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CHAPTER |

INTRODUCTION

At the moment, the problem arise from environmentaintaminants
discharged from factories is one of the major proid affecting the public health of
people in the neighborhood. The factories generalease organic compounds into
the environment which consists of aquatic, air, soklsystems.

Aniline is one of the organic compounds that angicily used in many
factories as a precursor chemical in many processel as rubber processing,
pesticide, and dye manufacturing. Aniline with enbene ring structure must be
treated before being released into the environrheoause it has been classified in a
hazardous group. Aniline could be treated by weritechniques including advanced
oxidation processes (AOPs) (Karunakaran, Sentlithyednd Karuthapandian, 2004).

AOPs represent an alternative approach for tredtraemazardous organic
compounds. The processes have shown great potentieeating pollutants because
they produce the powerful hydroxyl radical (QH The OH is almost the most
powerful oxidative species. It is a non-selectoseadant which can oxidize many
pollutants. AOPs are consisted of many processels as Fenton processes, ozone
with ultraviolet (Q/UV), hydrogen peroxide with ultraviolet ¢(B.,/UV),
semiconductor photocatalysis, etc. This reseaodused on the semiconductor
photocatalysis.

Titanium dioxide (TiQ) photocatalysis is one of the AOPs which can reanov
organic pollutants in both aqueous and gas phabkesecent years, semiconductor
particulate systems have been employed to degrewkrad pollutants such as 2,4-
dichlorophenol (Chen et al., 2003), and nitrogemex (Lin et al., 2006). In most
systems, the semiconductor particles are excitedlbgviolet (UV) light to induce
the charge separation. However, the catalystshwtan be activated by visible light
would be more attractive in terms of the effectudization of ordinary light and
safety concern. Several researches tries to inepifee property of Ti@which is one
of the most widely used photocatalyst in term ghtiactivation within the visible
range. This study intended to characterize theavwieh of TiO, photocatalysis
activated by visible light by using aniline as sgt compound.

1.1 Objectives

The main objectives of this study are:

-To determine the effect of synthetic conditionsluding acid and alcohol
types and calcine temperature on the visible lagisorption property of Ti©

-To characterize the degradation of aniline by lu@der visible light
irradiation.



1.2 Scopes of the Study

This research consists of two parts. The first pais the synthesis of visible-
light-activated titanium dioxide and the secondtpaas treatment of wastewater
using synthetic titanium dioxide with visible ligitradiation. The scopes of this
research are as follows:

-Using aniline as a target compound.

-Using light emitting diodes (LEDs) as a light soeir

-Working at room conditions

-Operating in a batch mode

-Using a lab scale reactor

1.3 Obtained Results

This research provides valuable information on siethesis of TiQ@ which
can be activated by visible light. This visiblght activated Ti@ is a very useful
photocatalyst and can be applied in field practdé lower operative cost due to no
UV light irradiation. In addition, the Langmuir-kBhelwood kinetics for aniline
oxidation by TiQ with visible light process are also purposed wiuah be applied to
treat aniline-contaminated wastewater in the future



CHAPTER Il

THEORIES AND LITERATURE REVIEWS

2.1 Theoretical Backgrounds

2.1.1 Advanced Oxidation Processes (AOPSs)

AOPs represent an alternative approach which pesvithe destructible
treatment of hazardous organic compounds. The f&Pnologies can refer to two
stages of sequential reaction. First is the foilonadf strong oxidants (i.e., OHand
second is the reaction of these oxidants with dcgemmpounds that contaminate in
wastewater. However, the term of AOPs refers $ipally to processes in which
oxidation of organic contaminant occurs via OHThe OH is a powerful oxidant,
short lived, highly reactive, and a non-selectivadant which can oxidize many
pollutants. These radicals react with pollutamd kad to degradation reaction. The
ability of the AOPs technique to complete oxidatafrorganic contaminants leads to
mineralization which consist of carbon dioxide {f@nd water (KHO) and without
generating any harmful byproducts. The applicabbAOPs can cover many fields
such as oxidative degradation of organic compourasGtericidal, and non-
biodegradable compounds, detoxification of perststerganic pollutants (POPS),
disinfection and purification of contaminated amdawastewater streams. AOPs
particularly based on photocatalytic degradatioa ewrrently interesting for the
effective oxidation of a wide variety of organicdadyes (Jain and Shrivastava, 2008
and Son et al., 2004).

2.1.2 Photolysis

Photochemical technologies are simple, cost effecand give the benefit for
environmental pollutant treatment and disinfectiddV driven AOPs are primarily
based on the generation of powerful ©through the direct photolysis of,8,, or
photocatalysis. In UV direct photolysis, the ptdiot to be destroyed must absorb the
irradiation and the degradation starting from Xeited state.

Major reaction pathway in the UV photolysis begwih the electronically
excited state RX* generated through the light gisom process which is highly
energetic. It can deactivate to ground state efrtiolecule or transform to other
intermediate products. The most common pathwagssammarized in equations
(2.1) to (2.6). In equation (2.2), the excitedestaf molecule is broken down into two
radicals trapped in the solvent cage. Recombinatib the primary radicals in
equation (2.3) leading to the parent molecule aeuth high probability. In polar
solvents, such as water, heterolytic bond have béserved in equation (2.4). The
reactions with oxygen are also possible in equati¢h5) and (2.6) but require a
relatively long-live excited-state species.



RX + h — RX* (2.1)
RX* — (R “"X)eage —> R+ °X (2.2)

(R *X)cage — = RX (2.3)
RX* 7% (R""X)eage ~ ~ R + X (2.4)
RX* + O, - RX™ + O (2.5)
RX* + 20, - RX + 'O, (2.6)

2.1.3. Photocatalysis

Photocatalysis consists of two words. The firstdve “photo” which is light.
And the second is “catalysis” which is the prockgswhich the rate of a chemical
reaction is increased by means of the addition gexies known as a catalyst to the
reaction. Therefore, photocatalysis means thega®evhich requires irradiation to
initiate the catalysis reaction, without the raidiaf the reaction cannot proceed.

Photocatalytic mechanism occurs when the semicdaodusuch as TiQ is
exposed to energetic light. The semiconductor ssisbed of two band gap; the first
is valance band (VB), the highest occupied bantdiklectron, and the second is
conduction band (CB), the lowest unoccupied barfthe bands are separated by
different energy level which is called band gaprgpgParsons, 2004) as shown in
Figure 2.1. As the Ti©@absorbs energy greater than the band gap endrgy, t
electrons from the valence band are excited andmale to the conduction band
causing an electron hole in the valence band lgabirthe oxidation process. These
holes can react with water to produce the highictige OH as shown in equation
(2.9). At the same moment, the electrons thatsfesred to the conduction band will
cause a reduction reaction to occur, theseae react with oxygen to produce
superoxide (Q%). This electron-hole pair can recombine as tketedn returns to its
original state. Therefore, it should have an etectacceptor, for example,0Oto
obstruct the recombination (Peterson et al., 19%¢chi and Ollis, 1990). Several
researches have found thak’@s as important as the electron holé) (and OH in
breaking down organic compounds (Fujishima, Hastomand Watanabe, 1999).
The responsibility for the oxidation of organic malles is believed to be due to the
OH’ being generated.

TiO, + hv —> €+Hh (2.7)
h" + OH (surface) — OH (2.8)
h* + HO —  OH (2.9)

O + 6 — O (2.10)
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Figure 2.1 The mechanism of heterogeneous photdalysis.

Thus, the hand OH are the primary oxidant species in photocatalysfs|e
molecular oxygen serves only to scavenge the ppaiduced electrons in order to
prevent electron-hole recombinatiorowever, TiQ has a relatively large band gap
of 3.2 eV, relates to wavelengths of shorter tHg# 13n. These short wavelengths are
in the UV range which are accounted for only 3-48the solar energy reaching the
earth (Anpo and Takeuchi, 2003; Yamashita and Anp004). In indoor
environment, the amount of UV light in the lightusce is also low. Thus, it is quite
costly to activate Ti@with the UV radiation which, consequently, raisies overall
treatment cost. In addition, UV radiation can alaase skin cancer in human; hence,
caution has to be made when working with UV irridia Recently, there are
several researches tried to synthesize the With a specific structure that can be
activated by lower energy particularly those in Wevelength of 300 to 700 nm (Lin
et al., 2006), which are accounted for 50% of tlarsenergy. One approach of such
modifications is to create intra-band gap stated #re close to the conduction or
valence band edges with the sub-band gap enerfliessahan 3.2 eV.

In photocatalysis, several semiconductors suchi@s, ZnO, metal sulfide,
iron oxide, etc., can be used; however, the mogiulao one that applied in
environmental applications is Ti@ue to the following reasons (Fu et al., 1996):

-It has good adsorption for many pollutants.

-It has high absorption for UV radiation becausebéind gap energy is 3.2 eV.

-It shows high photocatalytic activity and highssistant to photocorrosion.

-It is stable, non-hazardous, readily availabled an inexpensive semi-

conducting material.

-The oxidation and reduction reaction of its vakerand conduction band

edges are appropriate for oxidizing organic pofitgéa

It is used extensively for air cleansing, waterifzation, odor control, etc.
TiO, can be applied in many different fields for exaepplself-sterilizing
photocatalytic tiles, self-cleaning tunnel lightinixture and photocatalytic air
cleaners etc. (Fujishima et al., 1999).
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The Degussa P-25 is one of the most used commeypid of photocatalytic
titanium dioxide, which is produced under licensghe Degussa Company. It was
composed mostly of anatase (80% anatase and 2U&9.rut

2.1.4. Property of TiG,

The structure of Ti@is consisted of rutile, anatase, and brookBenyth,
1997) as shown in Figure 2.2. Rutile will be metable at high temperatures, anatase
will be more stable form at low temperatures, anabkite is usually found only in
mineral ores. The structure of TLiQuill depend largely on the temperature of
calcinations. Lin et al, (2006) found that anatagas the main structure at a
calcination temperature below 5@and when the calcination temperature increased
more than 60T, the dominant crystal structure was rutile.

The properties of rutile and anatase are the sanmearly the same such as
crystalline form, hardness, gibbs free ene@yd density. The anatase type of FiO
generally shows a higher photoactivity than anotlgpe of TiQ by comparison of
physical properties as shown in Table 2.1. Howeter structure between rutile and
anatase are different thus makes them differ dightcrystal habit. The difference
of band gap energy between anatase and rutil@ is\0. The VB energies for anatase
and rutile are similar and both of them can gereké8 hole and sequentially the
hydroxyl radicals. On the other hand, the CB endog rutile is closely than anatase
to the potential required to reduce water to hydrogas, meaning that anatase has
higher reducing power. Therefore, the photogerdr&B electrons and VB holes of
rutile can easily recombine with each other befbey can do anything useful unlike
in the case of anatase. TiGan be used in two forms. The first form is susies
TiO, and the second form is immobilized Ti& shown in Table 2.2.

The special property of Tids the charge. The form of Ti@&harge depends
on its environment. For example, Bi@ the acid solution will have positive charge;
in contrast, TiQin alkaline solution will be the negative charge.

rutile anatase brookite

Figure 2.2 Crystalline structures of TiG.



Table 2.1 Comparison between rutile and anatase.

Properties

Rutile

Anatase

Crystalline form

Tetragonal system

Tetragonal system

Band gap energy (eV) 3.0 3.2
Gibbs free energy 212.6 211.4
(kcal/mole)
Melting point (°C) 1858 C?:;%Z:;ng'?;%gi)gh
Hardness (Mohs) 6.0-7.0 5.5-6.0
Permittivity 114 31
Density (g/cn?) 4.250 3.894
Lattice constant a (A) 4.58 3.78
Lattice constant ¢ (A) 2.95 9.49

Table 2.2 Forms of TiQ.

Form of TiO»

Description

Suspended TiQ

-High surface areas
-Turbidity effect
-Require the technique for separation ¢
TiO, particle from the suspension
-Available to buy

—

Immobilized TiO»

- Low surface areas
-Require the preparation technique
-Require the practical for industrial use

2.1.5. Sol-Gel Process

One method for

preparing

visible-light-activatedtartium dioxide

photocatalyst is an acid-catalyzed sol-gel proce$éie sol-gel process is a wet-
chemical technique (or chemical solution deposjtiofhis process occurs in liquid
solution of organometallic precursors (Titanium )(IW-butoxide), which undergo
hydrolysis and condensation reaction as shown watsns (2.11) to (2.13), lead to
the formation of a new phase (sol & gel).



Ti-O-R + H,O — Ti-OH + R-OH (hydrolysis)

Ti-OH + HO-Ti —> Ti-O-Ti + H,O (water condensation)

8
(2.11)

(2.12)

Ti-O-R + HO-Ti — Ti-O-Ti + R-OH (alcohol condensation)2.13)

A sol is a dispersion of the solid particles of ianteter of few hundred of
nanometer suspended in a liquid phase where oelBtbwnian motions suspend the
particles. A gel is a state which a solid macraeoole is immersed in a liquid phase
(solvent) causing to a solid network containingiiijcomponents occurs. As shown
in Figure 2.3, the sol-gel coating process usuailysists of 4 steps as follows:

-Desired colloidal particles disperse in a liquodarm a sol.

-Deposition of sol solution produces the coatings the substrates by

spraying, dipping or spinning.

-Polymerize the particles in sol and produce amgelstate of a interconnected

network.

-Heat treatments of the particle so that the remgirganic or inorganic

components form an amorphous or crystalline coating

Meated Afkoxide
Sofurtion

Hydrolysis
Polymerization

Coating

Spinning

' gellin
Xerogal %1511 ?

Wet gel

Evaporation
Heat \
Extracton
of solvent ‘%X#mgﬂi Fumace |:
Heat
— O

Pense filnr Aeragel  Pense cerarmics U.g"arm Ceramric
particles fibres

Figure 2.3 Sol-Gel technologies.



2.1.6. Point of Zero Charge

Point of zero charge (pzc) is a surface charge whenelectrical charge
density on the solid surface is zero. The valuptbfis used to describe pzc only for
systems in which HOH™ are the potential-determining ions. Generally, igza value
of the negative logarithm of the activity in thellbbof the charge-determining ions.
For example, the charge on the surface of silvéid®crystals may be determined by
the concentration of iodide ions in the solutiomabthe crystals. When the pH is
lower than the pzc value, it means that the acichter donates more protons than
hydroxide groups. Therefore, the adsorbent surfageositively charged. On the
other hand, the pH is higher than the pzc valuethso surface of adsorbent is
negatively charged. The position of the curveeddfamong the various minerals.
Figure 2.4 is the diagram that shown the positiopze of a mineral.

2.1.7. Property of Aniline(Wikipedia, 2008)

Aniline, phenylamine or aminobenzene is an organmpound which has the
formula of GH;N. The chemical structure consists of a benzemg and an amino
groupas shown in the Figure 2.5. It's important physaa chemical properties are
summarized in Table 2.3. Aniline is one of the tmagportant aromatic compounds
in industrial production process. It is widely dsas a precursor for several more
complex chemicals. Aniline is also used in matlyeo processes such as rubber
processing chemicals, pesticides, dyes, fibersynpdgeuticals, petroleum refining
etc. Aniline is colorless, oily liquid and a wela&se, it is slowly oxidized in the air.

Two steps for producing aniline from benzene inustdy is shown in the
Figure 2.6. First step, benzene is nitrated uaimgpncentrated mixture of nitric acid
and sulfuric acid, which gives nitrobenzene. In #exond step, nitrobenzene is
hydrogenated to give aniline. Pathway for anilini@eralization by OMis shown in
Figure 2.7 (Brillas et al., 1998).

H* ions reside on surface rather than

* ion
entler low-pH (H*-rich) solution, resulting in ; cation
positively charged (H*-rich) surface: Neutral surface: \

Y

H* ions enter high-pH solution, resulting

S SR SR R S Ty Yy . ) '
( :I_ ( }.\( /:.C /,...( )..( ).(J _OC\‘\_,?'_\'\_,H-,_\ ./(_ in negatively charged (H*-poor) surface:
o ol @ Yo o Ya ) DA\, Y3V Y Oy O
~ -n,\—/r.“\\—)r \_/,!\\_/f \\_{,% @ ) ./. r_).:’). P jr‘\\—) ‘\I}j ‘\k < —\\—,//I‘ k—//‘
(e e e e e el ) LAl B 000000 .
Y “‘\'\—)/ N ¢ \./—) ) .../_\ ( { ) ) S
OGOl OO @ I N o ol ol o( He( e e el Jo( )@
I < 8Os e e e el el Jel el el el )

\i/,—\kj \'\ ),—\K_J,' Ny o
| )

(e el e e s )

02
0.1+
Charge on Neutral surt A\
surface g —----22 eutral sutace L]
(C/m2) i y,
o1 Plot for one mineral
0277 ! ! ! J 1 1 T T T T T T —
o 1 =2 3 4 5 6|7 8 9 10 11 12 13 14
pH Point of zero charge for this mineral is pH = 6.6

Figure 2.4 Characteristic of surface charge andhe point of zero charge.
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Human can exposure to aniline through many waydudng inhalation
(the vapour), ingestion (swallowing), and derméais@ption through the skin). Most
of the exposure ways affected to ability of bloodcarry oxygen. Aniline is a blood
toxin. It is causing hemoglobin convert to methgibin, resulting in cyanosis
because it decreases the ability of blood to caxggen (Baker, 2008). Symptoms
may include bluish discoloration of lips and tongsevere headache, nausea, mental
confusion, shock, respiratory paralysis, death.e &ffect for eye contact is an eye
irritant which may cause tearing and blurred visidrhe splashes may cause corneal
damage. Howevett does not remain in the body due to its breakdawt removal.

Aniline can be released to the environment becaistheir manufacture,
processing, and use. Exposure to aniline can oirtuhe workplace or in the
environment following releases to air, water, lamd groundwater. Aniline can
evaporate when exposed to air and dissolves whgadnwith water. It can break
down to other chemicals in water and soil. Anilinesolution adsorbs strongly to
organic matter, which effectively increases itsubdity and movement into
groundwater.

The reaction of aniline with water is shown in etijpa (2.14). Aniline reacts
reversibly with water to give anilinium ¢8sNHs") and hydroxide ions (Clark,
2004). Aniline is a weak base and its conjugate @canilinium ion and the pKof
anilinium is 9.37 at 2% (Edwards and Ormsby, 2006).

CeHsNHz@g) + HOp <+ @HsNH3'ag + OHgqyg) (2.14)

Figure 2.5 Chemical structure of aniline.



Table 2.3 Properties of aniline
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Property Information
Phenylamine, Aminobenzene,
Synonyms BenzenamingAminophen, Blue Oil,

Cyanol, Benzamine, etc.

Molecular formula GH7N
Molecular weight 93.12 g/mol
CAS number 62-53-3
Melting point -6.3°C

Boiling point 184.13 °C

Vapor density

3.22 at 185 °C

Vapor pressure

0.7 mm Hg at 25 °C

Explosion limits

Specific gravity 1.08
Flash point 70 °C
1.3-11%

Appearance

Colourless to brown, oily liquid

Density

1.0217 g/ml

Water solubility

Moderately (3.6 g/100 ml at 20 YC

Vapor pressure

0.489 mm Hg at 25 °C

Log Octanol/Water Partition Coefficient

0.90

Henry's Law Constant

0.136 atn¥/mole at pH 7.3

Conversion Factor

1 ppm = 3.8 mg/m
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N, NH;
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Figure 2.6 Synthesis of aniline.

An|I|ne
/ Phenol \

Benzoquinonimine Hydroqumone Nitrobenzene
Benzoquinone 1,2, 4 Benzenetriol
I Maleic acid
Oxalic acid
CO

Figure 2.7 Reaction pathways for mineralization baniline by OH".

2.1.8. Light-Emitting Diodes(wikipedia, 2008)

A light-emitting diodes (LEDs) is a semiconductayae that emits light when
an electric current passes through its. LEDs nhestconnected correctly, the
electrodes may be labeled “a” or “+” for anode &dor “-” for cathode (Hewes,
2008) as shown in Figures 2.8 and 2Bhe color of the emitted light depends on the
composition and condition of the semiconductingenat used, and can be infrared,
visible, or ultraviolet. The colors of LEDs areadlable in red, orange, amber, yellow,
green, blue, and white. Blue and white LEDs arehmuaore expensive than the other
colours. The colour of an LED is determined by $keniconductor material, not by
the colouring of the ‘package’ (the plastic body).

The LED materials technology became more advameedthe light output
was increased, while maintaining the efficiency &l reliability to an acceptable
level, causing LEDs to become bright enough to seduor illumination, in various
applications such as lamps and other lighting fasu
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ai’c .
flat /

Figure 2.8 Connecting of LEDs.

Epoxy lens

Semiconductor

Wire bond

Lead frame Reflective cup

Flatspot

Anode lead Cathode lead

Figure 2.9 Appearance of LEDs.

2.1.9. Langmuir-Hinshelwood Expression

Langmuir-Hinshelwood expression is one of the #nenodels that used to
analyze the heterogeneous photocatalytic oxidaf{@ancea and Oncescu, 2008;
Zhang et al., 2008; Son et al., 2004; Chen e2@03; Chan, Chen, and Lu, 2001; Lu
et al., 1993). This model was developed base eraisumption of no competition
with reaction byproducts. The photocatalytic oimia of aniline over TiQ@ should
comply with the following equation (equation 2.15)

Cd[AN] _ K.K[AN],
dt 1+ K[AN],

r =

(2.15)
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Where “r" is the reaction rate for the oxidation arfiline (mM min'), “k,” is an
reaction rate constant which is related to the guism/desorption (mM mit) , “K”

is the Langmuir constant reflecting the adsorptesbrption equilibrium between the
reagent and the surface of the photocatalyst {inMand "G’ is the initial
concentration of aniline (mM). This equation canlihearized when plotted between
inverse initial rate and initial concentration dsown in equation (2.16). Slope
(1/kK) and interception (1/k are positive.

1
+

1 1
k kK C,

(2.16)

1
r

The constants, 'k and “K”, can be obtained from the intercept atape of the line
formed when “1/rate” is plotted against “1/C”. Timegrated form of equation (2.15)
is shown in equation (2.17).

1 C
t= — In|—
k K [Co]

r

f ki(c0 _C) 2.17)

r

Plotting between 4, ” and initial concentration of aniline should yieddinear line as
shown in the following equation:

05C, , In2

2.18
Kk k. K (2.18)

* —
tip =
r

Where “t5,” is the half-life estimated based on the initi@ta (no effect of
intermediate). If the disappearance of aniline barexplained by a pseudo-second
order kinetics (as will be discussed in chapter thg half-life for second-order
reaction could also be calculated by following eauma(2.19):

1
K[AN],

tip =

(2.19)

where “4,,” is the observed half-life and “k” is the appareate constant for the
oxidation of aniline at different initial concentian (mM™ min).

2.1.10. Application of TiG, in Fields Practices

2.1.10.1 Self-Sterilizing Photocatalytic Tiles

The TiG, can decompose viruses and bacteria on the tilacgudue to
the strong oxidizing properties. If the floor, loeg and walls are covered with
photocatalytic tile, viruses and bacteria thattohgf in the air in an operating room
will be inactivated as they come in contact with urface.
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2.1.10.2 Self-Cleaning Tunnel Lighting Fixtures

The glass that covers on the highway tunnel Iightixtures is darken
because of the automobile exhaust. Therefore,-Ct@ted lamp covers are used for
protectant. It can make the glass surface remadeen longer and the number of
required cleanings is greatly reduced.

2.1.10.3 Anti-Fogging Glass

When small water droplets come to contract withsglait becomes
fogged. Therefore, on Ti¥xoated glass, the water forms a continuous flaeshso
that there is no fogging effect which occurs on tftess. This property is called
“Super-hydrophilicity”.

2.2 Literature Reviews

2.2.1 Oxidative Degradation of Pollutant by AOPs

Sanchez, Peral, and Domenech (1998) degraded eamliaqueous solution
using the combination of ozonation and photocaiaiysth TiO,. The experimental
results observed that using ozonation pretreatnfebwed by photocatalysis
significantly increased the yield of TOC removaktmmparison to either ozonation or
photocatalysis acting separately. This enhancédiezfcy was not observed for
photocatalysis pretreatment followed by ozonatittnwas proposed that ozone acted
by accepting a photogenerated electron of, @ from an ozonide anion radical,
which was an intermediate species in the formatio@H radicals.

Anotai, Lu, and Chewpreecha (2006) studied thdingnidegradation by
Fenton and electro-Fenton processes. The preseinedectric current (electro-
Fenton) could improve both aniline removal effiggnand the rate of Fenton
reactions due to the rapid electrochemical regeéioeraof FE*. Higher current
density significantly decreased the required treatnperiod. A decrease in the TOC
removal efficiency rate was obtained as the salupibl decreased and the optimum
pH was 3 for the electro-Fenton process.

Brillas et al. (1998) found that the electrocheahiexperiment performed in
the presence of electro-Fenton and UV irradiati@d [to a quickly aniline
mineralization. Almost complete mineralization ahiline was achieved using
photoelectron-Fenton process because of an incied@&" concentration in solution
due to UVA irradiation and direct photodecompositad intermediates.

2.2.2 Oxidative Degradation of Pollutant by TiGQ/UV

Jain and Shrivastava (2008) found that a small atad dye could be
adsorbed onto the TiOsurface. Photodegradation of cyanosine increaapdlly
when increasing the amount of Li@om 0.01 to 0.08 g/L because it increased the
number of active sites on the Ti®urface which consequently increased the number
of OH" and Q. As the concentration of contaminant increasedas found that the
photocatalytic degradation decreased because the a&ites on TiQ remained the
same but the number of substrate ions accommodatetthe inter-layer space
increased. The pH was also an important paranfietereaction on the particulate
surface. The pH range between 3.7 and 10.2 wakedtun this study. It was
observed that the degradation rate increased withaiease in pH because of more
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efficient generation of OHby TiO, when increasing concentration of hydroxide ion
(OH). H)O, is a key factor that can significantly influencee tdegradation of
cyanosine because it is directly related to*Q@eneration. The degradation rate
increased as the;B-, increased until a critical #, concentration was achieved. It
was observed that photocatalytic degradation by, Wés an effective, economic and
faster method for removing cyanosine from aqueolgisn.

Karunakaran et al. (2005) investigated the ;Tgbotocatalyzed oxidation of
aniline using a multilamp photoreactor with merclty lamps at wavelength of 365
nm. The function of light intensity was examined photooxidation. The reaction
did not happen in the dark so the experiments warged out with eight, four, and
two lamps. The results showed that high energyateasi was more effective than low
energy radiation in the photocatalysis.

Chen et al (2003) investigated photocatalytic rddgtion of 2,4-
dichlorophenol in aqueous TiGsuspensions under UV light and found that the
degradation rates of 2,4-dichlorophenol increasbhdnwTiQ dosages increased up to
1 g/L and then decreased with increase of, TiGsages because of the obstruction of
light source. Furthermore, higher 2,4-dichloropsletegradation rates were obtained
at lower 2,4-dichlorophenol concentrations and tHeylowed the Langmuir-
Hinshelwood equation. Increase of pH, also meamogease of OHconcentration
which leading to the increase of OHbrmation, increased the removal of 2,4-
dichlorophenol

Son et al. (2004) investigated the photocatalyagrddation of TNT (2,4,6-
trinitrotoluene) using a UV lamp as a light sourdée initial pH of the solution was
adjusted to pH 7.0€0.4). TNT was more effectively degraded than weitiher UV
or TiO, alone. The pollutant concentration was found to abe&ery important
parameter for treatment. It showed that the dedi@wl rate decreased as the initial
TNT concentration increased and TNT degradatioetide was not a simple first-
order but pseudo first-order reaction. TNT degtiadais least effective at acidic pH
(3) but higher effective at neutral (7) and badit (11). Higher degradation rate at
neutral pH could be explained by the point of zemarge (pzc) of the TiD The pzc
value was 6.25 (Tipused as the photocatalyst was commercially availBlegussa
P-25) (Poulios and Tsachpinis, 1999). From thdrobexperiment, they found that
only 10% of the initial TNT was adsorbed onto th@®Iparticles under the condition
of darkness. Furthermore, the color did not chahgeng the adsorption reaction but
the solution turned pink when the UV irradiation swvatarted. The effect of
adsorption by N@ which is a major nitrogen anionic by-product on Th@, surface
was also examined. The result indicated that ffexzteof NO;” adsorption on TiQ
surface was minimal and did not affect on the TNegrddation in photocatalysis.
Formate, acetate, NQ NO,, and NH* were identified as the intermediates from
TNT oxidation.

Zhang et al. (2008) investigated the degradatfoecetaminophen (APAP) in
TiO, suspended solution by photocatalytic under a nfethdle lamp. TiQ dosage
and initial APAP concentration had effects on tlfiiciency of APAP degradation
which increased with increasing Tidosage, and decreased with increasing initial
APAP concentration. The effect of photocatalytegrhdation at different initial pH
was also studied. The result showed that the rahefficiency of APAP increased
slightly as the pH changed from 3 (acidic) to 9 gklg alkaline). However, when the
solution became more alkaline (pH 11), the efficierof APAP degradation was
lower than in acidic solution. In this work, theqtodegradation efficiency of APAP
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increased when increased the Fiibsage up to 1 g/L. The data were fitted to the
Langmuir-Hinshelwood kinetics model. It was comwlgd that this TiQUV method
was a highly effective way to remove APAP from veasiter and drinking water
without any generation of more toxic product.

Tanaka et al. (1997) studied the photocatalytigragation of three
mononitrophenol compounds (2-, 3- and 4-nitrophgri#-dinitrophenol, and picric
acid (2,4,6-trinitrophenol) in aqueous TiCsuspension. It was found that
photocatalytic degradation rate of aromatic compowras affected by functional
groups attached to the aromatic ring, and partiufdtro-substituent suppressed the
degradation. The difference in the rates betwagaroc disappearance and TOC
elimination indicated the formation of photocatagtly less degradable intermediate
compounds than starting material. Intermediateorganic acid were identified
besides aromatic compounds, formic and acetic avel® formed at the highest
concentrations. Therefore, it could be expectad ghlarge part of COwas formed
via mineralization of both acids.

Chan et al. (2001) used Langmuir-Hinshelwood kinexpression to develop
a basic mathematical model, which could descrileeirthibition of intermediates on
the photocatalysis of 2-chlorophenol (2-CP) in aquseTiQ suspension. This model
could be used successfully to explain the obsereadtion rate at different initial
concentrations. The modification model was devedbpased on the combination of
pseudo-first-order and Langmuir-Hinshelwood model.

2.2.3 Oxidative Degradation of Pollutant by TiQ/Solar Light

Karunakaran et al. (2005) studied on the influededifferent aniline
concentrations on the solar photocatalysis andddbat the reaction rate increased
depending on the concentration of aniline and cdédexplained by the Langmuir-
Hinshelwood model. The TiOcould be reused again because the photocatalytic
activity did not lose. Increasing of the surfaceaaof catalyst enriched the solar
photocatalysis and made it comparable with using lig¥t that carried out in a
continuously stirred reactor.

Oancea and Oncescu (2008) investigated the pditalgtc degradation of the
organophoshorous pesticide dichlorvos (DDVP) inpsasled TiQ under solar
irradiation. The degradation followed pseudo fostler kinetic. In this work, the
Langmuir-Hinshelwood equation was tested at differaitial concentrations of
DDVP. The values of the initial rate of DDVP deg@fion were independently
obtained by linear fit that using only the expenma data during the first period of
illumination and the half-life (1,*) was calculated. The linearity obtained proviedtt
the reaction occurred at the TLiGurface. Then, they compared the (half-life of
pseudo first-order kinetics) to,£ and found thatif; is higher than i, which
suggests that the oxidation of DDVP occurred fashan predicted by Langmuir-
Hinshelwood theory. In contrast, wheg.t was less thaniyt, it means the
competition prevailed and the inhibitor effect oced. The half-life profiles of
observed and predicted versus the initial concgatraof DDVP showed that
increasing in DDVP concentration lessen the difieeesbetweemit and 1, because
the same amount of Olvas used to oxidize higher quantities of the gafitiand its
by-products. The presence of®3 at low concentration enhanced the degradation of
DDVP because §D; is a good electron acceptor which generatind.OHbwever, at
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higher HO, concentration, the degradation rate of DDVP desmgdecause -
acted as a scavenger of OH

2.2.4 Oxidative Degradation of Pollutant by TiQ/Visible Light

Lin et al. (2006) investigated the photocataly@gudhdation of nitrogen oxides
(NO) with titania-based photocatalysts radiated bgaulblet and visible lights. The
TiO, was synthesized in a sol-gel process using titarbutoxide as the precursor.
After calcination between 150 and 300°C, the sysidesl TiQ replied strongly to
visible light and could photocatalytically degrad@®y. This is probably because of
the existence of carbonaceous species that actms#izers. At higher calcination
temperature, carbonaceous species were burnt dahe sility to absorb visible light
was eliminated. In contrary, as the calcinatiomgerature was below 28D, the
carbonaceous species did not act as sensitizershwhduced the visible light
absorption. Therefore, an optimum calcinationsperature of 200°C was applied in
the preparation of a T If the calcination temperature was above 300 tte,
visible light absorbance disappeared and absorbprwie was similar to that of
conventional TiQ. The removal rates of NQvere measured under blue, green, and
red light from LED sourcesThe efficiency of commercial photocatalysts in the
visible light ¢ = 435-546) were much lower than the synthesizedtquatalysts.
Moreover, degradation of NOwas not occurred by commercial catalysts when
irradiated at wavelength of 500 and 546 nm. The,Which prepared by sol-gel
process exhibited stronger activity than convemtiofiO, when radiated under
fluorescent lamp (simulate indoor radiation comdi)i The photocatalyst that
responds to visible light, which provides almost #ame reactivity under indoor and
outdoor conditions, may extend the application flemoval of NQ from outdoor
condition to indoor condition.

2.2.5 Adsorption of Pollutant onto TiO, Surface

Lu et al. (1996) studied on the adsorption of dicltbs onto hydrous Ti©
Decreased adsorption of dichlorvos was observeah atitial pH of 4. The inhibitory
adsorption was attributed to the blockade of serfsite by electrolytes. At pH less
than pH,, the adsorption of dichlorvos was inhibited beeaekectrolytes competed
with dichlorvos for surface site. At pH higher thaH,,, the adsorption density of
dichlorvos decreased with increasing solution plabse of decrease of surface
group (TiIOH) on the surface of TiO It was found that the dichlorvos adsorption
increased with increasing temperature becauseds@ration is mostly controlled by
enthalpy.

Lu, Chen, and Chang (1998) studied the treatmecitrniblogy using Ti®
coated on the support for the degradation of prapgan insecticide). The supports
that used in this study consisted of activated aarlzeolite, brick, quartz and glass
beads. The results showed that GACAI®as the best complexing agent for
oxidizing propozur because of its adsorption proger For other support agents, the
efficiency were as follows: plain T¥O> glass beads > zeolite > brick > quartz
sequentially.



CHAPTER Il
METHODOLOGY

3.1 Materials and Chemicals

3.1.1 Chemicals

-Titanium (IV) n-butoxide (98+%) was purchased fréifa Aesar.

-Anhydrous ethanol (99.5+%, MERCK) was used as-aateent to dissolve
titanium (IV) n-butoxide.

-Nitric acid (65%, MERCK) was used to catalyze thgdrolysis and
condensation reactions.

-Aniline (99.5+%, MERCK) was used for preparing gymthesis wastewater.

-Commercial TiQ (Degussa P-25)as used to compare with synthetic TiO
P-25 was composed mostly of anatase and had a Biice area of 59.1 7y and
an average particle diameter of 27 nm.

-HCIO4 and NaOH aqueous solutions were used to adjust pH.

-All other chemicals were reagent grade.

-Deionized water from a Millipore system (18.20Mm) was used for all
reagent preparation.

3.1.2 Reactor

-250 ml beaker was used as a reattahis research (Figures 3.1 and 3.2).

-The light-emitting diodes (LEDs) at various wavejéh were installed above
and/or beside the reactor as the radiation source.

3.2 Experimental Procedures

3.2.1 Photocatalyst Synthesis

The visible-light-activated titanium dioxide pho#talyst was prepared
following the procedures of Lin, Tseng, and ch&06). The TiQ@ powders were
synthesized by titanium (V) n-butoxide (Ti(GHs)4) using an acid-catalyzed sol-gel
process. Ti@synthesis and analytical steps for point of zdrargeare described in
Figures 3.3 and 3.4, respectively. Figure 3.5 shdhe visible-light-activated
titanium dioxide. Identification of crystallinerstture, BET surface area, average
particle size, point of zero charge (pzc), and Bpetanalysis were also determined.

3.2.2 Photoreactivity Investigation

All photocatalytic degradation experiments were fgr@ned in a batch
photoreactor system and the TFiQeactivity was evaluated by observing the
decomposition of aniline under visible light irration. The reactor was set up and
operated in a closed box to prevent sunlight ieterice. A 250 ml beaker was used
to conduct the degradation of aniline, a mini faasvattached inside the box to control
the temperature, if necessary, the light-emittingdds (LEDs) of 3 watt was used as
the light source. The wavelength of light was lestw 400—700 nm; i.e., 475 (blue),
510 (green), 570 (yellow), and 650 nm (red).
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Mixing titanium butoxide, anhydrous
ethanol, and DI water for 1 hour

l

Adding nitric acid into aqueous
solution and mixing for 3 hours

l

Separating titanium hydroxide particles
from the solution by centrifuging

{

Drying the precipitate of titanium
hydroxide to remove the moisture

{

Pulverizing the dried titanium
hydroxide into powder

l

Calcinating for 10 hours by progressively raisihg t
temperature at the rate of 1°C mito obtain TiQ

Figure 3.3 TiO, synthetic scheme.
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Add predetermined amount of Ti@ water
and purging by nitrogen gas

!

Shaking continuously on the shaker a‘l

30°C for 24 hours

+

Measure the solution pH by pH met

11
—

Figure 3.4 Analytical scheme for point of zero dlrge.

Figure 3.5 Visible-light-activated titanium dioxide photocatalyst.

The solutions were mixed by a magnetic stirrer aonbgenize the solution.
The reaction solutions were prepared using reageate aniline diluted with
deionized water to the desire concentration of 1 ard 1 g/L of the catalyst. The
pH of reaction solution was adjusted to pH 7.0%0ith HCIO, and NaOH. Sampling
time was 0, 5, 35, 65, 95, 125, 155, 185 minutdl.the experiments were carried
out at room temperature (30+0.5°C). The stepshoftgreactivity investigation are
described in Figure 3.6.
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Prepared the synthesis aniline
wastewater and adding to the reactar.

N

Turn on the magnetic stirrer and adding FiQ
into the reactor, control pH and temperatur

l

Waiting for adsorption reached to equilibrium and
then the light was turned on to start the reaction

=

D

+

Taking and filtering the sample for analysis
(sampling time; 0, 5, 35, 65, 95, 125, and 185 mjn)

v

Aniline analysis by HPLC

Figure 3.6 Experiment scheme for photoreactivitynvestigation.

3.3 Experimental Scenarios

3.3.1 Scenarios for Preliminary Study
Several screening tests were performed to obtasit lbaformation as shown
in the following tables.

Table 3.1 Scenario for the effect of light wavelgth.

- : Light .
Aniline TiO, R Light wavelength
pH Temp. (°C) power
(mM) | (g/L) (lamp) (nm)
Blue light (475)
Green light (510)
1 1 7.0£0.1 30.0+0.5 1 :
Yellow light (570)
Red light (650)
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Table 3.2 Scenario for the comparison of commeiai TiO, and synthetic TiO..

- : Light
Aniline TiO» Temp. .
pH o power Type of TiO,
(mM) | (gL) O | (jamp)
Synthetic TiQ
1 1 7.0£0.1| 30.0+0.5 1
Commercial P-25

Table 3.3 Scenario for aniline adsorption charaetrization.

- : Light
A(\Prllll/rl])e (T'ﬁj pH T(eorcr;)p ' power Control parameter
9 (lamp)
Aniline + light
1 1 7.0¢0.1 | 30.0+0.5 1 Aniline + TiO,
Aniline + light + TIO,

3.3.2 Scenarios for Modification of TiO, Synthesis

To Investigate the effects of alcohol type, acigety and calcination
temperature on the TiOproperty regarding on visible light absorption,rieas
scenarios were established as shown in Tablesr8l8&. Optimum conditions for
visible-light activated TiQ were obtained by comparing the reactivity undsible
light using aniline as a target compound.

3.3.3 Photo-Reactivity Investigation

Photoreactivity of synthetic T¥Owas investigated under several conditions
including light wavelength, light power, light dastce, and light position. The
experimental scenarios were shown in Tables 33%80

Table 3.4 Scenario for the effect of alcohol anakcid types.

- : Light
Aniline TiO» Temp. . Alcohol
pH o power | Acid type
(mM) | (glL) O | (amp) type
Nitric Ethanol
1 1 7.0£0.1 | 30.0+0.5 1
Acetic Methanol
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Table 3.5 Scenario for the effect of calcinationmperature.

Light Acid type
Aniline TiO» H Temp. o%ver & Calcine
mM) | (glL) P (°C) b Alcohol | temp. (°C)
(lamp)
type
Nitric 150
1 7.0£¢0.1| 30.0+0.5 1 & 200
Ethanol 300

Table 3.6 Scenario for the effect of light distace.

- : Light
Aniline | TIO» pH Temp. (°C) |  power Light distance (cm)
(mM) | (9/L)
(lamp)
5
1 1 7.0£0.1 30.0+£0.5 1
10

Table 3.7 Scenario for the effect of light power.

Aniline (mM) | TiO , (g/L) pH Temp. (°C) Light power (lamp)
1
2
1 1 7.0+0.1 30.0+0.5 3
4

Table 3.8 Scenario for the effect of light posibin.

- : Light
Aniline TiO>» Temp. . »
pH o power Light position
(mM) (g/L) €O | (amp)
above the reactor
1 1 7.0£0.1| 30.0+0.5 4
Around the reactor
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3.3.4 Photo-Catalytic Study

The effect of pH and kinetics determination wereids&d in order to
characterize the photoreactivity of synthetic iOThe experimental scenarios were
shown in Tables 3.9 to 3.10.

Table 3.9 Scenario for the effect of pH.

- . o Light power
Aniline (mM) TiO 2 (g/L) Temp. (°C) (lamp) pH
4
0.05 1 30.0£0.5 1 7
10
Table 3.10 Scenatrio for the effect of aniline coeatration.
TiO, (g/l) | Temp. (°C) pH Light power | » iline (mM)
? ' (lamp)
0.047
0.067
1 30.0£0.5 7.0£0.1 1 0.32
0.54
0.80

3.4 Analytical Methods

3.4.1 Measurement of Aniline

The aniline decomposition was determined by meaguaniline concentration
remaining in the sample. The liquid samples wdteréd through mixed cellulose
ester membrane with 0.2 um pore size to removel iBe particles before analysis.
The residual aniline concentrations were measungdhigh performance liquid
chromatography (HPLC) using 60% acetonitrile anéb4distilled water as a mobile
phase. The column was operated between 18 afi@. 22The pump was a
SpectraSYSTEM model SN4000 with the operating ffawe of 1.0 ml/min through
Asahi pak ODP-50 6D column (150mmx6mmx5um). Thd B outputs from
UV1000 detector were measured. The injectionmeluvas 20 pL

3.4.2 l|dentification Crystalline Structure

The powder TiQ samples were determined by the X-ray diffractiXiRID)
(D8 Discovered, Bruker AXS). The patterns were rded over the angular range 20-
80° ().
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3.4.3 Point of Zero Charge (pzc) Analysis

Point of zero charge of TiOsamples were analyzed in two ways. The first
way followed mass titration method (Reymond andekdh, 1999) as shown in
Figure 3.5 and the second way was determined by petential method using
dynamic light seattering (Malvern ZS90).

3.4.4 Spectrum Analysis

The powder TiQ samples were determined by using a diffuse-reftesz
scanning spectrophotometer (Perkin Elmer, LambdaU35vis Spectrometer) to
obtain the UV-visible absorption spectra of the deve.

3.4.5 Surface Area Analysis

The surface area of TiOpowder was obtained from nitrogen adsorption
isotherm by the Brunauer-Emmett-Teller (BET) meti§adtosorb-1, Quantachrome)
following the ASTM standard.

3.4.6 Particle Size Analysis
The powder TiQ samples were determined for their size distribuby using
laser particle size analyzer (Mastersizer-2000 vista).

3.4.7 Soluble lon Analysis

Most of intermediate product anions from photogai@l degradation of
aniline were analyzed by lon Chromatography (ICfhe samples were filtered
through mixed cellulose ester membrane with 0.2pome size to remove the TiO
particles before analysis. The IC consisted of BiobX-120 lon Chromatograph
with the operating flow rate of 1.0 ml/min, Reagéne€™ Controller with RFICM
EGC Il KOH, Autosampler Thermo Finnigan SpectraSESTmodel AS1000 with
20 pl injection volume, Guard column lonPac® AG-11%@ mm), column lonPac®
AS-11 (4250 mm), column temperature stabilizer model CTSzd6trol at 30 °C,
suppressor ASRS®-ULTRA Il 4-mm with conductivity tdetor with gradient 0.1
mM KOH 0-4 min, 0.1 — 18 mM KOH time 4-22 min, 181rKOH 22-26 min, 0.1
mM KOH 26-30 min.



CHAPTER IV

RESULTS AND DISCUSSION

The experimental works, under the visible-ligha@iation by using aniline as
a target compound, consisted of four parts: prelmy study, modification of Ti®
synthesis, photo-reactivity investigation, and phoatalytic Study. The results are
summarized below:

4.1 Preliminary Study

4.1.1 Comparison between Commercial P-25 and Syrdtic
TiO,

This experimental part aimed to confirm the reagtiunder visible light of
the synthetic TiQ prepared following the procedures of Lin (Lin ét 2006) and
compared with the P-25 which is one of the mostelyidused commercial TiO
The results are shown in Figures 4.1 and 4.2 fer ginthetic TiQ and P-25,
respectively. It can be seen that aniline was rastsformed under direct photolysis
and its volatilization could be neglected withire txperimental period (less than 5%
reduction in 3 hours). Aniline seemed to adsortooime P-25 better than the
synthetic TiQ, i.e., approximately 17 and 12%, respectively, gr@equilibrium was
obtained in less than 30 minutes for both casdsirproperties are shown in Tables
4.1. and 4.2. It can be inferred that the surfrea of synthetic Ti©is higher than
commercial P-25 but the particle size of synth@w®, is larger than commercial
P-25 because of non-porous property of the comiaePeR5 (Lettmann et.al, 2001).
However, under the illumination of the blue ligt#niline was degraded in the
presence of synthetic TiOi.e., 20% more reduction as compared to adsoraiione,
whereas no reaction other than adsorption occurréde case of P-25. Figure 4.3
compares the reactivity of the synthetic Ti@ith the P-25 which significantly
demonstrated that the synthetic Ti@as able to be activated by the blue light to
generate the OHwhich further reacted with aniline. On the otlhand, the P-25
could not; hence, no OHvas generated. This is not surprising because well
known that typical P-25 will be activated only betUV light with the wavelength
shorter than 400 nm.

The optical absorption spectra of the synthetic ,Tédd the P-25 were
examined to verify this hypothesis and the outcoaresshown in Figure 4.4. It can
be seen that the P-25 almost did not absorb ahy #igthe wavelength longer than
400 nm whereas the synthetic Fi@as able to absorb some lights within the visible
range. However, in the UV range (wavelength lotieamn 400 nm), the absorption
spectra of the synthetic Ti@nd the P-25 were almost the same. This can bkeinp
that the efficiency for aniline degradation undes UV irradiation between these two
TiO, should not have any significant difference. Differ physical appearance
between these two TiCalso supported the spectral scan. The synthe@ie Was
yellowish red (absorbed most blue and some greg) lwhereas the P-25 was white
(reflected all blue, green, yellow and red lighénhe, no absorption) as shown in the
Appendix A.4. These spectral analyses supportealiservation of aniline oxidation
by the synthetic TiQunder the blue light.
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Figure 4.1 Effect of light and synthetic TiQ on the removal of aniline (initial
conditions were as follows: 1 mM aniline, 1g/I TiQ, 3 W of light, pH at 7.0+0.1,
and temperature at 30.0+0.5 °C).
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Figure 4.2 Effect of light and commercial P-25 oithe removal of aniline (initial
conditions were as follows: 1 mM aniline, 1g/l TiQ, 3 W of light, pH at 7.0+0.1,
and temperature at 30.0+0.5 °C).
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Table 4.1 Comparison between synthetic Ti£and commercial TiO..

Properties Synthetic TiG, Commercial P-25
Crystalline Structure Anatase Anatase and Rutile
Absorption spectra Visible light UV light
Surface area (ffy) 139.60 43.00

Table 4.2 Comparison the patrticle size distribubn between synthetic TiQ and
commercial TiO; in differential phase.

Particle size Synthetic TiO, Commercial P-25
S Wet Dry Wet Dry
distribution
measurement | measurement | measurement| measurement
d(0.1) (um) 19.95 9.00 0.16 0.88
d(0.5) (um) 52.08 36.99 0.25 3.46
d(0.9) (um) 121.16 114.23 2.38 8.52
1.2
1
S 0.8- ——*
O
o 0.6 4
£
'E 0.4 - —&— Commercia TiO,(P-25)
0.2 —— Synthetic TiO,
0 ) L] L]
0 50 100 150 200
Time (min)

Figure 4.3 Comparison between synthetic Ti©and Commercial P-250n the
photocatalysis of aniline (initial conditions wereas follows: 1 mM aniline, 1g/l
TiO,, 3 W of light, pH at 7.0+0.1, and temperature at 3.0£0.5 °C).
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Figure 4.4 UV-vis absorption spectra of syntheti@iO, and Commercial P-25.

Further examination on the crystalline structurs wanducted and the results
are shown in Figure 4.5. The P-25 showed two rpaaks for the anatase and rutile
crystalline structure. This confirmed with the cifieation of the P-25 which
consisted of 80% anatase and 20% rutile. The stinthiO,; however, had only one
peak of anatase implying that the synthetic procedd Lin et al. (2006) produced
mostly anatase structure. It is well known thadtase has relatively large band gap
of 3.2 eV which relates to the wavelengths of gratttan 388 nm as already shown in
Figure 2.1. Therefore, it implies that this synih&iO-, which could respond to the
light at the wavelength longer than 388 nm, corsi$tsome intra-band gap states that
are close to the conduction or valence band edgsthe sub-band gap energies of
less than 3.2 eV.

4.1.2 Effect of Light Wavelength on TiQ Photo-Activity

It is interesting to determine the photo-respoofséhe synthetic Ti@to the
light at other wavelength rather than blue lightcsi its adsorption spectra also
showed a superior trend to the P-25. In this ghg,green, yellow, and red lights
were used and their abilities to degrade anilineevgeimmarized in Figure 4.6. The
removal efficiency of the blue light was betterihgreen, yellow, and red lights,
sequentially, which was corresponding very welhwhie adsorption spectra.
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Figure 4.5 XRD patterns of synthetic TiQ and Commercial P-25.
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Figure 4.6 Effect of light wavelength on the photaatalysis of aniline (initial
conditions were as follows: 1 mM aniline, 1g/l TiQ, 3 W of light, pH at 7.0+0.1,
and temperature at 30.0+0.5 °C).
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4.1.3 Aniline Adsorption Equilibrium

For more precise study on the kinetics of the @leatalysis, adsorption
equilibrium time was examined in order to make gbe¢ aniline adsorption reached
equilibrium prior to light illumination. It was tond that the adsorption of aniline
reached equilibrium very rapidly in less than oniaute under the study condition as
shown in Figure 4.7. Therefore, all the later expents were conducted by allowing
5 minutes adsorption to ensure the equilibrium #&men followed by the light
illumination. However, the data during the firsivbnute adsorption were omitted
from the figures in order to demonstrate only timdiree reduction due to photo-
catalysis process.

4.2 Modification of TiO, Synthesis

4.2.1 Effect of Alcohol and Acid Types

In the procedures of Lin et al. (2006), nitricchand ethanol were used in the
synthetic process. However, from literature susyethere were some other
researchers used different acids and alcoholsretdre, this experimental part aimed
to investigate the possibility to improve the¥i@roperty of Lin et al., (2006). Acetic
acid and methanol were used together with nitricl &nd ethanol to generate 4
combinations and their abilities in aniline degitamlawere shown in Figure 4.8. It
was found that Ti@synthesized by using nitric acid/ethanol perforrakghtly better
than acetic acid/ethanol, nitric acid/methanol, aratetic acid/methanol,
chronologically. These performances agreed verly wieh the visible adsorption
spectra as shown in Figure 4.9 in which the ;Ti#@m nitric acid/ethanol absorbed
better than from acetic acid/ethanol and acetid/a@thanol, respectively. As a
result, the TiQ synthesized by using nitric acid/ethanol as suggkeby Lin et al.,
(2006) was used for further investigation throught ¢his study. Although its
performance regarding on aniline oxidation was meally superior to other
combination, its visible absorption spectra seemdé more promising than the
others.

4.2.2 Effect of Calcinations Temperature

According to Lin et al. (2006), the calcinatioesnperature was maintained at
200°C. This study tried to improve the TiQroperty by varying the calcinations
temperature to 150 and 3@ and the results on aniline photo-oxidation wérewsm
in Figure 4.10. From the figure, no precise cosiclno could be drawn since the
reductions of aniline were quite similar for alitperature, though the 20D seemed
to be just a little better. Nonetheless, the speatthe TiQ calcined at 20T clearly
showed the strongest absorption among the threpetatures as shown in Figure
4.11. This was corresponding very well with theie appearance in which the FiO
calcined at 20TC had the darkest color (see Appendix A.3). lb atsplied that the
temperature suggested by Lin et al. (2006) wasadyréhe optimum value for this
synthetic procedure.

The results from XRD analysis of Ti@howed that the Ticalcined at 150
and 200C contained only anatase crystalline structure ednerrutile peak was also
observed together with anatase peak when the asituns temperature increased to
300°C as illustrated in Figure 4.12.
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Figure 4.7 Aniline adsorption onto synthetic TiQ (initial conditions were as
follows: 1 mM aniline, 1g/l TiO,, 3 W of light, pH at 7.0£0.1, and temperature at

30.0£0.5 °C).
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Figure 4.8 Effect of alcohol and acid types on thphtocatalytic property of TiO,
(initial conditions were as follows: 1 mM aniline,1 g/l TiO,, 3 W of light, pH at
7.0£0.1, and temperature at 30.0+0.5 °C).
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Figure 4.9 UV-vis absorption spectra of the Ti@ synthesized by using different
alcohol and acid types.
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Figure 4.10 Effect of calcinations temperature oithe photocatalytic property of
TiO» (initial conditions were as follows: 1 mM aniline,1g/l TiO2, 3 W of light, pH
at 7.0£0.1, and temperature at 30.0£0.5 °C).
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Figure 4.11 UV-vis absorption spectra of the Ti@ synthesized at different
calcinations temperature.
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Figure 4.12 XRD patterns of the TiQ synthesized at different calcinations
temperature.



37
4.3 Photo-Reactivity Investigation

4.3.1 Determination of Optimum Light Configuration

This experimental part aimed to determine thenoptn configuration of the
light source which mainly used LEDs at the wavetbraf 475 nm. Light intensity is
one of the important factors affecting the perfanoeof the photo-catalysis process.
The photo-degradation of aniline was examined umtiéerent lighting conditions
including distance, position, and power of the tligburce.

4.3.1.1 Effect of Light Position

To determine the best position for installthe light source regarding on
lighting efficiency and experimental convenienceurf LED lamps were placed
around the photo-reactor in two manners, i.e. tjpo&d above the reactor and around
the reactor (one on the top and three along the) fgke Appendice A.1 and A.2).
These two different placements caused two diffeedfiects. The light from the lamps
which placed above the reactor only passed thrahghair before reaching the
solution whereas those placing along the side efélactor would have to pass the air
and the pyrex glass before reaching the solutids.a result, the latter case would
lead to some losses due to adsorption by the pyleess. However, the latter setup
would provide more illumination area which couldadeto better photo-catalytic
activity. The results are shown in Figure 4.13aating that placing the light around
the reactor provided only slightly better performaron aniline degradation than
placing on the top of the reactor. Therefore, #higly mainly placed the LED lamp
on the top of the reactor due to its more conver@en the experimental operation.

1.2

o
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—— Light around the reactor

Aniline, C/Co
o
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o
N
1
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o
N
1

o

50 100 150 200

Time (min)

o

Figure 4.13 Effect of light position on the photazatalysis of aniline (initial
conditions were: 1 mM aniline, 1g/L TiQ, pH at 7.0£0.1, and temperature at
30+0.5 °C).
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4.3.1.2 Effect of Light Power

The LED lamps used in this study had thgpatupower of 3 watt each.
More light power would have a potential to acceletae photo-activity as well as to
increase the temperature. Figure 4.14 shows tbeadation of aniline under one,
two, three, and four LED lamps placing above tleeter. It was found that one lamp
provided a little slower degradation rate than ttbers which had comparable
performance. This implies that the cloudy manrfefi®, suspension prevented the
light to penetrate deeper into the solution; hertid, not provide any significant
improvement on the photo-catalytic reaction. Iniadd, it was difficult to control the
temperature at the set point of+B05°C as the number of LED lamps greater than
one. Therefore, one LED lamp was used throughh@uphoto-catalytic experiments.

4.3.1.3 Effect of Light Distance

As the light travels through a medium, asrenergy will be lost. Hence,
placing the light source near the reactor as mgghogsible should provide the most
efficient configuration for a photo-reactor. Howevehis might cause some
difficulties in the operation. To determine théeet of light distance on the aniline
degradation, the LED lamp was placed either 5 ocrhOabove the reactor and the
results are demonstrated in Figure 4.15. There m@assignificance in aniline
degradation between these two placements; howglacing the light source too
close to the solution caused some difficultieseimperature control. Therefore, the
LED will be placed 10 cm above the surface of wiatson through out this work.
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Figure 4.14 Effect of light power on the photo-catlysis of aniline (initial
conditions were: 1 mM aniline, 1 g/L TiQ, pH at 7.0+0.1, and temperature at

3020.5 °C).
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Figure 4.15 Effect of light distance on the phot@atalysis of aniline (initial
conditions were: 1 mM aniline, 1 g/L TiQ, pH at 7.0£0.1, and temperature at
30+0.5 °C).

4.4 Photo-Catalytic Study

4.4.1 Effect of pH

pH is the master variable controlling behavioiT@, and reaction in aqueous
solution. The point of zero charge (pzc) of thethgtic TiQ was 3.5 and 3.2
according to the mass titration method and zetantiad method as shown in Figures
4.16 and 4.17, respectively. According to pzcrdiedin, the TiQ surface will exhibit
a positive charge when pH is lower than 3.5 ora®@ becomes negative as the pH is
higher than these values. Aniline is a weak bagkitd conjugate acid is anilinium
ion (GsHsNH3") as shown previously in equation (4.1).

At pH of 4, 7, and 10 used in this study, the anilim ion was accounted for
approximately 1.0, 0.994, and 0.2007 of total amilispecies in the solution,
respectively. This suggests that the adsorptioarniine species should occur the
most at pH 7 which corresponded very well with #gsorption data as shown in
Figure 4.18. Aniline adsorption at pH 10 was altreasilar to pH 7 even though the
anilinium ion at pH 10 was accounted for only 2040compared to 100% at pH 7
indicating that higher negative potential on th®.Jsurface (-35 mV at pH 10 versus
-25 mV at pH 7) might be able to compensate forelowoncentration of positive
anilinium ion. The photo-catalytic oxidation ofieme; nonetheless, did not followed
the trend of aniline adsorption, i.e., pH 7 > pBl gH 10, as shown in Figure 4.19.
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Figure 4.16 Point of zero charge determination uisg the mass titration method.
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Figure 4.17 Point of zero charge determination uisg the zeta potential method.
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Figure 4.18 Adsorption of aniline onto TiQ at different pH (initial conditions
were: 0.05 mM aniline, 1 g/L TiG, 3 W of light, and temperature at

30.0£0.5 °C).
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Figure 4.19 Effect of pH on the photo-catalysis o&niline (initial conditions
were: 0.05 mM aniline, 1 g/L Ti®, 3 W of light, and temperature 30.0+0.5 °C).
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According to Thounaojam et al. (2001) and Solaale{1986), the second-order rate
constants with OHfor anilinium ion and aniline were 500 and 1.510"° M™sec',
respectively, implying that aniline (predominanesies at pH > 9.37) will react with
OH® approximately 3 times faster than anilinium iome@ominant at pH < 9.37).
There is no clear explanation for these observatairthis point. It might involve the
scavenging effect of carbonate ion which was pradam at high pH and direct
oxidation of anilinium ion at the electron hole®xh Nevertheless, these data
suggested that the adsorption was not the ratéignstep in aniline oxidation by
photo-catalytic process. In order to obtain sigatft reduction of aniline, the pH will
be controlled at 7 for the kinetics study.

4.4.2 Kinetics Determination

The kinetics of aniline oxidation by the photoaldgtic reaction by TiQ under
visible light was determined by using the Langntdinshelwood kinetic expression
as mentioned earlier in Section 2.1.9. The lireesti form of the Langmuir-
Hinshelwood expression is illustrated in equati:2).

1 1 1 1 1

(@) "% kT kK “2
0

dt

The plot between inverse initial rate and inversdal aniline concentration
will show a linear line with the y-intercept equads “1/kr” and the slope equals to
“1/(k, K)”. The initial disappearance rate was determhibyg fitting the observed data
with either zero-, first-, or second-order kinetafswhich provided the best fit. Two
methods were employed to correlate the data t&itieics equation, i.e.,¥and non-
linear least squares methods. According to thervbs data, it was found that the
non-linear least squares method provided a bdttenain the R method as shown in
Figure 4.20. Hence, the non-linear least squarhadewas used intensively in the
kinetics determination. Figure 4.21 shows the ltestom data fitting by using zero-,
first-, and second-order kinetics. It shows tlit $econd-order kinetics was able to
explain the obtained data better than the other tmemlels; hence, second-order
kinetics was used to determine the initial degriadgatate of aniline.

To estimate the k and “K” of the Langmuir-Hinshelwood kinetics, sal
experiments were conducted using different aniliaecentrations. The aniline time-
profiles and rates were summarized in Figure 412 Bable 4.3, respectively. The
removal efficiency decreased as the initial anilbe@centration increased from 0.047
mM to 0.067, 0.32, 0.54, and 0.80 mM, respectivdlis is understandable since the
amount of OH generation in each system was the same; therefogeportion of
aniline being removed was the highest at the lowestentration and lessened as the
concentration increased. However, the initial degtion rate of aniline was in the
opposite direction, i.e., increased from 0.0004301011 mM mift as the initial
aniline increased from 0.047 to 0.80 mM. The fetween “1/r" and “1/[AN]"
yielded a linear line with the?f 0.96 as shown in Figure 4.23.
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Data fitting by various kinetic equaions.
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Figure 4.20 Fitting comparison between the lineazation and non-linear least
squares methods.
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Figure 4.22 Aniline degradation profiles (initial conditions were: 1 g/L TiQ,
3 W of light, pH at 7.0£0.1, and temperature at 30+0.5 °C).

Table 4.3 Apparent second-order rate constants {J,) of the photodegradation
of aniline at different initial concentration.

Initial K Rate ty ¢ /*
H app 1/2 1/2

CO”‘Z;W;‘“O” MM minY | (mM min®) (min) (min)

0.047 0.195 0.000425 109.7 67.24

0.067 0.114 0.000519 129.8 77.61

0.32 0.00725 0.000720 437.9 202.0

0.54 0.00309 0.000909 507.1 316.1

0.80 0.00167 0.00106 749.8 444.2




45

2500
2000 -
= . + .

. 15001 y 63§Ox 1003.97
2 R2=0.96
~ 10004 «

500 -

0 I I I I
0 5 10 15 20 25
1/C

Figure 4.23 Linearized reciprocal kinetic plot forthe photocatalytic degradation
of aniline (Initial conditions were follows: TiO, 1 g/L, control pH 7+0.1, and
control temperature 30+0.5 °C).

The “k” and “K” were estimated to be 9.960° mM min' and 15.89 mM,
respectively as shown previously in Equation (2.15)

CdAN] ke K[AN]y (9.96x10'4)(15.89 [AN],

dt 1+K[AN], 1+1589[AN],

(2.15)

The true half-life (t;) was estimated following Equation (2.18). Thetp ty,
versus the initial concentration of aniline woulel Imear because of no competition
of with reaction by-products. On the other hared dbserved half-life for second-
order reaction could be calculated by Equation9qR.1

. O05AN], In2
W, = + 2.18
12 K k K (2.18)

r

(2.19)

tip =

K[AN],

Figure 4.24 shows the dependence @f &and i, on the initial concentration of
aniline. It can be seen thai,t and i, are almost the same at low initial
concentrations but the;f became longer tham4 as of the initial aniline increased.
It is expected that the reaction by-products (sa€hacetic acid, formic acid, oxalic
acid, and butyric acid) might compete with anilfioe OH’; hence, inducing the delay
in aniline degradation. Table 4.3 also summarikesapparent rate constant and half-
lives of the photodegradation of aniline as a fiorcof initial concentration.
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Figure 4.24 Half-life profile of observed and esthated on the different initial
concentration of aniline.

4.5 Application of TiO,/Visible Light in Water Treatment

This research could successfully remove anilinegueous phase by using the
photocatalytic technology with TiOradiated with visible light. This result also
implies that this technique should be able to applireat other organic pollutants as
well.  The use of visible light could significantlseduce the treatment cost as
compared to UV irradiation. However, it was foutitht the decomposition rate
under the visible light irradiation was much lowlean those of UV light. As a result,
longer retention period is needed for visible lightdiation to achieve a comparable
treatment level as in the case of UV irradiatiofeconomic consideration and
comparison between these two light sources shoallcthdduded in the decision step
when applying in practice. One very promising aaion is to coat the visible light
activated TiQ onto the surface of the open channel carrying ratewfrom natural
water resource to the water treatment plant. Bingldhis, the micropollutants
contaminated in the raw water such as humic aadsather trace organics will be
removed when the sun light reaches the,fa@ated open channel walls serving as a
pretreatment unit for the water treatment plant.



CHAPTER V
CONCLUSIONS

5.1 Conclusions

The present thesis brings new details regarding atiiéne degradation in
aqueous suspended TLinder visible light irradiation and the followingmclusions
could be drawn from the results of this study:

- Synthetic TiQ crystal structure was dominated by anataBee point of zero
charge (pzc) of the synthetic TiGvas 3.5 and 3.2 according to the mass titration
method and zeta potential method, respectively.

-Aniline was not transformed under direct photdyand its volatilization could
be neglected within the experimental period.

-The synthetic TiQwas able to be activated by the visible light €light was
better than green, yellow, and red lights, seqa#yfito generate the OHwhich
further reacted with aniline whereas the commeieiab could not.

-The kinetics of aniline oxidation by the photoalgtic reaction by TiQ under
the blue light could be sufficiently explained tyetLangmuir-Hinshelwood kinetic
expression as follows:

dAN]  keK[AN]y (9.96x10'4)(15.89 [AN],
dt 1+K[AN], 1+1589[AN],

5.2 Recommendations for Further Studies
-Investigation of photodegradation process behawnler a continuous operation.
-ldentification of oxidation intermediates from me degradation by
photodegradation process.
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Experimental Setup
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Figure A.2 Reactor Setup (four lamps).
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Figure A.3 The color of synthetic TiQ at different temperature.

Figure A.4 Color comparison between synthetic Tigand Commercial P-25.
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Experimental Data
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Table B.1 Aniline photocatalysis by the synthetiand commercial TiO,.

Aniline Remaining
Time (min) Synthetic TiO, Commercial P-25
mM C/Cq mM C/Cy
0 1.257 1.000 1.090 1.000
30 0.9927 0.7900 0.9290 0.8520
60 0.9529 0.7583 0.9368 0.8591
90 0.9318 0.7415 0.9022 0.8274
120 0.8838 0.7033 0.8992 0.8246
150 0.8796 0.7000 0.8911 0.8172
180 0.8613 0.6855 0.9283 0.8514

Note: 1 mM of aniline, TiQ 1 g L*, pH 7+0.1, temperature at 30+0.5 °C, blue light
3 watt, using nitric acid and ethanol for Ri€ynthesis.



Table B.2 Direct photolysis of aniline under vamus light wavelength.
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Time Aniline Remaining (photolysis)
(min) Blue Light Green Light Yellow Light Red Light
mM C/Co mM C/Co mM C/Co mM C/Co

0 0.8885 | 1.0000 1.077 1.000 1.219 1.000 1.084 1.000
30 0.8568 | 0.9644 1.073 | 0.8362 1.217 | 0.8837 1.077 | 0.8668
60 0.8694 | 0.978% 1.045 | 0.8292 1.177 | 0.8353 1.093 | 0.8636
90 0.8740 | 0.9837 1.055 | 0.7999 1.231 | 0.8404 1.067 | 0.8552
120 0.8514 | 0.9582 1.062 | 0.8103 1.233 | 0.8235 1.036 | 0.849C
150 0.8761 | 0.9860 1.066 | 0.7874 1.205 | 0.8282 1.061 | 0.8176
180 0.8641 | 0.9725 1.055 | 0.7449 1.183 | 0.8099 1.088 | 0.8168

Note: 1 mM of aniline, pH 7+0.1, temperature at 30025 Ao TiQ.

Table B.3

wavelengths.

Photocatalysis of aniline with syntheti TiO, under various light

Time . Aniline Remaining . .
(min) Blue Light Green Light Yellow Light Red Light
mM C/Co mM C/Co mM C/Co mM C/Co

0 1.257 1.000f 0.8034 1.000 1.228 1.000 0.9269 1,000
30 0.9927 | 0.7900 0.6718| 0.8362 1.085 | 0.8837 0.8035| 0.8664
60 0.9529 | 0.7583 0.6662| 0.8292 1.025 | 0.8353 0.8005| 0.8636
90 0.9318 | 0.7415 0.6426| 0.7999 1.032 | 0.8404 0.7927| 0.8552
120 0.8838 | 0.7033 0.6509| 0.8103 1.011 | 0.8235 0.7870| 0.849(
150 0.8796 | 0.7000 0.6325| 0.7874 1.017 | 0.8282 0.7578| 0.817¢
180 0.8613 | 0.6855 0.5984| 0.7449 0.9941 | 0.8099 0.7571| 0.8168

Note: 1 mM of aniline, TiQ 1 g L%, pH 7+0.1, temperature at 30+0.5 °C, using

nitric acid and ethanol for Tiksynthesis.
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Table B.4 Aniline adsorption onto the synthetic TO2.

Time (min) Aniline Remaining
mM C/Cy

0 0.9593 1.000
1 0.8070 0.8413
2 0.8238 0.8587
3 0.8286 0.8637
4 0.8067 0.8409
5 0.8157 0.8503
6 0.8070 0.8412
7 0.8087 0.8430
8 0.8007 0.8346
9 0.7638 0.7962
10 0.8345 0.8699
15 0.7845 0.8148
30 0.8216 0.8565
60 0.8469 0.8828
90 0.8642 0.9009
120 0.8423 0.8780
150 0.8523 0.8884
180 0.8477 0.8837

Note: 1 mM of aniline, TiQ 1 g L*, pH 7+0.1, temperature at 30+0.5 °C, no light,
using nitric acid and ethanol for Ti@ynthesis.
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Table B.5  Effect of alcohol and acid types on dme oxidation by TiO,
photocatalysis.
Aniline Remaining
Time Acetic acid & Acetic acid & Nitric acid & Nitric acid &
(min) Methanol Ethanol Methanol Ethanol
mM C/Co mM C/Co mM C/Co mM C/Co
0 0.7580 | 1.000f 0.7514 1.000 0.6880 1.000 0.7P56 001
30 0.7414 | 0.9781 0.6954 | 0.9255 fail fail 0.7558 | 0.9500
60 0.7523 | 0.9925 0.7024 | 0.9347 0.6707 | 0.9749 0.7507 | 0.9434
90 0.7364 | 0.9714 0.7122| 0.9479 fail fail 0.7396 | 0.9296
120 0.7324 | 0.9662 0.6990| 0.9303 0.6653 | 0.9670 0.7236| 0.9095
150 0.7198 | 0.9496 0.6783| 0.9027 0.6644 | 0.9657 0.7114| 0.8941
180 0.7047 | 0.9297 0.6686| 0.8898 0.6399 | 0.9301 0.7011| 0.8812
Note: 1 mM of aniline, TiQ 1 g L, pH 7+0.1, temperature at 30+0.5 °C, blue light

3 watt.

0
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Table B.6 Effect of calcinations temperature on r@line oxidation by TiO,
photocatalysis.
Time Aniline Remaining
(min) 150°C 200°C 300°C
mM C/Co mM C/Co mM C/Co
0 0.6955 1.000 0.7956 1.000 0.713( 1.000
30 0.7037 1.0118 0.7558 0.9490 0.7330 1.0281
60 0.6985 1.0042 0.7507 0.943b5 0.7036 0.9868
90 0.6623 0.9522 0.7396 0.9296 0.6771 0.9497
120 0.6544 0.9408 0.7236 0.909b6 0.6927 0.9716

Note: 1 mM of aniline, TiQ 1 g L, pH 7+0.1, temperature at 30+0.5 °C, blue light
3 watt, using nitric acid and ethanol for i€ynthesis.
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Table B.7 Effect of light position on aniline oxdation by TiO, photocatalysis.

Aniline Remaining

Time (min) Light around the reactor Light on the reactor

mM C/Cq mM C/Cy
0 0.8270 1.000 0.7956 1.000
30 0.7468 0.9031 0.7558 0.9499
60 0.7355 0.8893 0.7507 0.9435
90 0.7145 0.8640 0.7396 0.9296
120 0.7133 0.8625 0.7236 0.9095
150 0.7034 0.8505 0.7114 0.8941
180 0.6508 0.7869 0.7011 0.8812

Note: 1 mM of aniline, TiQ 1 g L*, pH 7+0.1, temperature at 30+0.5 °C, blue light
3 watt, using nitric acid and ethanol for Ri€ynthesis.
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Table B.8 Effect of light power on aniline oxidaibn by TiO, photocatalysis.

Aniline Remaining

0

(Tr:]rlr;S 1 lamp 2 lamps 3 lamps 4 lamps
mM C/Co mM C/Co mM C/Co mM C/Co
0 0.7956 | 1.0000 0.7612 1.000 0.78%1 1.000 0.8R70 001
30 0.7558 | 0.9499 0.7333| 0.9634 0.7315 | 0.9318 0.7468| 0.9031
60 0.7507 | 0.9435 0.6866| 0.9020 0.7100 | 0.9044 0.7355| 0.8893
90 0.7396 | 0.9296 0.6654 | 0.8741 0.6808 | 0.8671 0.7145| 0.864(
120 0.7236 | 0.9095 0.6605| 0.8677 0.6509 | 0.8290 0.7133| 0.862%
150 0.7114 | 0.8941 0.6406| 0.8415 0.6245 | 0.7954 fail fail
180 0.7011 | 0.88120.6285| 0.8256 0.5928 | 0.7551 0.6508| 0.786¢

)

Note: 1 mM of aniline, TiQ 1 g L*, pH 7+0.1, temperature at 30+0.5 °C, blue light
3 watt, using nitric acid and ethanol for Ri€ynthesis.
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Table B.9 Effect of light distance on aniline oxiation by TiO, photocatalysis.

Aniline Remaining
Time (min) 5cm 10 cm
mM C/Cq mM C/Cy
0 0.8093 1.000 0.7956 1.000

30 0.7490 0.9254 0.7558 0.9499
60 fail fail 0.7507 0.9435
90 0.7295 0.9013 0.7396 0.9296
120 0.7019 0.8672 0.7236 0.9095
150 0.6880 0.8501 0.7114 0.8941
180 0.6868 0.8486 0.7011 0.8812

Note: 1 mM of aniline, TiQ 1 g L*, pH 7+0.1, temperature at 30+0.5 °C, blue light
3 watt, using nitric acid and ethanol for Ri€ynthesis.
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Table B.10 Point of zero charge determination usg the mass titration method.

Mass Titration Method

TiO, (%) pH
0.01 4.885
0.1 4.225

1 3.715
5 3.515
10 3.485
20 3.490
30 3.515
40 3.545

Note: Temperature at 30+£0.5 °C, 100 rpm, using nitriclaamnd ethanol for Ti®
synthesis.

Table B.11 Point of zero charge determination usg the zeta potential method.

Zeta Potential Method

pH pzc

12 -32.9667
11 -33.6667
10 -34.5333
9 -27.8667
8 -33.6333
7 -25.1667
6 -24.6667
5 -23.5667
4 -9.67667
3 2.96333
2 15.7667

Note: Using nitric acid and ethanol for Ti@ynthesis.




Table B.12 Effect of pH on aniline adsorption byTiO ,.
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Time Aniline Remaining (adsorption Aniline & TiO )
(min) pH 4 pH 7 pH 10
mM C/Co mM C/Co mM C/Co

0 0.05391 1.000 0.046064 1.000 0.04579 1.000
5 0.05185 0.9619 0.03928 0.8528 0.03992 0.8719
10 0.05172 0.9594 0.03926 0.8523 0.03913 0.8%47
15 0.05245 0.9729 0.03917 0.8503 0.03866 0.8442
30 0.05332 0.9891 0.03861 0.8382 0.03896 0.8508
60 0.05110 0.9479 0.03831 0.8318 0.03929 0.8%81

Note: 0.05 mM of aniline, Ti@ 1 g L*, temperature at 30+0.5 °C, no light, using
nitric acid and ethanol for TiQsynthesis.

Table B.13 Effect of pH on aniline oxidation by TO, photocatalysis.

Aniline Remaining

(Tr:]rﬁs oH 4 pH 7 pH 10
mM C/Co mM C/Co mM C/Co

0 004772 | 1.000| 004668  1.000 004270  1.000
30 0.03590 | 0.7523] 003879 08309 0.03760  0.8807
60 0.03105 | 0.6507| 0.02803 06005  0.03370  0.7893
120 0.02329 | 04880 002315 04960  0.030{1  0.7052
180 0.01735 | 03635 001757 03764 002716  0.6362
240 0.01387 | 0.2907] 001439 03082  0.02484 05819

Note: 0.05 mM of aniline, Ti@1 g L, temperature at 30+0.5 °C, blue light 3 watt,
using nitric acid and ethanol for Ti@ynthesis.



65

Table B.14 Effect of aniline initial concentration on aniline oxidation by TiO,

photocatalysis.
Time Aniline Remaining
(min) 0.047 mM 0.067 mM 0.32 mM 0.54 mM 0.80 mM
mM CICy mM C/Cy mM C/Cy mM C/Cy mM C/Cy
0 0.04668| 1.000] 0.06733 1.000 0.3152 1.000 0.542%001| 0.7976 1.000
30 0.03879] 0.8309 0.05098 0.75f2 0.2871 0.9109 30.5®.9276] 0.770% 0.9660
60 0.02803] 0.600% 0.04205 0.6245 0.2648 0.8402 36.48.8912| 0.744% 0.9334
120 | 0.02315 0.4960 0.03411 0.5066 0.2264 0.7184290.4 0.7908 0.6373 0.7990
180 | 0.01757 0.3764 0.03087 0.4585 0.2860 0.7487298.4 0.7913] 0.670% 0.8406
240 | 0.01439 0.3082 0.02802 0.4162 0.2155 0.6837986.3 0.7345] 0.6107 0.7656

Note: TiO, 1 g L*, pH 7+0.1, temperature at 30+0.5 °C, blue lighv&t, using
nitric acid and ethanol for Tisynthesis.

Table B.15 R values for kinetic determination using various reation orders.

i} R®
Aniline Zero order First order Second order
0.047 0.8923 0.9670 0.9928
0.067 0.8084 0.8917 0.8602
0.32 0.8399 0.8572 0.8704
0.54 0.9129 0.9278 0.9397
0.80 0.8625 0.8620 0.8602
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Table B.16 Particle size distribution of synthet TiO, (wet measurement).

Size | Volume Size | Volume Size | Volume Size Volume
(kM) (%) (kM) (%) (kM) (%) (kM) (%)
0.010 0.00 0.316 0.01 10.000 0.29 316.228 0.14
0.011 0.00 0.363 0.08 11.48p 0.49 363.078 0.02
0.013 0.00 0.417 0.16 13.188 0.79 416.869 0.00
0.015 0.00 0.479 0.22 15.136 1.23 478.630 0.00
0.017 0.00 0.550 0.26 17.378 1.78 549.541 0.00
0.020 0.00 0.631 0.28 19.9583 2.48 630.957 0.00
0.023 0.00 0.724 0.27 22.909 3.29 724.436 0.00
0.026 0.00 0.832 0.25 26.308 4.18 831.764 0.00
0.030 0.00 0.955 0.21 30.200 5.09 954,993 0.00
0.035 0.00 1.096 0.16 34.674 5.98 1096.4780.00
0.040 0.00 1.259 0.11 39.8111 6.77 1258.925.00
0.046 0.00 1.445 0.08 45.7009 7.38 1445.4400.00
0.052 0.00 1.660 0.05 52.48]1 7.35 1659.5870.00
0.060 0.00 1.905 0.00 60.256 7.85 1905.4610.00
0.069 0.00 2.188 0.00 69.183 7.66 2187.7620.00
0.079 0.00 2.512 0.06 79.433 7.19 2511.8860.00
0.091 0.00 2.884 0.07 91.2011 6.47 2884.0320.00
0.105 0.00 3.311 0.07 104.713 5.58 3311.3110.00
0.120 0.00 3.802 0.07 120.226 4,58 3801.894).00
0.138 0.00 4.365 0.07 138.038 3.7% 4365.158.00
0.158 0.00 5.012 0.07 158.489 2.62 5011.872.00
0.182 0.00 5.754 0.07 181.970 1.79 5754.399.00
0.209 0.00 6.607 0.08 208.930 1.13 6606.934).00
0.240 0.00 7.586 0.10 239.883 0.64 7585.776).00
0.275 0.00 8.710 0.17 275.423 0.32 8709.5636.00
10000.00 0.00

Note: Dispersion medium: water, Stirrer 2975 rpm, usiigaacid and ethanol for
TiO, synthesis.
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Table B.17 Particle size distribution of Commeral P-25 (wet measurement).

Size | Volume Size | Volume Size | Volume Size Volume
(kM) (%) (Lm) (%) (kM) (%) (kM) (%)
0.010 0.00 0.316 7.78 10.000 0.5% 316.228 0.00
0.011 0.00 0.363 5.49 11.48p 0.44 363.078 0.00
0.013 0.00 0.417 3.50 13.1883 0.32 416.869 0.00
0.015 0.00 0.479 1.84 15.136 0.22 478.630 0.00
0.017 0.00 0.550 0.60 17.378 0.13 549.541 0.00
0.020 0.00 0.631 0.03 19.9583 0.08 630.957 0.00
0.023 0.00 0.724 0.00 22.909 0.02 724.436 0.00
0.026 0.00 0.832 0.21 26.308 0.0(¢ 831.764 0.00
0.030 0.00 0.955 0.86 30.200 0.0(¢ 954,993 0.00
0.035 0.00 1.096 1.53 34.674 0.0(¢ 1096.4780.00
0.040 0.00 1.259 2.08 39.811 0.0(¢ 1258.9250.00
0.046 0.00 1.445 2.40 45.709 0.0( 1445.4400.00
0.052 0.00 1.660 2.46 52.48]1 0.0(¢ 1659.5870.00
0.060 0.00 1.905 2.33 60.256 0.0(¢ 1905.4610.00
0.069 0.00 2.188 2.08 69.183 0.0(¢ 2187.7620.00
0.079 0.00 2.512 1.76 79.433 0.0(¢ 2511.8860.00
0.091 0.00 2.884 1.43 91.201 0.0(¢ 2884.0320.00
0.105 0.00 3.311 1.13 104.713 0.00 3311.3110.00
0.120 0.00 3.802 0.90 120.226 0.00 3801.894).00
0.138 2.55 4.365 0.76 138.038 0.00 4365.158).00
0.158 7.85 5.012 0.69 158.489 0.00 5011.872.00
0.182 11.00 5.754 0.68 181.970 0.00 5754.399.00
0.209 12.37 6.607 0.69 208.930 0.00 6606.934.00
0.240 11.84 7.586 0.68 239.883 0.00 7585.77®.00
0.275 10.08 8.710 0.64 275.423 0.00 8709.63®.00
10000.00 0.00

Note: Dispersion medium: water, Stirrer 2975 tpm
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Table B.18 Particle size distribution of synthet TiO, (dry measurement).

Size | Volume Size | Volume Size | Volume Size Volume
(kM) (%) (Lm) (%) (kM) (%) (kM) (%)
0.010 0.00 0.316 0.00 10.000 1.61 316.228 0.00
0.011 0.00 0.363 0.00 11.48p 1.94 363.078 0.00
0.013 0.00 0.417 0.00 13.188 2.23 416.869 0.00
0.015 0.00 0.479 0.00 15.136 2.8( 478.630 0.00
0.017 0.00 0.550 0.00 17.378 3.33 549.541 0.02
0.020 0.00 0.631 0.00 19.9583 3.92 630.957 0.10
0.023 0.00 0.724 0.07 22.909 4.53 724.436 0.31
0.026 0.00 0.832 0.16 26.308 5.13 831.764 0.66
0.030 0.00 0.955 0.24 30.200 5.67 954,993 1.03
0.035 0.00 1.096 0.29 34.674 6.12 1096.4781.25
0.040 0.00 1.259 0.32 39.8111 6.4( 1258.9251.17
0.046 0.00 1.445 0.33 45.709 6.49 1445.4400.83
0.052 0.00 1.660 0.34 52.48]1 6.34 1659.5687.44
0.060 0.00 1.905 0.34 60.256 5.95 1905.4610.10
0.069 0.00 2.188 0.34 69.183 5.33 2187.7620.02
0.079 0.00 2.512 0.35 79.433 4,55 2511.8860.00
0.091 0.00 2.884 0.38 91.201 3.69 2884.0320.00
0.105 0.00 3.311 0.43 104.713 2.84 3311.3110.00
0.120 0.00 3.802 0.50 120.226 2.08 3801.894).00
0.138 0.00 4.365 0.58 138.038 1.44 4365.158).00
0.158 0.00 5.012 0.69 158.489 0.9% 5011.872.00
0.182 0.00 5.754 0.82 181.970 0.58 5754.399.00
0.209 0.00 6.607 0.97 208.930 0.31 6606.934).00
0.240 0.00 7.586 1.14 239.883 0.11 7585.[778.00
0.275 0.00 8.710 1.36 275.423 0.00 8709.638.00
10000.00 0.00

Note: Dispersive air pressure 4 bar, using nitric acid ethanol for TiQ synthesis.
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Table B.19 Particle size distribution of Commeral P-25 (dry measurement).

Size | Volume Size | Volume Size | Volume Size Volume
(kM) (%) (Lm) (%) (kM) (%) (kM) (%)
0.010 0.00 0.316 0.29 10.000 4.0( 316.228 0.00
0.011 0.00 0.363 0.42 11.48p 2.8% 363.078 0.00
0.013 0.00 0.417 0.62 13.188 1.76 416.869 0.00
0.015 0.00 0.479 0.86 15.136 0.64 478.630 0.00
0.017 0.00 0.550 1.13 17.378 0.03 549.541 0.00
0.020 0.00 0.631 1.45 19.9583 0.0(¢ 630.957 0.00
0.023 0.00 0.724 1.78 22.909 0.0( 724.436 0.00
0.026 0.00 0.832 2.14 26.308 0.0(¢ 831.764 0.00
0.030 0.00 0.955 2.49 30.200 0.0(¢ 954,993 0.00
0.035 0.00 1.096 2.83 34.674 0.0(¢ 1096.4780.00
0.040 0.00 1.259 3.15 39.811 0.0(¢ 1258.9250.00
0.046 0.00 1.445 3.45 45.7009 0.0( 1445.4400.00
0.052 0.00 1.660 3.74 52.48]1 0.0(¢ 1659.5870.00
0.060 0.00 1.905 4.02 60.256 0.0(¢ 1905.4610.00
0.069 0.00 2.188 4.33 69.183 0.0(¢ 2187.7620.00
0.079 0.00 2.512 4.66 79.433 0.0(¢ 2511.8860.00
0.091 0.00 2.884 5.04 91.201 0.0(¢ 2884.0320.00
0.105 0.00 3.311 5.46 104.713 0.00 3311.3110.00
0.120 0.00 3.802 5.90 120.226 0.00 3801.894).00
0.138 0.00 4.365 6.28 138.038 0.00 4365.158).00
0.158 0.00 5.012 6.55 158.489 0.00 5011.872.00
0.182 0.00 5.754 6.61 181.970 0.00 5754.399.00
0.209 0.00 6.607 6.39 208.930 0.00 6606.934).00
0.240 0.07 7.586 5.86 239.883 0.00 7585.776).00
0.275 0.19 8.710 5.03 275.423 0.00 8709.5638.00
10000.00 0.00

Note: Dispersive air pressure 4 bar.
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C.1 Aniline removal by adsorption, direct photolysis, and photocatalysis.
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Figure C.4 Data fitting using non-linear least sgares and linearized methods
for the experiment with initial aniline of 0.047 mM (experimental condition: Ti©
1 g L', pH 7+0.1, temperature at 30+0.5 °C, blue lighwat, using nitric acid and
ethanol for TiQ synthesis)

0.05
. Observed
0.041 = = Second order
0.0354
S 0.03- N First order
E L 4
— 0.0251 ~N
= wmmsmsss 7@10 Order
< 0.021
0.0154
0.014
0.0054
0 L] L] L] L] L]
0 50 100 150 200 250 390
Time (min)

Figure C.5 Data fitting using zero, first, and seond order for the experiment
with initial aniline of 0.047 mM (experimental condition: Ti©1 g L*, pH 7+0.1,
temperature at 30£0.5 °C, blue light 3 watt, ugmtgic acid and ethanol for T
synthesis)
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Figure C.6 Data fitting using non-linear least sgares and linearized methods
for the experiment with initial aniline of 0.067 mM (experimental condition: Ti©
1 g L', pH 7+0.1, temperature at 30+0.5 °C, blue lighwat, using nitric acid and
ethanol for TiQ synthesis)
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Figure C.7 Data fitting using zero, first, and seand order for the experiment
with initial aniline of 0.067 mM (experimental condition: Ti©1 g L*, pH 7+0.1,
temperature at 30£0.5 °C, blue light 3 watt, ugmtgic acid and ethanol for T

synthesis)
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Figure C.8 Data fitting using non-linear least sgares and linearized methods
for the experiment with initial aniline of 0.32 mM (experimental condition: Ti91
g L™, pH 7+0.1, temperature at 30+0.5 °C, blue lighv&t, using nitric acid and
ethanol for TiQ synthesis)

0.35
0.34
0.254
s i
E 0.2
— ¢ Observed
<Z( 0.154
— = = Second order
0.1 1
First order
0.057 Linear (Observed)
0 L] L] L] L] L]
0 50 100 150 200 250 30p
Time (min)

Figure C.9 Data fitting using zero, first, and seond order for the experiment
with initial aniline of 0.32 mM (experimental condition: Ti©1 g L*, pH 7+0.1,
temperature at 30£0.5 °C, blue light 3 watt, ugmtgic acid and ethanol for T
synthesis)
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Figure C.10 Data fitting using non-linear least guares and linearized methods
for the experiment with initial aniline of 0.54 mM (experimental condition: Ti©1
g L™, pH 7+0.1, temperature at 30+0.5 °C, blue lighv&t, using nitric acid and
ethanol for TiQ synthesis)
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Figure C.11 Data fitting using zero, first, and econd order for the experiment
with initial aniline of 0.54 mM (experimental condition: Ti©1 g L*, pH 7+0.1,
temperature at 30£0.5 °C, blue light 3 watt, ugmtgic acid and ethanol for T
synthesis)
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Figure C.12 Data fitting using non-linear least guares and linearized methods
for the experiment with initial aniline of 0.80 mM (experimental condition: Ti91
g L™, pH 7+0.1, temperature at 30+0.5 °C, blue lighv&t, using nitric acid and
ethanol for TiQ synthesis)
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Figure C.13 Data fitting using zero, first, and econd order for the experiment
with initial aniline of 0.80 mM (experimental condition: Ti©1 g L*, pH 7+0.1,
temperature at 30£0.5 °C, blue light 3 watt, ugmtgic acid and ethanol for T
synthesis)
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Figure C.14 Particle size distribution of the sythetic TiO, (wet measurement)

(experimental condition: dispersion medium: watgtirrer 2975 rpm, using nitric
acid and ethanol for Tizsynthesis)
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Figure C.16 Particle size distribution of the sythetic TiO, (dry measurement)

(experimental condition: dispersive air pressuread, using nitric acid and ethanol
for TiO, synthesis)
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Figure C.17 Particle size distribution of the comrarcial P-25 (dry
measurement) (experimental condition: dispersive air pressubag.
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