possible change in the mechanism. From Table
4.13, it can be noticed that the KC value for degradation of carbon tetrachloride using
pure TiO, and Cu®"/TiO, is 0.92 and 0.70 respectively, which is higher than other
sample catalysts. This is due to the adsorption constant (K) for pure TiO, and Cu®/TiO,
are very high, consequently, the resulted KC values also become high. This indicates that
not only the concentration of sample will result in the change of the mechanism but also
the adsorption of the sample on the catalyst.
Table 4.11: KC values for dichloromethane.

Catalysts K (ppm'l} C (ppm) KC
Mn~ / TiO; 1.61x 10" 443.85 0.07
Fe™™/ TiO, 9.47x 107 340.11 0.32
Fe' / TiO> 1.77x 10™ 158.64 0.03
Cu”/ TiO> 1.72x 107 317.93 0.55
Zn"/ TiO, 9.48x 10* 333.41 0.32
Zn~ /Fe’ /TiO; 435x10° 264.62 0.01
Cu” /Fe” /TiOz 1.20x 10° 198.86 0.20
Pure TiO, 4.64x10° 407.14 0.19
Table 4.12: KC values for chloroform.

Catalysts K (ppm’l) C (ppm) KC
Mn~/ TiO» 588x10° 103.53 0.61
Fe™'/ TiOa 6.14x 10 88.41 0.54
Fe'*/ TiO, 2.36x 107 100.96 0.24
Cu”"/ TiO; 158x 107 81.61 0.37
Zn’/ TiO, 5.95x 107 87.26 0.52
Zn/Fe’ /TiO, 1.03x 10~ 75.97 0.78
Cu” /Fe” /TiOs 1.28x 107 71.45 0.09
Pure TiO, 6.59 x 107 86.99 0.57




47

Catalysts K {ppm'l) C (ppm) KC
Mn” / TiO; 3.15x 107 04.08 0.30
Fe™"/ TiO, 182x 107 116.22 0.56
Fe''/ TiO; 5.13x10° 81.63 0.42
Cu / TiO, 0.84x 107 71.36 0.70
Zn**/ TiO, 7.04x 107 75.56 0.53
Zn” /Fe’ /TiO, 1.66 x 10° 74.51 0.35
Cu” /Fe” /TiO; 1.65% 107 103.89 0.17
Pure TiO, 0.0131 70.22 0.92

4.8 Model for the Photocatalytic Degradation of Chlorinated Hydrocarbons

When photocatalytic degradation of VOCs was conducted, the information

obtained from the use of GC-MS can be used to predict the possible model of the

photocatalytic degradation process. Table 4.14, 4.15 and 4.16 show the fragments

obtained before and after illumination of UV light for dichloromethane, chloroform and

carbon tetrachloride respectively. The fragments were analyzed using the integral form

of the GC-MS spectra. Appendix E, F and G show the integral form of the GC-MS

spectra for photocatalytic degradation of dichloromethane, chloroform and carbon

tetrachloride respectively.

4.8.1 Dichloromethane

When photocatalytic degradation of dichloromethane was carried out, fragments

listed in Table 4.14 were obtained. From the information obtained from GC-MS, we may

propose a model for the photocatalytic degradation of dichloromethane as follows:
Chlorine radicals were formed during the illumination of dichloromethane using UV

light. Chlorine radicals were expected to attack CH,Cl, to initialize the degradation

process (Eq. 4.16).
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CH:Cl, + hy— Cls + CH:CI'— CCL™ + Hs (4.16)
Cl» + CH,ClL,—> H, + CCli — HCl + CHCL® @.17)
H,0 + hv » «OH + H. (4.18)
CH,Cl, + «OH — OCI" + CHiCI' (4.19)
CH,Cl, + *OH—» H,0 + CHCl (4.20)
«0H + CHCl," —* OCI" + CH.CI” (4.21)
CH,CI” + 0, =—* CH,CI00™ (4.22)
2CH,CI00™ — 2CH,CI0™ + O, (4.23)
CH,ClI0" ——» HCOCI + He (4.24)
CHClL,” + 0, — CHCLOO" (4.25)
2CHCLOO™ — 2CHCLO™ + O, (4.26)
CHCLO™ — » HCOCI + Cl- (4.27)
CCli™ + 0y 3—* CCLO; (4.28)
2CCLO,” — 2C0CL™ + O, + 2CI (4.29)
COCl;” + hv— CO + 2CI (4.30)
COClL,™ + H.0— 2HCI +CO, (4.31)
2Cle —* Cl (4.32)
«OH + H: — H,0 (4.33)

Besides, *OH will attack CH,Cl, to form OCl™ and CH5Cl1" through Equation
4.19 or H,O and CHCI*" through Equation 4.20. In the photocatalytic degradation of
dichloromethane, it is expected that CCI** will react with O, to form CCl;0°" (Eq. 4.28).
However, CC130°" is not detected in this study (Appendix E). This may be due to the
formation of fragments and their fast reaction times which renders them unable to be
detected. COCI** formed from CCl30*" was expected to undergo photolysis (Eq. 4.30) in
the presence of moist air. In the termination process, Cle will recombine to form Cl, (Eq.
4.32) while He will combine with *OH to form H,O (Eq. 4.33). In this study, only a
small amount of phosgene was detected (Table 4.14). This may due to the COCI*

formed during the photocatalytic degradation process was expected to undergo

photolysis (Eq. 4.30).
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Table 4.14: Fragments obtained during photocatalytic degradation of dichloromethane.

VOCs Abundance
Fragments Zn:_.-'Fes_.-"Tiﬂg Mn:_.-"TiD;
Before After Before After
IMumination | INMumination | Ilumination | Ilumination
CH.ClL: CHCLy™ 143232 128688 142720 140864
CHCI” 238144 225472 238592 241344
CCl~ 193 144 182 135
CHCLOO™ 37 34 28 22
CHCLO™ 45 49 23 27
CH:C10™ 39 26 49 -
CCL 16368 15626 15102 15585
oCcr 67432 37600 69704 66600
COCly” 49 74 69 80
CHaCI” 9240 8133 0154 2863

4.8.2 Chloroform

When photocatalytic degradation of chloroform was conducted, the fragments
listed in Table 4.15 were obtained. A possible model for the photocatalytic degradation
of chloroform is given below. It was discovered that the fragments observed in this study
were quite similar to
those detected in previous research. A research about photodegradation of chloroform
and carbon tetrachloride using a low mercury lamp with 92 % output at 254 nm and 6 %
at 185 nm had been conducted (Feiyen, 2002). No catalyst was used in the
photodegradation process. Fragments such as CHCI*", CCI**, CC,0*", CHCLOO" and
CHCI120+ was observed in the research (Feiyen, 2002). However, in this study, a light
source from a 6 W black lamp with ~ 354 nm wavelength was used. The catalysts used
in this study were Zn>"/Fe’"/TiO, and Mn”*"/TiO,. The fragments which were not
observed in the research done by Feiyen but are observed in this study are CHCI*,

CH,CI", CCI*" and OCI" (Table 4.15).



CHCl; + hv —* Cl- + CHCl; — CCl; + HCl

H.0 + hv —» »OH + H-

CHCl;” + «OH —» OClI" + CH,CT"
CHCI' + »H —* CH:CI'

Cle + CHCl;—* CCl;7 + HCl
CHCl: + «OH—>* H.0 + CCl:
CCls™ + O +—= CCLOy

2CCLO;” — 2C0CL, + O + 2CI-
CHCl; + 0O —* CHCLOO
2CHCL,OO™ — 2CHCLO™ + Oy
CHCL,O® —* HCOCl + Cl»
coCly + w— CO + 2Cl-
CcoCl;y” + HyO—— 2HCl +C0,

2Cle —» Cly

(4.34)
(4.35)
(4.36)
4.37)
(4.38)
(4.39)
(4.40)
(4.41)
(4.42)
(4.43)
(4.44)
(4.45)
(4.47)
(4.48)
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In the presence of UV light, the photocatalytic degradation of chloroform results

in the formation of Cle and CHCl2+. Then, Cle and CH,CI*" will decompose into CCI**
and HCI (Eq. 4.34). CH,Cl'formed from the photocatalytic degradation of chloroform
can react with *OH to form CH,C1" (Eq. 4.36). CH,CI" reacts with *H to form CH;Cl"
through Equation 4.37. The integral form of the GC-MS spectra shows the presence of
CH,CI" (Table 4.15).

Table 4.15: Fragments obtained during photocatalytic degradation of chloroform.

VOCs Abundance of fragments
Fragments Zn " /Fe' /TiO1 Mn " TiOs
Before After Before After
INnmination | Hlumination | Illumination | Illumination
CHCl; CCls™ 3382 2280 2763 2366
CHCl> 11081 7833 9014 7426
CH.CI™ 25728 18000 24168 20968
CHCLOO™ - 25 - 43
CHC1L.O™ 60 36 34 36
CCly~ 329728 221568 256768 224064
OC1 187 189 181 206
COCly 49 29 30 29
CH:CI™ 10397 7896 9677 8430
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When chloroform is degraded, it will not only be attacked by Cle but also *OH to form
H20 and CCI*™ (Eq. 4.39). In the photocatalytic degradation of chloroform, CCl30%" is
expected to form from the reaction between Oz and CCls+ through (Eq. 4.40), however,
CC13O2+ is not observed in this study. This may be due to the fast formation and reaction
times which renders it unable to be observed. Phosgene formed from CCLO*" was
expected to undergo photolysis since the photocatalytic degradation of chloroform was
carried out in ambient conditions which contain moist air, which was reported (Feiyen,

2002) as a prerequisite for the process of phosgene photolysis.

4.8.3 Carbon Tetrachloride

In this study, photocatalytic degradation of carbon tetrachloride using
Zn2+/Fe3+/Ti0, and Mn2+-doped TiO, as catalyst produced the fragments as listed in
Table 4.16. It can be seen that most of the fragments observed in this study are similar to
those observed in the previous research. However, in this study, some new fragments
such as OCI", CHCI*' and CH,Cl'were observed. From the information obtained from

GC-MS, the possible model is presumed to be as follow:

CClLy + hv — » Cls + CCli" — 2Cls + CClL~ (4.50)
H)O + hv —* «OH + H» (4.51)
cCl + He — HCl + CCL' (4.52)
CClL + sOH—— OCI” + CHCL" (4.53)
CCl™ + 0, =—= CCLO;" (4.54)
2CCLEO;” —» 2COCL + O + 2CIs (4.55)
CCl™ + H+ —* HCl + CCL~ (4.56)
CCl™ + He —Cls + CHCL" (4.57)
CHCl;” + «OH —* OCI” + CH,CI® (4.58)
CH,CI” + «H —* CH;Cl (4.59)
“CHClL, + 0) s—= CHCLOO™ (4.60)
2CHCLOO™ — 2CHCLO™ + O; (4.61)
CHCL,O® — HCOC1 + Cl» (4.62)
COCl;” + hv—" CO + 2Cl» (4.63)
cocl,” + H,0—— 2HCl +CO, (4.64)
2Cle——» Cls (4.65)
«OH + He — H,0 (4.66)

H« + OCls+ — HOCI (4.67)
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1** to form

During the illumination of UV, the produced Cle will react with CC
Cls and CCI*" (Eq. 4.50). CCly can be attacked by *OH to form OCI" and CHCI*
(Eq.4.53). The integral form of the GC-MS spectra shows the presence of OCI" (Table
4.16). Besides, CCly can also attacked by He to form HCI and CcCl** (Eq. 4.52). CCP**
produced in the photocatalytic degradation of carbon tetrachloride can react with O2 to
form CCL,O*" (Eq. 4.54) or react with He to produce CCI*" and CHCl2+ (Eq.4.56 and
4.57). However, in this study, CCL30*" is unable to be detected. CHCI** formed from the
reaction between CCI*" and He can react with 0, to form CHCLOO" (Eq.4.60).
Unfortunately, CHCL,O0" is unable to be detected and this may be due to the fast
reaction between CHCI*” and O, and the product decomposed to CHCL,O" and O». Since
the presence of CHCL,O" is able to be identified (Table 4.16), therefore, CHCL,O0" is
presumed to be presence in the photocatalytic degradation of carbon tetrachloride. Table

4.16 shows that only a small amount of phosgene is detected. This may due to the

phosgene is rapidly hydrolyzed to CO, and HCI in the presence of moisture.

4.9  Characterization
4.9.1 Film Thickness and Refractive Index
The film thickness and refractive index values of all the thin films are given in
Table 4.17.
Table 4.16: Fragments obtained during photocatalytic degradation of carbon

tetrachloride.
VOCs Abundance of Fragments
Fragments ZDH.-"FE‘H:'TiD: Mn~/TiO+
- Before After Befare After
INumination | llumination | Ilumination | Ilumination
CCly CCly 179264 168000 178176 163456
CCly 2471 2458 2161 2139
CHCL™ 34352 33840 34584 32360
CHCLO 43 25 27 31
ocCr 4369 4686 4362 4243
CH.C1™ 28080 25840 27336 25352
COCL™ 27 - 30 30
CHCL:™ 2015 1985 2081 1879
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Unfortunately, the film thickness and thus the refractive index of Zn*"/Fe**/TiO,
and Cu”"/Fe’"/TiO, were unable to be measured. This is due to the lack of analytical
software for ellipsometric analysis to determine the refractive index for those co-doped
catalysts. The film thickness for all catalyst samples is between 227-251 nm and thus
within the range of thin film since the limit of thin film thickness is 1000 nm. From the
literature, the refractive index for pure TiO, is 2.1-2.7 (Takahashi, 1988; Bendavid,
2000; Mardare, 2002). According to Table 4.17, the obtained refractive index for pure
TiO, is 2.2104 and this is within the range delineated in the literature. The refractive
index for doped TiO; is lower than pure TiOs.

When TiO; thin films were calcined at 500°C, their morphology can be classified
as nanocrystalline anatase from the XRD (Oh, 2003a). Since all the thin films used in
this study were also calcined at 500°C, therefore, it was expected that all the thin films
were nanocrystalline anatase too. The porosities were calculated using the following
equation:

n? -1

Par'a.sr'f;u=| 1- 1|><100% (4.68)
e g — L)

where nd is the refractive index of pore-free anatase (2.52) and n is the refractive index
of the porous thin films (Oh, 2003a). From Table 4.17, it can be seen that the lower the
refractive index, the higher the porosity of catalyst is. Addition of dopant into TiO;
increases the porosity of the thin films. Fe**-doped TiO, shows the highest porosity
among other catalyst samples. Thin films with high porosity had superior photoactivity
when formic acid was used as testing sample (Oh, 2003a). When Mn2+, Fe2+, Fes+, Cuz+
and Zn”*"-doped TiO, were used in the photocatalytic degradation of dichloromethane,
chloroform and carbon tetrachloride, only Fez+, Fe3+, Cu’" and Zn2+—doped TiO, showed
higher degradation of VOCs than pure TiO,. Mn*"-doped TiO, was detrimental to the
degradation of VOCs although the porosity of Mn*"-doped TiO, was found to be higher
than pure TiO,. This may be caused by the incomplete separation of the photogenerated

electron and hole as explained in the Section 4.4.4.
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4.9.2 UV-Visible Spectrum

The absorption spectrum for all optimum ratio metal ions doped TiO, and
undoped TiO, were taken wusing the Shimadzu UV-Vis-NIR Scanning
Spectrophotometer. Figure 4.34 shows the UV-Vis absorption spectrum wavelength in
the range of 300-540 nm for doped and undoped TiO,.

A slight shift to a higher wavelength or red shift was noted for Zn*" co-doped
Fe*"/Ti0, and Cu®" co-doped Fe’*/TiO,. This indicates a decrease in band gap value of
the respective catalysts. Meanwhile, Fe*" and Mn*"-doped TiO, showed a slight shift to a
lower wavelength or blue shift indicating an increase in the band gap. However, for
Zn2+/TiOz, Fe**/TiO2 and Cu**/TiO2, blue shift or red shift is unable to be differentiated
since the absorption are very close (Figure 4.34). Zn*" co-doped Fe’"/TiO,, Cu** co-
doped Fe*"/Ti0,, Fe’"-doped TiO, and Zn*"-doped TiO, have higher absorbances than
pure TiO2 at the visible region while Mn”>" doped TiO, and Fe** doped TiO2 have lower
absorbances than pure TiO, at the visible region. At wavelengths below 400 nm, the
absorption increases rather quickly.

The red shift in optical energy gap is considered to be due to the following
factors. The energy level for dopants lies below the conduction band edge (Es) and
above valence band edge (E.v) of TiO,. The introduction of such energy levels in the
band gap induces the red shift in the band gap transition and the visible light absorption
through a charge transfer between a dopant and cb (or vb) or a d-d transition in the
crystal field according the energy level. Previous research also found that addition of
Fe" into TiO, had shifted the absorption edge into higher wavelengths (Jiang, 2002).

Table 4.17: Film thickness, refractive index and porosity of doped and undoped TiO,

Catalyst Samples | Film Thickness (nm) | Refractive Index (n) Porosity (%)
Mn™/ TiO; 227.09 21199 34.70
Fe™™/ TiO, 25145 2.1094 35.53
Fe™'/ T10; 243 40 2.0183 4256
Cu™/ TiO: 228.54 2.1077 35.66
Zn™/ Ti0, 251.48 2.1093 35.53

Zn/ Fe'/ TiO; NA NA NA
Cu™/ Fe™/ TiO; NA NA NA
Pure TiO; 236.09 2.2104 27.37
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Figure 4.34: UV-Vis absorption spectra for doped and undoped TiO, thin films.

4.9.3 Determination of Band Gap

The optical band gaps, E¢ values for all catalyst samples were determined by
plotting (ahv)i2 versus the equivalent energy at the wavelength, A. (Amor, 1998). Since
the thickness of Cu*" co-doped Fe’*/TiO, and Zn** co-doped Fe’*/TiO, were unable to
be determined, their o values were not calculated. As a consequence, the E, for Cu**
codoped Fe*'/TiO, and Zn*" co-doped Fe’*/TiO, were not determined. Figure 4.35
shows the graph of (ahv)i2 versus equivalent energy at particular wavelength for Fe'-
doped TiO,. The graph of (ahv);, versus equivalent energy at particular wavelength for
other thin films can be referred in Appendix H. It is noted that all obtained graphs have a
similar curve. The respective values of E, can be obtained by extrapolation to (ahv);, =

0. The E, for all thin films are summarized in Table 4.18.
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According to Table 4.18, the obtained band gap values are different in
comparison to the well-known value of 3.2 eV for the TiO, anatase. In this study, the
obtained band gap values are in the range of 3-3.05 eV, which is lower than the normal
value of 3.2 eV but is close to the literature data. Most researchers obtained the indirect
band gap values in the range of 3.05-3.4 eV (Chen, 1999; Mardare, 2000; Abou-
Helal,2002). Also, the obtained indirect band gap values were 3.2, 2.95 and 2.7 eV for
pure, 5 and 10 mole % Pb*"-doped TiO, respectively (Rahman, 1999). The thin films
were deposited on vitreous silica substrates using the sol-gel dip-coating method. From
Table 4.18, it can be seen that the addition of Fe*, Fe’" and Zn" increases the E, value
but the differences are insignificant. On other hand, the E, values for Mn>* and Cu®" are
similar to the ones obtained for pure TiO,. If compared the indirect band gaps as shown
in Table 4.18 with the UV-Vis spectra (Figure 4.34), it can be seen that absorption edges
for some catalysts have been shifted to higher or lower wavelength, however, the
differences in the indirect band gaps between these catalysts and pure TiO, are
insignificant. As an example, Mn®"/TiO, has shifted the absorption edge to lower
wavelength, therefore, it is expected that the indirect band gap for Mn**/TiO, is higher
than pure TiO,.

However, it is found that the indirect band gap for Mn?*/TiO, is similar with the
indirect band gap for pure TiO,. This may be due to the difference in film thicknesses
for both catalysts. According to the Equation 3.1, film thickness plays an important role
in the determination of absorption coefficient value (o). When film thickness is different,
the absorption coefficient value will be changed too. Since indirect band gap can be
obtained by extrapolation to (ahv);, = 0, therefore, different film thickness will lead to
different absorption coefficient value which in turn will result in the changing of indirect

band gap.
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Figure 4.35: Tauc’s plot for indirect band gap of Fe*"-doped TiO,.

4.9.4 Electron Dispersive X-ray Analysis (EDX)

Figure 4.36 shows the EDX spectrum for Zn>* co-doped Fe’*/TiO, thin film. DX.
However, the ratio of Ti bounded to oxygen and bounded to dopant (Zn*", Fe**, Fe*’,
Mnz+, Cu®", Cu®" co-doped Fe’" and Zn** co-doped Fe*") could not be calculated using
this method since the percentage amount of elements given in EDX data represents the
total amount of that individual element in the respective samples for other thin film are
given in Appendix H. All doped catalysts were observed by EDX. However, the ratio of
Ti bounded to oxygen and bounded to dopant (Zn2+, Fe*’, Fe*", Mn*", Cu*', Cu*" co-
doped Fe’ and Zn*" co-doped Fe*") could not be calculated using this method since the
percentage amount of elements given in EDX data represents the total amount of that

individual element in the respective sample.
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Table 4.18: The optical band gaps for pure TiO, and doped TiO,.

Catalyst Samples Optical band gaps, E; (eV)

Mn~/ Ti0> 300

Fe' / TiO; 302

Fe' ™/ Ti0; 3.04

Cu~/ TiOs 3.00

Zn / Ti0» 3.05

Pure TiO; 3.00

Intensity
8i

a Au
] Ti
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Figure 4.36: EDX spectrum for Zn>" co-doped Fe*/TiO, thin film.

4.9.5 Scanning Electron Microscopy (SEM)
In the characterization of thin film using SEM, only the best catalyst was
characterized. Figure 4.37 shows the SEM micrograph of Zn®>" co-doped Fe**/TiO, thin

film. Scanning of Zn>* co-doped Fe**/TiO, thin film was made with 5000 magnification
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and 30 kV scanning voltage. According to Figure 4.37, it was found that pores are
produced in the thin film. Pores are produced in the films because PEG contained in the
sol-gel decomposes at 450°C (Sonawane, 2004). In the preparation of Zn>" co-doped
Fe’*/TiO; thin film, PEG was added into the sol-gel and the catalyst was calcined at
500°C. Therefore, it is expected that pores exist in the catalyst and this has a good

agreement with the obtained micrograph.

“AccY SpotMagn Det WD 1 5pm
'30.0kY 3.7 5000x  SE 100 ZnFe3+

Lo 3

Figure 4.37: SEM micrograph of Zn*" co-doped Fe*"/TiO, thin film.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.0  Conclusions

Transparent and non-abrasive doped and undoped TiO, thin films were
successfully prepared using the sol-gel method. It was noted that the photocataytic
degradation of under studied VOCs did not only depend on the concentration and type of
dopant ions but also the type of VOCs. When doped catalysts with different dopant
ratios were used, only catalysts with optimum dopant ratios gave the highest %
degradation of studied VOCs. All Cu*, Fe**, Zn**, Fe**-doped TiO, had an optimum
dopant ratio of 1:0.0005, while Zn*" co-doped Fe3+/TiO, and Cu®*" co-doped Fe’"/TiO,
showed an optimum dopant ratio of 1:0.0005:0.0005.

Catalysts such as Cu2+, Fez+, Zn2+, Fe3+—doped TiO,, Zn*t co-doped Fe3+/TiO,
and Cu’" co-doped Fe’/TiO, increased the photocatalytic —degradation of
dichloromethane, chloroform and carbon tetrachloride. The rate of degradation of the
studied chlorinated hydrocarbons follows the order: CHCIl; > CH,Cl, > CCly. In the
photocatalytic degradation of chloroform and carbon tetrachloride mixture, chloroform
showed higher % degradation than carbon tetrachloride. When the concentrations of
CHCI; and CClg were increased, the % degradation of CHCl; and CCly decreased.

Kinetic studies were carried out using doped and pure TiO, for each VOC. A
linear plot of reciprocal initial rate versus reciprocal initial concentration results in a
good fitting of the L-H model to the experimental data thus confirming the L-H nature of
the photocatalytic degradation reaction. Although in the degradation of dichloromethane,
the initial rate of Fe’"-doped TiO, was lower than for other sample catalysts, the amount
of dichloromethane degraded was higher. This indicates that a higher adsorption
constant does not always result in a higher degradation rate. In order to determine the
order of the degradation of carbon tetrachloride, dichloromethane and chloroform, a
graph of In [C] versus time was plotted. The obtained data showed that the VOCs in this

study degraded according to first-order kinetics.
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GC-MS was used to analyze fragments that may form during the photocatalytic
degradation of the VOCs. A possible model was proposed for the photocatalytic
degradation of dichloromethane, chloroform and carbon tetrachloride. Structural and
optical  characterizations = were  conducted through  SEM/EDX, UVVis
spectrophotometeric and ellipsometric analyses. The thin film thickness and refractive
index of Zn*' co-doped Fe**/TiO, and Cu* co-doped Fe**/TiO, were unable to be
determined using ellipsometry. As a consequence, the indirect band gap values for Cu®*”
co-doped Fe3+/TiOz and Zn*" co-doped Fe3+/Ti02 were not determined.

The film thickness for all catalyst samples is between 227-251 nm and thus
within the range of acceptable thin film dimensions since the limit of thin film thickness
1s 1000 nm. The refractive index for doped TiO; is lower than pure TiO,. Refractive
index can be used to calculate the porosity of the thin films. It was found that the lower
the refractive index, the higher is the porosity. Fe’" -doped TiO, shows the highest
porosity among other catalyst samples. Thin films with high porosity had superior
photoactivity. However, when Mn*", Fe*, Fe’", Cu® and Zn*" doped TiO, were used in
the degradation of dichloromethane, chloroform and carbon tetrachloride, only Fe",
Fe’*, Cu®" and Zn*" doped TiO, showed higher degradation of VOCs than pure TiOs.

Mn”" doped TiO, was found to be detrimental to the degradation of VOCs
although the porosity of Mn®" doped TiO, was found to be higher than pure TiO,. The
absorption spectrum for all doped TiO, with optimum dopant ratio and undoped TiO,
were taken using the Shimadzu UV-Vis-NIR Scanning Spectrophotometer. A slight shift
to a higher wavelength or red shift was noted for Zn>* co-doped Fe’*/TiO,, Cuz+ co-
doped Fe’"/TiO, and Cu®*" doped TiO,. Meanwhile, Fe**, Fe*”, Mn”>" and Zn*" showed a
slight shift to a lower wavelength.

The optical band gap, E, values for all catalyst samples were determined by
plotting (ahv);» versus the equivalent energy at the wavelength, A. It is noted that all
obtained graphs have a similar curve. The obtained band gap values are in the range of
3-3.05 eV, which is lower than the normal value of 3.2 eV but is close to the literature

data. It is expected that their photocatalytic activity will be lower than pure TiOs.
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However, when photocatalytic degradation of dichloromethane, chloroform and
carbon tetrachloride were carried out, it was found that the photocatalytic activities of
Fe**-doped TiO and Zn*"-doped TiO, were higher than pure TiO,. Band gap, therefore,
is not the main contributing factor to photocatalytic activity to doped and pure TiO,. All
doped catalysts were observed by EDX. However, the ratio of Ti bounds to oxygen and
bounds to dopant (Zn>*, Fe**, Fe’", Mn*", Cu*" co-doped Fe’ and Zn*" co-doped Fe*")
could not be calculated using this method. In the characterization of thin film using
SEM, only the best catalyst was characterized. It was found that pores are produced in

the thin film.
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APENDICES

Appendix A: Calculation to Obtain a Value

T =(1—-R*)exp(—ad)

L = exp(—ad)

T
=

T and R values for doped and undoped TiO, at particular wavelength can be obtained
from Appendix B and C while the thin film thickness, d can be obtained from Table
4.17.

Example:

R for Mn2+—doped Ti0O, at 500 nm is 0.27 while T at 500 nm is 0.68, the film thickness
for Mn*"-doped TiO, is 227.09 nm.



Appendix B: Reflectance data for doped and undoped TiO;

(1-027%"
1 =227
. 0.68
o= - - Wavelength [(nm.] R%
12?09X10_)CH BO0. 00 6,20
793,00 6.44
TAD. QD €.83
1 TTD.C0 €.83
o=13649.59 cm TEO, 00 7.02
TEG.GD 7.21
T4G.00 7,42
T30.00 787
T20.00 BE. 00O
T10.00 B.23
TO0.00 8. 60
G50 .00 8.57%
&80 .00 2.38
&70.00 9.B3
GE0.00 10.31
BED. 0O 10.78
40,00 11.37
630,00 1l.2%
G20.00 12 .66
L0 00 13,37
B00.,00 14.15
580,00 14 .98
5a0.00 15. 31
570.00 16.487
S560.,00 17.82
550.00 18.8%2
540,00 19,23
530,00 20,32
520,00 21,33
510.00 22,590
S00.00 23,81
490,000 24 .67
480,00 25,44
70,00 26,12
aal, O} 2E.TEH
450.00 27.22
440.00 27.70
430.00 28,17
420,00 28. 40
4a10.00 28,17
a0, a0 29,91
A0, 00 30,84
80,00 31.42
370,00 20,31
60,00 268,28
350,00 22,32
240,00 20,935
330,00 21.57
320.00 25,02
310,00 34.4%9

300,00 g2, 34



Appendix B1: Reflectance data for Fe’*-doped TiO,.

Wavelength

300,
790.
TED.
770,
TE0.
TR0,

740

730.
7Z0.

710

700,
690,
680,
670,
EED.
650
G40,
(30,

620

610.

600

5%0.
BEO.

570

S60.
E50.
540.

530

520.
510,
L0
4590,

540

480
470

440

430,

220

410.
400,
ig0.
3H0.

270

260,
350,
340.
330.
320.
310,
igo.

aq
a0
0a
aa
a0
aa
an
oo
aa
Qo
an
a0
oo
a0
oo
oo
a0
oo
oo
Qoo
oo
oo
oo
o0
0o
oo
oo
o0
oo
Qg

oo
oo

.00
4460,
450,

a0
oo

oo
oo

(mm, »

4£.3%
4.44
4.52
4,587
t.62
4.73
4.81
4.87
4,94
S.08
5.14
>.25
5.35
S.44
S.58

70



Appendix B2: Reflectance data for Fe*-doped TiO,.

Wavelsnogth {nm.)

#00.00
Fan, o0
Teh.00
F0, 00
FE0.00
75000
740, 0D
730,00
720.00
710,00
700.00
/90,00
aED.00
s70.00
660.00
550,00
540,00
E30.00
620.00
£10.00
00, 00
590,040
580.00
570.04
5e0,404
55¢.040
B40. 04
534,00
520,00
E1G. 00
B0, 00
420,00
480,00
470,00
460,00
4h4.00
440,00
430,00
420,00
410,00
400,00
390,04
380,04
370.00
360,00
350,00
340,00
330,00
320.00
310.00
300,00

R%

11.21
11.53
11.76
12.15
17.44
12.75

12.1¢

13.43

13.86

14.20
14,58

14.96
15.369
15,87

16,18

16.61
17.08
17.49
17.87

18.33
18.79
19,26
158,75
20,26
20.74
21,130
z1.84
22.36
22.96
23.62
24,30
25.03
25,86
26.74
27.73
28.73
2681
30,80
31.97
32,95
33.70
34.12
33,81
31.75
25.87
20,24
18.35
18.80
Z1.14
28,52
45,32

71



Appendix B3: Reflectance data for Cu*-doped TiO,.

Wavelength

800.00
Tag.00
TEG. 00
TRO.L04
Tan. 00
TEO.00

740.00
730.00
720.00
710.00
TrO.00
620.00
EB0.00
ET0.00
€60.00
€50 .00
€a0.00

630.00
&20.00
&10.00
&00.400
594,00
S80.00
ET0.00
E60.00
E50.00
S40.00
530,00
53G.00
S1lo.00
E00.00
430,00
480.00
470,00
460.00
450.00
440,00
438,00
4320.00
410.00
400.900
394,00
380,00
370,00
Igd.0o0
350.00
3440 .00
3¢ .00
320.00
310.00
200,00

(nim.

E%

i3,
13,
.25
14.
14.
15.
15.
15,
18,
18.
16,
17,
17.
18.

15.
19.

a0

20.
21.
a1.
22.
22.
2%,
23,
24.

24

25,
26.
d6.
27.
27.
27.
28.
28.
28.
29.
29,
29,
30.
3.
31.
il.
3l.
28.
24.
22
22
25.
34,
42.

=
aa

49
78
a6
g
75
13
51
a5

TG
10
.57
oE
52

.05
54
aT
61
15
74
31
a5
47
.88
54
a7
55
a0
45
83
17
49
a1
18
a8
a0
15
7€
g
T4
158
25
69
a7
T4
50
33
28

72



Appendix B4: Reflectance data for Mn*"-doped TiO,.

Wavelength

800,040
790,00
Te0.00

770,00
F50,00
750,00
740,00
J30.00
J20.00
F10.00
700,00
630,00
ga0.00
670.00
§60.00
850.00
640,00
630.040
620.00
glo. 010
600,00
590.00
SE0.0D
570,00
Se0.00
550.00
540.00
530.00
220.00
314.490
500,40
490.00
480,00
470,00
460,00
450,00
440,00
430.00
420.00
410.00
400,00
390,00
380,00
370,00
360.00
350.00
340.00
330,00
320.00
310.00
300.00

[rim. ]

R%¥

10,32
10,70
10,98
11.37
11.81
12.2%
12,71
13.19
13.74
14,30
14,23
15.55
16.21
16,92
17.62
18.34
15.11
1%.87
20.5%
21,32
Z22.05
22,77
23.50
24.14
24.77
20.44
25,87
£6.44
26.97
27.35
27.82
28,23
28.62
29,00
29.47
30,00
30,63
3l.4%
32.38
33.52
34.71
35,82
36.31
34,73
28,54
22.20
12.58
15.00
20.89
27.86
34,47
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Appendix B5: Reflectance data for Zn>"-doped TiO,.

Wavelength

800.04
F90.00
TE0.00
TRR.00
Tel.oh
750,00
T40.00
730.00
T20.00
710,400
700.00
620, 00
680,00
&0, 00
660, 00
E50.00
640,00
€30.00
e20.00
£10.00
&00.00
590.00
SBO.0D
570,00
580,00
ER0.00
540.00
530.00
520.00
510.040
500.00
490.00
480.00
470,00
460.00
450,00
440,00
430,00
420.00
410.00
400,00
380.00
380,00
370.00
340,00
350.00
340,00
330.040
320.00
310,00
300.00

(nm. }

E%

12.24
12.73
13.24
13.74
14.32
14.88
l5.%50
lg.12
16.76
17.43
18.11
18.83
19.55
20.20
20.87
21.57
2z2.21
22.22
23.50
23.9%
24.50
24.968
25.440
25,774
Zo.02
£5.33
25, 44
26.52
2,60
26,61
28,85
26,70
26.80
27.08
27.49
28.22
28.31
30.76
32.52
34,31
35.82
35.84
36.15
32.35
25.83
21.09
19.35
19.82
22.81
0.7
37.81

74



Appendix B6: Reflectance data for Zn** co-doped Fe**/TiO,.

Wavelength

a00.00
790,00
780.00
770.00
Tad.an
TE0. 00
740,00
730.400
720.00
710,00
OO, 00
cen .00
€80, 00
€70.00
650, 00
650,00
640,00
630.00
620.00
£10.00
&00.00
590,00
580.00
570,00
560.00
550,00
540.00
530.00
520,00
S10. 00
S0, 00
590,09
180.CH
470,00
460,00
450,00
440,00
430,00
420.00
410.00
400.00
390,00
380. 00
370,00
360.00
350.00
340,00
330.00
320.00
310.00
300.00

[nm. )

%

13.21
14.23
14.48
14.73
14.84
15.18
15.41
15.63
15.8%
16.15
1e.486
16.75
17.00
17.30
17.&80
17.53
18.30
18.87
19.03
19.41
12.34
20.31
20,84
2Ll.40
2L.81
22.53
23.14
23.74
24.41
25.04
25.72
26,43
27.15
27.489
ZE . EB
29,350
30.38
31.33
32,32
33.2¢
34.17
34,77
34.5E
32.12
26.81
21.78
15.74
20,140
23,14
31.47
38.06

75



Appendix B7: Reflectance data for Cu®* co-doped Fe’/TiOs.

Wavelength [rm.) R%
EO0. 00 8.51
720,00 85.82
Fa0.,.00 9.21
770,00 9.61
Fa0. oo 5,30
750,00 10,28
Fa0, 00 14.71
730.00 11.12
720,00 11,88
710.00 12.18
T00.00 12.70
650,400 13. 25
s8da, 00 13.84
870,400 14.50
&850 .40 15.186
650 .00 15.82
640,400 1E.54
G630.00 17.25
G620.00 17.82
610,00 18,73
00,00 15.41
590.00 20.10
SED.OD Z20.748
570.00 £1.39
560.00 21.80
BEQ.0C0 22 .40
540,00 22.78
530.00 23.04
520.0D ' 23.24
510,00 23.3%
500,00 23.43
480,00 23.46
480.00 23.46
470,00 23.54
480,00 23.758
455.00 24 .15
443,00 24 .81
430,00 25.10
420,00 27.77
410.00 29.84
400.00 32.14
380.00 34.11
383.00 35,12
370,00 34,05
IE60.00 25.11
3502.00 23.61
340.00 21.28
330.00 £21.38
320.00 24 .54
310.G0 33.70

100.0C0 41.86



Appendix B8: Reflectance data for pure TiO,.

Appendix C: Transmittance data for doped and undoped TiO2

Wavelength (nm.} T%
400,00 F3.19
Ta0.00 TF. 87
T .00 EQ. 05
FTO.00 Q.38
Te0.00 80,55
750.00 EQ.84
T40.00 E1l.1Z
T30.00 E1l.Z5
TA0.00 BEl.48
F1lo.00 Bl1.56
Tho.o0n B1.72
GO0, 00 81.75
agd,ab Bl.64
aTe.an Bl1.57
G60.00 Bl.38
B50.00 B81.01
540,00 056
&30.00 T3, 94
620.00 79.29
&10.00 TE.50
£00.00 TT.47
239.00 Te.22
280,00 T4.52
270.00 T3.65
5E0.00 T1.714
250.00 Th.08
540,00 58.1%
230.90 66.13
520.20 64.30
510.00 62.51
500,00 &0.78
450,00 55,23
B0, 00 58.40
470.00 57.43
460,00 56.34
4%0.00 56,02
440.00 56.08
430.00 56.54
420,00 5T.21
410,00 57.83
400,00 §7.91
330,04 56.B5
380,00 53.32
370.040 45 25
3ab. 04 31.33
350.04 17.83
340.040 8.57
330.00 2,83
320.00 0,32
310.00 0,08

igg.on 0.05



Appendix C1: Transmittance data for Fe**-doped TiO,.

Wavelength (nm.} T%
goo. o 75,52
TE0.00 TH.85
TEQ. O Ta.4d0
TF0.00 TE. 32
TED .00 Te.74
TEQ.OQ T7.08
T40 .00 T7. 41
T30.00 T7.85
T20 .04 TE. 22
TL0.090 TE.B&
T00. 00 TE.23
€20, 00 75,27
80,00 78.55
670,00 75.77
a50.00 BO.0g§
e5d.00 BG.27
G40.00 HO.31
£30.00 BO.4ad
520.040 BO.5Z2
2ld.040 go.4a7
and.od B0.29
520.00 79,84
280,00 75,41
570,00 72,14
5a0. 00 78.2Z2
550.00 E-
540.00 TE.93
530.00 TELT0
520.00 7477
51C.400 73.63
200,400 72.60
480,00 71.48
£480.400 T0.42
470,00 £3.58
460,00 EB.ET
450.00 £B.10
440. 00 57.85
4320.00 5T7.47
420.00 a7.40
410.00 57.08
400.00 56,54
is0.00 54.81
380.090 al.23
AT 00 53.4%
360,00 35.35
350.00 25_51
340.00 14 84
330.00 6,74
320.00 2.14
21000 .55

100.00 .13



Appendix C2: Transmittance data for Fe2+-doped TiO2.

Wavelength (nm.}
BOO. 00
780,00
TED. 0D
170,00
TED.O0
TEOD. 00
T40,00
T3i0.00
T20.00
710,00
T00.00
690,00
680,00
670,00
660,00
650,00
640.00
630,040
620.00
6l0.00
BO0. 00
590.00
580.00
570.00
560,00
550.00
540.00
530.00
520.400
510.00
500,00
490,00
480,00
470,00
460,00
450.00
440,00
430.00
420.00
410.00
400,00
390.00
IE0.00
370.00
3E60.00
350.00
340.00
330,00
3204040
310.00
300,00

T%
77.39
77.39
77.04
T8 .85
TG, B3
76 .89
6.9
76.35
76.11
75.81
7E.81
15.26
T4 .30
74.4Z
73,93
73.37
T2.80
72.20
T1.587
70.92
To.21
69,41
68,60
66,12
67.24
E6. €0
€8.00
£5.30
€4 .85
64,29
63,81
£3.34
62.94
f2.52
62.04
61.54
60,97
BO.25
59.27
57.77
55.55
52,089
49,34
44,01
33.82
21.45
12.149

.31

1.&%

0.57

0,25

79



Appendix C3: Transmittance data for Cu**-doped TiO,.

Wavelength (nm.}
BO0 .00
750,00
7a80.C0
TTO. 00
Ted .00
TS0.00
T40 .00
T30.00
T20.00
T10.00
T00.00
50,00
EEG G0
670,00
660,00
650.00
£40.00
630.00
820.00
£13.00
E0Q.00
580,400
BEEG.00
ETC.00
560,00
550.00
540,00
530,00
520,00
510.00
504,00
493,00
480.00
473.00
460.00
450.00
940,090
430,00
420.00
410.00
400 .00
350,00
380,00
370,00
360,00
380,00
340.00
330.09
3Z20.00
310,00
300,00

T%
TH.TE
75.49
75.74
TE. 16
T6. 34
Te. 17
76,22
TE.42
TE.40
TE .56
TE.53
TE€.51
TE.30
7&.18
76,02
TE. 76
T6.57
75.19
74.92
74.53
74.01
73.52
T2.94

T1.71
T1.17
T .48
59.63
588,00
58,268
&£7.59
56.91
66 .36
55.83
85,41
55,15
54 .86
a4 .76
64 .51
54 .03
53.11
51.58
58.89
54,16
44 .66
32,45
21.72
12.213

5.93

3.24
d.13

80



Appendix C4: Transmittance data for Mn*"-doped TiO».

Wavelength (nm.} T%
BOO, 0O g0, 20
790,00 BO.25
780,00 T4, 80
770,00 78,51
Jed.00 78,22
750,00 19,03
744,00 78.82
736,040 Ta.46
720.00 T7.85
710,00 77.33
T00.040 76,74
§20.00 76.25
a80.04d . To.62
e70.00 74,340
a&a0, 00 74,20
650.00 T3.dl
&40.00 T2.65
a30.00 71.84
620,00 T1l.00
610.00 TO.18
&00.00 62,35
580,00 68.52
580,00 67.81
570.00 £7.14
560.00 6630
550,00 65.72
540.00 85.03
S30.,00 £d4.40
520.00 63.87
210,440 63.46
500,00 £2.599
430,00 62.63
480,00 62 .34
470,00 BZ.05
4e0.00 61.30
450,00 6l.56
440.00 61,28
430,00 61.01
420.00 6,49
4£10.00 £5.61
400.00 58.03
350,00 55.81
380,00 52.74
370.00 47.058
360,00 35.14
350,04 21.41
340.00 lz.11
330,00 .71
320,00 2.31
310.00 1.37

300.00 1.16



Appendix C5: Transmittance data for Zn**-doped TiO,.

Wavelength (nm.}
800.490
7ag.,40
780.00
TR, DO
TED. 0O
750,00
740,00
720,00
T20.00
710,00
700,00
eR0, 00
680.00
670,00
680,00
650.00
640.00
&30,00
620,00
E£10.00
600.00
£90.040
SBO,. 00
E70.00
Sel0,00
550.00
540.00
530.00
§20.00
510.40
500,400
420,00
480.00
470.09
dad.0a
450,00
£449.400
430.00
420,00
q10.00
400,00
340,040
3g0.00
370.00
3&0.00
350.00
340.00
330.040
320.00
310,00
300.00

T%
Te.43
T8.32
TH, 12
75,87
75,064
75,47
TZ.03
74 .82
F4.28
73,60
73,13
72,46
71.7H
71.02
70.15
69,326
648.50
/7 .ED
oE, Bl
a5.98
65,11
84,31
83.61
a3.03
62,25
61,71
6l.1%
&0, 54
G010
55.58
so.,.n0v7
5%, 64
SE.1L9
27,71
57.148
647
E5.74
54,984
£3.78
52.39
50,73
48 .74
45,41
3.7
26.84
14,.9E

T.04

2.4E

0,74

G.37
D25

82



Appendix C6: Transmittance data for Zn>" co-doped Fe**/TiO,.

Wavelenzth (nm)

SO0
9500
TR0
FE5.00
FEO.00
FIE.00
L
F65.00
F60.00
FEE.00
750,00
F45.00
000
T35
T30.00
F25.00
T
T15.0M)
71000
0500
FLELY
5500
EULLKD
GRS
GHOLHY
GTS
G700
G5 00
BA0.00
655.00
65000
645.00
40,00
635,00
63080
625.00
200,00
il 5.000
610,00
G500
GLUCLDD
2500
AR
SR5.00
SHOLH
57500
LY AR
RIRTN]
5000
555K}
550K
500
S40.00
FISAKR
RENRLY
525K}
S20.16)

T4

74.35
7430
71,48
7448
74.349
.36
T4.50
74.56
74.50
FEK L
7442
.34
7443
74,52
74.58
74.55

“T4.48

7435
7439
7443
A5
T4 458
7430
74.40
7433
7430
74,25
74.24
7421
7415
74,12
7411
7404
7165
FEE: ]
7181
7173
T1eh
7161
7150
7335
7122
7108
7182
1281
T2
253
i b
T1El
715
T1.30
T1602
53
LNk
69,53
69 (i
6%,50

515,00
S10.00
505,00
S0
4450
45100
48300
480,00
47500
470,00
465,00
40100
455,00
450,00
445,00
440.00
43500
43000
42500
420,00
415.00
41110

q05.00
40,0y
30500
300,00
IR0
J80,00
3750
370,
6500
EIGIALY
35500
J30.00
343,
30,
33300
F3 0
1251000
320010
500
] LUy
3000
300

67,
67, 26
i, 55
(.
63,30
fisk 44
i3, 66
6287
o2,
%29
il 44
5967
58.90
5817
5748
5670
36017
35.56
3509
.59
54.11
53.540

1586
215
5141
4,48
4932
41
4340
4217
EFKY)
156
15 40
19 .85
15.02
1078
T.25
4.52
Lo6

137

L]
nae
0,54
036

83



Appendix C7: Transmittance data for Cu”" co-doped Fe’/TiO,.

Wavelength (nm.?}
800.00
T, 00
TEQ.OC
TF0.00
TeE0.00
750.00
T40.00
730.00
T20.00
TL0.00
TGO, 00
g50 .00
gan. o
g70. 00
&6ld. 00
&50.400
640.00
g30.00
§20.00
g10.00
E00.00
520.00
580.00
570.00
560,00
550.00
F40.00
530.00
520,00
510.00
500,00
420.00
480.00
470.00
460.00
450.00
440.00
430.00
420.00
410.00
400.00
320.00
380,00
370.00
360.00
350.00
340.00
330.00
320.00
310,00
300.00

T%
77.88
77.65
T7.7T1
77.89
77.55
77.45
TT.35
77.27
75.70
76.07
T5.52
74.59
73.94
73.0%
72,04
71.04
63.96
£8.86
§7.83
£5.69
65.63
64 .62
63.67
§3.02
§2.07
61.46
£1.00
60.55
£0.44
£0.31
§0.49
60.65
60.38
£1.40
§1.65
§1.91
§1.94
§1.64
§1.04
59,71
57.485
55,22
51,72
46,57
36.03
23.26
13.37
5.97
1.36
0.73
0.50

84



Appendix C8: Transmittance data for pure TiO,.

Appendix D: Calculation for Concentration of VOCs in Term of ppm

Weight: Density (g/'mL) x V (mL)
Density: { (z/mL) @ (Kg/L)

Weight

MW
At SATP. 1 mole of gas =24 79 L

Concentration (ppm): mole x 2479 L x 10°

Nombor of moles =

|V ppm

Example: Density of dichloromethane =1 3266 g/ml
MW of dichloromethane = 84 93

When volume = 3 pl.

Weight =
1.3266 g | 1000 mL | 3ul | 1L
mL | 1L | | 1x10° UL

=39798x 107 ¢
3.9798x10% g
8493

MNombor of Moles =

= 4.6860 x 107 mole
Therefore. 4.6860 x 10~ mole = 24.79 L x 4.6860 x 10~
=1.1617x10°L
Concentration (ppm) = 1.1617x 10° x 1 x 10°
= 1162 ppm
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Appendix E: Comparision of Fragments Formed Before and After Illumination of

UV Light for Dichloromethane.

“rap 57 (1.007 min): MYE4152.D

diohloromethane
anund, m/ = abund. mi e abund . LA abund.
10.3c% Q4 an.&0 4543 14 . &d 31587 47 .35 q44249
10.45 108 21.54a a1 A5, 40 18680 48.30 15344
14.758 102 a2 .60 130 IE.40 4962 49,30 136144 "CH-\C].-'-
11.45 110 231,60 Loe 37 .40 5214 50,30 5240 =
12.75 3177 25,05 491 3E.40 1513 E1.30 é‘h;:HCH Cl+
13,95 10011 25,05 531 40.35 44032 5Z2.20 711 3
14.75 19Z1ZA8 28.55 F13360 %®1.35 T345 52.20 15 +
16 .80 RAEGOD 29 55 Zada0 a2 35 5238 54 20 53 ()(:1
17.70 i3TR2 ap. 55 A32 43,35 LT 54 .50 41
18.50 94128 32,80 a4l024 %4.35 al177 855.30 23
15.7¢ 248 31 .40 BOS 45.358 147 S56.25 156
Scan 57 (1.007 min): MYB4152.D -
CH"CIO_ dichloromathane CCIE
£
miz abund, mfz abund. m/E abund . B/ abund.
5& .85 56 67.00 B4 TE.ES 58 BS. 80 EGBRE
E7.55 B el . 8d B3 T7.28 44 BE. 90 191
58,75 56 63,20 =1:] THE.35 40 A7 .90 L3535
=5 =1 4 41 T0.10 763 TH. 95 3l HE.B5 1BE3
0,15 2] L7 49 TH.45 55 - EL]
£1.15 T4 TL.30 an BO.ED 62 80,95 33
Ed .85 59 T3.00 561 Bl. 0% dd 91.15 12
531.25 57 T73.5% 53 BL. o 1850 81.55 46
E4 .30 64 T 116 Bz . 90 18368 gz @& 531
ES. 40 1= 4, 85 33 B3 .90 143232 93 3% EL]
[ 1] 13 T5.25 32 g .80 \121111. 83.95 3l
Ecan 57 (1.007 minj: M¥B4152.D
+ + +
CHCI;O COClz dichloromethane CHClz
mfz abund. m'z abund . 'z abund , n'z abund. +
9a.75% 43 100,90 34 108.45 26 11a@.60 193 —CCl;
85.35 42 A0L. 69 EL 105. 8% 21 115. 60 297
95 .85 49 102,70 31 111.0% 24 120.85 56
96 .30 ig 101,29 31 1i1.8% 34 121.88 127
96 .90 59 104,10 24 112.50 24 122.75 1B
9770 dd 106.3% a5 113 . |d 30 123,25 25
58840 Bl 105 .BG 28 114 .30 B 123 &85 22
99 .40 Z6 a07.35 32 115.70 32 124 .35 22
100940 a8 107 . ES a7 115. 80 37 125.05 21
100.340 in 107,95 26 116.60 157 12585 15
100.60 i2 l0e. 35 aT 117 .60 283 126 .05 31
Scam 5% (1.007 min] - M¥R4152.D
+
dichloromethane CHCIQOD
m/z abund. n'zs abund, mzs abund, w's abund.
136,35 EL 135.50 F1H 146 .00 43 1548 .05 L]
126.65 30 135.70 av 147 .40 i3 161,15 20
126 A8 8 13718 FI 14% .80 23 160 .75 26
127.55 25 138.35 33 150.70 8 161,50 27
128 .28 28 1353.08 a5 151.20 il 163 .00 33
149,00 L1+ ] 139.35 a0 153 .55 15 163, €0 a2
129 .40 &5 140.35 av 154 .15 a3 163, BQ 22
131.00 2B 141.158 B 154 . 85 14 1Ed . 20 24
131 .80 21l 141.45 a3 155.35 iB 165, B3 36
133,010 i3 142.45 v 1Eg .45 il 1£7. 1D 25
134 .04 34 143.75 29 158 . &5 2Ll 167,40 21
Scan £7 (1.007 min): M¥B4152.D
dichloromethane
o'z abund. m's abund. mfz abund. m e abund,
168.00 25 1li5.85 1] 188,70 i3 220.25 Fi3
168 .60 27 106,595 29 apl. 1o Z0 221,95 42
163 .85 40 18T.75 & &0, &5 0 229,00 a2
174 . E5 23 150,05 23 203.15 30 ZZ9 .80 23

177.40 24 1%1.55 3 05,78 a0 231.10 o
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Appendix E1: Fragments obtained before illumination of UV light for dichloromethane

Scarp 57 [1.908 min| : MYE41E67.D

nf
10,
1a.
11.
1z,
13.
14.
1a.
17.
18.
149,
20.
Sgan 57

wf
55.
56 .
57.
B7.
58.
5B.
58.
589,
53.
&0.
61.
Zcan 57

L ¥)
BE.
B7.
aE.
0.
a0.
al.
al.
92,
2.
2.
93,

Scan 57 {1,000 minf

=/
122.
123
12a.
125.
125.
127.
124,
128.
128,
131,
131,

Becan 57 (1.008 min) .

m
169,
L7E,
171,
172,
173,

z

EE
635
25
15
a5
75
Y
Ly
T
T
1)

1.96¢8 min} :

=

G
a8
15
T8
L5
€5
35
15
95
45
os

|1.008 min] :

=

50
0
BS
15
BE
&5
95
25
45
B
(13

2

45
45
15
45
15
15
15
T
50
30
50

z
s
15
15
15
15

dichloromethane
abund. m'z
104 21.30
54 21.80
122 2z.10
37588 22.70
BET31 23.20
2118440 231.580
52952 23.70
209132 24.25
93224 25.45
FEE 28.55
4437 29.58
MYB41l67 .02
dichloromethane
abund. m/e
Bz 61.55
104 61.25
46 62.45
a7 631.08
410 63.75
45 G4 .40
55 65.00
&6 £5.50
64 65.10
51 65.70
52 &7.00
MYE41&7.D
dichloramerhan
akbmnd. mfz
2504 54.795
11767 96.15
165 55.80
35 57.60
25 57.530
a5 58.70
a3 898
28 140. 20
26 101,10
31 101.50
22 102 .30

using Zn”" co-doped Fe*"/TiO, as catalyst.

MYB41lG7.D

abund.
71

44

3B

B3

54

EE

65

107
462
BEOLIZ
21456

o'z

io.
iE2.
14,
15,
i6.
7.
iR.
&0.
al.
22,
43,

CH:CI1O0™

abund.
41
EL
iB
74
54
a6
53
26
34
41

+
COCl
abund.
1
1:]
BS
37
35
¥
19
24
24

28
EL ]

55
50
50
40
40
a0
40
ig
it
35
L]

mfe

GH .
69,
T0.
Ti.
Ta.
Ta.
T3.
Ta .
75.
TE.

oo
1
0
oo
oo
15
a5
BE
a5
BE

[T ]

102,
103.
1n3.
104,
104.
105.
106.
107,
108,
110.
-EE

110

dichloromethane (:I{{jlz()_

abund., niz
o 133.00
23 13%.20
23 133.60
as 134.39
22 135.740
41 136,30
Fi 137.@5
26 137.35
48 137.585
24 140.25
47 140,85
MYB4167.D
difhlaramethans
abund . mi'z
F¥3 182.80
Z6 1B3.70
28 LE4.50
36 LG64.T70
25 187 .18

abund .
a7
26
32
a2
23
23
23
T
28
a2
21

abund .
23
27
23
24
14

&0
e
BD
10
55
o5
EE
15
85
25

Bz

145.
148.
143,
154.
151.
153.
152.
154.
155,
157.
158.

20
1]
30
1]
39
a0
85
95
as
15
o5

miz

128,
205,
206,
205,
1z,

ad
75
85
30
ad

abund,
933
623872
1314
17180
%520
L1158
1473
46HE4
oA
4703
777

aband.
55
83
£53
T4
128
55
130
41
L+
a5
48

abuand,

ki
i3
23
k3
FL
EQ
45
a6
a1
FE!

abund,
a7
28
a2
L
34
a4
27
22
il
23
F¥]

abund .
21
51
23
28
20

mfz

L35
45,
w7,
a8
a9,
50,
51,
53.
L2,
53,
54,

15
i5
1)
g
14
A
20
1]
47
el

mie

.
T7.
78,
Te.
TR,
TE.
#1.
82
83.
84.
85,

15
75
55
15
43
55
S0
50
FQ

S0

m'z

111,
1liza.
113,
114.
115.
116.
117.
1148,
11%,
120.
.E5

131

35
S
0
&i
&0
€]
&l
&0
E5

m e

158 .
185,
159,
1en.
161,
1€2.
163,
165.
165,
1EE.
168,

a5
05
35
1%
9%
1d
=L1]
Juli]
0
a0
0

afz

241.
245.

S50
B0

abumnd.
EBED
155
37944 .
1820 .
225473— " CHxCI
1131 +
57600 (3}1%?1
703k OCI
a7
2
Bd

abumd .

a7

25

ag

ag

kL)

48 -

1810 ¥ CClL

16626 -
1za58s— CHCl»
11414
TH536

abund,
31
41
a1
40 -
1e_* CHCLOO
280 -
1aa— CClg
225
52
113

abung .
21
L
21
28
F13
28
4
il
20
20
i1

abund.
24
=0



88

Appendix E2: Fragments obtained after illumination of UV light for dichloromethane

Scan 89 (1.040 min): MYB4133.D

.mjz

12,25
13 .85
11 .45
12.75
11 .75
14.75
16 .60
17 .60
18.60
19.60
20.60

Scan 59 |1.340 min} :

¥
a7.15
58.05
S58_65
58 .85
53.25
55.55
60.05
60_15
60.55
51,16
B1.E5

Bcan 59 |1.340 wmin) :

LY
a0.08
80,95
g2 3L
932,85
93 .25
93,65
94 .45
.75
5.65
96 BD
97 . ED

Scan 5% {1.940 win}: MYB4133.D

wiz
125.45
128 . E§
137 .4%
128.05%
128 .25
128.70
128.80
1L3d% .50
131 .40
131 .50
132 .40

Scan 5% [1.040 min): M¥B4133.D

m/z
163 .80
166 . 60
LE% .45
L0 .15
170, ¥5

dichloromethane
Abund . miz
100 22.24
1as 23.89
128 23.70
33893 25.595
Q423 25,05
200512 25.55
51015 28.55
22578 29 .58
1040312 30.55
235 3z.a0
4307 34 .40
MYB413i3 . D
dichl oromethane
abund. mis
a3 G&.55
35 63 .15
48 Gd .10
53 64 .50
48 Ed4.T0
54 65.20
az 66 .30
a3 66 . &0
35 6E .30
dd ET.20
28 EE.0OO
M¥YB413i1.D
dichlaramethane
abund. mfz
33 57.80
63 S8.80
32 S9.50
43 100,00
37 101.10
52 101.34
52 10Z.40
72 103,20
45 104 .20
53 104 .85
45 Los.15

using Zn”" co-doped Fe*"/TiO, as catalyst.

dichloromethans (:I{{311()_
£

abund. miz

31 133.80

48 135,30

5l 135,60

22 136.20

22 137,158

22 138.35

a3 140.58

i@ 141.15

26 141.55%

14 142 .55

47 1ld4.55
dichloromethane

abund . mi=z

26 177,840

23 182 .40

20 LEG .03

27 191 .58

L

L32,35

abund . mf =
B 15.40
121 ag. 40
TL 37.40
Bz ag. 40
444 4. 3%
2631 41. 1%
914752 42 .35
i17ze 43.2%
BTE 44,35
B892 4%, 3%
iZ50 47.35
CH,CI1O
abund, mi e
BT 63, 1%
T5 T 1R
ié T 8
iz T2.00
T T1.15
49 74,05
ie 74 .75
EL] 75 .35
is 73,85
T TE. 55
il 7. 85
OClLy"
=
bund., mf &
44 147.10%8
57 107 .65
ik 108 .05
a3 108.25
53 1L08.55
3& 102,15
52 11,05
iz 111.7%
&0 112 . 8%
34 113.50
4 112.79
abund m
FE] 144.70
13 145.10
28 La7, 30
4 147. %0
26 148 .40
il 145.10
21 180.20
20 LED. 40
34 L5090
25 153 . 7o
22 L52.10
abund . of=
24 205.75
26  215.40
21 215.60
a2 21/ .65
22 21%.55

abund .
13056
5025
174
1513
45532
1546
5170
828
5387
175
41912

abund .
76
a6
B
555
g3
10
34
23
3T
gl
43

abund .
37
37
24
23
41
37
34
37
40
25
24

abund .
25
28
28
31
295
25
22
22
21

26

abuand.
S4
i1
iy
a3
ZE

LY
48.30
45.30
50.30
51.30
£2.3a
53.30Q
54.20
54.80
55.30
56.25
56.85

0z
TE.93
8070
B1.00
Bl. 30
Bz.90
B3. 80
Bd .50
BE. 30
BE. 30
87.30
BE.85

wiz
114.580
114.80
115. 90
116. 60
117.460
1148.60
11%.60
130.55
121.45
122.15
121.55

iz
15385
154. 45
155.05
155.35
156 .15
156 .75
157 .45
155 .55
155 . 85
181 .30
162 .80

mf =
437 . 85
240.18

abund .

13616 -

zazgsz— CH2C1
F15%

-+
ss70s \lgHa.Cl
2 ocr

77
a5
147
Ll

abund.
33
76
73

1832 +
re10s — ¥ CCL

142720 +
11407 e CHC].'.-‘
HEBEER
2716
13249
264

abund .
34
40 .
ég —» CHC1.00
188
181 ——p -
15 CCls
41
TG
k]
49

abund .
25
13
22
F ]
20
23
i3
25
23
25
23

abund .
23
a5
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Appendix E3: Fragments obtained before illumination of UV light for dichloromethane

G~an 58 {1.023 min]: MYB4l4B.D
dichloromethane

m/ akand. m'z
1p.158 1a8 22.1I0
19.85 135 22.70
12.75 3805 23.30
13.75 BETH 25.08
14.78 1518048 28.55
Lg.60 53298 2%.55
17.70 Z4232 30.55
14.60 106224 AZ.40
13.70 F46 33.40
290.60 4271 34.50
21.40 #5 35,49

Soam 58 {1.023 mimb: MYB4l48.D
dichloromsthane

mi e Ak . mf &
55.405 44 £6.70
5F.45 51 €7.30
&0 .95 az EA.10
€1 .53 ag 6E. TR
52 .45 43 Ta.10
62.75 41 T71.10
€3.25 SE 72.00
G4.0E5 BE 71.0%
64 .20 L T4,105
65,10 75 T4 .65
6E.130 LF T8 .15

Scan 56 {1,023 mim): MYE4148.D
COCI"+ dichloromet hane

-

/s abund. miz
895,65 16 104 . 85
96.80 7% 105,55
57.50 3%  106.15
%7.70 40 107,55
38,70 58 108 .25

100 .20 T 108 .45

106, 8¢ 40 108,75

122 .10 23 10%. 65

133 .50 a8 111,55

103.40 i6 112 . &0

CHC,O 104.00 e 114 .50
< Eran 58 [1.023 min): MYB4148.D
dichlorcmet hane

miz abund, m'z

132.80 28 144 .45
133.30 25  145.50
134 .20 a6 148 .80
134 .30 25 147,30
136.30 i3 148 .20
137.35 2E 148 .80
13%.05 a2 14%.@0
135.45 28 181.74
1480.35 a7 152,30
141.158 a1 153 . 585
143.75 20 14 .15
Scan 58 (1.023 mim): MYB4l48.D
dichloromsthane
mi = abund. mi g
187 .75 43 205 .85
168,75 a7 a06.05
18¢.258 d€ 205 .8%
154 .50 a0 215,70
185.14 20 217.24

using Mn*"-doped TiO, catalyst.

abund, m'z abund. oz
Fl 34 .40 4927 49,30
101 a7 .40 7051 s50.zZ0
¥l 30.40 1576 51.30
B2 440 .35 1598 EX. 20
Sphalsa 41.35 56D 53.40
22656 42 .35 Eiig Eq.d0
513 43.35 2311 55.20
5152 %56 44 .35 6TLT 56.25
L 45.35 183 57.15
A08D 47.28 41440 ET.5E
LE544 48.30 Z00E4 5B.325
CCl
abund . niz abund, miE
33 T5.65 48 B5.90
g4 TE6.95 €1 BE. 50
51 TH.LE EXS B7.90
43 TH.45 38 B&.85
a5 TH.GS a5 50.0%
an T8.35 a2 §3.35
564 BO.30 3a .08
LE] B1.90 1233 F1.355
45 BZ .30 "LES®E 52.85
25 BY.90 140864 53.85
41 E4 .90 HN“g&iiEi 84 .85
+ +
CHCLLOO CHC1:
abund. -]
31 11870 24 124 .35
ZB 185.80 22 124 .58
41 1Lig€.e0 1ss 125,08
3T 117.6&0 227 125. 25
30 L1E.60 135 127 .85
a7 119,60 211 129.30
5I 1I0.55 E: B} 12%.80
1z L3l .48 58 130.80
30 LiE.35 26 131.40
28 122 .RE a8 131.190
21 123 .0E a5 132.50
CCl;
abund. mie abnnd . m =
22 15E D& 34 171.85
32 155.895 21 175.158
42 187 .7E ag 178.18
39 15%E .95 28 177.30
34 160.5E a3 177.80
a3 162 .30 21 178.60
ZB 166 .20 22 172.70
27 1€€.50 22 180.50
Z8 170,38 34 182.50
30 170.6E a4 184 .20
a1 170,85 EE 185.@5
abund . o/ s abund. miz
]
3
21
Z6
23

abund. +
201300 — CHOCI
BEG3 -
esso0 —* (]

FAE
B
68
T3
123
56
54
B

abund.
20713
2733
13273
136
25

22

k1]

44

15

42

&d

abund.

0
4
22
1
i
Il
32
z2
4n
il

abund.
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Appendix E4: Fragments obtained after illumination of UV light for dichloromethane

using Mn®"-doped TiO, as catalyst.

Appendix F: Comparision of Fragments Formed Before and After Illumination of

mi=

i
1L
12
13
14
16
1%

18.
19.
x0.
ZLl.
Sean E0 (1. 050 wmind -

oy E abund. o e
35.80 55 6hR .30
56.15 aa 67.00
57.328 41 BH._0OG
S5E.65 243 a®.1a
59 LE 154 Fd.00
GB0.55 & J2.00
GL.TS & T2.85
62,25 103 73,55
£31.15 133 Td.65
Ed.0& T3 158 _EE
G4.90 Ta 15.55

Sean 60 {1.0%0 mim): MYB4O0&5.D
COC1‘+ chloroform
g

LT abund, me
¥4 .95 55 1C2.00
55_A% is 102 .50
FE.70 L 132.70
97.30 z8 143,110
F7.80 o3 103,30
38 .40 0 104.00
98 .50 49 104 .55

‘_.____.-rS'B.ﬂIJ EQ 104.59E5
= 140.50 36 105.65
(j}I{jlz(j 131 .10 21 105.B5
101 .50 3 106.75
Scan §3 (1.050 min): MYBAOES.D
chlorocfocrm
mi e abund . miz
125 .45 X4 13430
126.55 3o 134.80
126.75% 2% 135.40
127, 6% 46 136.00
126. 70 36 136.60
125,468 54 137.45
130.40 % 138 .45
131.50 L1 135 .45
132 _50 46 140 .35
131.30 a7 141 .65
133.90 i3 142 .55
Scan 50 (1.050 nmin): MYB4CE®.D

chlaraform

mfz abund. mfz
lLES.10 4 174 .55
lLEG. 20 7 176 .05
LET. 50 a0 176.15
LER. 10 25 1%7.10
LEB. B0 23 177 .50

55
.05
-5
TS
-BE
B0
B0

60
60
ED
&0

UV Light for Chloroform.

Beap &0 (1.050 min) : MYB4DES.D

chlarafarm
aband. mf=
103 22.10
173 Z2.70
4038 23.9%5
12773 24 .55
1587168 24 .EBE
48560 ZB.5E5
10737 29,45
44840 30.45
373 3Z2.49
3371 34 .44
) 35.40

HMYB4OED . D

rhlarofors

1L
BTERT2
dZ2520
B1lL
FERFL-L]
A00E
2ED5R

abund.
16
57
47
1l6
2111
1321
G
BT
3T
E2
50

abund.
13

3z
a2
2E

miz
36.40
iT.a0
g .40
44 3E
d1.35
g21.8E
421,75
44 35
45,38
d7.25
448.30

o/ z
TE .55
T7.05
T9 .55
TE.1E
T5.1E
EQ.20
Bl.30
BZ.a0
E3 .80
B4 .90
BE. 90

Bfe
107.35
108.75
109.45
103.75
110.95%
111. a5
111._a5
112.35
112.9%4Q
114 .10
114 .50

miz
142 . BS
143,08
143,55
141. 7%
144 .45
146,20
14E. 70
147.50
14 8. 490
151.10
i151.80

™’z
185.458
188.65
1580.45
180.95
151.%5

abuand.
4558
A035
1573
46562
205
952
622
577
ELE]
44320
ils8a

CCly

abund.

12173
129724
L1381
101538
1438

CHCl1;"

abund .
4
23
ig
k1
ig
331
33
28
27

mnfe

iz
85,50
aT.s51
48 .65
= LE
81,05
#1.75
F2.25
92 .75
33,25
93 .85
94 .38

mz
115.410
11&6.60
119 . &0
L1E.€0
115. 60
L&D .55
1Z1.55
132 E&
123.5%5
124 .45
124 .75

mE
156.05
156.25
156 .55
157,405
155,35
15%. 85
1&£30.15
161,79
1&2., 00
1&£3 .30
1E4.,.50

mf =
199.70
201.35
205.65
206.35
207.85

abund .

25728 —PCH2C1+
ETE .
Y107 T CHCI

N ocr

abund .
2881s%
47
43
41

28
ERS
32
2%
43
ia

abugd .
53
3473
B552 -
32— CCl5
6463
1158
1571
178
270
is
ig

abund.
23
k4]
a7
28
E1s



91

Appendix F1: Fragments obtained before illumination of UV light for chloroform

using Zn”" co-doped Fe’/TiO, as catalyst.

Scan, 57 [1.012 min]: MYBE4087C. D
chloraform
mi'z abund, mi& abund. m'E abund. mf s abgnd.
1a.85 as 22 .60 117 3640 4079 47.25 STURE
11.75 217 33,53 71 37.40 6033 48.20 21840
12.75 3450 24,45 116 35.40 1245 49.20 “"“D_'*CH*CF_
1%.75 10952 25.1% 133 40,385 43720 E3. 20 TORE - .
14.75 L79B40 28 .58 516416 4138 EC7T £1.20 180 CH:C1
15.60 52472 23,55 314890 41.85 E97 52.40 £3 -
17.60 127280 30,58 1184 41,35 EgB E3.1¢ 23 OC1
ia.&4 &57312 EFREL 632768 43,75 591 54.5¢ 46
13,60 4E14 33.40 1485 4335 4L E4.BO &5
20.60 S045 34.40 1315 442,35 TELE ES 10 47
21.30 &7 35,40 13656 45,35 435 55.40 51
Scan 57 (1.012 min): MYBEeO7C.D
| chlaraform CCly
mfz abund., m 2 abund. nfz abuand, m abund.
55.15 T4 £3.15 101 73.15 (3] BS . #9 2308
57.05 53 64,20 9 71.495 251 BE . 90 20432
§7.55 57 £5 .00 53 75.08 50 BT .80 237
£a.35 180 55,20 27 76.25 8 Bd.65 37
58.55 132 £7.80 44 76.95 141 BG.15 z3
£3.65 i3is &8, 80 a7 77.95 1% B9, 75 F]
60.15 57 £3.10 70 7895 is 53 .35 36
60.45 62 T LD 1303 B1.80 BZEE 51.0% 0
61.45 B 71.20 70 81.30 221568 51.25 z1
62.25 57 73.00 1065 B3.80 TEI3 51.5% z1
62.55 G4 72,95 66 sa.suxy‘ 135336 52.25 24
gcan 57 (1.012 min) : MY¥B40BTC.D + +
COCL™ chlorefern CHC1,00  CHCI»
mi'= abund, mi & ahund . me abmand. mi e abund.
52.35 27 10040 23} 110.85 25 122 .8% 111
5% .95 33 109,90 57 % 111.45 31 123.5% 179
54.78 g 101.10 1z ) 11240 40 124.1% 3
§5.95 85 102,80 g Y113i.70 4B 124.5% id
95.40 a4 104.10 27 115.50 25 125.1% 45
95.60 24 104, 85 23 116.60 2250 138.7% z4
§7.140 i5 107,05 4 117.60 413%  127.5% s
_ \BT.60 26 107.65 0 118.60 280 128.2% ig
CHCLO §8.10 45  1DB.85 i 119.60 B4 1EF. 50 44
w. 39.20 26 109.05 33 120.55 i 129.70 44
59,30 16 109,35 26  121.55 1206  133.10 z2
Scan 7 (1.912 miml: MEB40ETS. D +
chloroform (:(13
miz Abund . mz abund mfz abund. mfz abund
Lid.d0 2 14E .80 FE 185.60 13 151.058 5
13l.3¢ 331 148,90 27 162.15 32 192.75 F1v]
133.10 21 149.70 24 171.85 27 193.&0 27
133,70 i1 180 .50 24 174.45 20 1EB.00 21
135.89 Z4  153.58 32 174.400 Id  19B.50 1
116.85 2O 154.15 13 19%.10 - BT -] io
138.15 26 156.95 33 18%.40 31 201.4&5 2z
LaD. 75 Z4  157.55 27 184.55 25  203.7S z5
LaG .88 a4 1E59.05 iB 18%.15 8 205.8E &7
144.90 30 159.65 20 109.55 2z 207.45 3g
147 .ED 24 163 .10 20 123.1% a6 209.15 22
Scan 57 (1,912 min}: MYB4087C.D
chloroform
mfe abund . mfz abund . mf= abund . m/= abund.
211 .10 21
213.00 28
216.B0 22
21865 20

220.45 %3
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Appendix F2: Fragments obtained after illumination of UV light for chloroform

Scanm S8 |1.024 minml .

1O.45
10.558
12,75
13.75
14. 75
16,60
17.60
18.60
19 60
n.s5a
21.80

Scan 58 (1.024 min):

m'=

55.40
5&.00
56.55
EG.B5
ET. 15
5T.E8
5g. g5
5%, &5
€0.65
€1, 25
§1.75

using Zn”" co-doped Fe’/TiO, as catalyst.

Scan 58 1.024 min): M¥B4032

wz
a41. 75
931,15
93.35
4,85

COCL_ 3%

1\\1 85,10

SE.BD
895.40

CHCLO ™ 3.0
Lo, 54

Scan 58 (1.02d4 minl: KYBa093.

miz
133.40
133.70
1331.30
134 .40
135.50
136.50
L3B.E5R
137.85
13B.15
138,15
L25.95

Gocan S8 (1,024 min): MYB40S3.

mz
178 .80
led. 90
LEZ . 40
LBd .30
185,55

MYE4052
chlareform
abund . m'z

1zs 22.70

S9E 23.30

4461 24.45

12583 26,55

LEBAGD 35 . 4E

E37ed 30.55

26736 32 .40

11l3£56 33 .40

Egs F4 .40

4389 35.40

7Q Jo.40

MYBAOSE3
chlarcfocrm
abund. niE

a0 62.25

57 83 .25

P13 54 .20

iz 85 .10

34 55.80

£5 a§6.20

2€Q a7.30

13& 8. 10

1 5904

Hi 69.10

-1 ] .00
chlaroform
abund. miE

£ 1] LO1.80

3B LDZ.50

is 103.50

iB 104.30

g 105.15

P 108, g8

23 105,85

Bt 105. 85

z7 108 9%

i4 1%, 85

34 113.45
chloroform
abund, WSz

i1 141.35

in 14%.15

4B 143 _BS

14 144 .15

i5 145.50

ld 148,30

i5 148.50

12 148 _BED

14 150.20

40 151 .80

i4 152 .40
chlorofarm
abund. mie

a5 132 . 35

23 192 50

a5 135,10

20 137.240

18 139,20

.0

abund.
Lyl

71

L4E
BRBTOLD
25056
T34
G54 375
T47
3241
27072
5435

-

abund.
il
EEY
k-]
Bl
24
34
34
43
23
33
26

abund .

45
2z
21
23

niz
3T.40
JE8.40
ab.35
41.35
41.85
42 .35
42.75
43,35
44,35
45.35
47 .25

[ T ]
1.0
¥i. 00
J31.1%
73,95
T4 L83
73 .25
TE .15
77.45
T .35
75.15
79.75

m/
110.35
110.498
111.758
112 51
113.%10
114 .50
11&£. 640
117.69
118.84
11% .60
120.55

mfe
152 . To
L52 .85
154 .68
187.18
158.35
15g. 0L
162,40
183 .40
1683.90
184.70
164,30

mfz
205,75
206.758
247 .65
Z0%.90
2L1T.55

abund.
E3a47
1780
436BE
L L]
1135
712
34
470
6725
451
79648

ahund.
£3
1269
ED
288
N
a0
30
70
I8
a7
a1

27632
4743
8i0

CCls~

mfz

4B .30
45. 20
2020
51,20
52,20
52 . R0
53.20
54 .00
54 .60
54 .50
55.10

]
B1.20
BZ.50
8150
84.50
B 50
46.50
a7.840
24,55
A%.75
o 45
3L.55

mf=
111.55
122.88
143.55
125.65
125,45
126.65
127.85
13d%.50
130.40
121.10
132.40

mfz
AE5. 20
165,60
166. 50
1€7 . 50
1&8.EQ
165%.25
16%.55
170 .45
171,635
171 .45
17&.85

iz
241.80
242.90

abund.
29515
241aca

1BL
55
41
44
4B
4
30
B2

abund .
10244
IEETER
9014
LedsOe
2734
24208
5%

abund .
1651
143
154

21

a3

42
40
23
40
45

abund.

iz
ZB
Z26
24
a7
23
24
21
21
a9

abund .
24
a4

— CHCI™

6 TT?\*\N*CHECF_

octr

CCly”
¥ CHCl,™
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Appendix F3: Fragments obtained before illumination of UV light for chloroform using

Soan 5& (1.025 minl: MYB4121.D

chloraform
mi=z abund. w2
14.55 121 22.60
12,78 i6RB5 23.95
13.75 111&A8 24 .65
14 .75 150336 25_E55
16.50 58120 28.55
17.50 28804 29.45
18.59 1200o8 3a0.E55
1%.60 E03 izZ.4am
20. 50 4232 13 40
21 .80 LT 34.40
21.80 51 AE. 40
Scan 58 {1.035 min): MYB41Zl.ID
chloroform
mf= abund , m'z
56, 55 B EE. 80
E7.1% 51 G5 .40
5E.55 17% &T.00
E9. 8% 1ES 57T .60
£ .25 7L 65.10
&0.55 T& ToH.00
E1.65 EE] T1.110
E2.25 EE TE.00
B3.15 129 TZ.55
E4. 10 55 T3.88
E£5.10 74 T4..85
Scan 58 (1,025 min): MYB4131.
chloroform
m/z abund . n/z
33.45 40 102.59
53 55 22 103.69
54.65 52 105,55
(j(){jl1+ 55,65 EE 10&.85
= 85 .85 as 107 .5%
57.1a 45 108.25
g8 .00 21 108.8%
5%.10 23 10%.65
M— 52,80 56 10%.95
CHC1:O  1e0.80 33 111.7%
1¢1.50 27 112.35
Scan 58 [1.025 min] : MYBR4121.
shlaraform
=z abund . oz
134 .30 In 143 .85
135.40 is 136.70
LE6 .60 22 150.60
137 .35 46 151.20
138 .55 i5 152.20
135 .55 25 154 .3E
140.158 LES 155.35
141 .55 32 155 .55
141.75 31 156_5E
142 .15 27 157.158
142 .85 23 154.08
Sean 583 [1.025 min): MNYB4121.
chlarafarm
™z abund . of s
201 .65 23 239,40
202 .45 25 229,90
205 .75 5a 213 5L
208 .75 13 238.35
207,85 26

Mn’"-doped TiO, as catalyst.

abund.
1439
103
115
167
SD2400
24B332
Tol
G&71ER
814
I1ED
21736

nf= abund

36.40 4838

i?.40 5978

iH .40 1ET2
&0.35 45256
41.3158 597
31l .85 =13
42.35 E43
42.BC EJL
43 .38 294
44 .35 1oE87
45,35 302

mf= abund

15. 85 25

6. 15 @3

156,45 290
77.05 a4
77.58 a3
78.25 a1
T%.25 L L]
.05 L1
B3.30 E1
82.80 54
B1. 30 aAGa2
CHCLOO™

m'z abund .
113.50 id
113%.50 ed
114.80 20
115.00 21
115.50 a3
11&.60 2196
117.60 G452
118.60 IEZE6
113 .40 4L1ER
1Z0.55 BEd
121.58 1417

CCl;

m/z abund.
160.45 20
163 .10 a7
165.20 Ehs
165.70 Z0
167.30 i
168,00 22
168,60 =L
190,35 23
173.45 21
a74.38 ZBE
17% .65 32

n'z abund.

&2
&3

51
52

-5
-1
B4,
LB
-]
B
.85
.05
55
A5
AS

S

miz

122.
123,
126.
127,
124.
-45
-40
1i1.
133,

121

134

55
55
05
25
a5

&0
50

:w

Bfe

175,
175,
177,
173,
180,
183,
1BE.
189.
180.
190.
196,

25
55
20
1o
z0
20
BE

75
EL

Bz

S430 CH3C1+

208

55 i +
554 OC|
33

63

64

54

A7
i 02
reze — CHCl
147584
2248
ZOBED
216
47
32
37
3l
25

abuand.
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Appendix F4: Fragments obtained after illumination of UV light for chloroform using

Mn?"-doped as catalyst.

Appendix G: Comparision of Fragments Formed Before and After Illumination of

UV Light for Carbon Tetrachloride.

Sman 46 (1.031 minb:

10.15
10.75
11.35
12.75
14.75
16.7T0
17.70
1a.70
19,60
Z0. 60
21.40
Scan € |

afz
E3.85
60,65
6165
63.15
Ed. 05
64 .30
65.10
65. 60
£6.10
66 .10
66.T0
Scam 46 |

nfe

47 .50

98.10

58.90

370

4 151 50
CHCLO  10z2.10
196.25
140695
147.15
147.95
109 .15
Scan 46 |

mf=
148.320
1E5. 08
156.25
156.85
158.45
169.18
160.35
160.75
160,20
lEd.1lo
183.80

MYB41593 .1

carbon tetrachlorids

abund. miz abund. Bz
45 22.50 TS i5.40
113 23.10 E3 3540
130 24,25 14| A7.40
4717 24 .45 Fl 38.40
154112 25.15 133 40.35
42/32 28 .55 BE1l532 41._35%
22272 29.55 19184 4335
93248 30.58 58S 43.35
415 3d.a0 SBE%5E 44 .15
3763 33.40 B4 45.25
¥ 34 .50 2TEL 47.15
1,431 wiod : MY341%3.0
carbon tetrachlorida
abund. mfz abund . iz
2862 §7.040 32 T7.E€5
Looo 67.20 28 TE. L5
11 a8.140 44 TH_75
1424 J0.04 1525 TH.65
BD 72.140 11 a1.380
51 V4,85 E ¥ BZ. 80
B7 73,35 238 A3.30
43 74 .65 a5 a4.90
1 T4 .88 27 BE.350
21 75.75 7 A7.00
il T76.85 41 B7.30
1.031 min) : MYB4193.0D +
cazbon tetrachlorids CCl3
abund . miz - me
41 110.35 25 124.35
22 112.540 259 125.55
27 11330 21 126.65
43 113,740 25 126.85
is 116.640 1717TE 127.25
22 1lis.84 179284 127.78
z4 115.561 2015 128.55
Z8 120 .55 S52T04 123 %0
24 131.58 B2d 130.84
29 132.55 E0E8  131.40
ig 133.55 =l 134.00
1.031 min) : MY¥YB4183.D +
carbon tetrachloride (:II{:13
abund . miz abund. m/ =z
35 L&6T .60 20 la4 .70
21 LEl. Gk 23 187 .35
32 LTG0 .35 i 1%5 .60
21 170 .45 21 15%.10
26 L72.35 21 1%% .80
23 174 .45 206 2e1.35%
26 174 .55 33 465 .85
21 177 .BD 32 214 .10
25 179.50 22 315,50
a2 1a3.20 25 412.75
27 183 40 29 22879

mf s
48.30
49,30
D, 20
51.30
5a.30
E31.10
4. 10
E5. 40
56. 00
5T.15
ER. B

mz
8§, BE
B3, B5
81.1%
91.38%
81.55
92.78
931,685
94.15
9. D5
95 .55
96 .30

mf e
A1% 80
136.20
136.38
137 _2E
13T7.45
141.5E
14Z .15
143 .55
145.20
145.70
146 .70

mfs
233.20
231.898

abund.
2111
2B080
E52
4355
8z

32

36

40

48

56
3232

abund.
£l
a5

—» CH-CI”
— 0CI”
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Appendix G1: Fragments obtained before illumination of UV light for carbon

tetrachloride using Zn*" co-doped Fe*/TiO, as catalyst.

Scan 5% [1.036 min):

£, 65
ELl.E5
£, 25
E31.15
6. 20
5,30

abund,
S

10%

BT

g4

112
BBITTE
20160
518
S5EBE4
265G
24582

abund .
32
26
20
EL]

La57
EL
1088
168
28
47

036 minl : M¥YB4200.D
carbon tecrachloride
abund . mfz
T5 21.449
&4 22,860
Bl 23.30
Te 24.35
4234 25.05
LiZl44 48.55
4341& 49.55
19440 10.8%
BS060 32.50
463 34 .50
iEAB 3540
MiB4200.D
carbon Cetrachlorids
abund . miz
47 600
LY 86.50
62 G§7.50
3135 HH_E0
X 70.10
04 T71.00
110 72.10
53 73.85
ig2 TF4.7E
L i5.55
11 76.05

Sgan 59 (1.036 wmin|: MYB4200.D "
parbon tecrachloride (CC];

CHCLO.

]k\ miz

104,00
if2.00
102,60
103.&0
1402 .10
102,85
105 .45
165 .95
106 . 65
107.7E
108 .45

abund.
25
il
i1l
12
a5
22
21
27
s
28
26

miE
112.18
L1Z.40
1L1Z.60
113 .40
114.20
116.60
L1B.60
119.6
LZ0.E5E
121.588
L22.55

Scam 59 (1.036 min]: M¥B4200.D .
varbon tetrachloride CHCI:

m)z
188 .15
1g3.10
185 . 25
185 .50
185.10
A01 .45
202 .15
203 .75
217 .38
424 .15
437 .00

abund .
23
24
aa
23
3
il
28
a7
5
24
21

mfz
Zin.sn
232.70
233.45
234,35
247.20

21

a

173184
158000
1385
51200
]
30T

abund.
21
22
za
21
21

mie
a6, 40
37 .40
F@ .40
40,35
%1 .35
42 .35
43 .35
24 .35
25 .45
47.35
408.230

miz
133 .55
124 .33
125 G5
127.25
115 .60
131 .40
134 .20
135.63
13E G537
136.10
1316.55

mix

abund.

45,1340
20,30
51.20

52.830
5%.20
S4.30
Ed. B0
55.50

56.08

mfx
141.85
142,45
144.45
145.30
145,50
148.20
L50.19
151.20
151.40
154.15
156.75

miz

abund.
Z5H40 —P

BOZ
LERE—P

a1

qg

56

ia

EE ]

is

34

L]

akund .
S50
27
27
2z

3n
24
21
37

is

abund.
25
23
1
9
23
213
27
22
23
23
i3

abund .

CH,C1™
ocr
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Appendix G2: Fragments obtained after illumination of UV light for carbon

tetrachloride using Zn*" co-doped Fe*/TiO, as catalyst.

Bren 5% f1.036 min) : MYB4lB2.D
carbon tetracshleride

mfz abund. o'z abund. m/ z abund, miz abnind
1. &5 T 21,58 78 3749 BE3D 50.30 B5S -
12.75 5301 E5.05 L33 36 . 40 =] 51.29 4562—-“0[:1
14.7% 145408 25.35 126 40,35 anzon 52.1a BE {1
16,50 44340 28.E5 853632 41,35 14315 53.14 EL:]
17.70 19120 I9.55 20704 42 .35 1031 §3.840 33
iB.7D B4483 i0.55 669 431,35 = B4 .54 EB
19.60 425 3Z.40 59464 44 .35 S5B3E6 55,24 49
I0.80 723 131,40 TEH 45 .45 142 56,15 43
Z2.00 53 34.50 2658 47,35 43248 5§ .65 27
Z2 .80 113 1% .40 AE936 48, 30 20189 57.15 41
23,60 -} 16,40 2610 49,10 27315 Ef. G5 A015
Srcan 5% (1.036 mim): WMYB41E2.D + +
oarbon tetrachlorlide CHECI CCIE

oz alume . e’z abund . miE abund. miz abund.
E9.8E 2813 S8.20 45 7765 43 BR.B5 27
&0.85 9897 a8 .80 33 TE.TE 45 91.25 34

&l .55 142 T0.10 La®7? 73,15 iz 52 .58 Id
G2 .15 43 T2.00 1047 T3. 65 31 23.05 i6
£3.15 Y13 T4.05 157 Bl.920 Wl23z 93,85 52
64,20 24 T4.65 39 81.%0 2181 5E.05 28
85.10 117 T4 .45 21 83,90 345849 95 .65 F
65.490 LT P45 26 8490 1533 96 .50 25
&6 .20 43 TE.Z5 38 85.8%0 1a275 a7T.10 25
a?t.10 4 TE.65 a5 B&.30 328 3T 45
G7.40 45 TT.15 57 #7.50 ELT 98 .30 24
Scan 5% {1.036 mim): MYB41l42.D + +
+aarbon btetrachloride CCIS CHCI;
-
- =
CHCLO /s abund. m/z abund. mfz abond . o abund .
F8 60 34 105 .85 iZ 113.00 28 1Z68.05 21
*3.80 io 148 .55 8 114.50 61 128.680 EL:]
*3.50 31 106.75 &4 115,69 L778%8 1z5.40 35
@9._A80 a7 108.15 25 1148.4 LTELTE 130.90 Fi
130, L0 28 108.85 2E 11%. 50 2081 133 .40 34
100.40 31 10, 05 i4 12%.55 S5DEEd 115 ED a7
1a1.70 20 iip.08 F 1] 121.558 &31 138.65 21
102,10 20 1Ll 55 22 122,55 S542 144,55 a9
102,70 40 110, B85 21 123.45 T4 147.40 a7
183.20 41 111.75 34 126.565 21 147 .80 23
104,65 ER 113.235 20 126.85 23 148.80 i5
Sean 59 (L.036 min) . MYB&1lEZ.D +
carben betrachloride CHCI}
'z aburnd . nfz abund. oz abund. mz abund.
145.50 aT 185.65 a1 227.0D 23
159.35 an 1856.95 an 231.13D 24
i161. 00 24 187.15 28
161, #0 14 1586.30 23
164. 73 5 201.15 22
1565. 75 i 202.75 21
170, 25 1l 295,78 an
171. 65 i3 296,85 48
17265 z9 209,80 30
174.75 4 215,80 a2

177.70 25 215.89 33
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CHCLO™

Appendix G3: Fragments obtained before illumination of UV light for carbon

tetrachloride using Zn*" co-doped Fe*"/Ti0, as catalyst.

Scan 45 (1.014 min|: MYB4208.D
carbon tetrachloride
T/ abund. my = abund. miz
10.15 EL 231.50 93 33.40
11.15 116 23.40 53 34 .50
11.75 126 231 .70 59 35.40
12.75 4038 231,558 55 36,49
14.75 144704 24 .15 &5 37.40
16.70 146408 24 .65 &5 38.40
17.70 2TLED a5  E§ 203 40 1%
18 T 109536 38 .55 BET5458 41.35
19.&0 479 2%.55 155034 42 .35
20.60 iren a0.55 5685 43,35
21810 4an 32.50 EaTi28 34 .35
Scan 45 {1.014 min) : MYB420B.D
carbon tetrachloride
niz abund. m/z abund. mfz
55.50 31 66 .00 34 76 .28
BE.35 50 BE .40 27 76 .55
EE.T5 9 637.10 48 77.158
S5E.63 Z1l11 67.30 52 TH .25
59,65 2536 g8.20 (%] 7B .55
60,65 TE5 70.10 1425 BO.0E
BL.ES 1258 70,70 33 g1 .90
62 .25 C& 130 G4 B3 00
6325 249 TZ.00 i B3.50
€3.55 42 72.95 20 B4 .90
EE.10 115 T4 .05 158 BS .90
Scan 45 (1.014 min): MYB4AZO0B.D -
zarbon tetrachloride CC13
mfz abund. L Y] abund. mfz
95,25 31 101 .40 iz 111.75
96.40 35 102.1d (13 111.5%
56.70 an 103 .13 2 113 .35
&6, 90 33 104 . O 30 113 .74¢
97,340 2% 105. 6% o 116,50
87,60 EFS 105.E85 =4 LLE.5¢
27,4890 34 107.25% 20 12,80
QB &0 28 108 .9% 22 120 .55
Q.74 a3 1049 9% 3=} 121.558
Lo, 24a 28 108.9% 3 123 .55
130,70 41 111.1% 22 123 . 55
icar 45 (1.014 min): MYB4Z0B.D
carbon tetrachleride
miz abund. wSz abund. m/z
lad. .45 28 167 .20 i 189% . 40
141 .55 kL 175.75% I3 1P9.10
1l43.325 22 177 .60 I6 Z05.75
144 .65 a5 178 .3 3 Z06 . 0%
145 .20 31 184 .40 g9 09,70
146,340 28 185.35 &7 ZL0. 00
153.55 28 1BE.95 2 228 .25
156,35 a3 1868.5% £l
156,73 21 189.8% 27
15E.55 as 1223.4% 24
164 .74 20 1584 . B 20

mS =
BE. 50
E7 .80
BE .55
B9, 95
2L.05
21.55
93 .05
93.85
84 .08
94 . €5
94 . 8BS

miz
125.75
13€.75
137 .55
127 .75
138.55
l3il.zaaQ
132.50
133 .84
134 .40
134.890
135,70

mie

abund.
a7

110
10%2E
Lav2

RIS —
£15

97

CH-.CI”

1533—» OC1
53

IE
54
37

abund.



Appendix G4: Fragments obtained after illumination of UV light for carbon
tetrachloride using Mn”"-doped TiO, as catalyst.

Appendix H: Tauc’s Plot for Indirect Band Gap

7.00E+02 -
6.00E+02 - .
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Appendix H1: Tauc’s plot for indirect band gap of Cu*"-doped TiO,.
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Appendix H2: Tauc’s plot for indirect band gap of Zn*"-doped TiO,.
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Appendix H3: Tauc’s plot for indirect band gap of Mn*"-doped TiOs.
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Appendix H4: Tauc’s plot for indirect band gap of Fe**-doped TiO,.

]

[(ahv), em™'["

6.00E+02

5.00E+02

4 D0E+Q2

3.00E+02

2.00E+02

1.00E+02 -

o + Pure TiO;

0.00E+00 — T
12141618

222242628 3

Photon Energy, (V)

32343638

Appendix HS: Tauc’s plot for indirect band gap of pure TiO,.
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