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TiO, with large bandgap energy has been used as a photocatalyst in many
applications while graphene is known to be one of the doped materials that can
enhance electrical conductivity which affects the ability of photocatalyst. This study
is focused on how graphene affects the properties especially the bandgap energy of
TiO, to be able to work under visible light work range. The composite of
TiO,/Si0,/GSs then was coated onto a sponge substrate by using the dipping method
with Polyvinyl alcohol as a binder.

The first part is the synthesis of TiO,/SiO, composite with Graphene Sheets
(GSs) by using the sol-gel method. The calcination temperature (Tcal) and the ratio of
TiO,/GSs have been studied to get the optimum condition of synthesis. At the near
point of 20 (26°-27°), the XRD pattern exhibits anatase and rutile phases, as well as
graphene. The propensity of anatase phase according to GSs ratio and Tcal variables
decreases as GSs ratio and Tcal increase. The photocatalytic activity obtained under
sunlight is comparable to that obtained under UV light. The photocatalyst with a
ratio of 0.07 and Tcal at 450 °C demonstrated the highest efficiency of MB
degradation under solar light with 97.83 % within 3 hours. This optimum condition is

used to get the composite photocatalyst for the second part.

The second part is coating the powder onto the sponge substrate by
using the dipping method with Polyvinyl alcohol as a binder prepared with
various thicknesses. The degradation of methylene blue was analyzed with
the various thickness of the sponge substrate gave different results, on the
first 60 min, a sample with a thickness of 1 cm has the highest degradation

of 95 %. However, the thickness of the sponge substrate in the degradation
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process has no significant effect occurs to photocatalytic activity under solar

light.

The effect of TiO,/Si0,/GSs composite photocatalyst on the pollutant in
environment, the experiment was conducted to N-Nitrosodiethylamine (NDEA) in
contaminated solution. The solution was analyzed before and after photodegradation
under solar light. Degradation of NDEA was done in 300 minutes by using TiO,/Si0,/GSs
compact with the chosen thickness of 0.5 cm and get the efficiency of 95.52 %

degradation.
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CHAPTER |
INTRODUCTION

1.1  Background of Study

N-Nitrosamines are one pollutant that can be occurred naturally in the
environment. When nitrate sources react with the amine in specific conditions like
acidify and temperature, it will form N-nitrosamine (Wainright, 1986). Amines and
amines-related compounds are found in surface water, like rivers, lakes, reservoirs,
wetlands, and seawater (Bartsch & Montesano, 1984; X. Li et al., 2016). Then nitrates
sources, in environments, some of nature is found and can be added from industrial
waste and fertilizer. In practice, N-nitrosamines are not the main concern in the water
treatment either the wastewater or drinking water treatment yet their presences
cannot be separated in water resources (Andrzejewski & Nawrocki, 2018; Breider &
Von Gunten, 2017). In some sewage treatment plant effluent in Ontario in 1990, N-
nitrosamines were detected in 27 of 39 samples, with the maximum concentration
being 0.22 pg/l (WHO, 2008). Most of the individual form of N-nitrosamines currently
become interested in research because it has been known as potential mutagens

and carcinogens (Andrzejewski & Nawrocki, 2018; Bartsch & Montesano, 1984).

In these areas, rising incomes, coupled with increasing concerns about poor
water and air quality and expanding consumer awareness about the types of
treatment systems available, will propel demand growth. Globally, 1 billion people
do not have access to safe drinking water, and 2.6 billion do not have access to basic
sanitation, (Muller et al., 2010). This is especially true for the least developed regions
of Asia, Central and South America, and Africa, where innovative water purification
systems are desperately needed. Therefore, waste treatment must be a pressing

environmental problem caused by industries.

If concerned with effective and efficient methods, there are a few advanced



treatment methods that can be applied in industries. Photocatalyst is one of the
advanced oxidation technologies that attract the most attention as waste treatment
lately. Photocatalyst is one of the advanced treatment methods to miticate
pollutants in various media. Photocatalytic is related to the development of solar
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energy use. A photocatalyst is a “‘catalyst that accelerates the solar photo process,"
and the following parameters must be met to become a photocatalyst: (i) the
photocatalyst should not participate directly in the reaction or be consumed; and (ii)
needs to provide other mechanism routes from existing photoreactions and
accelerated reaction rate (Castellote & Bengtsson, 2011; Moura & Suyanto, 2004;
Turchi & Ollis, 1990). Photocatalyst self is an excellent method especially in water
waste and air pollutant treatments which are certainly difficult to process when just
using conventional methods. It is because photocatalyst uses an oxidation process
thus needs simple pre-treatment and does not need to use in a large area. The solar
photocatalysis technique is affordable, environmentally friendly, and universally

applicable if it uses sunshine. The equipment required is modest, making it ideal for

underdeveloped countries or rural locations without access to electricity.

Photocatalyst requires light to activate catalyst function. The Source of light
that can be used is dependent on the bandgap of the materials. All semiconductors
in nanomaterials form can be used in photocatalysis. In 2007, the global market for
nanotechnological applications in water and wastewater treatment reached $1.6
billion, TiO, is the most widely used among them (Muller et al., 2010). TiO, has
sparked interest due to its favorable physicochemical features, which include
thermal and chemical stability, relatively high photocatalytic activity, low toxicity,

and low cost (Castellote & Bengtsson, 2011; Dalton et al., 2002; Singh & Dutta, 2018).

However, the bandgap of TiO, is generally a range of 3.0-3.2 eV, which gives a
work range as photocatalyst under UV range (380 — 400 nm) (Castellote & Bengtsson,
2011). It almost makes TiO, cannot effectively work under the radiation of sunlight
(no more than 4 % vyield of the solar spectrum). Meanwhile, visible light adsorption
can occur on semiconductors with gap energy less than or equal to 3 eV. To increase

photocatalytic of TiO, under visible light, many methods have been introduced in



much research for example impure doping (metal/non-metal), surface modification,

hybrid composite (integration with other materials), etc.

Somehow, nonmetal doping was effective to obtain a visible light response.
In recent years, carbon in graphene form is popular doping material to decrease the
bandgap of semiconductors, especially in photocatalyst application. Its properties
such as high thermal and electrical conductivity, higsh specific surface area, and high
charge carrier mobility at room temperature (Au-pree et al., 2021; Najafi et al., 2017;
Tang et al, 2018). Therefore, the composite of graphene and semiconductors,
especially TiO,, is currently being considered as a potential photocatalyst in air and
water purification. The ¢raphene-based TiO, composite exhibits an enhanced

photocatalytic activity in comparison with only TiO, (Y. Zhang et al., 2010).

TiO, in powder form will give higher photocatalytic activity than in coating of
TiO, yet has difficulty in separating the suspended TiO, and need another installation
to separate it (Larumbe et al,, 2014). To avoid free nanoparticles in water, nano-TiO,
particles are usually coated on a substrate or integrated into thin films and other
materials (Doll & Frimmel, 2004). The Coating of TiO, makes it easy to be installed
and recycle but will be reduced photocatalytic activity because of the reduction of
the effective surface area. By adding material that has high surface area into TiO,
and/or reduced the structure into nanoscale (nanostructured), gives a chance of TiO,

to has high photocatalytic activity when in the coated form.

1.2  Research Objectives

The objectives of this research are as follows:
a. To synthesize TiO,/SiO,/GSs photocatalyst by sol-gel method.

b. To investigate the optimum properties of photocatalyst powder in

photodegradation of methylene blue.

C. To determine the best thickness of TiO,/SiO,/GSs photocatalyst

sponge that give the highest photoactivity (by using nitrosamine solution).



d. To arrange the structure and simulate photodegradation by using

Monte Carlo Simulation.

1.3  Scopes and Limitations of Study

The scopes of this research are as follow:
a. Preparation of TiO,/SiO,/GSs photocatalyst by using sol-gel method.
b. SiO, that will be used is synthesized from rice husk by using H,SO,.

C. GSs are synthesized by using the chemical exfoliation method from

Graphene Oxide.

d. The ratio of TiO, : GSs and experimental conditions that give the

highest photoactivity.
e. The size (thickness) of TiO,/SiO,/GSs.

f. Characterize TiO,/SiO,/GSsphotocatalyst with XRD, SEM-EDS, TEM, and
BET.

Q. Characterize the photocatalytic activity of TiO,/SiO,/GSs photocatalyst
by using methylene blue.

h. The decomposed activity of photocatalyst by using water
contaminated with NDEA.

1.4  Hypothesis

Previous studies of photocatalyst only focused on photocatalyst in powder
form. Then the removal of NDEA only focused on the photolysis process yet it needs
another installation which is UV irradiator. In this thesis, the work will focus on
coating photocatalyst. The removal process of NDEA will be conducted by

photocatalyst under visible light. The hypothesis of this research can be simplified as:



a. The research will take place in TiO, as a photocatalyst that can work
under a visible wavelength range. The powder form of photocatalyst is not
effectively used because it needs an advanced separation between the system
(water) and the photocatalyst. Because of that, this research will be focused on

coated TiO, by a coating method.

b. The coated form has a disadvantage as the photocatalytic activity of
TiO, will decrease because of its surface area. Moreover, since the work range of TiO,
is around 387 nm (under UV range), the graphene will be doped into TiO, to
decrease the bandgap of TiO, and enhance the photocatalytic activity of TiO, before

it coated into substrate.

C. The reaction in the photocatalysis process is included the adsorption
process and photocatalytic activity. The adsorption of the photocatalyst influence
the number of pollutants to be near the surface of the photocatalyst. SiO, presence

can increase the adsorption ability of photocatalyst.

1.5 Research Contribution
This research offers valuable contribution to research novelty in the following

area:

a. This research will enrich a growing number of studies in the

photocatalyst area, especially in TiO, development.

b. Doped-TiO, has been extensively studied to improve photocatalytic
activity in the visible light area but no literature has researched compacted

photocatalyst.

C. Finding the optimum condition of preparation of compacted
photocatalyst will further help the industries especially the community in water
treatment management considering not only can be used with sunlight but also easy

in installation.



d. Finding the alternative solution to solve the problem of nitrosamine in

the water reservoir and food in advance.



CHAPTER Il
LITERATURE REVIEW

Photocatalyst has recently is given attention by researchers because of its
performances, both adsorption (explained by Langmuir equation) and photocatalytic
activity (Pseudo nth order reaction and Langmuir Hinshelwood equation), in
environmental purification. Titanium dioxide (TiO,) is one of the most promising
semiconductor materials used in heterogeneous photocatalysis. Adding silica and
graphene sheet in TiO, as composite by using sol-gel method gave bandgap
reduction and photocatalytic activity increasing in powder form based on Chen’s

work (Chen et al., 2015) while in its coated form will be investigated.

2.1  Photocatalyst

When a substance accelerates a chemical process without being consumed
as a reactant, it is said to be a catalyst. Then, photocatalysis can be defined as the
acceleration of a photoreaction by the presence of a catalyst (Castellote &
Bengtsson, 2011). According to the phase of photocatalyst and reactants that exist,
there are two types, heterogeneous and homogenous photocatalyst. The former gain
interest due to its advantages in the separation process especially from an
environmental point of view. In the term of heterogeneous photocatalyst, solid
material, usually semiconductor, is used in both the aqueous and the gas phase,
furthermore, it is called just photocatalyst. Photocatalyst has two main stages: (i)
adsorption of the reactants on to catalyst surface and (ii) photocatalytic activity of
catalyst as a reaction with reactants (Jain & Vaya, 2017; Zhu & Wang, 2017). The latter

gives a difference from the catalyst by using photonic radiation as an activator.



2.1.1 Adsorption Process
Adsorption is a surface phenomenon that occurs when atoms, ions, or
molecules from a gas, liquid, or dissolved solid (adsorbate) adhere to an adsorbent's
surface, in this case, is a photocatalyst surface. The capability of catalysts to drawn
substances depends on the type of adsorbent, explain different surface energy in

each material, either physical force, chemical, or both simultaneously.

Adsorption is typically characterized using isotherms, which show the
amount of adsorbate on the adsorbent as a function of pressure (if gas) or
concentration (if liquid) at a constant temperature. This isotherm behavior could be
the result of the combination of surface heterogeneity and interactions between
adsorbed molecules. So, by measuring adsorption equilibrium, isosteric heat, and the
topography of the surface, as the observed adsorption isotherm, full energy

distribution can be determined (Sing, 1985).

Adsorption

Adsorbate + Adsorbent < Adsorption (2.1)
Desorption

A+BE2AB (2.2)

According to Le-Chatelier principle, When an equilibrium system is
subjected to a change in concentration, temperature, volume, or pressure, the
system readjusts itself to (partially) counterbalance the effect of the applied change,
and a new equilibrium is formed (Le Chatelier’s Principle Fundamentals, 2021). If an
excess of pressure is applied to the equilibrium system, the equilibrium will move in
the direction of a decrease in the number of molecules. Because the quantity of
molecules reduces in the forward direction as pressure increases, the forward

direction of equilibrium will be preferred.
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Figure 2.1 The five types of adsorption isotherms (Brunauer et al., 1940).

There exist five different types of isotherms. Type | is the well-known
Langmuir adsorption isotherm, Type Il is the S-shaped or sigmoid isotherm, shows a
large deviation from the Langmuir model of adsorption. Type Il explains the
formation of the multilayer. Types Il and Il are closely related to Types IV and V,
only in the former cases does the adsorption increases as the vapor pressure p, of
the adsorbed gas is approached, whereas in the latter cases the maximum
adsorption is attained, or almost attained, at some pressure lower than the vapor

pressure of the gas (Brunauer et al., 1940).

The simplest model, which is type |, describing the heterogeneity of
solid surface is that of Langmuir (Langmuir, 1916). Langmuir proposed a new
Adsorption Isotherm called the Langmuir Adsorption Isotherm. This isotherm is
founded on several assumptions, one of which is that dynamic equilibrium exists
between adsorbed and free gaseous molecules. It is a semi-empirical isotherm with a
kinetic basis that was calculated using statistical thermodynamics. Because of its
simplicity and ability to match a wide range of adsorption data, it is the most used

isotherm equation. It is predicated on four premises:
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a. Each adsorption site is equivalent, and each site can only hold

one molecule.

b. The surface is energetically homogenous, and the molecules

that are adsorbed do not interact.
C. There are no phase transitions.

d. Only a monolayer form at maximum adsorption.

From these assumptions, it can show the relationship between

adsorbing molecules and adsorbents as the following equation (Do, 1998).

Kp
~ (14kp)

(2.3)

v
where 0 is surface coverage of adsorbent by adsorbate, explained by " V is the

m

volume of adsorbate that is adsorbed by a gram of adsorbent, V,, is the volume of
adsorbate to make a complete monolayer, K'is the equilibrium constant of Langmuir,
and p is the partial pressure or the molar concentration of adsorbate by substituting

the value © and make in linear equation, will get Langmuir Adsorption Equation.

PPt (2.0)
VoV KV

m m

P
Thus, if the graph was plotted between y versus P, the graph will be

1 1
linear with the slope — and the intercept —. Those values can be used to calculate

m m

the surface coverage of adsorption. Langmuir equation can also be expressed in

concentration for absorptivity in a liquid-solid phase like
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e

% KC
Ze (2.5)
q

(k)

where g, is the amount of adsorbate that is adsorbed by a gram of adsorbent, q, is
the amount of adsorbate to make a complete monolayer, and C, is the

concentration of adsorbate solution (mg/L).

2.1.2 Photocatalytic Activity
Photocatalysis is a reaction that occurs when light energy hits the
surface of materials. Semiconductors are good photocatalysts because of their
electronic structure, which includes an empty vacuum between the top of the full
valence band (VB) and the bottom of the empty conduction band (CB), which

permits electron-hole pairs to form (S. G. Kumar & Devi, 2011).

gamma ray ultraviolet infrared radio
- — —_ oy —— —_ . —,——
X-ray ‘visible microwave
L
shorter wavelength longer wavelength
higher frequency =3 i lOWer frequency
higher energy lower energy

s TTTTVAVAVNZERN

Figure 2.2 Comparison of wavelength, frequency, and energy for the electromagnetic
spectrum (National Aeronautics and Space Administration Goddard

Space Flight Center, 2013).

The energy required for the electron excitation depends on the
characteristics of the semiconductors. The minimum wavelength necessary for the
photoexcitation ()\Ebg) depends on the bandgap of the photocatalyst. The low

bandgap energy for many of these materials allows them to absorb light from a wide
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area inside the visible light spectrum. The bandgap of a solid and the wavelength of

light are related via the Planck-Einstein Relation (French & Taylor, 1978),

hc
Ey=hV= N (2.6)

where EY is the gap energy of the bandgap (J), h is Planck's constant 6.63 x 10-34
(J.s), V the frequency (hertz), c is the speed of light 3.0 x 108 (m/s), and A is the

wavelength (m).

However, as typical for oxide semiconductors with a narrow bandgap,
they are photo catalytically inactive due to rapid recombination of the photoinduced
electron-hole pair. A good photocatalyst should be (i) photoactive, (i) able to utilize
visible and/or near UV light, (iii) biologically and chemically inert, (iv) photostable
(not prone to photo corrosion), (v) inexpensive, and (vi) non-toxic (Bezerra et al.,
2017, Bhatkhande et al, 2002; Ola & Maroto-Valer, 2015). Table 2.1 gives the

bandgap energies of the photocatalyst.

Table 2.1 Bandgap Energy of Various Photocatalyst (Bhatkhande et al., 2002).

Photocatalyst Bandgap Energy (eV) Photocatalyst Bandgap Energy (eV)

Si 1.1 Fe,Os 2.2

TiO, (rutile) 3.0 Zno 32
TiO, (anatase) 3.2 CdS 2.4
WO, 27 SITIO, 3.4

7ns 37 WSe, 1.2
SnO, 3.5 O-Fe,05 3.1

The general mechanism of photocatalyst is shown in Figure 2.3. When

the light (photon) with energy, that is equal or greater than the photocatalyst



13

bandgap, is adsorbed by the photocatalyst, electrons are excited from the valence
band to the conduction band. This phenomenon generates electron-hole pairs.
These charges, e and h', will reach the surfaces of photocatalyst and reacts with
either water, oxygen, or hydroxyl groups from pollutants. The holes (h*) react directly
with water or hydroxyl to produce OH® radicals while the electrons () will reduce

the oxygen gives O,® radicals.

Reduction:
Qs
(03

o 'm—
# e
® dsorb
Oxidation:
QOH-or H:0
OH* and H*

m/

‘ Photocatalyst @HO0 ®0, L& Polutants

Figure 2.3 Mechanism of Photocatalyst (Klondon et al., 2016).

This mechanism could be described by the following reactions.

semiconductor 1 e, +hoy (2.7)
H,O—>H"+OH" (2.8)
hy,+OH —OH" (2.9)
e, +0,+H —HO,+O; (2.10)
HO, +e_, +H —H,0 (2.11)
2HO,—H,0,+0, (2.12)
H,0,+05; —HO" +0,+0OH" (2.13)

H,0,+hv—>2HO" (2.14)
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H,O,+e., —>OH +OH" (2.15)
o Organic Compounds > Oxidative
OH® CcoO
+  Inoreganic Compounds —®  Oxidation + 2
H,0, H,0
HOS
2 Virus, bacteria —> Inactivation (2.16)

From reaction (2.7) to (2.15), four products can be used as an oxidizing
agent since they are capable to oxidize any organic and inorganic materials. Reaction
(2.16) describes the reaction that occurs when materials in pollutants react with
these oxidizing agents. The result of the last reaction conduct to CO, and H,O

presents, and in some cases, an inorganic acid.

There are two states in heterogeneous photocatalysis which are the
ground state and excited state. The process of states’ change can be described
mathematically by using kinetic chemical reactions. Kinetics of reactions often start
from first-order kinetics which is commonly used for observing reactions in
homogenous phases (Bhatkhande et al, 2002; Castellote & Bengtsson, 2011).
However, in heterogeneous photocatalysis, the kinetics of reactions must be
significantly different. Studies of kinetics often used the Langmuir-Hinshelwood

mechanism for photocatalytic reactions in the suspension system.

Langmuir-Hinshelwood's mechanism was introduced by Langmuir
(1921) and was developed by Hinshelwood (1926). The Langmuir-Hinshelwood
process assumes that two molecules adsorb nearby sites in this mechanism, and the
adsorbed molecules undertake a bimolecular reaction. Typically used when
discussing the mechanism of a photocatalytic reaction in a suspension system. The
photocatalytic reaction necessitates the simultaneous participation of organic and
oxygen molecules (Davis & Davis, 2003). Because oxygen is abundant in nature, its
concentration can be assumed to be constant throughout photocatalysis.

Photocatalysis requires the adsorption of organic compounds on the semiconductor
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surface. A Langmuir isotherm is thought to govern the adsorption-desorption (A-D)
equilibrium. The following equation is used to calculate the amount of substance

that will be adsorbed at the catalyst's surface (Davis & Davis, 2003; Langmuir, 1916).

r=-—=k C (2.17)

C
KC

B-—_ (2.18)
Cp  1HKC
dC  kKC

L (2.19)
dt 1+4KC

where r is the photocatalytic rate (mg/L.min), k, is the reaction rate constant
(meg/L.min), C is the concentration of adsorbate that was adsorbed (mg/L) at time t,
C,, is the maximum concentration of adsorbate that were adsorbed to make a
monolayer (mg/L), K is adsorption rate constants of Langmuir (L/mg), and C is the
concentration of adsorbate solution at time t. The integrated expression of equation

(2.19) can calculate the constant kr and K by limit C = Cyjatt=0andC=Catt=t

n (%) +K(Cy-C) =k Kt (2.20)

The LH kinetics on the first order has condition KC<<1. If so, equation

(2.19) becomes r=kKC and be integrated into first-order kinetics and is given by:
In — =kt (2.21)

where k (ksK)is the rate constant (min™) and t is the degradation time (min).
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2.1.3 Application of Photocatalyst

Major users of photocatalyst products used it as a sustainable
technology for environmental purification especially to remove pollutants in air and
water. This application can remove both organic and inorganic matters from air and
water. In the case of air cleaning, photocatalyst can be mixed with concrete or
cement (Boonen & Beeldens, 2014; Shen et al,, 2012). Photocatalyst also has been
used water splitting to produce hydrogen and oxygen as an alternative fuel
(Fujishima & Honda, 1972; Moniz et al,, 2015). Some photocatalyst was researched
and produce to disinfectant and self-cleaning product to remove microbial and dirt
(Paz & Heller, 1997). In the medical area, photocatalyst can activate photosensitizer
creates reactive oxygen species that can kill the surrounding cells of the tumor

(Ibhadon & Fitzpatrick, 2013).

2.1.4 Photocatalyst Research

A study about heterogeneous photocatalyst was published first time
by Fujishima and Honda in 1972. They developed a photoelectrochemical cell with
semiconducting n-type TiO, to use in water photolysis (Fujishima & Honda, 1972).
Matthews (1986) started research TiO, (Degussa P25) thin film on photooxidation of
organic matters by using a UV lamp. In this study, also was known that each flow rate
obeyed first-order kinetics and more precisely interpreted in the integrated form of
the Langmuir expression (Matthews, 1987). TiO, is still the main semiconductor
material for photocatalytic research in the 1990s. Most of them were focused on
photodegradation of Volatile Organic Compounds in the gases phase for air
purification (Alberici & Jardim, 1997; Augugliaro et al., 1999; Blanco et al., 1996; Hager
& Bauer, 1999).

Following the triumph of TiO,, ZnO is another photocatalyst that
draws the attention of researchers. Hossain prepares a hexagonal ZnO nanorod that
has been confirmed to have an optical bandgap of 3.30 eV, similar to pure ZnO
(Hossain & Hossein, 2015). ZnO-doped also has been researched. While co-doped Bi
and Ag were conducted to increase the conductivity of ZnO thin film by Lin (Lin et

al., 2015). Lavand made a progress in the preparation of visible light photocatalyst of
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C/ZnO/CdS nanocomposite. CdS were used to expand the photo-response of C
doped ZnO to the visible region (Lavand & Malghe, 2015).

Ol-Fe,05 is a new promising semiconductor that was thought to be an
ideal photocatalyst because of its abundance, low cost, and narrow bandgap (2.20
eV). However, it has a short charge carrier diffusion length and recombination with

rapid charge (Pal et al., 2014).

2.2 TiO,

Titanium dioxide, also known as titanium (IV) oxide, has a molecular weight of
79.87 g¢/mol and represents the naturally occurring oxide with the chemical formula
TiO,. TiO, is a mineral that exists in nature at room temperature as three mains
different crystallines such as rutile, anatase, and brookite. Their crystallographic

properties can be seen in Table 2.2 (Khataee & Mansoori, 2011).

Table 2.2 Crystallographic properties of rutile, anatase, and brookite.

Crystal Density Space Cell Parameters (nm)
System
Structure  (kg/m?) Group a b C
Rutile 4240 Tetragonal ~ Djpmnm 04584 0.2953
Anatase 3830 Tetragonal Dizamd 0.3758 0.9514

Brookite 4170 Orthorhombic Dzlngca 09166 05436 0.5135

Each crystal structure contains 6-coordinate titanium but rutile is the most
common form (Greenwood & Earnshaw, 1997). A titanium atom is surrounded by six
oxygen atoms in a distorted octahedral configuration to form the basic block.
(Diebold, 2003). Rutile TiO, crystal is widely available, both in nature and produced

commercially.
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Figure 2.4 Structures of (a) Rutile, (b) Anatase, and (c) Brookite (Aravindan et al,,
2015).

The properties of semiconductors in TiO, are considered in photocatalyst
application. Different structures exhibit different photocatalytic activities towards the
same organic material under identical conditions. Yet, in most photocatalytic studies,
anatase form shows more photocatalytic activity compared to rutile. Even though
anatase form has a higher bandgap energy (3.2 eV) compared with rutile (3.0 eV),
rutile being constantly much less photoactive than anatase then efficiency in photo-
adsorbing and photo-desorbing oxygen not much better than anatase. Since the high
performance of a good photocatalyst is related simultaneously (i) to a good capacity
of adsorbing reactants and (i) to a good ability to absorb photons to create
photoinduced electrical charges, it appears that anatase corresponds to the best

candidate (Sclafani & Herrmann, 1996).

TiO, has wideband energy (3.2 eV) means that only 5% of the solar spectrum
could be used as the light source for photocatalyst. For installation, a UV lamp was
needed to enhance the photoactivity of TiO,. Another way, to increase photo activity
in the visible area, modification of the electronic structure must be applied such as
impure doping (metal/non-metal), surface modification, hybrid composite (integration

with other materials), etc. (Hernandez et al., 2016).



19

TiO, is a good photocatalyst with numerous applications. TiO,'s key
advantages are its great chemical stability (inertness) when exposed to acidic and
basic substances, nontoxicity, low cost, and strong oxidizing power, which make it a
viable choice for many photocatalytic applications (Castellote & Bengtsson, 2011,
Khataee & Mansoori, 2011). TiO, is an industrially mass-produced substance that is
easy to get, cheap, and simple to create in the laboratory. TiO, as a photocatalyst is
a powerful oxidant that is less expensive and more environmentally friendly than

chlorine in water treatment (Lee & Park, 2013).

As explain before, the properties of semiconductors in TiO, can be
considered in photocatalyst area. These properties will have a different result
depends on the phase of TiO,. The differences in titanium dioxide rutile and anatase
structures have a significant impact on their physicochemical qualities. In general,
anatase is more active than rutile, but there is no agreement on why this is so. In
Luttrell et al. (2014), they get that anatase activity increases for films up to 5 nm
thick, but rutile films attain their maximal activity for layers as thin as 2.5 nm. This
demonstrates that charge carriers stimulated deeper in the bulk of anatase
contribute more to surface reactions than charge carriers excited in rutile (Luttrell et

al., 2014).

TiO, as photocatalyst is found in a variety of polymorphs, the most prevalent
of which are anatase- and rutile-crystal structures. Rutile has lower electron mobility,
a greater dielectric constant, and a higher density than anatase. The point of zero
charge of TiO, increases as the rutile content of the sample increases. In the case of
rutile, charge recombination rates are lower. But rutile is a highly effective
photocatalyst for the activation of molecular oxygen. However, anatase looks to be a
more potent oxidant. Excitation of rutile/anatase composites results in desirable
charge separation, which involves electron transfer from rutile to anatase. The
inclusion of rutile increases the amount of oxygen adsorbed at the composite when
compared to anatase. The oxidation properties of the rutile /anatase combination,
on the other hand, outperform those of pure rutile. The anatase/rutile ratio can be

adjusted to optimize the composite's overall photocatalytic activity.
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2.2.1 Application of TiO,

TiO, was used as a promising material in many applications. The
common application including antibacterial purposes, self-cleaning coatings, solar
cells, gas sensors, as a white pigment in paints and cosmetics products, and
corrosion-protective coatings (Diebold, 2003). TiO, also is important in earth sciences,
play role in the biocompatibility of bone implants, used in controlled drug-release
and cancer-cell treatment and environmental remediation (Khataece & Mansoori,

2011).

2.2.2 Related Research of TiO, as Photocatalyst
In the photocatalyst area, many semiconductors can be used.
However, TiO, is appropriate for efficient photocatalytic reaction in the
environmental application. Several researchers research TiO, in its application as a
photocatalyst in environmental remediation. The semiconductor properties of TiO,
are necessary for the removal of organic pollutants (Khataee & Mansoori, 2011). Both
pure and composite TiO, are developed through research, improve the use of TiO, in

these areas.

Matthews started research TiO, (Degussa P25), primarily anatase, thin
film on photooxidation of organic matters in water. Because of the photocatalytic
properties of TiO,, which has a band energy gap in the UV range, he researched these
phenomena by using a UV lamp. Thin film of TiO, was chosen to minimize filtration
and resuspension in the water purification process. In this study, also was known that
each flow rate of aromatic organic compounds obeyed first-order kinetics and was
more precisely interpreted in the integrated form of the Langmuir expression

(Matthews, 1987).

The use of a UV lamp in the purification process is sometimes
inconvenient to apply in the real stage. Modifications of TiO, to enhance its
photocatalytic properties in visible light were conducted. Platinum (Pt) and other
noble metals were introduced as the first metal-doped that was used to enhance
the photocatalytic activity of TiO,. Following other metals and non-metals, research

about doped TiO, was conducted. In recent years, modification of doped titania has
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become popular among researchers. Modification of doped material, or can be
called composite, was known not only to enhance its photocatalytic activity but also

its adsorptivity with other materials.

Iron (Fe) doped TiO, were prepared by Qing (2012) with the sol-gel
method. This research was carried out by using methylene blue in water as the
research object. The photocatalytic activity was conducted in an incandescent lamp
environment, 2cm from the solution surface. While 0.05wt% Fe increased the
degradation 1.45 times than pure TiO,. This research also confirmed the first-order

kinetic law within the concentration range between 5 and 15 mg/L (Qing, 2012).

When coated photocatalyst reduces its photocatalytic activity,
Larumbe (2014) researched Fes;04/SiO,/N-TiO, composite that can magnetically
separate. This result enhanced the absorption in the visible range. This research is
interesting because there is a combination between photocatalytic response under
visible light and the possibility of the extract by an external magnetic field (Larumbe

et al,, 2014).

23 SiO,

Silica or silicon dioxide (SiO,) is a compound of silicon and oxygen. From its
crystallographic properties, synthesis modes, and petrographic importance, it belongs
to the silicate family. Silica has seven structures of polymorphism and two classes of
porous framework structures. Different structures are known as quartz, tridymite,
cristobalite, coesite, keatite, stishovite, melanophlogite, fibrous, lamellar silica,
zeolites, or clathrates (Hobbs et al,, 1998). Numerous industrial applications taking
advantage of the specific properties of this material have been and are still being

developed.

Silica has a well-characterized surface and can be modified to the presence
of hydroxyl groups. A bonding with hydrogen produces the silanol group on the silica
surface. These groups can help silica to be embedded with water in a multilayer.

Silanols are proposed to be water adsorption sites. Besides water adsorption,
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adsorption of various small organic molecular on silica surfaces was studied (Parida
et al,, 2006). To enhance the adsorptivity of TiO,, SiO, will be added. SiO, also is
known as the material that can improve the photocatalytic process of TiO, because
it can increase the specific surface area of photocatalyst (Aziz & Sopyan, 2009). At the
same time, helps to obtain a large surface area as well as to improve the surface

adsorption (Zhou et al., 2006).

- -
-

Figure 2.5 Silicon dioxide (Fortis Life Sciences, 2021).

Table 2. 3 Specific surface area of TiO,/SiO, photocatalyst (Klondon et al., 2016)

Ratio TiO,/SiO,  Specific Surface Area (m?/g)

Pure TiO, 12.86
1:0.25 82.72
1:0.5 126.15
1:1 182.72
1:1.5 215.86
1:2 238.09
Pure SiO, 301.75

Vine and rice husks can be used to produce silicon dioxide. When rice husk is

burnt at high temperatures, it contains silica. Rice husk is a plentiful raw material that
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is also readily available in the community with reasonably priced. Titanium dioxide
will be enriched with silica from rice husk to improve the photocatalytic process's
efficiency. The addition of SiO2 has the effect of increasing surface area. As a result,
TiO2's photocatalytic activity and ability to retain absorbed water, which rises during
UV irradiation, improved (Machida et al., 1999). Table 2.3 shows the effect of SiO,

from rice husk to the specific surface area of TiO,/SIiO, photocatalyst.

2.4  Graphene Sheets

Graphene is a thick honeycomb crystal structure composed of a monolayer
of carbon atoms. It can be seen as an individual atomic plane removed from
graphite, as unrolled single-wall carbon nanotubes, or as a huge flat fullerene
molecule. (Novoselov et al, 2005). The name 'graphene' is frequently applied
improperly to ultrathin graphite layers. Strictly speaking, it refers to a quasi-two-
dimensional isolated monolayer of hexagonally organized carbon atoms (Warner et

al., 2013).

Because the conduction and valence bands contact at the Dirac points and
exhibit linear dispersion, graphene is a zero-gap semiconductor (Novoselov et al.,
2005). The carbon-carbon chemical bonds are due to hybridized orbitals generated
by the superposition of 2s with 2p, and 2p, orbitals (electron shell configuration of
carbon is [He] 2s? 2p?). The remaining free 2p, orbitals present TU symmetry
orientation and the overlap of these orbital states between neighboring atoms plays

a major role in the electronic properties of graphene (Rocha et al., 2016).

The first study of graphene membranes was conducted by Meyer et al.
(Meyer et al,, 2007). Graphene was exfoliated across a metal support grid and
investigated these structures by using nano area electron diffraction (ED). Currently,
not only graphene which has a 2D layer in their structures. A reduced form of
Graphene Oxide (GO) is an alternative material to graphene due to the ease with
which their products can be scaled up. Reduction of GO can be accomplished by

using a strong chemical reducing agent e.g. hydrazine, that leads to significant
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removal of oxygen (Warner et al., 2013). rGO is conductive but exhibits strongly less

conductivity than exfoliated graphene.

2.5 Preparation of Photocatalyst
2.5.1 Sol-Gel Method

Preparation of TiO,-based photocatalysts can be done in a variety of
ways, including electrochemical, thin film by vacuum arc plasma evaporator,
precipitation, thermal (ethanol thermal, hydrothermal, and solvothermal), chemical
solvent and chemical vapor decomposition (CSD & CVD), ultrasonic irradiation,
extremely low temperature, and sol-gel. Nonetheless, the advantages of preparing
TiO, by sol-gel method, such as synthesis of crystallized powder in nanosized
particles of high purity at relatively low temperature, the possibility of stoichiometry
controlling process, preparation of composite materials, and production of
homogeneous materials, have prompted many researchers to use the method in the
preparation of TiO,-based photo crystals. This research work on sol-gel production
methods of TiO,-based photocatalysts provided the impetus for the current

investigation.

One of the most often utilized processes is sol-gel, which is mostly
used to manufacture thin film and powder catalysts. Some research demonstrated
that several versions and adaptations of the method were utilized to generate pure
thin films or powders in vast homogenous concentrations and under stoichiometry
control. In general, the sol-gel process includes converting a system from a liquid sol
phase to a solid gel phase. Precursors are often organometallic compounds, resulting
in materials with varying physicochemical properties (Akpan & Hameed, 2010). TiO,
nanoparticles with great homogeneity could be generated using the sol-gel process,
and particle size could be easily modified. As a result, the current research focuses
on sol-gel and sol-gel-related ways of doping TiO, photocatalysts, with an emphasis
on the efficiency of the catalysts made by the approach in any given photocatalytic

activity.
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Figure 2.6 Process Flow Chart for the Preparation of TiO, based photocatalyst by Sol-
Gel methods.

Sol-gel processing is the most successful approach for producing
nano-sized metal oxide semiconductors. The sol-gel method is a technique for
improving  the  physicochemical and electrochemical properties of TiO,
nanocrystalline. It enables a straightforward synthesis procedure of nanoparticles at
ambient temperature and atmospheric pressure, and this technology does not
require a sophisticated setup. It is a low-temperature technique used to obtain more

crystalline products.

Due to the necessity for titanium dioxide small solid particles, high
purity, low cost, and ability to be blended with other substances, the sol-gel process

is chosen as a method to produce TiO,.

2.5.2 Coating of Photocatalyst

In current applications, the slurry of TiO, is used because of its
effectiveness. But the suspended particles can contaminate the phase. Filtration is
one of the ways to separate the water and TiO, particles, yet it is not a practical and
economic cost. To avoid that and increase catalyst durability, coated on solid
supports as bound particles or thin films can become an alternate way. However, the
photocatalytic activity of coated films is lower because it will have a lower specific
surface area. These disadvantages can be overcome by add material that can

enhance the surface area such as silica. Silica has an active site on its surface since
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the silanol groups in silica can improve the adsorptivity and the photocatalytic

activity of photocatalyst.

Commonly coating method is used substrates such as glass, activated
carbon, various polymeric materials, and metals. Important properties of the
substrate are a good adhesion of the TiO, particles, resistance against sintering
temperatures, a high specific surface area, and strong absorbance affinity towards the
pollutants. Glass and silica substrates may be wanted because they are transparent.
Activated carbon is very porous and has a high specific surface area and has been

shown to increase the activity of the catalyst (Shan et al., 2010).

To deposit the titanium dioxide on the substrate, different techniques
may be utilized. One of the most popular is dip-coating. It is commonly utilized for
covering surfaces for use in heterogeneous photocatalysis since it is a low-cost and
simple method. Dip coating results in a thin and controllable layer. Preparing a
precursor solution of the photocatalytic substance to be deposited is required prior

to the dip-coating process.

2.6 Monte Carlo Simulation

Monte Carlo (MC) simulation is a numerical method that relies on random
sampling to arrive at an approximate solution of a given problem to obtain numerical
results. This method is quite related to random experiments since the result is not
known in advance. It also can be called a what-if analysis because the input

parameters can be depended on the external factor (Raychaudhuri, 2008).

The idea of Monte Carlo simulation self is simple. The quantities can be
expressed as the value of a random variable then generated independently from the
distribution and take the average. The possible configurations of the system are
sampled with a known weighting and from these samples, a variety of averaged
quantities and histograms describing the structure can be formed. The extent of the
phase space, which is sampled can be varied, but by far the largest number of

studies have employed the canonical ensemble (constant N, V and T);, the
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isothermal-isobaric (constant N, P and T), and the grand canonical (constant T, V).
The Metropolis algorithm is practically used to simulate various ensembles that are

mostly used in adsorption.

2.6.1 Application of Monte Carlo in Photocatalyst
The reaction rate of photocatalytic reactions usually is calculated
based on the degradation rate of the pollutants along the time. But the
photocatalytic kinetics is more complicated. It involves many processes, including
the generation, the transport, the recombination, and the interfacial charge transfer
of electrons and holes. Because of that, although most kinetics data are
experimental, the simulation gives an important role in analyzing experimental data

and providing mechanistic information that is inaccessible in the experiment.

Dabrowski (Dabrowski et al.,, 1970) uses monte carlo simulation to
study the mechanism of dehydration reaction in catalyst surface and compare it with
the experimental result. It is shown that the monte carlo simulation success and
indicates considerable potential in certain areas in certain modeling or simulation of
catalytic behavior. It also explained that even though the number of experiments
cannot be numbered since some data are experimental quantities, but the

simulation can reduce the experimental burden.

In 2001, a simulation of TiO, photocatalyst has been conducted by
Ramirez-Custa (Ramirez-Cuesta et al., 2001). The model of many layers of TiO, which
grow during re-oxidation. The simulation remodeled well the morphology and rate of
growth of TiO, surfaces while the spillover species can react with low probability. On
the other side, Bashiri (Bashiri & Rafiee, 2016) simulated ZnO nanocatalyst by Monte
Carlo simulation. The simulation provided the mechanism of the reaction and the
rate constant for each step was obtained. Since that, the system can be simulated in

different conditions and get the effect of each parameter.
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2.7 N- Nitrosamine

N-Nitrosamines are a class of chemical compounds with the chemical
structure R1-N(-R2)-N=0. The essential feature of N-nitroso compounds is the N-N=0O
structure; the R1 and R2 groups attached to the amine nitrogen may range from
simple hydrogen (H) atoms to more complex chemical substituents (including ring

structures that incorporate the nitrogen atom). Most nitrosamines are carcinogenic.

Figure 2.7 General structure of nitrosamine (Luan et al., 2005).

Individual nitrosamines do not exist in isolation, but rather in combinations
with other nitrosamines. N-Nitrosamines are disinfection byproducts that can be
produced during the oxidation water treatment process. Nitrosamines can be found
in latex products like balloons and rubbers, as well as numerous foods and other
consumables like meat, fish and their products, alcoholic beverages, and cigarette
smoke (Tricker et al., 1991; Verna, 1996). According to reaction pathway studies, N-
nitrosamines can be formed through the reactions of natural and synthetic amine
precursors found in natural and technical aquatic systems with chemical oxidants
such as chloramines, chlorine, or ozone. When nitrites, which can be generated from
nitrates, react with a secondary or tertiary amine, nitrosamines are formed. High
temperatures, such as those used to fry meat, fish, and their products, and high
acidity, such as that found in stomach acid, both contribute to the creation of n-

nitrosamines (pH 1-2).



29

H,NO,—>H,0+NO" (2.22)

Nitrite creates nitrous acid (HNO,) in an acid-base environment, which is
protonated and divides into the nitrosonium cation NO+ and water. Nitrosamine is

formed when the nitrosonium cation combines with an amine.

Because this class of molecules includes powerful mutagens and carcinogens,
there has been a surge in interest in N-nitrosamines over the last decade.
Furthermore, to satisfy rising demand, drinking water utilities are increasingly relying
on algal- or wastewater-affected waters, and it is thought that these impacted source
waters contain increased quantities of nitrogenous precursors, potentially leading to

N-nitrosamines.

2.7.1 N-Nitrosodiethylamine (NDEA)

N-Nitrosodiethylamine (NDEA), also known as diethylnitrosamine (DEN),
is a yellow liquid with a boiling point of 175-177 °C, a specific gravity of 0.94, and the
ability to dissolve in water, ethanol, diethyl ether, and organic solvents. NDEA has
been found in a variety of goods that potentially expose humans to it, including
mainstream and off-label tobacco smoke, beef, and whiskey (Tricker et al., 1991,

Verna, 1996).

M
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Figure 2.8 Chemical structure of NDEA (National Center for Biotechnology
Information, 2021).
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Table 2.4 Physical and Chemical properties of NDEA (Santa Cruz Biotechnology,

2010).
Property Information
Molecular weight 102.14
Specific gravity 0.9422 20 °C
Boiling point 175 to 177 °C
Water solubility Miscible
Vapor pressure Negligible
Vapor density >1

NDEA emits toxic nitrogen oxide fumes when heated. NDEA can affect
DNA integrity, possibly through alkylation, and has been used in experimental studies
to induce hepatic tumorigenesis. It is widely anticipated as a human carcinogen
(Tanaka et al., 1988). The physical and chemical properties of N-nitrosodiethylamine

are listed in the following table.

2.8 Characterization
2.8.1 X-Ray Diffraction (XRD)

XRD is a quick analytical technique that can offer information on unit
cell dimensions and is mostly used for phase identification of crystalline materials
(Dutrow & Clark, 2016). William Henry Bragg and his son William Lawrence Bragg
created a much simpler method of analyzing and forecasting diffraction patterns
from a crystal in 1913. According to the Bragg analogy, incident X-ray rays enter from

the left and reflect from each plane in the family.
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Figure 2.9 Brage’s Law of Diffraction (van Holde et al., 2006).

If we assume that the initial waves are in phase with one another and
that the waves reflect from each plane in the family, we can rapidly construct the

governing equation. These derivations result in the Bragg equation's solution:

nA=2d,,, sin O (2.23)

where the integer n is the order of the diffracted beam and d is the distance

between adjacent planes of atoms (the d-spacings) (van Holde et al., 2006)

X-rays are generated within a vacuum-sealed tube in X-ray powder
diffraction equipment. This high voltage accelerates electrons, which subsequently
strike a target, which is often constructed of copper. X-rays are produced when these
electrons collide with the object. The wavelength of these X-rays is unique to the
object. These X-rays are collimated before being directed towards the ground-to-a-
fine powder substance. A detector detects the X-ray radiation; the signal is then
processed, either by a microprocessor or electrically, to transform the signal to a
count rate. An X-ray scan is a controlled change in the angle between the X-ray

source, the sample, and the detector between predefined limitations (S., 2014).
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Figure 2.10 The essential parts of a small angle scattering system. T = x-ray source, S
= sample, O = the scattering angle, the slit used to define the incident

and scattered beam, and D = detector (L. Li, 2005).

2.8.2 SEM

SEM is a Scanning Electron Microscope that used a focused beam of
the electron as a light source. The electron will interact with atoms in the sample
produce the signals that contain the information about surface topography and
composition of the sample. When an electron hits onto a material, different
interactions (signals) can occur, classified into two types: elastic and inelastic
interactions (Krumeich, 2009). Secondary electrons (SE), reflected or back-scattered
electrons (BSE), auger electrons, bremsstrahlung X-rays, photons of distinctive X-rays,
and light (cathodoluminescence) (CL), absorbed current (specimen current), and
transmitted electrons are all forms of signals produced by an SEM. Secondary
electrons and backscattered electrons are often utilized for imaging samples:
secondary electrons are best for displaying morphology and topography on samples,
while backscattered electrons are best for presenting compositional contrasts in

multiphase samples.
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Figure 2.11 Types of interactions between electrons and a sample (Henry, 2016).

Sample preparation for SEM analysis can be simple or complex,
depending on the nature of the samples and the data sought. The procurement of a
sample that will fit into the SEM chamber and modest accommodation to prevent

charge build-up on electrically insulating samples constitute minimal preparation.
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Figure 2.12 Mechanism of SEM (Carrara, 2017).
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Using electrons, the device creates a greatly magnified image. An
electron gun produces a beam of electrons at the top of the microscope. The
electron beam travels in a vertical route through the vacuum-sealed microscope.
The beam passes through electromagnetic fields and lenses, which focus it
downward toward the sample. When the beam strikes the sample, electrons and X-
rays are expelled. These X-rays, backscattered electrons, and secondary electrons
are collected by detectors and converted into a signal that is delivered to a screen,

like a television screen. This results in the final image.

283 TEM
The operation of the transmission electron microscope (TEM) is by
accelerating a beam of electrons to sufficient energy so that when it strikes a very
thin sample (<100 nm), electrons are allowed to pass through it (Holsgrove, 2017,
Martinez, 2011). The interaction of electrons passed through the sample produces a
picture, which is magnified and focused on an imaging device (Callahan et al., 2018;

Rukari & Babita, 2013).
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Figure 2.13 Transmission electron microscope (Sierra, 2019).
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From top to bottom, a tungsten filament, or a lanthanum hexaboride
(LaB6) source is used as an emission source in a TEM. If the gun is connected to a
high voltage source (typically 100-300 kV), it will begin to emit electrons into the
vacuum via thermionic or field electron emission if the current is sufficient. The
condenser and aperture lenses modify the electron beam before it reaches the
sample to increase light coherence, that is, to keep the waves in the same direction
with a consistent phase difference. Following that, the electron beam reaches the
sample, where numerous events take place, including elastic dispersion of electrons
that damage the material and other processes in which electrons give some of their
energy to internal electrons of the sample (inelastic). The scattered beams are then
focused by the objective lens via a diffraction process conducted by the projection
lens, which expands the electron beam and reflects it on the phosphor screen

(Rukari & Babita, 2013; Sierra, 2019).

The TEM is a tool used to analyze the structure, composition, and
properties of samples in various fields of study such as materials science, geology,
the environment, medicine, electronics, and biology in general. Although TEM has
been less widely used in the study of organic materials, owing to perceived
difficulties with sample preparation and beam damage, recent studies of
pharmaceutical compounds have shown not only that these difficulties can be
overcome, but that TEM analysis can provide a range of useful information about

samples that cannot be obtained by other commonly used analytical methods.

2.8.4 Surface Area Analyzer
Surface Area Analyzer is used to analyze the specific surface area and
pore size distribution of the sample by using the principle of gas sorption based on
BET (Brunauer, Emmett, and Teller) theory. The specific surface determined by BET
relates to the total surface area (reactive surface) as all porous structures adsorb the
small gas molecules. The concept self is an extension of the Langmuir theory, which
is for monolayer molecular adsorption, to multilayer adsorption with the equation:

(Brunauer et al., 1938; Lowell et al., 2004).
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where P/Po is the gas’s relative pressure, V is the volume of gas adsorbed (m?), V,, is
the volume of the monolayer adsorbed gas (m?) and c is BET constant related to the

strength of interaction between gas and solid.

slope= (c-1)/cn,,

p /n ads [(pﬂ'p}]

P/Po

Figure 2.14 BET plot and the relation between c and nm to slope and intercept of

the y-axis (Weidenthaler, 2011).

1
By plotting m and P/PO’ it will give a linear plot with the

-1
slope is (C )/V c and intercept is 1/\/ - From this value, V,, can be calculated as
m m
1/(slope/intercept)’ while c is calculated by (slope/intercept)+1. Therefore, the

total surface area, Sy, is then calculated from

Vi NAO
S = —— 2 (2.25)



37

where N, is the number of Avogadro (6.023x10% molecules/mole), O is the
adsorption cross-section of gas (m?/molecule), and Vsrp is the molar volume of gas at
STP condition (2.2414x10% m*/mole). The specific surface area is finally normalized

by sample mass by

S 2
Sger= - , M /9 (2.26)

m

Before the specific surface area of the sample can be determined, it is
necessary to remove gases and vapors that may have become physically adsorbed
onto the surface. Some weighing sample is placed then gas will flow through the
sample until reaches some relative pressure. The gas most used in this analysis is

nitrogen.

2.8.5 UV-Vis spectroscopy

UV/Vis spectroscopy is a technique that uses light absorption by an
unknown chemical or sample. The sample is irradiated with electromagnetic rays of
varying wavelengths in the visible (VIS) and adjacent spectrum areas, specifically
ultraviolet (UV) and a portion of the lower infrared region (near IR). Light is partially
absorbed depending on the substance (De Caro & Claudia, 2015). The several
phenomena involved (reflectance, transmittance, and absorbance) are discussed, as
well as the measurement equipment necessary. A suitable detector records the
remaining light, for example. the transmitted light, as a function of wavelength,

providing the sample's UV/VIS spectrum (Rouessac & Rouessac, 2013).

Light of a specified wavelength will pass through the sample, and the
intensity of the light before and after they pass through will be compared. This direct
transmittance l/'o is usually expressed as a percentage (%T). The absorbance can be

calculated from this value using the equation :

%T
A=-log — (2.27)
100
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Figure 2.15 Lambert-Beer Laws (Gallik, 2011).

Absorbance is widely used to measure concentration in liquid

solutions following the Beer-Lambert law (Gallik, 2011; Swinehart, 1962).

A=Elc (2.28)

where € is the molar extinction coefficient, L is the path length of the cell holder
and c is the concentration of the solution. Molar absorptivity constant is normally
not given for unknown samples. The common method of working with Lambert-
Beer's law is the graphing method. The graphing method is called for when several
sets of data involving standard solutions with similar wavelengths with the sample
are available for concentration and absorbance. Graphing the data allows checking
the assumption that Beer's Law is valid by looking for a straight-line relationship for
the data. By plot concentration and each absorbance of standard and get linear
graph, slope and intercept value can be used to calculate the concentration of

sample by using

A=(slope x c)+Intercept (2.29)
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2.8.6 Gas Chromatography

Gas chromatography (GC) is a chromatography technique used in
analytical chemistry to separate and analyze substances that may be evaporated
without decomposition. A gas chromatograph's main components are a gas source as
the mobile phase, an inlet to deliver the sample to a column, the column where
separations occur, an oven as a column thermostat, a detector to detect the
presence of a chemical in the column effluent, and a data system to record and
display the chromatogram (Eiceman, 2006). These components of a gas
chromatograph have remained constant in function or purpose for the last 40 years,

despite advances in design, materials, and methodology.
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Figure 2.16 The components in gas chromatography.

Some of the benefits of chromatography include the measuring range
(from ppm levels to 100 %), the detection of a large range of components, and the
repeatability of the measurements. Sensitive detectors, such as the flame-ionization
detector, can detect 50 ppb of organic chemicals with a relative standard deviation
of less than 5 %. With minimal downtime, automated systems can handle more than

100 samples each day.
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The gas chromatography function is as following: an inert carrier gas
(such as helium) flows constantly via the injection port, the column, and the
detector from a huge gas cylinder. The flow rate of the carrier gas is carefully
adjusted to achieve repeatable retention times while minimizing detector drift and
noise. The sample is injected into the heated injection port, where it is vaporized
and moved into the column, which is normally a capillary column 15 to 30 m long
with the inside covered with a thin (0.2 JLm) film of high boiling liquid (the stationary
phase). Based on relative solubility in the liquid phase and relative vapor pressures,
the sample splits between the mobile and stationary phases and is divided into
discrete components. After passing through the column, the carrier gas and sample
pass via a detector. This gadget measures the sample quantity and develops an
electrical system that automatically integrates the peak area, does calculations, and

prints a report with quantitative results and retention times.



CHAPTER il
EFFECTIVE SOLAR LIGHT PHOTOCATALYSIS BY GSs ADDITION ON
THE COMPOSITE TiO,/SiO,

3.1 Abstract
This study investigated the synthesis of TiO,/SiO, using a sol-gel method with

the addition of differences in the mass ratio of Titanium (Ti):Graphene Sheets (GSs)
(1:0; 1:0.04; 1:0.07; 1:0.14) and calcination temperature (Tcal) (400 °C; 450 °C; 500 °C).
The composites were examined using an X-ray powder diffraction (XRD), a scanning
electron microscope, and an energy dispersive X-ray spectrometer (SEM-EDS). At the
near point of 20 (26°-27°), the TiO,/Si0,/GSs XRD pattern shows anatase and rutile
phases, as well as graphite. The tendency of anatase phase according to GSs ratio
and Tcal variables decreases as the GSs ratio and Tcal increases. The crystal size
ranged from 24 to 41 nm. Methylene blue was decolored under four conditions:
dark, UV lamp, LED, and solar light. The photocatalytic activity obtained under solar
lisht is comparable to that obtained under UV light. Within 3 hours, the
photocatalyst with a ratio of 0.07 and Tcal of 450 °C provided the highest efficiency
of MB degradation under solar light with 97.83 %. After four cycle times, the
efficiency of reusable TiO,/SiO,/GSs shows a slight decrease.

3.2 Introduction

Titanium dioxide (TiO,) is the semiconductor material that is widely used as a
photocatalyst for the degradation of several pollutants. Semiconductor materials
have a bandgap between conducting band and valence band (Pennington, 2015).

These bands determined the electrical conductivity of materials. When the light in a
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certain wavelengths illuminate TiO, surface, that energy will induce the
electrons on the valence band to excited into conducting band. These free electrons
will move along the surface or near the surface of TiO, yet the hole of electrons is in

the valence band (Kang et al., 2019; Schneider et al., 2014).

TiO, has attracted attention because of its desirable physicochemical
properties such as thermal and chemical stability, relatively high photocatalytic
activity, low toxicity, and low cost. However, the bandgap of TiO, is generally a range
of 3.0-3.2 eV (Castellote & Bengtsson, 2011; Dalton et al., 2002), which gives a work
range as photocatalyst under UV range (100 — 400 nm). It almost makes TiO, cannot
effectively work under the radiation of solar light (only 3-5 % of the solar spectrum)

(Singh & Dutta, 2018).

Somehow, nonmetal doping was effective to obtain a visible light response.
In recent years, carbon in graphene form is popular doping material to decrease the
bandgap of semiconductors, especially in photocatalyst applications. The graphene is
considered as an impurity in TiO, structural system, the bandgap of graphene will
overlap with TiO,, in this case, the conduction band of graphene will be lower than
TiO, then it will decrease the gap between the conduction band of graphene and
valence band of TiO, (Najafi et al., 2017). Its properties such as large BET area (which
provides more active adsorption sites), chemical inertness, zero bandgaps (which acts
as a sensitizer), high electron mobility (which prolongs electron lifetime), electron
storage ability (which acts as an electron tank), and tunable structural give modified
photocatalysts an added advantage (Au-pree et al, 2021; Tang et al, 2018).
Therefore, the composite of graphene and semiconductors, especially TiO,, is
currently being considered as a potential photocatalyst in air and water purification.
The graphene-based TiO, composite exhibit enhanced photocatalytic activity in
comparison with only TiO, (Y. Zhang et al., 2010).

Photocatalyst in the case of environmental purification will act as adsorbent
and photocatalyst. Those actions take place at the same time. Since the
photocatalytic reaction will take place mostly near the surface of the photocatalyst.

To enhance the adsorptive of TiO,, SiO, will be added to increase the surface area
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for adsorption (Zhou et al.,, 2006). SiO, also is known as the material that can

improve the photocatalytic process of TiO, (Aziz & Sopyan, 2009).

The preparation of TiO,/SiO, has been studied under Klondon work (Klondon
et al,, 2016). The variables were the amount of GSs and the calcination temperature
(Tcal). The effects of these variables on the methylene blue degradation during
photocatalysis with a variation of applied light sources e.g. dark, UV lamp, LED lamp,

and solar light were investigated.

3.3 Experimental Procedure
3.3.1 Preparation of TiO,/SiO,/GSs

10 mL of Ti-n-butoxide is diluted by 35 mL of absolute ethanol,
became solution A. The mixture of 3 mL of HNO; concentrated, 35 mL of absolute
ethanol 10 mL of deionized water and GSs pure called solution B. GSs was added
with calculated mass ratio of Ti:GSs are 1:0; 1:0.04; 1:0.07; 1:0.14 and labeled as GO;
G0.04; G0.07; and GO.14 respectively. Label G stand for GSs and the number stands
for ratio number of GSs. The SiO, was added into the mixed solution to make the

ratio of TiO0,SiO, is 1:1.

TiO,/Si0,/GSs photocatalyst was synthesized by the sol-gel method.
Solution B with the variation ratio of GSs was added into solution A slowly under
stirring and stirred for 1 hour. 1.5 g of SiO, was added under stirring then kept the
solution for one day. Finally, the solution is drying at 110 °C for 12 hours. This
sample continues to calcine with the variation of temperature from 400 °C, 450 °C,
and 500 °C (sample coding T400, T450, and T500 respectively) for 6 hours. The
composite photocatalyst of TiO,/SiO,/GSs was finally obtained.

3.3.2 Characterizations
The identification of the crystal phase of the composite was
performed using a Bruker D2 PHASER XRD. In titanium dioxide, XRD provides

information about the major peaks of the structure phase of TiO,. The major peaks

of pure anatase at 20 consist of (101), (004), (200), (105), (204), (220), and (215)
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planes. Meanwhile for rutile have intensity at (110), (101), (200), (111), (210), (211),
and (220) planes (Au-pree et al,, 2021; Boonprakob et al., 2017; Haider et al., 2015).
The XRD patterns show different peak broadening which is inversely proportional to
the average crystal size of TiO,/SiO,/GSs according to Scherrer equation (Najafi et al,,

2017; Singh & Dutta, 2018) as in equation (3.1)

KA
P BeosB

D (3.1)

where Dp is the crystal size (nm), K is the Scherrer constant, like 0.89 for cubic
crystallite shape (Rufai et al., 2020), A is the x-ray wavelength (Cu KO radiation
source, 0.154178 nm), B is the full width at half maximum (FWHM), and O is the

diffraction angle (20 of peak (101) of anatase is 25.30°). The following equation can
be used to calculate the ratio of TiO, crystal phases from XRD results (Eshaghi et al.,
2011; Singh & Dutta, 2018)

100
O/ t S 3.2
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where IR and IA are the strongest intensities of the rutile and anatase phases,

respectively.

The structure of TiO,/SiO,/GSs was characterized by using FE-SEM
JEOL JSM 7800F to analyze surface properties. The detector that was used is a
backscattering detector because the sample has a high atomic number which
backscattered electrons stronger thus appear brighter in the image. It can detect the
contrast between areas with different compositions. EDS was used in conjunction
with  SEM to characterize the elemental composition. After an electron beam

bombarded the sample, a relative abundance of x-ray emitted from the sample be
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measured by the detector to determine the elemental composition of sampled

volume.

Samples were prepared by dispersing the nano-powder in ethanol and
a drop of this suspension is transferred on carbon-coated Cu grid micropores.
Prepared samples were measured with the energy of 200 keV by using FEI-TEM-
TECNAI G220, SUT. Selective area electron diffraction (SAED), bright field images, high-
resolution TEM (HRTEM), Scanning TEM (STEM) images & energy dispersive X-ray (EDX)

spectra were obtained.

The specific surface area (Sp) and porosity of the nanoparticles were
measured by using the N, adsorption technique. By using a computer interfaced BEL
SORP-mini-Il instruments, all samples were thoroughly degassed at 300 °C for 3 h.
The specific surface area was calculated by using the BET method. The pore size
distributions were obtained from the analysis of the adsorption branch of the
isotherm by the BJH method. The samples were labeled by their ratio GO, G0.04,
G0.07, and GO0.14 with T400, T450, T500 as represented to Tcal 400 °C, 450 °C, and
500 °C, respectively.

3.3.3 Photocatalytic activity
The photocatalytic activity of the TiO,/SiO,/GSs was investigated by
using the degradation of Methylene Blue (MB) solution. The MB solution was
prepared by dissolved 20 mg of methylene blue (C;¢H:gN3SCL) with 1L of deionized
water to be stock solution 20 mg/L. This solution then was diluted to be standard
from 2, 4, 6, 8, and 10 mg/L, also the initial condition (2.5 mg/L) for photocatalytic

reaction.

The initial condition was done by analyzing the degradation of MB by
variation of the amount of photocatalyst (0.05 g; 0.1 g; and 0.15 ¢) in a 100 mL MB
solution of 2.5 mg/L under solar light. The initial concentration of MB also was
determined by put 0.1 ¢ of the photocatalyst into a 100 mL MB solution of 1 mg/L,
2.5 mg/L, and 4 mg/L.
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Figure 3.1 Experimental setup for Methylene Blue degradation by TiO, photocatalyst
in the dark box (left) and with different light sources (left) and an open
system under solar light (right).

The 0.1 g of the composite was put into a 100 mL solution of 2.5
mg/L of MB in the reactor under the different applied light sources, e.g., UV lamp,
LED lamp, and solar light. The dark condition was also tested to show how the
adsorption takes place in photocatalyst when it has no light source. The UV lamp
that is used has power 4 W and wavelength 366 nm while an LED lamp has power
35 W and wavelength 557 nm. The monitoring under solar ligsht was restricted from
11 am to 4 pm according to peak sun-hours in Thailand (5 hours). The interval of
measurement of MB concentration change was in every 30 minutes for 3 hours of

data.

The 5 mL of decolorization solution was analyzed by using a T80+ PG
instrument UV-Vis spectrophotometer with absorbance at a wavelength of 665 nm.
The photocatalytic activity was measured as the decolorization of MB by the

following equation:

L CoCe
% decolorization= . x100% (3.3)
0

where C, and C; are the initial concentration and concentration at the time of MB,

respectively. The variation of catalyst loading (0.05 to 0.15 g of TiO,/SiO,/GSs) and
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the initial concentration of MB (1 to 4 mg/L) were investigated. The photocatalytic

activity of optimum condition was also measured with three-time cycles.

The kinetics of photocatalytic degradation of MB was based on the

most used Langmuir-Hinshelwood (LH) kinetics, is given by:

dC kKC

r=-—-=

dt - 1+KC

(3.4)

where r is the rate reaction (mg/L min) that changes by time t (min), C is the
concentration at any time during degradation (mg/L), k, is limiting rate constants of
reaction at maximum coverage, and K is the equilibrium constant for adsorption of

the substrate onto catalyst (K. V. Kumar et al., 2008).

The integrated expression of this equation can calculate the constant
k. and K in equation (3.4) by limit C = Cyatt =0 and C = C at t = t. the integrated

can be expressed:

In (%) +K(C,-C) =k Kt (3.5)

The LH kinetics on the first order has condition KC<<1. If so, equation

(3.4) becomes r=k,KC and be integrated into first-order kinetics and is given by:
In — =kt (3.6)

where k (kK)is the rate constant (min-1) and t is the degradation time (min).
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3.4  Results and Discussion

The phase of TiO, was known to effects the ability of TiO, as a photocatalyst.
XRD characterized the crystal phase of the composite of TiO,/SiO,/GSs, FE-SEM/EDS
and TEM analyzed the physical structure and elemental components, while BET give
the specific surface area of samples. The EDS result was shown on the %wt of Ti and
C presence, which was analyzed on 5 points for each sample and presented as mean
data. The preparation, especially for the ratio composition and calcination treatment,

gives the effect into its surface properties.

3.4.1 XRD Results

3.4.1.1 Effect of Calcination temperature (Tcal)

Calcination has a role in affecting the performance of the material. In
TiO, preparation, Tcal affects the structure phase of anatase and rutile, especially
based on their phase transition. The result in Figure 3.2 shows that a pure anatase
phase exists at a lower temperature until T400 when a rutile peak is observed and
increases along with the increase in Tcal. It explains how the tendency of TiO, that
stays as anatase phase at a lower temperature in the phase diagram and starts to
transform into rutile at a higher temperature, as the percentage is presented in Figure
3.3. The percentage of anatase in the Figure 3.3 comes in comparison with the
percentage of rutile phase in TiO,. This temperature gives energy into TiO, bonding

to change form from metastable one (anatase) into the stable one (rutile).

Figure 3.3 also indicates that when the TiO,/SiO,/GSs composite is
calcined at a higher temperature up to 450 °C, the larger crystal size may happen
due to particle growth. The Tcal also affects not only changing the phase of TiO, but
also bonding between TiO, and GSs, based on their ratio on the XRD result (Figure

3.2). At the Tcal at 500 °C, the crystal size is found to be decreased.
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Figure 3.3 The interpretation data of XRD result (G0.07).



50

3.4.1.2 Effect of GSs ratio

The XRD results in Figure 3.4 can be used to determine the proportion
of TiO, and GSs in each sample based on their highest intensity. As in Figure 3.4, peak
of GSs is getting higher according to the increase of GSs ratio. Meanwhile the number
of Ti is fixed amount then the peak of anatase and rutile seems to decline as long as
the GSs ratio increases. The sample's XRD patterns show a tendency of intensity and

a decrease in FWHM, indicating an increase in crystal size, that shows in Figure 3.5.
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Figure 3.4 XRD pattern of TiO, photocatalyst with a variation of GSs ratio (T450 °C)
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Figure 3.5 The interpretation data of the XRD result.

The crystal size of the TiO,/SiO,/GSs composite was in the 25-40 nm
range, as shown in Figure 3.5. The crystal size is increasing not only due to the crystal
growth when TiO, changing its phase from anatase to rutile but also the presence of
GSs affect its size as the impurities in the system. Although in the XRD pattern (Figure
3.4) the peak of anatase and rutile are not visible clearly along the increasing of GSs
ratio, based on the intensity data for each existing peak, the ratio of anatase and
rutile has been calculated. In the form of TiO, and GSs bonding, the GSs induce the
TiO, phase change from anatase to rutile, as can be seen in Figure 3.5 the
percentage of anatase decrease, compatible with increasing of percentage of rutile in

TiO,.

3.4.2 SEM/EDS and TEM Results
According to the results of EDS, the increasing amount of C
corresponds to an increasing GSs ratio, as shown in Figure 3.6 (left). The carbon
content in the spectrum of sample GO could be due to the residues of raw materials
used to produce the sample. On the other hand, the presence of Ti (titanium)

decreases with the presence of C content.

The sample's C content rises until T450, then falls at T500, shown in
Figure 3.6 (right). This trend shows that Tcal affects the presence of C in the sample
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regardless of the initial GSs ratio, which in this case is GO.07. It also clearly states that
the rutile phase on the sample influences TiO, bonding with GSs, as it shows that
when Tcal is 400 °C, there is no rutile phase, and it increases at T450, proportionally
with C content. Even so, the rutile phase appears to be increasing, despite a
decrease in C content at T500. This behavior could indicate that the temperature in
the furnace is high enough to ignite the combustion reaction between carbon and
oxygen. The presence of Ti, on the other hand, exhibits a random trend for each
parameter. Overall, the results indicate that crystal size is strongly influenced by C

content, with the higher the C content, the larger the crystal size.
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Figure 3.6 EDS result of TiO,/SiO,/GSs at Tcal 450 °C (left) and G0.07 in different Tcal

(right).
8.000 4,000
7.000 3,500
& 6.000 2 3.000
5,000 <, 2500
o o
2 4.000 2 2,000
23,000 2 1500
< Il
& 2,000 & 1,000
1.000 0500
0.000 0.000
G0 G004 G007  GO.14 T400 T450 T500

Figure 3.7 Ratio of TiO,GSs at Tcal 450 °C (left) and G0.07 in different Tcal (right).
(interpretation of XRD results)
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For comparison, ratio of GSs was derived from XRD result and applied
into Figure 3.7 for each Tcal and weight ratio of TiO,GSs. For different ratio, the
presence of GSs seems to be consistent with the weight ratio of Ti and GSs. It fits
with the result of C in EDS, while C content is increasing along the increasing of ratio.
In contrast with the result in different Tcal, GSs ratio from XRD is decreasing at 450 °C
and up at 500 °C. It is different with the result in EDS, when C content is in the
maximum value at 450 °C and start to decrease in 500 °C. This difference could be
appeared as in XRD, the peak of each component is already fixed, and it can
measure the intensity of each peak precisely, while in EDS, the calculation of

percentage of each element are done on different site randomly.

The pattern in XRD results give the ratio of GSs at different Tcal as in
Figure 3.7. at 400°C, the components are only anatase of TiO, and GSs. So, the ratio
in T400 is higher than T450 since at 450 °C, there is one additional element which is
rutile of TiO,, then ratio GSs is decreasing. While at T500, with the presence of
anatase and rutile increases, the site to bond with GSs also increase. Then ratio of

GSs is increasing along the increasing of Tcal.

Fisure 3.8 and 3.10 shows the SEM images of the TiO,/SiO,/GSs
composites, which shows how the GSs layering was formed. TEM images of
composites are shown in Figure 3.9 and 3.11, aggregates consisting of many small

TiO, composites were obtained.

As depicted in Figure 3.8, the graphite sheets (GSs) are observed as the
ordered layers structure with an irregular shape. This property affects the
TiO,/Si0,/GSs pattern, which tends to have layers because of the GSs presence. The
composite pattern is shown in Figure 3.8(b-e) for the ratio of GO, G0.04, G0.07, and
G0.14, respectively. Figure3.9 is a nanoscale with a grain size less than 50 nm,

following the results that have been shown in Figure 3.5.
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Figure 3.8 SEM images of (a) GSs and TiO,/SiO,/GSs composite (b) GO, (c) G0.04, (d)
G0.07 and (e) G0.14 at Tcal 450 °C.
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Figure 3.9 TEM images of TiO,/SiO,/GSs composite (a) GO, (b) G0.04, (c) G0.07 and (d)
G0.14 at Tcal 450 °C.
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Figure 3.10 shows the SEM image of the G0.07 TiO, composite, which
shows how the layering of GSs was formed at different Tcal. The layer order is
affected by an increase in Tcal. The layer began to form at T450, accompanied by
the presence of C content, as evidenced by the EDS result. However, as shown in
Figure 3.10, the layer ordering form became less uniform as the C content decreased

at high temperatures of 500 °C (o).

Figure 3.10 SEM images of G0.07 TiO,/SiO,/GSs composite (a) T400, (b) T450, and (c)
T500.

Figure 3.11 TEM images of G0.07 TiO,/SiO,/GSs composite (a) T400, (b) T450, and (c)
T500.

3.4.3 BET Results
3.4.3.1 Effect of Calcination temperature (Tcal)
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Specific surface area (SSA) is a total surface area of a solid material per
unit of mass. The size of the particles affects the value of SSA as well as the
structure and porosity of the material. For different Tcal, crystal size happened to
increase along with temperature but shrink when it reached 500 °C. It affects its SSA

that the value decreases when the composite was calcined at 500 °C.

Table 3.1 Specific surface area value of TiO,/SiO,/GSs with a variation of Tcal (G0.07)

Specific surface Mean pore Vm Total pore
Sample
area (m?/g) D (nm) (cm?/g) volume (cm?/g)
G0.07T400 1.28E+02 8.3557 23.251 0.280
G0.07T450 1.39E+02 8.4441 32.012 0.294
G0.07T500 1.26E+02 8.1570 23.052 0.269

3.4.3.2 Effect of GSs ratio

Table 3 gives the result of SSA for TiO,/SiO,/GSs composite at
different GSs ratios at Tcal 450 °C. The SSA has the same overall tendency as for the
size of each composite. GSs presence improves the surface area of composite

because GSs alone have a high specific surface area (2630 m%/g).

Table 3.2 Specific surface area value of TiO,/SiO,/GSs with a variation of GSs ratio

(T450 °C)
Specific surface Mean pore Total pore
Sample area D Vm volume (cm?/g)
(m?/g) (nm) (cm®/¢)
GOT450 1.28E+02 7.5975 29.464 0.274
G0.04T450 1.38E+02 8.5563 31.767 0.263
G0.07T450 1.39E+02 8.4441 32.012 0.294

G0.14T1450 1.46E+02 9.0459 33.629 0.297
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3.4.4 Degradation of Methylene Blue (MB) Solution

3.4.4.1 Optimum Condition

Under solar light, photocatalytic degradation is measured using a
variable TiO,/SiO,/GSs catalyst loading in 100 mL of MB concentration (2.5 mg/L).
Figure 3.12 shows that increasing the catalyst loading can increase degradation. This
work can be used to determine the optimum catalyst loading for specific
concentrations to avoid using too much catalyst while still achieving the best
efficiency. At the first 30 minutes, the result is not clearly distinguishable. But along
the time, the degradation for each loads start to be seen for the differences because
while 0.05 already reach its maximum capacity, another loading just start to degrade
MB. Within 3 hours, 0.1 g of catalyst loading G0.07T450 TiO,/SiO,/GSs for 100 mL of
2.5 mg/L MB yields the best degradation of 97.83 %.

The initial concentration influences degradation efficiency with a fixed
catalyst loading (0.1 g TiO,/SiO,/GSs /100 mL MB). Figure 3.13 shows how the lowest
concentration (1 mg/L) yields a similar result to 2.5 mg/L (97-99 %), while the highest
concentration (4 mg/L) yields only 56%. It demonstrates how an excess of MB leads
to a specific amount of photocatalyst overcapacity. This result indicates that for 2.5

me/L MB, 0.1 ¢ of G0.07T450 TiO,/SiO,/GSs is effective in degrading 100 mL MB.
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Figure 3.12 The effect of the amount of TiO, photocatalyst for degradation of MB.
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Figure 3.13 The effect of the concentration of MB on the degradation process.

When the energy bandgap of the photocatalyst is equal to or greater
than the energy bandgap of the photocatalyst, lisht can be one of the most
important factors in the photocatalytic process. The energy bandgap in TiO, is 3.2 eV,
indicating that ultraviolet (UV) light is appropriate. This work focuses on adding
carbon to reduce the bandgap that can be used under visible light range (GSs). Figure
3.14 shows that G0.04T500 can photo-catalytically decolorize MB under solar light
with a 90.3 % efficiency in 3 hours. Because of MB adsorption to the TiO,/SiO,/GSs

surface, the concentration drops dramatically in the dark. It will be color changins.
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Figure 3.14 The effect of degradation under four conditions; dark, UV lamp (366 nm),
solar light, and LED lamp on TiO, G0.04T500.
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In comparison, degradation occurred under a specific LED lamp. It
yields the similar results as the test performed in the dark. It means that under an
LED lamp, the main process that occurs is adsorption, like a dark condition, with a
little bit photodegradation process. It can be because the energy of LED is not
enough to trigger photocatalytic reaction (Eigp < Epsnagap): Meanwhile, solar light
produces excellent results due to its broad wavelength, which is beneficial to
photocatalysts. The reaction was also performed under a UV lamp to provide a brief
result on how TiO, photocatalyst reacts within its work range. More than 86 % of the
MB was adsorbed and degraded in the first hour of the reaction, according to the

results.

Adsorption on photocatalyst plays an important role in the
photocatalytic process. TiO, adsorbs MB on its surface before photocatalytic
degradation. The observation of degradation under dark conditions in this experiment
can demonstrate how TiO,/SiO,/GSs photocatalyst adsorption occurs. The
photocatalytic degradation did not occur in this step due to a lack of light energy,
and the surface of the photocatalyst was saturated by MB. Meanwhile, under light
conditions (UV, LED, and solar), the efficiency of degradation was slightly higher than
in the dark condition because there was a photocatalytic degradation process of MB
into other compounds along its desorption and be replaced by other MB due to the
adsorption process. As a result, for this condition over a much longer time than the
testing time in this work, all MB molecules may be degraded by photocatalysis.
However, the MB that was adsorbed on the catalyst surface in the dark may still exist
as surface molecules attached to the catalyst. And this process in the dark is not
degrade MB molecules into unharmful material and still contaminated photocatalyst

or washed water when the photocatalyst will be reused for next process.

Under dark conditions, the process can be described as adsorption of
TiO,/Si0,/GSs photocatalyst. Figure 3.15 depicts the adsorption process during the
first hour of the reaction. When compared to the EDS result of the amount of C
content at the same Tcal, it shows the same trend for T400 but begins to show a

different tendency with adsorption at T450 and higher. Instead, it demonstrates that
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the adsorption process slows down at some point in Tcal for the same ratio. Overall,
G0.07T450 has the highest adsorption capacity, with a crystal size of 34.26 nm and an
adsorption capacity of 69.93 % at first hour degradation.
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Figure 3.15 Adsorption of TiO,/SiO,/GSs under the dark condition at the first hour of

degradation for each ratio and Tcal.

3.4.4.2 Effect of Tcal

Tcal contributes significantly to the formation of a different TiO,
structure, which affects photocatalytic activity. Figure 3.16 depicts the effect of Tcal
on GO0.07 of TiO,/SiO,/GSs. T450 had the highest degradation with 97.83 % at 3 hours

degradation.

Under solar light, T450 produces the best results for the degradation
of MB. It demonstrates how the crystal phase of TiO, affects degradation because
T400 is pure anatase and has the lowest degradation compared to other Tcal that
has developed a rutile phase on TiO,. Because there is a combustion reaction at high
temperatures, the amount of C content was lower at 500 °C, even though it has a
high rutile phase, and degradation of MB was lower than T450. The rate constant of
G0.07 for each Tcal is shown in Figure 3.17 (left). The rate constant was then used to
calculate the model data for each sample's degradation rate, which was plotted in

Figure 3.17 (right) and compared to the experimental data.
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Figure 3.16 The effect of Tcal on NN degradation for GO.07 TiO,/SiO,/GSs.
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Figure 3.17 The rate constant of G0.07 TiO,/SiO,/GSs for each Tcal (left) and validity

between experiment data and model data (right).

3.4.4.3 Effect of GSs Ratio

Figure 3.18 shows how the TiO,/SiO,/GSs with different ratio of GSs
affects the degradation of MB. The results show that G0.07T450 has the highest
photocatalytic activity under solar light for MB degradation. It also implies that the
photocatalytic activity of TiO,/SiO,/GSs is the best on anatase: rutile phase ratio of
83.8 %:16.2 %, and the sample's optimum C content is 7.96 %wt. The higher the C
content, the worse the result of MB degradation because G0.07 and GO.14 have

similar anatase: rutile ratios while the C content is different.
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Figure 3.18 The effect of ratio Ti:GSs to N degradation (%) for T450.

The outcome of degradation can influence the kinetics of the
reaction. The rate constant of each ratio can be calculated using equation (3.5), as
shown in Figure 3.19 (left). GO.07T450 at 0.0201 min-1 is the highest rate constant for
a photocatalytic reaction. The value of the rate constant was then used to calculate
the degradation rate model for each sample. The model data was then compared to
the experiment data, as depicted in Figure 3.19 (right), where the lines represent
model data, and the symbols represent experiment data. It demonstrates that the
LH model equation is reasonable for describing the experimental data for all tests in

this work.
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Figure 3.19 The rate constant of TiO,/SiO,/GSs for each ratio at T450 (left) and

validity between experiment data and model data (right).

3.4.4.4 Effect of Reusable/Stability

In general, the photocatalyst is stable and can be reused until its
particle is damaged. The experiment to test the reusable of the photocatalyst was
carried out as follows: after the first batch of G0.07T450 TiO,/SiO,/GSs used for MB
degradation was completed, the photocatalyst was washed by ethanol and then by
water to neutralize the pH before being heated at 100 °C to remove water. This 0.1 ¢
reused photocatalyst was used to degrade a new MB solution for 3 hours under solar
lisht at a fixed initial concentration of 2.5 mg/L. Three cycles of this activity were
observed. Figure 3.20 depicts the degradation efficiency of the second drop from the
first cycle reaching 93.1 %, then dropping to 92.4 % in the third cycle and dropping
again in the fourth cycle to 87.65 %. However, the efficiency decreases slightly; the
differences could be due to an error during the photocatalyst washing process. The
G0.07T450 photocatalyst has a stable structure and can be used multiple times,
according to the results of this series of experiments. As a result, it can be used in a

variety of applications.
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Figure 3.20 Effect of recycled G0.07T450 TiO, photocatalyst on N degradation.

3.5 Conclusion

The TiO,/SiO,/GSs composite was created using the sol-gel method, which
was then calcined. The morphology was studied at various Ti:GSs composition ratios
and calcination temperatures (Tcal). The TiO,/SiO,/GSs composite demonstrates that
the presence of GSs affected the layer pattern, while the EDS spectrum confirms the
presence of Ti and C on the composite's surface. The percentage of rutile phase
tendency increases as the amount of GSs increases, while the percentage of anatase
phase decreases. Meanwhile, an increase in Tcal does not affect the percentage of
the rutile phase. The average crystal size tends to increase with increasing Tcal until
450 °C when it begins to shrink. The average crystal size affects proportionally to
specific surface area value and happened GSs improve this value. Under solar light,

the degradation of MB demonstrates a good result of photocatalytic activity.

Furthermore, the MB degradation using the TiO,/SiO,/GSs photocatalyst under
solar light is dependent on optimum parameters such as the sample's crystalline
phase, crystal size, and C content. The photocatalyst prepared with a Ti:GSs ratio of
0.07 and Tcal at 450 °C achieves the highest efficiency of MB degradation with 97.83
% in 3 hours (G0.07T450). After four cycle times, the ability of reusable TiO,/SiO,/GSs

shows a slight decrease in efficiency.



CHAPTER IV
REMOVAL NITROSODIETHYLAMINE (NDEA) BY COATED OF
TiO,/Si0,/GSs COMPOSITE PHOTOCATALYST ONTO SUPPORTING
MATERIALS

4.1  Abstract

The sol-gel method was used to synthesize TiO,/SiO,/GSs with a mass ratio of
Titanium:(GSs) of 1:0.07 and calcined at 450 °C. The synthesized powder was coated
onto the sponge substrate by dipping with Polyvinyl alcohol as a binder prepared
with sponge substrate thicknesses of 0.3, 0.5, 0.8, and 1 cm. The microstructure was
examined using a Scanning Electron Microscope (SEM), and the phase composition
was determined using an x-ray Diffraction Spectrometer (XRD). The TiO,/SiO,/GSs XRD
pattern reveals the presence of anatase phase and rutile (83.82 %: 16.18 % ), with an
average crystal size of 34.26 nm. The SEM photograph of the synthesized powder
provided a brief overview of the structure pattern of TiO,/SiO,/GSs, which follows the
layer pattern of GSs, whereas the dipped samples demonstrate the tendency of
powder-coated along the surface of sponge fibers. NDEA was degraded in 300
minutes(5 hours) using a TiO,/SiO,/GSs compact with a degradation efficiency of

95.52 %.

4.2 Introduction

Photocatalyst requires light emission to activate the catalyst function. The
bandgap energy of materials determines the source of light. In photocatalysis
applications, all semiconductors in nanomaterial form can be used (Jain & Vaya,
2017). TiO, is a material that has been attracted widely used due to possessing
desirable physicochemical properties such as thermal and chemical stability,

relatively high photocatalytic activity, low toxicity, and low cost(Bezerra et al., 2017).
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However, TiO, has a bandgap of 3.0-3.2 eV, which gives it a work range as a
photocatalyst in the UV range (100 — 400 nm) (Castellote & Bengtsson, 2011; Kang et
al.,, 2019). It almost makes TiO, cannot effectively work under the radiation of solar
lisht (no more than 4 % vyield of the solar spectrum). Meanwhile, visible light
adsorption on semiconductors with gap energies less than or equal to 3 eV can
occur. Many methods have been introduced in much research to increase the
photocatalytic activity of TiO, under visible light, such as impure doping (metal/non-
metal), surface modification, hybrid composite (integration with other materials), and

so on (Aziz & Sopyan, 2009; Kovacic et al., 2018; Negishi et al., 2019).

Non-metal doping was effective to obtain a visible light response. Carbon in
graphene form has recently become a more popular doping material for decreasing
the bandgap of semiconductors, particularly in photocatalyst applications (Lee &
Park, 2013; Najafi et al,, 2017; Ribao et al, 2018). Because the bond between
graphene and oxide on the system produces dipole force, graphene is considered an
impurity in the TiO, system. This force causes their bandgaps to overlap. When the
conduction band of graphene is lower than the conduction band of TiO,, the gap
between the conduction band of graphene and the valence band of TiO, is reduced.
The properties of graphene are high thermal and electrical conductivity, high specific
surface area, and high charge carrier mobility at room temperature (Brownson &
Banks, 2014). As a result, a graphene-semiconductor composite, particularly TiO,, is
currently being considered as a potential photocatalyst in air and water purification
applications. In comparison to ordinary TiO,, the eraphene based TiO, composite has

higher photocatalytic activity.

TiO, in the powder form has difficulty dispersing in the suspension and needs
another technique to separate it (Larumbe et al,, 2014). To avoid free nanoparticles
as the colloidal in suspension water, nano-TiO, particles are usually coated on a
substrate or integrated into thin films and other materials (Doll & Frimmel, 2004). The
Coating of TiO, makes it simple to install and recycle, but it reduces photocatalytic
activity due to a reduction in effective surface area. By incorporating a material with a

high surface area into TiO, and/or reducing the crystal structure to a nanoscale
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(nanostructured), TiO, has the potential to achieve a high photocatalytic activity in
the coated form. To enhance the adsorptive and surface area of TiO,, SiO, will be
added as the material that can improve the photocatalytic process of TiO, (Aziz &
Sopyan, 2009). At the same time, SiO, act as a carrier of TiO, and helps to obtain a

large surface area as well as to improve the surface adsorption (Zhou et al., 2006).

General methods to coating are used various substrates materials such as
glass, activated carbon, polymeric materials, and metals and dipped into a slurry of
photocatalyst materials. Glass and activated carbon are the materials that usually be
used as a substrate (Shan et al., 2010). Because of its high surface area and suitability
for Coating of TiO,/SiO,/GSs boned with polyvinyl alcohol (PVA) as a binder, the
sponge was used as an alternative substrate in this study. PVA is a water-soluble
polymer with distinctive strong cohesiveness and film toughness, as well as other
properties such as high smoothness, oil and solvent resistance, air barrier capabilities,
abrasion resistance, and the protective colloid property. The sponge was chosen
because it has more fibers that can be bonded with TiO,/SiO,/GSs and pore with a
large surface area, which increases the area in contact with pollutants. The primary
goal of this work will be to conduct a focused study on the effect of photocatalyst
Coating and the effect of sponge thickness on the photodegradation of methylene

blue (MB) under a variety of light sources (dark, UV lamp, LED lamp, and solar light).

4.3 Experimental Procedure
4.3.1 Coating of TiO,/SiO,/GSs
A 3 ¢ of polyvinyl alcohol was dissolved in 100 ml distilled water. The
solution was stirred and boiled on the hot plate at 80 °C for 24 hours. 4 ¢ of
TiO,/Si0O,/GSs (ratio Ti:GSs 1:0.07, Tcal 450 °C) was mixed with 10 ml of distilled water
and 4.4 ml of polyvinyl alcohol solution. After that, TiO,/SiO,/GSs slurry was
prepared with the ball mill for 24 hours. The sponge substrate was dipped into the
slurry and dried at 110 °C for 22-24 hours.

4.3.2 Characterization of TiO,/SiO,/GSs Compact
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The structure of TiO,/SiO,/GSs was characterized by using FE-SEM
JEOL JSM 7800F to analyze surface morphology as labeled by their thickness of 0.3,
0.5, 0.8, and 1.0 cm.

4.3.3 Optimum Condition of Photocatalytic Activity

The photocatalytic activity of TiO,/SiO,/GSs dipped sponge (size 2 cm
X 3 cm x thickness) was investigated by using a Methylene Blue (MB). The 0.1 g of
synthesized composite powder was put into a 100 ml solution of 3 mg/l of MB under
solar light. The monitoring under solar light was restricted from 11 am to 4 pm
according to peak sun-hours in Thailand (5.23 hours). The reaction time was in every
30 minutes for 3 hours of taking data. The 5 mL of degradation solution was
analyzed by using a T80+ PG instrument UV-Vis spectrophotometer with absorbance

at a wavelength of 665 nm.

4.3.4 Removal NDEA in Contaminated Water

The TiO, sample that will be used in this experiment is a sample with
a thickness of 0.5 cm (t0.5). Prepare the main solution of NDEA with a concentration
of 5 ppm. Prepare each 200 mL of the standard solution of NDEA with the
concentration 0 ppb, 2 ppb, 4 ppb, 6 ppb, 8 ppb, and 10 ppb. Put into the
refrigerator. Prepare three of 250 mL samples of NDEA with a concentration of
around 1 ppm in beaker glass. Take 25 mL of each NDEA sample, put it into a dark
bottle (code sample 1t0, 2t0, 3t0). Put the NDEA solution (sample) outdoor. Put 2
pieces of TiO, sample t0.5 into the NDEA solution, start to count the stopwatch.
Every 15, 30, 60, 90-, 120-, 180-, and 300-minutes. Take + 25 mL of each NDEA
sample, put into dark bottle (code sample 1tx, 2tx, 3tx; x means time (15, 30, 60,
etc.). After finishing the experiments, take all samples to be analyzed by GC-MS.
Analysis of the standard and sample solution by GC to get the peak of each.

Analysis sample was using Bruker 450-GC/Bruker 320-MS. In a DB-
WAXetr (extended temperature range high polarity polyethylene glycol, 30 m 0.25
mm, 0.50 m film thickness), the volume sample injected was 2 L in the splitless
mode of operation, with an injector temperature of 250 °C and a splitless period of 1

min. The solvent delay time was set to 6 minutes. The temperature program for the
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oven was as follows: 60 °C held for 1 minute; then ramped to 100 °C at 10 °C min-1
and held for 1 minute, and finally ramped to 245 °C at 15 °C min-1 and held for 2
minutes. At a constant flow rate of 1 mL min-1, helium (99.99 %, Praxair, Spain) was

employed as the carrier gas.

4.4  Results and Discussion
4.4.1. The Characteristics and Properties of TiO,/SiO,/GSs Composite

To coat TiO,/SiO,/GSs powder into a compact one, sponge substrates
with dimensions of 2 cm x 3 cm x thickness (t) were dipped into a TiO,/SiO,/GSs
composition slurry. The thickness (t) was varied by 0.3, 0.5, 0.8, and 1 cm (the sample
was labeled by t0.3, t0.5, t0.8, and t1 respectively). SEM images show how the
photocatalyst was coated into the sponge substrate. Figure 4.1 shows the image of
the fibers of the sponge and how the TiO,/SiO,/GSs were coated on the surface of
the fiber.
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Figure 4.1 SEM images of sponge substrate of TiO,/SiO,/GSs sample (a) t0.3, (b) t0.5,
(c) t0.8, and (d) t1 (cm).
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4.4.2. Optimum Condition of Photocatalytic Activity
A PVA binder was used to coat TiO,/SiO,/GSs into sponge fibers. The
area of fibers in the sponge that was coated with photocatalyst influenced the
sponge's thickness. The effect of sponge thickness on TiO,/SiO,/GSs photocatalyst

activity is shown in Figure 4.2. The result shows how the thickness affects

degradation early on, but the results will be quite similar after 3 hours (N 94-99 %).
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Figure 4.2 The effect of thickness of TiO,/SiO,/GSs compact on the sponge to N
degradation (%).

At the early stage of degradation (30-60 mins), t1 had already
degraded nearly 95 % of the MB, whereas another sample had only degraded 83 %.
It happened that the amount of TiO,/SiO,/GSs coated on t1 was higher than others.
After some time, N degradation for all thickness start to have similar number
because when tl already in complete phase at the early minutes, in another
thickness MB start to degraded slowly and reach it peak (start to degrade
completely) on the last minutes. As depicted at Figure 4.2 where in 2-3 hours, N
degradation for each thickness are similar, no have distinguishable result. According

to this result, the best thickness to use for degradation is t0.5 because it has the
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potential to continue to degrade and is also thick enough (not too thick or thin) so
that sunlight can hits every surface.
4.4.3. Removal NDEA in contaminated water
NDEA solution was degraded by using TiO,/SiO,/GSs compact with the
thickness of 0.5 cm under sunlight. Figure 4.3 shows the N degradation (%) of NDEA
for 300 minutes. 95.52 % of NDEA was degraded is the highest N degradation that

reached at minute 300.
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Figure 4.3 Degradation of NDEA by TiO,/SiO,/GSs (G0.07T450) compact (t0.5).

The rate constant of each ratio can be calculated using equation (3.5),
as shown in Figure 4.4 (a). The rate constant for this NDEA degradation process is
0.0159 min-1. The value of the rate constant was then used to calculate the
degradation rate model for each sample. The model data was then compared to the
experiment data, as depicted in Figure 4.4 (b), where the lines represent model data,
and the symbols represent experiment data. It demonstrates that the LH model

equation is reasonable for describing the experimental data for all tests in this work.
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Figure 4.4 (a) Rate constant of degradation of NDEA by TiO,/SiO,/GSs compact (t0.5)

(b) validity between experiment data and model data.

4.5 Conclusion

TiO,/Si0,/GSs samples were prepared by dipping them on a sponge substrate
and then drying them. The SEM image of the TiO,/SiO,/GSs compact shows how the
photocatalyst coated the sponge fibers. The degradation of MB produced a good
photocatalytic activity under solar light emission. t1 had the highest efficiency of
95.04 % in the first 60 minutes. Within 3 hours, all samples had reached their
saturation points of 98-99 %. It demonstrates how the thickness affects degradation

proportionally to the amount of TiO,/SiO,/GSs coated, as well as the surface area of
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the compact, which improves absorption and the photocatalytic reaction of
TiO,/Si0,/GSs composite in the dark condition with 86 % adsorption. The recycling of
each thickness of TiO, compact shows a degradation efficiency of 90 % until three
times reused. Furthermore, the degradation of the TiO,/SiO,/GSs compact on the
sponge under solar light is thickness dependent. Degradation of NDEA was done in
300 minutes by using TiO,/SiO,/GSs compact with the chosen thickness of 0.5 cm
and get the efficiency of 95.52 % degradation.



CHAPTER V
SIMULATION OF PHOTOCATALYTIC REACTION ON
TiO,/Si0,/GSs PHOTOCATALYST

5.1 Abstract
TiO,/Si0,/GSs as the photocatalyst material has two important properties

which are photocatalytic activity and adsorption. The research is conducted to
model the structural and the activity between a solid photocatalyst and pollutant
molecules in the liquid phase. The structure was proposed based analysis result of
TiO,/Si0,/GSs and sketched by the initial model of each component. The orientation
and conformation of photocatalyst and the free electron which are produced during
light illumination were investigated by using Monte Carlo simulation based on the
structure of TiO,/SiO,/GSs and randomness of a free electron. The electron will
move around the structure, following a multi-trapping mechanism, before transferring
to oxygen and water. It can be imagined that the free electron can move not far
from the surface and the pollutant molecules will attract near the surface then both

will interact with each other to induce a photocatalytic reaction.

5.2  Introduction

Photocatalyst has two main properties that are very important when its
material interacts with another substance which is photocatalytic activity and
adsorption. Photocatalytic activity is the ability of materials to create an electron-
hole pair under light conditions. These pairs can generate a free radical on the
system. While adsorption is the ability of the material to adsorb molecules or ions
onto the surface of materials (Guo et al., 2020, Moma & Baloyi, 2019). Usually, these

properties are helpful when degradation of substances with light support.

TiO, is a semiconductor material. Semiconductor materials have a bandgap
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between conducting band and the valence band (Messenger & Abtahi, 2010). These
bands determined the electrical conductivity of materials. Since there is a bandgap
between these bands, the electron cannot move freely to conduct the electricity.
The light provides the energy within its spectrum. When the light in a certain
wavelength is illuminated by TiO,, that energy will induce the electrons on the
valence band to be excited into conducting band. These free electrons will move
along the surface or near the surface of TiO, yet the hole of electrons is in the
valence band. The free electrons, before moving back into the valence band, will
interact with the substances near-surface of TiO, like oxygen or water molecules and
produce some radical on the surface of TiO,. Similar to the electron, the hole will
act as a proton and react with water molecules to produce free radicals, following by
the reaction (2.7) to (2.15). On other hand, the degradation process was following by
the reaction (2.16).

TiO, as the photocatalyst will produce electron-hole pairs when the light
source illuminates it. It is because of the characteristic of TiO, in the term as a
semiconductor material. These characteristics and electron-hole pair production, TiO,
can be used for the degradation of pollutants to environmental purification. The
mechanism of electron-hole production until the degradation process by using TiO,

has been conducted with the experimental studies on these materials.

The computational studies can provide a more detailed atomic level about
photocatalytic activity and the degradation process of TiO, on the system. This study
is time-saving and economic to learn more about mechanisms while in the
experiment there will be factors that affect collecting data. Monte Carlo simulation
can be used to mimic photocatalytic activity and reaction in TiO, photocatalyst. In
this work, the free electron was generated before then the initial adsorption and
degradation of pollutants orientation were determined. These simulations were

validated with the experimental result.
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5.3  Experimental Procedure

The crystal structure of TiO,/SiO,/GSs was replicated in X, y, z directions. Since
the photocatalytic process produces the free electrons which were moved freely,
the free electrons were placed randomly in a fixed position by assumed that position
right before interacting with the system. The TiO,/SiO,/GSs and free electrons are
placed on the system which is assumed in the liquid phase. The system is consisting
of water, dissolved oxygen, and pollutants molecules. These molecules will close
together with little free space between them. The pollutants will move randomly

and at a certain distance will react with free electrons.

The molecules in the liquid phase will move and slide past each other. With
the force of photocatalyst, the pollutants molecules will attract into TiO,/SiO,/GSs.
The pollutant molecules near-surface of TiO,/SiO,/GSs because of adsorption and
some free electron from the photocatalytic reaction will interact with then produce
degradation product, oxygen and/or water molecules. During the illumination of light
into TiO,/SIO,/GSs, the free electron production will continue and interact with

pollutants.

Aside from photocatalytic activity, adsorption is also an important role when
the photocatalyst interacts with another substance and can be modeled by using
Monte Carlo simulation. The investigation of the orientation of TiO,/SiO,/GSs and the
electron using computer programing based on the structure of TiO,/SiO,/GSs and
electron’s position near-surface of TiO,/SiO,/GSs. The fixed position of the electron is
chosen as the light illuminated TiO,/SiO,/GSs and produces the free electrons and
that position shows right before interacting with the system. The system is
conditioned as in the liquid phase when the molecules in the system are close
together yet still can move past each other. Interaction between the system and free
electrons produces degradation products whose position will be near the surface of
TiO,/Si0,/GSs. By the properties of TiO,/SiO,/GSs, the adsorption force will attract
other substances and the desorption force will release it. So, the pollutant
molecules will be absorbed into the surface of TiO,/SiO,/GSs after that the

degradation product will be assumed release from the surface without reacting with
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another free electron. The free electron will be fixed on the traps and molecules in
the system will move and interact randomly then the photocatalytic reaction will
occur. The degradation product was desorbed from TiO, and replaced with another

pollutant. The process is confined to no more pollutants on the system.

5.4  Results and Discussion
5.4.1 Structural Model and Mechanism of TiO,/SiO,/GSs

The structural model can be hypothesized based on the results of
experimental result analysis, as shown in Figure 5.1. Because the reaction heat was
lower than the minimum carbide to be formed (1200 °C) (H. Zhang et al., 2008), the
C modeled on GSs could be bonded to the oxygen on TiO,. The more C on GSs, the
more the unit cell is stretched, making the crystal lattice larger than the original and
enhancing the phase transition from anatase to the more stable rutile phase. The

presence of SiO, also bonds to TiO,, resulting in oxygen-oxygen bonding.

Figure 5.1 The proposed structural model of TiO,/SiO,/GSs in a one-unit cell of

anatase phase.
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The semiconductor photocatalyst mechanism is based on the energy
of the bandgap between the valence and conductive bands. TiO, is a semiconductor
with a bandgap energy of 3.2 eV, allowing it to function as a photocatalyst in the UV
work range. In this study, GSs were doped to reduce the bandgap so that it could
work on the visible light spectrum. Carbon on GSs in the form of a hexagonal lattice
is attracted to oxygen on TiO,, resulting in the formation of a dipole-dipole force
between them. Figure 5.2 depicts the explanation for this bond. The bond generates
a dipole moment, which disrupts bonding stability in TiO, and reduces the bandgap
on TiO, (Shang et al,, 2018). The bonding of oxygen on TiO, and oxygen on SiO, has
taken place. A defect in TiO, influences the bandgap decrease. It is supported by the
fact that the crystal size of TiO,/SiO,/GSs composite is affected by the presence of
GSs, which causes a defect in TiO, and creates the state of dipole moment into
bandgap, as shown in Figure 5.2. As a result, the TiO,/SiO,/GSs composite can

function as a photocatalyst when exposed to solar light (visible light range).

Ti (o S

Figure 5.2 Bonding on TiO,/SiO,/GSs photocatalyst.
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Figure 5.3 Mechanism of photocatalytic degradation of MB by TiO,/SiO,/GSs

composite.

Later, the mechanism of photocatalytic degradation was explained in
Figure 5.3. The figure shows how the presence of GSs affects the bandgap of TiO,,
how solar light can fill the gap to excite the electron into the conduction band, and
how the photocatalytic reaction occurs. In the meantime, TiO,/SiO, without GSs has
a 3.2 eV bandgap and can only be used with a UV lamp (387 nm or less) (Shang et
al., 2018; Tayade et al., 2009). When used under solar light, pollutant concentrations
can be reduced due to an adsorption process in the TiO,/SiO, photocatalyst. There
was also a UV work range in solar light (3-5%) that could activate the photocatalytic
reaction. Furthermore, the percentage of the anatase-rutile phase, the GSs ratio in
the composite, and morphology such as crystal size can all influence photocatalytic

activity.

5.4.2 Simulation of Photocatalytic Reaction TiO,/SiO,/GSs
This study was done to see the simulation of the photocatalytic
reaction of TiO,-GSs in pollution degradation. In this study, computer programs are
used to simulate events to predict potential outcomes by using random events.
FORTRAN was used to write the program that has been arranged based on Monte

Carlo Method.
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The first thing is to set the system that contains TiO,-GSs coated
which is like the experimental system (cube shape which coated with TiO,-GSs). Then
determine the pollutant molecules in the system that scattered randomly without
binding with TiO,-GSs catalyst. Assign each movement of pollutant randomly with no
overlapping with another pollutant. While the pollutants move, each time contact a
photocatalyst, there will be a reaction and the pollutant will disappear from the
system given by the time until all molecules are gone. The simulation that

happened in the system can be studied in the following Figure 5.4.
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Figure 5.4 System of TiO,GSs(cube) and pollutants (red dot). (a) TiO, GSs
photocatalyst, (b) initial condition when the pollutants were added into

the system, (c) photodegradation were in process, and (d) the system

almost reach its settle point.

5.5 Conclusion

The study determined the structure of TiO,/SiO,/GSs and simulate the
photocatalytic reaction on the system. Bonding between each molecule was

proposed by dipole-dipole force for TiO, and GSs also oxygen-oxygen bonding
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between TiO, and SiO,. TiO, in anatase form act as the main crystal yet others are
impurities that cause defects which leads to the changing properties of the
photocatalyst. The system that contains this structure was created and the pollutant
molecules within the systemn move around while each contact with TiO,/SiO,/GSs

annihilated until it settled down.



CHAPTER VI
CONCLUSION AND RECOMMENDATION

6.1 Conclusion

NDEA is one pollutant whose removal only focused on the photolysis process
(UV irradiator). Photocatalyst is another choice to use for the removal of NDEA. The
main of this thesis is to acquire TiO,/SiO,/GSs composite that can be used under
sunlight without installing any instrument. This composite was created using the sol-

gel method then coated into a sponge as supporting material.

TiO,/SiO,/GSs  were studied at various Ti:GSs composition ratios and
calcination temperatures (Tcal). XRD, SEM-EDS, and BET were used to analyze the
morphology of the composite. The TiO,/SiO,/GSs composite shows that the presence
of GSs influences the layer pattern, while the EDS spectrum verifies the presence of
Ti and C on the composite's surface. As the amount of GSs rises, the percentage of
rutile phase propensity increases, whereas the percentage of anatase phase declines.
Meanwhile, increasing Tcal has little influence on the rutile phase's percentage. The

average crystal size increases with rising Tcal until 450 °C when it starts to decrease.

Furthermore, the TiO,/SiO,/GSs photocatalyst's ability to degrade MB under
solar light is reliant on optimal factors such as the sample's crystalline phase, crystal
size, and C concentration. The photocatalyst produced with a Ti:GSs ratio of 0.07 and
Tcal at 450 °C (G0.07T450) obtains the greatest MB degrading efficiency of 97.83 % in
3 hours The ability of reusable TiO,/SiO,/GSs exhibits a minor drop in efficiency after

four-cycle cycles.

TiO,/Si0,/GSs powder has an excellent ability to do photodegradation under

sunlight. But practically, using photocatalyst powder has a disadvantage in terms of
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separation by solutions. The coating is one option to compact TiO,/SiO,/GSs
powder to get solid photocatalyst which can easily separate and reuse. Samples
were prepared by dipping them on a sponge substrate and then drying them. The
SEM image of the TiO,/SiO,/GSs compact shows how the photocatalyst coated the
sponge fibers. The degradation of MB produced a good photocatalytic activity under
solar light emission. Within 3 hours, all samples had reached their saturation points
of 98-99 %. It shows how the thickness impacts degradation proportionately to the
quantity of TiO,/SiO,/GSs coated as well as the surface area of the compact, which
enhances adsorption and the photocatalytic reaction of TiO,/SiO,/GSs composite in
the dark with 86 % adsorption. The recycling of each layer of TiO, compact results in
a degradation efficiency of 90% after three reuses. Furthermore, under solar light, the
deterioration of the TiO,/SiO,/GSs compact on the sponge is thickness dependent.
NDEA was degraded in 300 minutes using a TiO,/SiO,/GSs compact with a substrate
thickness of 0.5 cm and degradation effectiveness of 95.52 %. This result shows that
the presence of GSs in TiO, can improve the working range of photocatalyst into
sunlight range, either in powder or compacted form. SiO, can improve the adsorption
of photocatalyst in powder form while sponge substrate also can help to enhance
the surface area in compacted form. This work is proven can be used in the removal

of NDEA in contaminated solutions.

6.2 Recommendation

Some recommendations for future work are summarized as follows:

1. In this thesis, the optimum condition of TiO,/SiO,/GSs preparation by
the sol-gel method has been acquired. Therefore, it would be of interest to design

the prototype to produce and use it in a purification system.

2. This thesis investigated the chemical composition and morphology of
TiO,/SIO,/GSs. It would be of great interest to further investigate the other properties
of TiO,/Si0,/GSs photocatalyst including mechanical and electrical properties

because this could be a piece of useful information for these materials.
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3. The Monte Carlo program was used to investigate a photocatalyst
reaction in this study. This is a preliminary model that will need to be refined to

predict the photocatalytic process under the desired conditions.

a. Propose a new model that is consistent with the experimental results
and can be used to better describe photocatalytic phenomena or propose a new

model for this work that applies to the actual application.
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APPENDIX A
RAW DATA OF ANALYSIS OF TiO2/5i02/GSs POWDER

A.1 Data XRD
Equation (A.1) and (A.2) was used for analyzing XRD data.

KA

" BeosB (A1)

D

D is the crystal size (nm), K =0.89, A=0.154178 nm, [3 is the full width at half

maximum (FWHM), and B is the diffraction angle at peak 26.

100
% of anatase phase= m (A.2)
R/ - A

IR and IA are the strongest intensities of the rutile and anatase phases, respectively.

Table A.1 Data analysis XRD.

Tcal Peak Anatase vs D Dave
GSs Index FWHM Intensity
(°C) (20) Rutile (%) (nm)  (nm)
1 1.061 25314 17248 90.622 8.02
0G 450 2

3 0.194 27435 141.014 9.378 aq 26.01




Table A.2 Data analysis XRD (cont).
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0.04G 450

400

450
0.07G

500

0.14G 450

1

2

2

3

0.817

0.134

0.29

0.865

0.158

0.771

0.135

0.298

0.596

0.274

0.312

0.701

0.147

0.159

25.374

26.566

27.475

25.94

27.051

25.617

26.748

27.657

25.738

27.01

27.859

25.698

26.93

27.839

1999.98
2144.32
237.718
400.585
1463.81
1652.43
3027.31
251.978
251.091
1278.1
192.541
766.774
6068.21

117.23

86.922

13.078

100

83.821

16.179

50.745

49.255

83.785

16.215

10.42

63.66

29.49

9.85

54.05

11.05

62.99

28.73

14.3

31.2

27.39

12.15

57.9

53.79

34.523

31.95

34.257

24.297

41.28

Note. T.a 1, 2, and 3 are Anatase, Graphene, and Rutile respectively

A.2 Data EDS

Table A.3 Data analysis EDS of TiO,/SiO,/GSs.

GO0T450

[

G0.04T450
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Table A.4 Data analysis EDS of TiO,/SiO,/GSs (cont).

Spectrum C 0] Si Ti Spectrum C @) Si Ti

1 2.03 4561 52.37 1 261 422 55.19
2 301 5561 0.46 40.92 2 444 5578 119 27.89
3 585 5334 0.62 40.19 3 334 487 042 47.54
4 357 56.07 0.86 39.51 4 741 50.89 0.43 41.28
5 205 4631 0.63 51.02 5 6.65 4278 0.7 49.87
Min 203 4561 0.46 39.51 Max 741 5578 119 55.19
Max 5.85 56.07 0.86 52.37 Min 261 422 042 27.89

Mean 33 5139 0.64 448 Mean 4.89 48.07 336 44.35

Stdv 1.57 507 0.16 6.33 Stdv 208 571 569 1047

G0.07T400 G0.07T450

Spectrum C @) Si Ti
1 855 34.77 48.15 1 8.2 2352 3 18.3
2 1.86 40.3 55.16 2
3 427 4295 4848 3 6.54 2277 133 69.35
a 478 452 0.74  49.29 a4
5 36.9  32.39 5
Max 855 452 5516 49.29 Max 8.2 2352 3 69.35
Min 1.86 3477 0.74 49.29 Min 6.54 2277 133 183

Mean 4.86 40.02 3698 49.29 Mean 737 2315 217 43383

Stdv 277 426 2192 Stdv .17 053 118 36.1
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Table A.5 Data analysis EDS of TiO,/SiO,/GSs (cont).

G0.07T500 G0.14T450

Spectrum C @) Si Ti Spectrum C @) Si Ti
1 41.79 4745 1 13.68 449 0.5 40091
2 219 3514 109 6158 2 8.14 5311 0.78 37.97
3 529 1793 4897 27.81 3 55 38.01 1.44 5504
a4 6.9 5813 26.23 a4 6.98 2953 0.64 62.85
5 531 55.02 36.37 5 1296 48.46 0.42 38.16

Max 6.9 5813 4897 61.58 Max 13.68 53.11 1.44 62.85
Min 219 1793 109 2781 Min 55 2953 042 3797
Mean 492 416 3202 447 Mean 9.45 42.8 0.76 46.99

Stdv 197 1624 1959 23.88 Stdv 3.66 924 041 1132

Table A.6 Data analysis EDS of GSs.

Spectrum C 0]




Table A.7 Data analysis EDS of GSs (cont).

1 98.52 1.48

2 100

3 99.37 0.63

a4 100

5 99.3 0.7
Max 100 1.48
Min 98.52 0.63
Mean 99.44 0.94
Stdv 0.61 0.47

A.3 Data BET

Table A.8 Data analysis BET of TiO,/SiO,/GSs

Specific Mean pore Total pore
Sample surface area D Vm volume
(m?/g) (nm) (cm?/g) (cm®/9)
GOT450 1.28E+02 8.5563 29.464 0.274
G0.04T450 1.38E+02 7.5975 31.767 0.263
G0.07T400 1.28E+02 8.3557 23.251 0.280
G0.07T450 1.39E+02 8.4441 32.012 0.294
G0.07T500 1.26E+02 8.1570 23.052 0.269
G0.14T450 1.46E+02 9.0459 33.629 0.297
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Figure A.1 BET plot of TiO,/SiO,/GSs

A.4 Data MB degradation
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Absorbance

Concentration (ppm)

y = 0.265x + 0.1025
R? = 0.9929

5

10

15

Figure A.2 Calibration standard curve of Methylene Blue.

A.4.1 Initial Condition

Table A.9 Data absorbance of MB for the initial condition.

108

Sun
Weight (g) 0 30 60 90 120 150 180
0.05 0.726 0.269 0246 0.239 0.267 0.218 0.217
2 ppm
0.1 0.726 0213 0.159 0.146 0.123 0.115 0.116
of MB
0.15 0.726  0.207 0.204 0.142 0.176 0.144 0.161
Concentration (ppm)
] 1 0.377 0.145 0.12 0.107 0.104 0.102 0.103
lgo
0.726 0.213 0.159 0.146 0.123 0.115 0.116
MB
al 1.226  0.605 0.532 0589 0.642 0.601 0.638

Equation (A.3) is used for calculating the concentration of MB

(A.3)
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A'is absorbance, x=0.265, and b=0.1025

Table A.10 Concentration of MB for each time frame.

Concentration (ppm)

Weight (g) 0 30 60 90 120 150 180
0.05 2352 0.628 0541 0515 0620 0435 0.432

2 ppm
0.1 2352 0417 0213 0.164 0.077 0.047  0.050

of MB

0.15 2352 0394 0383 0.149 0277 0.156  0.220

Concentration (ppm)

1 1.036  0.160 0.066  0.017 0.005 0.000 0.001
2 2352 04170 0.2132 0.1642 0.0774 0.0472 0.0509
4 4240 18962 1.6208 1.8358 2.0358 1.8811 2.0208

1gof
MB

Equation (A.4) is used for calculating N degradation (%).

CO _C

x100%
Co (A.4)

N=

Co is the initial concentration (at t=0) and C is the concentration at t time.

Table A.11 N degradation (%) of MB

N degradation (%)

Weight (g) 0 30 60 90 120 150 180

0.05 0 7330 7698 78.11 73.62 8148 81.64
2 ppm

0.1 0 82.28 9094 93.02 96.71 98.00 97.83
of MB

0.15 0 83.24 8372 93.66 8821 9334 90.62




Table A.12 N degradation (%) of MB (cont).
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Concentration (ppm)

1 0 84.52 93.62 98.36 99.45 9999 99.82
tgof 0 8228 9094 93.02 9671 98.00 97.83
Me 4 0 55.27 6177  56.70 5198 5563 5234
Equations (A.3) and (A.4) later be used for degradation MB.
A.4.2 Degradation of MB
Table A.13 Data of degradation of MB in dark condition
Absorbance
G Tcal 0 30 60 90 120 150 180
0 450  0.726 0542 0.515 0.38 0.278 0.28 0.277
0.04 450 0.726 0545 041 0362 0267 0264 0.229
400 0.726 0.513 0.486 0.4 0.307 0.192 0.181
0.0r 450 0.726 0.555 0.29 0.247  0.201 0.18 0.189
500 0.726  0.637 0524  0.525 0432 0424 0421
0.14 450 0.726 0.664 0544 0.507 0502 0.462 0.455
Concentration
G Tcal 0 30 60 90 120 150 180
0 450 23528 1.6585 15566 1.0472 0.6623 0.6698 0.6585
0.04 450 23528 1.6698 1.1604 0.9792 0.6208 0.6094 0.4774
400 2.3528 1.5491 1.4472 1.1226 0.7717 0.3377 0.2962
0.07 450 23528 1.7075 0.7075 0.5453 0.3717 0.2925 0.3264
500 23528 2.017 15906 15943 1.2434 12132 1.2019
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Table A.14 Data of degradation of MB in dark condition (cont).

0.14 450 2.3528 21189 1.666 15264 1.5075 1.3566 1.3302

N decolorization

G  Tcal 0 30 60 90 120 150 180

0 450 0 2951 3384 5549 7185 7153 7201
0.04 450 0 29.03 50.68 5838 7362 74.1 79.71
400 0 34.16  38.49 5229 67.2 85.65 87.41

0.07 450 0 2743 6993 7682 84.2 87.57 86.13
500 0 14.27 324 3224 47.15 48.44 4892

0.14 450 0 994  29.19 3512 3593 4234 4346

Table A.15 Data of degradation of MB under sunlight

Absorbance

G  Tcal 0 30 60 90 120 150 180

0 450 0.726 0324 0.247r  0.247  0.19 0.17  0.174
0.04 450 0.726 0308 0.19 0.193 0.19 0.171 0.182
400 0.726 0.346 0.322 0.266 0.198 0.189 0.131

0.07r 450 0.726 ~0.213 0.159 0.146 0.123 0.115 0.116
500 0.726 0.404 0.207 0.187 0.177 0.149 0.141

0.14 450 0.726 042 0424 0.293 0.261 0.218 0.224

Concentration

G Tcal 0 30 60 90 120 150 180

0 450 23528 0.8358 0.5453 0.5453 0.3302 0.2547 0.2698
0.04 450 2.3528 0.7755 0.3302 0.3415 0.3302 0.2585 0.3
400 23528 0.9189 0.8283 0.617 0.3604 0.3264 0.1075

0.07
450 23528 0.417 0.2132 0.1642 0.0774 0.0472 0.0509




Table A.16 Data of degradation of MB under sunlight (cont).

500 2.3528 1.1377 0.3943 0.3189 0.2811 0.1755 0.1453

450 23528 1.1981 1.2132 0.7189 0.5981 0.4358 0.4585

N decolorization
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G  Tcal 0 30 60 90 120 150 180
0 450 0 64.47 7682 7682 8597 89.17 88.53
0.04 450 0 67.04 8597 8549 8597 89.01 87.25
400 0 6095 648 7378 84.68 86.13 9543
0.07 450 0 8228 9094 93.02 96.71 98 97.83
500 0 51.64 83.24 86.45 88.05 9254 93383
0.14 450 0 49.08 4844 69.45 7458 81.48 80.51
Table A.17 Data of InCy/C of MB.
In(Cy/C)
G Tcal 0 30 60 90 120 150 180
0 450 0“0 /1.0349 1.4621 1.4621 1.9637 2.2232 2.1657
0.04 450 0  1.1099 1.9637 1.93 1.9637 2.2085 2.0596
400 0 0.9402 1.044 1.3385 1.8762 1.9752 3.0854
0.07 450 0 1.7303 2.4011 2.6626 3.4149 3.9096 3.8327
500 0 0.7266 1.7862 1.9986 2.1245 2.5959 2.7847
0.14 450 0 0.6749 0.6624 1.1857 1.3696 1.6861 1.6354
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0 20 40 60 80 100
Time (min)

Figure A.3 Graph of InCy/C versus time (min)

From graph above, linear equation is got, y = mx + b where Co/ C)=kt+b

Table A.18 Rate constant of TiO,/Si0,/GSs powder.

G Tcal k (min-1) B
0 450 0.016 0.2678
0.04 450 0.0221 0.2543
400 0.0137 0.2128
0.07 450 0.0289 0.3997
500 0.0235 0.0695
0.14 450 0.0118 0.099

Table A.19 Model of N degradation of TiO,/SiO,/GSs powder.

N degradation (model)

G Tcal 0 30 60 90 120 150 180
0 450 0 1.0349 14621 1.4621 19637 22232 2.1657
0.04 450 0 1.1099 19637 19300 1.9637 2.2085 2.0596
400 0 0.9402 1.0440 1.3385 1.8762 19752 3.0854
001 450 0 1.7303 24011 2.6626 3.4149 39096 3.8327




Table A.20 Model of N degradation of TiO,/SiO,/GSs powder (cont).

500 0 0.7266 1.7862 19986 2.1245 25959  2.7847
400 0 09736 1.4348 1.8453 1.9300 21797 2.3836
0.14 450 0 0.6749 0.6624 1.1857 1.3696 1.6861 1.6354
500 0 1.1446 1.6354 1.8453 1.8252 24190 24190
Table A.21 Data of degradation of MB under LED
Absorbance
G  Tcal 0 30 60 90 120 150 180
0 450  0.726 035 0.296 035 0333 0.295 0.256
004 450 0726 0421 0391 0369 0273 0272 0.222
400 0.726 0442 0427 0329 024 0245 0.207
007 450 0726 0437 0371 0307 0.233 0224 0.207
500 0726 0437 0352 0352 0349 0.285 0.271
0.14 450 0726 0.626 0439 043 0402 0412 0.409
Concentration
G Tcal 0 30 60 90 120 150 180
0 450 23528 0.9340 0.7302 0.9340 0.8698 0.7264 0.5792
0.04 450 23528 1.2019 1.0887 1.0057 0.6434 0.6396 0.4509
400 23528 1.2811 1.2245 0.8547 0.5189 0.5377 0.3943
0.07 450 23528 1.2623 1.0132 0.7717 0.4925 0.4585 0.3943
500 2.3528 1.2623 0.9415 0.9415 0.9302 0.6887 0.6358
0.14 450 23528 19755 1.2698 1.2358 1.1302 1.1679 1.1566
N decolorization
G  Tcal 0 30 60 90 120 150 180
0 450 0 60.30 68.97 60.30 63.03 69.13 75.38
0.04 450 0 4892 5373 5726 7265 7281 80.83
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Table A.22 Data of degradation of MB under LED (cont).

400 0 4555 4796 63.67 7795 77.15 83.24
0.07 450 0 46.35 5694 67.20 79.07r 8051 83.24
500 0 46.35 5998 5998 6047 70.73 7298

0.14 450 0 16.04 46.03 4r47 5196 50.36

Table A.23 Data of degradation of MB under UV light

Absorbance
0 30 60 90 120 150 180
0.94 0.58 0.578 0.571 0.567 0.538 0.534
G0.07T450
0.94 0.592 0.591 0.574  0.564 0.539 0.534
Concentration with standard
0 30 60 90 120 150 180
3.1604 1.8019 1.7943 1768 1.7528 1.6434 1.6283
G0.07T450
3.1604 1.8472 18434 1779 1.7415 1.6472 1.6283
Concentration
0 30 60 90 120 150 180
3.1604 0.4434 0.4283 0.3755 0.3453 0.1264 0.0962
G0.07T450
3.1604 0.5340 0.5264 0.3981 0.3226 0.1340 0.0962
N degradation
0 30 60 90 120 150 180
0 85.97 86.45 88.12  89.07 96.00 96.96
G0.07T450
0 83.10 83.34 87.40 89.79 95.76 96.96

Note. For UV light, because it is the initial work range of TiO,, to avoid the error of
fast degradation of MB, the analysis is using the method of standard addition into a
sample. To calculate the exact concentration of the sample, Equation

. (cx10)-(cyx5)
B 5 is used.



Table A.24 Data of repetition of G0.07T450

Absorbance
0 30 60 90 120 150 180
I 0.726 0555  0.29 0.247  0.201 0.18 0.189
I 0.726 0587 0335  0.303 0.28 0.224 0.246
park Il 094 0.709 0236  0.262 0.242 0.264
vV 0726 058 0407 0341 0.286 0.241 0.15
I 0.726  0.213 0.159 0.146  0.123 0.115 0.116
I 094 0302 0266 0268 0.182 0.166 0.16
>un Il 0.726 032  0.275 0.25 0.215 0.18 0.15
vV 0726 0295 0283 0275 0.257 0.247 0.18
Concentration
0 30 60 90 120 150 180
| 23528 1.7075 0.7075 0.5453 0.3717 0.2925 0.3264
Il 23528 1.8283 0.8774 0.7566 0.6698 0.4585 0.5415
park Il 3.1604 2.2887 0.5038 0.6019 0.5264 0.6094 -0.387
IV 23528 1.8019 1.1491 0.9000 0.6925 0.5226 0.1792
| 23528 0.4170 0.2132 0.1642 0.0774 0.0472 0.0509
Il 3.1604 0.7528 0.6170 0.6245 0.3000 0.2396 0.2170
oun Il 23528 0.8208 0.6509 0.5566 0.4245 = 0.2925 0.1792
IV 23528 0.7264 0.6811 0.6509 0.5830  0.5453 0.2925
N degradation
0 30 60 90 120 150 180
I 0 2743 6993 7682  84.20 87.57 86.13
| 0 2229 6271 67.84 7153 80.51 76.98
park Il 0 2758 84.06 80.96  83.34 80.72  112.24
\Y% 0 2342 5116  61.75  70.57 77.79 92.38
I 0 8228 9094 93.02 96.71 98.00 97.83
I 0 76.18 80.48  80.24  90.51 92.42 93.13
oun Il 0 65.12 7233 7634 8196 87.57 92.38
\% 0 69.13 71.05 7233 7522 76.82 87.57
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APPENDIX B
RAW DATA OF ANALYSIS OF TiO,/SiO,/GSs COMPACT

B.1 Data MB degradation
Equation (A.3) and (A.4) is used for degradation MB by G0.07T450 compact.

Table B.1 Data of degradation of MB in dark condition.

Absorbance

Thickness (cm) 0 30 60 90 120 150 180

0.3 094 0544 = 0.39 0.298  0.272 0.225 0.2
G0.07 0.5 094 0492 034 0.324 0.25 0.192 0.194
T450 0.8 094 0413 0.313 0.26 0.3 0.254 0.216

1 094 0478 0.218 0.209  0.211 0.204 0.209

Concentration

Thickness (cm) 0 30 60 90 120 150 180

0.3 3.1604 1.6660 1.0849 0.7377 0.6396 0.4623 0.3679

G0.07 0.5 3.1604 1.4698 0.8962 0.8358 0.5566  0.3377 0.3453
T450 0.8 3.1604 1.1717 0.7943 0.5943 0.7453 05717 0.4283
1 3.1604 1.4170 0.4358 0.4019 0.4094 0.3830 0.4019

N degradation

Thickness (cm) 0 30 60 90 120 150 180

0.3 0 47.28  65.67 1666  T79.76 85.37 88.36

G0.07 0.5 0 53.49 7164 7355 8239 89.31 89.07

T450 0.8 0 6293 7487 8119 76.42 81.91 86.45
0

1 55.16  86.21 87.28  87.04 87.88 87.28
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Table B.2 Data of degradation of MB under sunlight.

Absorbance
Thickness (cm) 0 30 60 90 120 150 180
0.3 0.94 0596 0562  0.562 0.56 0.53 0.524
G0.07 0.5 0.94 0.592 0.59 0.582 0.56 0.552 0.536
T450 0.8 0.94 0594 0592 0546 0.544 0.524 0.526
1 0.94 0.568 0542  0.548 0.542 0.54 0.544

Concentration with standard

Thickness (cm) 0 30 60 90 120 150 180

0.3 3.1604 1.8623 1.7340 1.7340 1.7264 1.6132 1.5906

G0.07 0.5 3.1604 1.8472 1.8396 1.8094 1.7264 1.6962 1.6358
T450 0.8 3.1604 1.8547 1.8472 1.6736 1.6660 15906 1.5981
1 3.1604 1.7566  1.6585 1.6811 1.6585 1.6509 1.6660

Concentration

Thickness (cm) 0 30 60 90 120 150 180
0.3 3.1604 0.5642 0.3075 0.3075 0.2925 0.0660 0.0208
G0.07 0.5 3.1604  0.5340 0.5189 0.4585 0.2925 0.2321 0.1113
T450 0.8 3.1604 0.5491 0.5340 0.1868 0.1717 0.0208 0.0358
1 3.1604 0.3528 0.1566 0.2019 0.1566 0.1415 0.1717

N degradation

Thickness (cm) 0 30 60 90 120 150 180
0.3 0 82.15 90.27 90.27 90.75 97.91 99.34
G0.07 0.5 0 83.10 83.58 85.49 90.75 92.66 96.48
T450 0.8 0 82.63 83.10 94.09  94.57 99.34 98.87
0

1 88.84 95.04 9361  95.04 95.52 94.57

Note. Because degradation has happened fast under sunlight, the analysis is using the

method of standard addition into a sample. To calculate the exact concentration of

(€x10)-(Cyyx5)
C:—
the sample, Equation 5 is used.



Table B.3 Data of degradation of MB under LED.
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Absorbance
Thickness (cm) 0 30 60 90 120 150 180
0.3 0.94 0 0 0 0 0 0
GO0.07 0.5 0.94 0.5 0.372 0.258 0.16 0.162 0.16
T450 0.8 094  0.282 0.208 0.2 0.184  0.188 0.169
1 0.94 0.18 0.182 0.152 0.154  0.156 0.196
Concentration
Thickness (cm) 0 30 60 90 120 150 180
0.3 3.1604
G0.07 0.5 3.1604 1.5000 1.0170 0.5868 0.2170 0.2245 0.2170
T450 0.8 3.1604 0.6774 0.3981 0.3679 0.3075 0.3226 0.2509
1 31604 0.2925 0.3000 0.1868 0.1943 0.2019 0.3528
N degradation
Thickness (cm) 0 30 60 90 120 150 180
0.3 0 100.00 100.00 100.00 100.00  100.00  100.00
G0.07 0.5 0 5254  67.82 81.43 93.13 92.90 93.13
T450 0.8 0 78.57  87.40 88.36 90.27 89.79 92.06
1 0 90.75 90.51 94.09 93.85 93.61 88.84
Table B.4 Data of degradation of MB under UV light.
Absorbance
Thickness (cm) 0 30 60 90 120 150 180
0.3 0.94 0.56 0.562 0.546 0.536 0.53 0.524
G0.07 0.5 0.94 0.552 0.549 0.532 0.529 0.526 0.526
T450 0.8 0.94 0.554 0.549 0.544  0.534 0.524 0.526
1 0.94 0.548 0.542 0.538 0.524 0.522 0.523
Concentration with standard
Thickness (cm) 0 30 60 90 120 150 180
G0.07 0.3 3.1604 1.7264 1.7340 1.6736 1.6358 1.6132 15906
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Table B.5 Data of degradation of MB under UV light (cont).

0.5 31604 1.6962 1.6849 1.6208 1.6094 1.5981 1.5981
T450 0.8 31604 1.7038 1.6849 1.6660 1.6283 1.5906 1.5981
1 3.1604 16811 1.6585 1.6434 15906 1.5830 1.5868

Concentration
Thickness (cm) 0 30 60 90 120 150 180
0.3 3.1604 0.2925 0.3075 0.1868 0.1113 0.0660 0.0208
G0.07 0.5 3.1604 0.2321 0.2094 0.0811 0.0585 0.0358 0.0358
T450 0.8 3.1604 0.2472 0.2094 0.1717 0.0962 0.0208 0.0358
1 3.1604 0.2019 0.1566 0.1264 0.0208 0.0057 0.0132

N degradation

Thickness (cm) 0 30 60 90 120 150 180

0.3 0 90.75 90.27  94.09  96.48 9791 99.34

GO0.07 0.5 0 92.66 9337  97.43  98.15 98.87 98.87

T450 0.8 0 92.18 9337 9457  96.96 99.34 98.87
0

1 93.61 95.04  96.00 99.34 99.82 99.58

Note. Because degradation has happened fast under UV light, the analysis is using the

method of standard addition into a sample. To calculate the exact concentration of
_ (€x10)-(Cgq*5)
the sample, Equation 5 is used.

Table B.6 Data of repetition of G0.07T450

Absorbance

Thickness (cm) 0 30 60 90 120 150 180
0.3 094  0.146 0.132 0.105  0.116 0.106 0.104

0.5 094  0.222 0.16 0.112 0.12 0.109 0.109

0.8 094  0.184 0.122 0.108  0.104 0.104 0.105

1 0.94 0.11 0.107 0.107  0.103 0.107 0.107

I 0.3 094 0344  0.204 0.12 0.162 0.15 0.152
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Table B.7 Data of repetition of G0.07T450 (cont).

0.5 094  0.376 0.28 0.178  0.144 0.112 0.116
0.8 094 0346 0.208 0.116 0.18 0.238 0.182
1 094  0.126 0.092 0.112 0.22 0.192 0.114
0.3 094 0294 0.214 0.116  0.176 0.258 0.156
0.5 094  0.354 0.146 0.11 0.105 0.109 0.104
0.8 094  0.128 0.166 0.156  0.152 0.122 0.132
1 094  0.184 0.109 0.109  0.108 0.146 0.104

Concentration

Thickness (cm) 0 30 60 90 120 150 180
0.3 3.1604 0.1642 0.1113 0.0094 0.0509 0.0132 0.0057
0.5 3.1604 0.4509 0.2170 0.0358 0.0660 0.0245 0.0245
0.8 3.1604 0.3075 0.0736 0.0208 0.0057  0.0057 0.0094

1 31604 0.0283 0.0170 0.0170 0.0019 0.0170 0.0170
0.3 3.1604 009113 0.3830 0.0660 0.2245 0.1792 0.1868
0.5 31604 1.0321 0.6698 0.2849 0.1566 0.0358 0.0509
0.8 3.1604 009189 0.3981 0.0509 0.2925 0.5113 0.3000

1 31604 0.0887 -0.039 0.0358 0.4434 0.3377 0.0434
0.3 3.1604 0.7226 0.4208 0.0509 0.2774 0.5868 0.2019
0.5 3.1604 0.9491 0.1642 0.0283 0.0094 0.0245 0.0057
0.8 3.1604 0.0962 0.2396 0.2019 0.1868 0.0736 0.1113

1 31604 03075 0.0245 0.0245 = 0.0208 0.1642 0.0057

N degradation

Thickness (cm) 0 30 60 90 120 150 180
0.3 0 94.81 96.48 99.70  98.39 99.58 99.82

0.5 0 85.73 9313 9887 9791 99.22 99.22

! 0.8 0 90.27  97.67 9934  99.82 99.82 99.70

1 0 99.10 9946 99.46  99.94 99.46 99.46

0.3 0 71.16 87.88 9791 9290 94.33 94.09

I 0.5 0 6734 78.81 9099  95.04 98.87 98.39
0.8 0 70.93 87.40 9839  90.75 83.82 90.51




Table B.8 Data of repetition of G0.07T450 (cont).
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1
0.3
0.5
0.8

1

0

o o o O

97.19
77.13
69.97
96.96
90.27

101.25
86.69
94.81
92.42
99.22

98.87
98.39
99.10
93.61
99.22

85.97
91.22
99.70
94.09
99.34

89.31
81.43
99.22
91.67
94.81

98.63
93.61
99.82
96.48
99.82

B.2 Experimental procedure of NDEA degradation

Figure B.2 250 mL sample of NDEA (3 samples) and put 2 pieces TiO,/SiO,/GSs

sample (t0.5) into the NDEA solution.
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Figure B.3 Take + 25 mL of each NDEA sample every 0 minutes 15 minutes, 30
minutes, 60 minutes, 90 minutes, 120 minutes, 180 minutes, and 300 minutes and

put it into a dark bottle. Analyze by GC-MS.

B.3 Data NDEA degradation

x10 5 |+EI TIC Scan std 0 ppb.D

0 A 2y -

x10 5 |+EI TIC Scan std 2 ppb-1.D

f *10.88
FiN

x10 3 |+EI TIC Scan std 4 ppb-1.D

4
2+ Jf\ *10.88
0-

Figure B.4 GC-MS result of NDEA standard
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x10 5 |+EI TIC Scan std 6 ppb-1.D

4
2 *10.88
N N A

x10 3 |+EI TIC Scan std 8 ppb-1.D

4]
*10.88
2*.—.“.““ . ﬂ
0,
x10 5 |+EI TIC Scan std 10 ppb-1.D
49 *10.88
2,
0,
T T T T T T T T T
8 85 9 95 10 10.5 11 115 12 125 13

Counts vs. Acquisition Time (min)

Figure B.5 GC-MS result of NDEA standard (cont).

Table B.9 Calibration standard data of NDEA

Standard
concentration (ppb) Area

0 0

2 190684
4 382898
6 565508
8 749653
10 945576




Area

1000000
800000 -
600000
400000
200000

0

y =94106x + 1858.1
R2=0.9999

4 6

Concentration (ppb)

12

Figure B.6 Calibration standard data of NDEA

Equation (B.1) is used for calculating the concentration of NDEA

(A-b)

A'is Area, x=94106, and b=1858.1

Table B.10 Data analysis of NDEA sample.

125

(B.1)

Concentration Concentration

Avg concentration

Sample Area

(ppb) (ppm) (ppm)

T0-1 933697 9.9020 0.99 1.0006
953205 10.1093 1.01

TO-2 959683 10.1781 1.02 1.0153
954982 10.1282 1.01

T0-3 953493 10.1124 1.01 1.0102
951583 10.0921 1.01

T15-1 819243 8.6858 0.87 0.8724
826353 8.7613 0.88




Table B.11 Data analysis of NDEA sample (cont).
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T15-2

T15-3

T30-1

T30-2

130-3

T60-1

T60-2

T60-3

T90-1

190-2

T90-3

T120-1

T120-2

T120-3

T180-1

838142
845407
831380
835659
760686
752783
738444
733577
709540
716921
464417
469991
478325
481054
491877
485814
280845
276187
282060
280601
292268
291351
147661
147877
148682
148704
148219
148656
59263
58497

8.8866
8.9638
8.8148
8.8602
8.0635
7.9796
7.8272
7.7755
7.5201
7.5985
4.9153
4.9745
5.0631
5.0921
5.2071
5.1427
2.9646
29151
29775
2.9620
3.0860
3.0762
1.5493
1.5516
1.5602
1.5604
1.5553
1.5599
0.6100
0.6019

0.89
0.90
0.88
0.89
0.81
0.80
0.78
0.78
0.75
0.76
0.49
0.50
0.51
0.51
0.52
0.51
0.30
0.29
0.30
0.30
0.31
0.31
0.15
0.16
0.16
0.16
0.16
0.16
0.06
0.06

0.8925

0.8837

0.8022

0.7801

0.7559

0.4945

0.5078

0.5175

0.2940

0.2970

0.3081

0.1550

0.1560

0.1558

0.0606
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Table B.12 Data analysis of NDEA sample (cont).

T180-2 47283 0.4827 0.05 0.0481
47057 0.4803 0.05

T180-3 76930 0.7977 0.08 0.0794
76254 0.7906 0.08

T300-1 40019 0.4055 0.04 0.0405
39947 0.4047 0.04

T300-2 41863 0.4251 0.04 0.0424
41573 0.4220 0.04

T300-3 48031 0.4906 0.05 0.0493
48386 0.4944 0.05

Table B.13 Data of degradation of NDEA under sunlight.

t0.5 Concentration

rep 0 15 30 60 90 120 180 300

I 1.0006 0.8724 0.8022 0.4945 0.2940 0.1506 0.0624 0.04229
Il 1.0153 0.8925 0.7801 0.5078 0.2970 0.1515 0.0499 0.044134
I 1.0102 0.8837 0.7559 0.5175 0.3081 0.1558 0.0794 0.049253

N degradation

rep 0 15 30 60 90 120 180 300
| 0 1281 19.83 5058 ~ 70.62 8495 9377 9577
I 0 1209 23.16 4999 70.75 8507 9508  95.65
Il 0 1252 2517 4877 6950 8458 9214  95.12
In(Co/C)
rep 15 30 60 90 120 180 300

0.1289 0.2635 0.6930 1.2293 1.9021 3.0124 3.1357

0

I 0 0.1371 0.2210 0.7048 1.2248 1.8939 2.7752 3.1638
0
0 0.1338 0.2900 0.6689 1.1875 1.8696 2.5432 3.0209




From the graph above, a linear equation is got, y = mx + b where Co/ C)=ktrb

(n(C0/C)

50

Time (min)

100

150

Figure B.7 Graph of InCy/C versus time (min)

Table B.14 Rate constant of TiO,/SiO,/GSs t(0.5).

Rep k (min-1) b
0.0161 -0.1437
Il 0.0171 -0.1774
t0.5
Il 0.0149 -0.0966
Ave 0.0159 -0.1363

Table B.15 Model of N degradation of TiO,/SiO,/GSs (0.5).

200

t0.5 N degradation (model)

rep 0 15 30 60 90 120 180 300
| 0 2877 56.06 7289 8328 89.68 93.63 99.08
I 0 2851 5720 7437 8466 9082 94.50 99.29
Il 0 2956 5495 7119 8157 8822 9246 98.74

Avg 0 2887 5586 7260 83.00 8945 9345 99.03
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