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CHAPTER I

INTRODUCTION

Semiconductor, ' \ by be a high efficient process

‘ Sis has
for enwronmentalm-,-alr puﬂlcatlmn sterilization, and water
al., 1995). Among the

the. most preferred and has

1.1 Research Rationale

treatment (Fuji
semiconductor pk
physical and | oxidation strength,
non-toxicity and A ;"‘s.“_‘- major drawbacks
in the popul Io) are thel anc ' which requires high
activated energy infiting the photocatalytic activith oFTiO, only to the ultraviolet
region and the high rg€o e-0f ‘ lectron-f Ol pair.

Many res it , u Iy attempt@d @ improve the TiO, light-

activated property. irst-and  mo: on SWodification is to stretch its
absorptivity down to the viSibleSrange WhIGREIS abundant in solar light. Visible light
energy accounts for 42%0 f’i; gd with only 3% of the ultraviolet

i@ensive, using solar

(.ejearchers’ long-time

portion. Si@,

energy to ptr

dream. The Si:—lﬁjd by | everal researchers, is to
. 11
reduce the tron recombination rate. Several main%approaches have been

investigated to a(f emhese pUrposes. FIFStlU‘)plng TiO, with transition metal to

ma UAINENITNEANT

et aI 008; Lorret et al., 2009; an*\Nang, Chen et al., 2009). Secondly, coupl&}Oz

RARNT S U AV INET 6

possibility is to modify TiO, by surface deposition of noble metal to decrease charge

carrier recombination by providing an electron sink (Chen, Ku and Kuo, 2007).
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Many techniques have been used to produce the TiO, doped various elements,

co-precipitation, and chemical vapor deposition (Stakheev, Shpiro and Apijok, 1993;
Khouw et al., 1994) but sol-gel process is considered as one of the most promising
alternatives. This is because it presents a number of advantages such as low

calcination temperature, flexibility ofi pfogessing, and homogeneity at molecular level.

This method allows obt"'_ thel a hase, which has high activity in
0% 93¥ Kato et al., 1994), at low

temperature. Hydrotl ative to the calcination for

the crystallization.of titgmi : mp .“'--m-..-t_n been widely applied in
| ganced ceramic powders with

| ‘ R e p
ultrafine parti I : treatment, grai g, particle morphology,
crystalline pha v lemiStly ca \: Clglia processing variables
such as nature of action temperatuie‘an 'f‘ gsure, aging time and also

' ‘7‘ products of TiO, with

*iO; photoactivity in the
visible range by do eral transi nable Metals as well as treating with
hydrothermal treatmep -ch f-;él-f-i-ni Was Se cte  the target compound because

; \

it is an important toxic J':. ical comn ‘esent in wastewater. It has wide

applications as a b|00|de 1.- J-UT# IS an intermediate product in the
manufacture:x‘ i |I1:10 other chlorinated

y --------- G ecosystem, either
directly or i _F_é. 1 agent(Misz et al., 2002). This
has led to aﬁJincreasing demand Tor erticient énd eq‘l!)"lhomical treatment for

2-chlorophenol. Tee E otocatalytic OX|dat|on vior of 2-chlorophenol revealed as

amumwﬂwwm e

12 Objectlves

19903 B3 WS

specific objectives of this study are:
1. To study the photocatalytic activity of TiO, doped with various elements
by using 2-chlorophenol as an organic probe.
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2. To studies the optical and structural properties of TiO, doped with various

elements by using BET, SEM, XRD, XRF, UV-VIS spectrophotometer

and Point of zero charge (pzc) methods.

1.3 Hypothesis

hesize TiO,

onBRwith synthetic wastewater

8d at 1 atm and 25°C.

This research ides valtiat le in iion on' eynthetic TiO, which could
,rar.'.r {io ik , .
be activated by visil Ie [ight.- This visi activated TiO;, is a very useful

photocatalyst and can be a ,ew € -'Wr € jec with lower operative cost due to

no need of aMexpe ptal kfiowledge in the TiO,
synthesis S oive=as-a=solid=platiormtor=furtheimprovernent. In addition, the
kinetics of 2=

s ar
also included \L”jch can be appliedto-treat 2-c orophenol-ﬁp

taminated wastewater
in the future.

ﬂUEJ’JVIEJVIiWEﬂﬂ?
Q»W'mmmummmaﬂ

e-light irradiation is




CHAPTER Il

BACKGROUNDS AND LITERATURE REVIEWS

Backgmu\\\\\’////

211 Advan n Prsess

Advanced o idati esse‘ (A 45 BLesent,.an alternative approach,

c\..\ rogen peroxide, either
0 e Oy hazardous organic

including ultraviol

individually

contaminants. Th ‘ giessean \ W0 stag@aof sequential reaction.
The first is the forgdfitiopfo Sf ' \'\\ ich a ""\ roxyl radicals (*OH) and
the second i i ‘ ‘ : t rg p/inorganic pollutants.
However, the ter et (" i \.’\‘ 0ceSses in which oxidation of
organic conta 5t Sha We | oxidant, short lived,
highly reactive, an i@ize many pollutants. These
radicals react with pcil f", atlo paction. In some cases, AOPS

(A

can lead to complete” oxidati€l --.ﬁ-.-e ‘-u 1inants resulting in carbon dioxide

(CO,) and water (H,0) ;j generati Wiharmiul byproducts. Application of
AOPs can cme i ds such as det is}iD organic pollutants
(POPs), d| N and cation—of —contaminated-—aif wastewater steam,

oxidative degrag non-biodegradable

compounds. !

ﬂﬁﬂﬁ NENINYING -

WhICh is light; and the second is “catalyst” which is the process by which the
rate of a chemical reaction is mcreged by mean of thef@@lition of species knoWheis a

ARSI TR
ifradiatio inttiate the cata 10 ithout th d| i0 reaction? can

proceed. This technique is very useful for the degradation of non-biodegradable

organics or toxic pollutants. Moreover, they are much more efficient than the
conventional techniques such as coagulation, precipitation, adsorption on activated
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carbon and which lead to the complete mineralization and also detoxicification of
pollutants, and in the case of halogenous compounds to the formation of halogenous
ions purification. Lhomme, Brosillon and Wolbert (2008) investigated photocatalytic
degradation of pesticides in pure water and a commercial agricultural solution on

titanium dioxide (TiO,) coated m

naturally occ al , TiO,. In the industrial
work, it is the f g BKightness and very high
refractive index. T 5 IS, paints, coatings, papers
inks, and oth JerticSliyhere it acts as a UV
absorber, efficien , Ingydestictive L 'gnergy into heat. When

deposited as a ilm, i active-il A ake™t an excellent reflective
optical coating for i (QrS ar gl TiO, is even used in food
stuffs, for instance in F_f, _as Well as medicines (i.e. pills and

A ) |
tablets) and toothpaste. IRECOSHIEtIC=ant are products such as sunscreens,

onimental-Ag "tions
\ gt€ 1980s, TiO, began with
ical solar energy conversion and then ih];fted into the area of

environmental ph?)catalyms including self-c |ng surfaces, and most recently into

me NENIWYIN T

es of photochemistry responsible for photocatalysis and hydrophilicity are

C etely different, even though &')th can occur simuli@heously on the same Sefoce :
q iR[uyslnﬁ?ﬂ l;!y 5) a l %St pt , t lys e
physiCal and chemical ity a -toXicity. I Kk S

photocatalyst for water and air treatment as well as for catalytic production of gases.
Also in development is a paving stone that uses the catalytic properties of TiO; to

remove nitrogen oxide from the air, breaking it down into more environmentally
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benign substances that can then be washed away by rainfall. Other experiments with

TiO, Son, Ko and Zoh (2009) investigated kinetics and mechanism of photolysis and
TiO, photocatalysis of triclosan. The results were compared in TiO, only in the dark

condition, photolysis, and TiO, photocatalysis with a UV-A lamp. TiO;
photocatalysis more effectively d

dédland mineralized triclosan compared to TiO,
only and photolysis cond% ' ///
2.1.3.3% cani m&

f Titsnu il
e —— 2 - d
TiOy.is i twojpand gapsthegfirstsis valence band (VB), the

highest occupied ba |
the lowest un iedg % ands| arg, separateONydifferent energy level which
is called “ban

energy, it will pr ( _ﬁ &l pairs .I-‘v,_’ tron of the VB of TiO;

-

becomes excitgdfvh inated By 1ig ~\ S ey ergyllpf this excited electron
promoted the elec ' erefore “%". at he negative-electron (e)
and positive- 2.1 \‘\. is referred as the
semiconductor’s ) on” 5tz 7 ) avelt \8f the light necessary for

photo-excitation of 3 G

80 Al The h* of TiO, could pull an
electron from OH- o ;?: cule’to ©H as Shown in Equations (2.2) and
(2.3). The e reacts With OXygen. i ecule per oxide anion (¢O’;) (Equation

(2.4)). Thgﬁt I oxidizing a rf\and rearrange the

.lmz-;a ~ d H,O. The phOtO-

structure of

tg}s to its original state.
O, to obstruct the

excitation of€ eGira

Therefore, it Qould have elecCtro

recombination. Trroverall process is iIIustratw Figure 2.1 below.
=

AULINLNINYINT ..
QRN NN

0, + & ——» 0, (2.4)

eptor, for examﬂlﬁ




Conduction band
A

Organic —> H,0 + CO,

comnniinAde

Band gap

_Y
Valence band

phic forms which are
anatase, rutile, angg v A Figure, 2 p and anatase have been
used as the c [ : \ Ie ¢ kite is usually found
only in mineral or : Cataly % \n - oS8 ocrystals mainly depend

on their struct \\ peratures while anatase will

ill depend largely on the
: (2008) concluded that the
anatase to rutile transformdtiefieectirréd & iPErature between 700 °C and 800 °C.

be more stable at | _ ture .\\
calcination temperat r “and aichpha

ia ch as crystalline form, gibbs free

(e
energy, an structure between
rutile and dndtase-are-dilterent-thus-makes-them-aiffer=slighttyih crystal habit. The
band gap energy. 0 WAMight (380 nm), while
the band gapyjergy of rutile 0"eV~Corresponding Gﬂjylolet light (413 nm).

The difference in ?nd gap comes from the Ie of conduction band edge of anatase

ﬁ‘ﬁﬂ"’@ﬂ NS WS

other hand, the CB energy for rutile is cIoser than anatase to the potential
as. Therefore t oto enerated CB eIMns

required to reduce water to hydrog ‘
q iﬂ %aeﬁﬂ %EM ofhb W|t eac
anyth ful Unlike'in a "s pic IIy,

forms: suspension or immobilized. The anatase type of TiO, generally shows a higher

et

be Use

photoactivity than another type of TiO, by comparison of physical properties as
shown in Table 2.1.



f\\

a) anata

-

c) brookite

< yth, 2009).

Propertie Anatase

[ etragonal system

3.2

mm“ﬂmmwnv
P \\"

Band gap energ l P I'r_

Gibb free energ
-211.4
(kcal/mole

Melii int ( Change to rutile at high
elting point (°C
P temperature (~800)

Hardness (Moh e : 5.5-6.0
ey Y p
j - l-‘. 4 "
Density.(/ "N 33894
il | i
Lattice cons!Jta(A) 58 M 3.78
Lattice constanaﬁ A 2. 95 9.49

ﬂ e mmsm:m n79

Recently, TiO; has been utilized as a photocatalyst for enwronmental

|at| suc ir-purificatio .d If-
e? l % ﬁ its ﬁ U
requwes of the wavelength ‘ ) less than 380 nm, whose energy exceeds the ban

gap of 3.2 eV of the anatase crystalline phase; hence, utilizing only a very small

fraction of sunlight, which is only 3% of UV portion. Secondly, TiO; has a high
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recombination rate of electron-hole pairs because it has wide band gap energy. The

mechanism of TiO, photocatalysis mainly depends on the semiconductor interfacial
redox reactions of electrons and holes. The efficiency of TiO, photocatalysis is low

for its application because the photogenerated electron-hole pairs recombine rapidly

after excitation leading to low chagge carferytransfer rate on semiconductor surface.
o / focused on improving the TiO;

d photocatalysts should allow

efficiently (Y | _ @8), : \' € fe usifg chemical or physical

methods, to enfd ‘ ytic activity, of " through modification of

213513 'y }

)So S fI:making ceramic and

glass materials.dn-general;-the-sol-gel-process-involves the-diainsition of a system from

a liquid “sol® 3] pﬁ*ﬁ the sol-gel process,
it is possible ﬁgfabricate ceramic or gfass materials in aﬂjyide variety of forms:
ultrafine or spherlel shaped powders, thin fllwatlngs ceramic fibers, microporous

s aerogel
ﬂlw q‘:\wﬂ mﬁ“ﬂ co'ptcl|§n vapor
lon etc., the sol-gel process is undoubtedly the simple (Chao et al., 2003) and
the cheap one (Sonawane, Kale and*Dongare, 2004
T R
condehsatio p cursors ™ suc tetra(n-bUtoxyl

(Ti(O-Bu)s). The reactions involved in the sol-gel chemistry started form the

hydrolysis, water and alcohol condensation reaction of metal alkoxides as shown in
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Equations (2.5) to (2.7), lead to the formation of new phase (sol-gel) can be described

as follows:
Ti-O-R + H,O — Ti-OH + R-OH (hydrolysis) (2.5)
Ti-O-H + HO-Ti W ) Ti + H,O (water condensation)  (2.6)
Ti-O-R + O 7R (alcohol condensation) (2.7)
#’m—;-- V -
, anematerials is very popular amongst
chemists and is wide od to/prepare, IMaterials and can be characterized

)f the metal alkoxide or

‘ W8I an oxide- or alcohol-
bridged network (# / & Dl ehsatioh, o terification reaction that

results in a dranatic igiereaein the.viseo of { uh‘“t. on.
. f‘ﬁ" 4 A

%

e, e gel (Syn \“ during which the poly-
condensation reacti ----1-'"“*' gel tramsforms into a solid mass,
accompanied by 'c-’f_‘f_...r... g¥and expulsion of solvent from gel

pores. Phase transforma Jl-" ‘may o ' ently with syneresis. The aging

process of ; gﬁ Ca days and eve n of cracks in gels

that have w
=5tep @e‘t’volatlle liquids are
removed fromM process 1s compllcdﬁp due to fundamental

changes in the strvture of the gel. The drylngwcess has itself been broken into four

AU INUNINYINT

resu g monolith is termed a xerogel. If the solvent (such as water) is extracted

under supercritical or near super crfcal condltlons th duct § an aerg el.
Q iﬁ! I ﬁ De ydrati 3ﬁlCh urf e- ﬁﬁj
rémo ta |I| ng gain hydration. rmal

by calcining the monolith at temperatures up to 800°C.

e gel network.
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-Step 6: Densification and decomposition of the gels at high

temperatures (T>800°C). The pores of the gel network are collapsed, and remaining
organic species are volatilized.

The typical steps that are involved in sol-gel processing are shown in

the schematic diagram below (Fig . Navarrete et al. (1996) investigated on the
found to be the determining factor

effect of preparation conditigrSie:s0l-g
in the textural propertiesiei ju.:' solid }(ﬁ:ﬂgatalyst used was an important
factor on the speci' area, @dlty & as well as activity. In the

| 1rra |

gelation and aQW‘

actigns W, ; (8 slow room temperature,
often requiring sewv: 161 Q[T IS reason, acid or base
catalysts wer ‘ i o ';-:\\~ .ty pE Of catalyst used played

i ' jCtur e ‘:“.\\“ properties of the final
aerogel product. | ild be 3 fotiGyacidhsuch as H,SO., and HCI.
ponia and ammonium
fluoride. Aerogels dffvi actd: ‘j ' d more shrinkage during

atalyzed aerogels.

Dense film

Dense
ceramics

Hydrolysis
Polymerization

Figure 2.3 Mechanism of sol-gel process (Chemat Technology, 2010).
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2.1.3.5.2 Hydrothermal Process

Hydrothermal synthesis can be defined as a method of synthesis of
single crystals which depends on the solubility of minerals in hot water under high

pressure. The crystal growth is performed in an apparatus called “autoclave”. Possible

gt stable at the melting point. Also,
% ;ir melting points can also be
a &garticularly suitable for the

good control over their

w temperature technique
\ "~.

for materials idé /2 ieg plutrial ocesses for ceramic
synthesis. The hydi , eChnigue fegLIfesiaut@BlaveMinstrumentation and relies
on the extensi ) r ﬁ-.f es Jd \L ~.' an aqueous solution or
slurry. The way to i D L Ie ize al fic active area importantly
affects the desired pro rties, --—7-1" photc Sts . \ arylng the surface to volume

ratio, by affecting the phd r‘( ar gter af d by influencing the surface
hydroxyl concentratlon.i_ ; | e of titanium powder at relatively

low tempegﬂe e mfﬁ\e modified titanium

part|C|eS b Fhlv=Vakviat=the=tittation=0f=the=tteatment=-\Withe the danger Of the

/i

anatase pha J
roughness andii omplexity of the photoca yst surfacesJi d amplified hydroxyl

pﬁ rties like increased

content per unlt‘area can be combined |mpr0ved interconnection of the

ol LoD IET (o ige i

talysts (Kontos et al., 2005)

A wmﬁ : mum? UINGE

activity and surface area of photocatalyst, adsorption and desorption of
reactants/products. In the photodegradation process of TiO,, the disappearance of the
pollutant depends on two mechanisms, pollutants adsorb on the TiO, surface and
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oxidation reaction by the «OH. Both mechanisms occur on the TiO, surface. For this

reason, the adsorption of organic molecules on the TiO, plays an important part in the

photocatalytic process. Therefore, it is important, in the first step, to determine the

Y

rm
/ vae” deve oped by Irving Langmuir in
&Mf an adsorbed gas on the

emperatures The basic idea behind the

isotherm of adsorption.

a monomolecularic layer.
“. ming:

2Ol the adsorbent surface,

\“\, rdaghed when the rate of

adsorption of molé | the - surfacey . “ m e rate of desorption of

molecule from e su he rate-a v'i f ads 'HH. @ceeds is proportional to
the driving force, gihi i’ the @liffe ence be \ thelamount of adsorbed at a
particular concentrét' nd i 1_': Sunt an b isorbed at that concentration.
At the equilibrium concentR ,{ﬂ;;,m diffe 5’ zero.

- Adsorptlon i ﬂrf
Langmuiri rpti

(2.8)

where “ge” repres?ns moles of adsorbate per unit weight of adsorbent, “b” is rate

AU W T

Thlﬁ]U&thl‘l is a linear line when plotted inverse qmax and inverse concentration
rewritten as Equation (2.9):

QW’]Mﬂ’iﬂJ}!‘W MYIQY

(2.9)
qmax

e q max
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2.1.4.2 Freundlich Adsorption Isotherm

The most multisite adsorption isotherm for rough surface is the
Freundlich adsorption isotherm. This isotherm is used commonly to describe the

adsorption characteristics of activated carbon used in water and wastewater treatment.

Freundlich adsorption isotherm ped as shown in Equation (2.10) and its
linearized form is illustrate “

(2.10)

(2.11)

Langmuir-Hist ) pré f—' S ONe jnetls model that widely used to

analyze the heterogenegiis pha Specially in the presence of pre-

adsorption or dark adsorptiGn-prior. the: bn (Roa et al., 2003; Vargas and
Nufez, 2008; Merabet, B b-and Wi 009; Tsai et al., 2009). This model
was developed baserof the assumption fitien, with-~eaction byproducts.

The photo6& ‘“ rtic-oxidatton-of -organic-potuti ..._.i—i._-....;h d comply with the
following Eguétio NS

— e’

M * Il

- dC kKC (212)

h “r’Ilslhe reac:oa ra]e :lor&ejoxlldallcE‘ organlcgol lutant iml/tj'l) “kr" IS

the specmc reaction rate constant @ir the oxidation of anic pollutant (mM

qWIRINT RTINS

when plotted between inverse initial rate and inverse concentration as shown in

Equation (2.13). Slope (1/k;K) and interception (1/k;) are positive.
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1

2.13
K (2.13)

= |k

1
= — +
k

Ol

The constants, k; and K, can be obtained from the intercept and slope of the line

formed when “1/r” is plotted ag ‘4/@”. jThe integrated form of Equation (2.12) is
shown in Equation (2.14): \

(2.14)

(2.15)

Where “ti, ™ iis they eredis poLcompe \-\ ect from intermediates.
2.1.6 Properties o

benzene that is substituted with
nié_? chlorine atoms in
ilic halogenation of

2-Chlorophenol or: wf'.‘_
hydroxyl @o S
second or o
i ,ﬁs ightly acidic liquid.
inistry of Industry'wp_ 6 (1997), 2-chloro-
phenol is cIasmﬁeia&oxm hazardous wastwi the industrial effluent standard for

ALY nmmwmm::: o

nge of organisms. 2- Chloro enol is also used to preserve wood. It is used as

q We'ﬁ ANTE ﬁ ety

2-Chlorophenol Is toxic to plants invertebrates. It Spl||S have resulted in fis

phenol with

According to Notification 0

kills. Exposure to large quantities of 2-chlorophenol impairs algae reproduction and

primary production. Biodegradation in soils is lightly to be reasonably rapid (day-



16
weeks) and it binds moderately with soil/sediment particles, however for significant

spills to land, leaching to groundwater may be possible. Bioaccumulation of
2-chlorophenol appears to be moderate. Explosive exposure to 2-chlorophenol can

effect if swallowed, inhaled, or absorbed through the skin. 2-Chlorophenol may cause

“an L__ t water pollutant and has

bility of the C-Cl bond in
halo-hydroca ‘\ A »\: ence in the biological
"“-\. guatic environment are

environment. The! ‘
discharges from 't '_,," T ! Ia S,

) u\ e u\ r phenoxy herbicides.

and those employ it as

s ‘, a u product of chlorine-based

bleaching, and ffom i W eakda e |d \during post-application

\ |

compounds from codl Idrophenol iS¥Vek, toxiCkand poorly biodegradable in

period. The com acting sulfur and nitrogen

water. A wastewater strea {,5{ itain ing™ phenadl over 200 mg/l may not be

treated effectively by dlre ,av 0 ;W}, ,;
Thrﬁrev ’ oﬁ‘ hlorophenol under

photocatalytic, elecirocatalytic,-and-Fenton’s-oxidation-under various conditions to

determine the’ Ty intermediates and

products. It heﬁ een observec g types and distribut@p of intermediates was

depending Iargelyen the oxidation process anuperlmental conditions. Catechol and

EWW@MEM‘S e 1T g

umone chlorohydroqumone and hydroxyl hydroqumone were ldentlfled

ﬂmmmmug]wmaﬂ

Figure 2.4 2-Chlorophenol molecular structure.



17
Table 2.2 MSDS of 2-chlorophenol.

Property Information

2-Chlorophenol / 2-hydroxychlorobenzene/
Name o-ChIorophenoI / 1-chloro-2-hydroxybenzene, o-
rphenlc acid, chlorophenolate

CAS number \.W/ 95-57-8
Molecular formulag S— _____ﬁHsCIO
: ‘ - =

Molar mass 6 g/mol

Appearance /mm ig tbrownllqmd
Density I/I‘ ‘\\\ c , iquid
w7771 2 NNNR
Boiling poiny Ilﬂ ‘\\\“i - 17 0°C
Flash péfnt v m n\\\ ., sup)
Solubility in wter w.-/ plUile (20-25°C)
Vapor Density \ -'1' /“A‘\k‘ ir=1)
Vapor Press v g ‘ﬁ‘ Pa( 20°C)

Odor Threshold /¥ [HIE&EEAL << ) 104 ppm

- RN
under the ~pRotoy igure 2.5 defdation pathway of

2 Chloroph& asproposeq by Hiszetal—(2002) 1t-startsw .;- 215 addition Of QOH to

the aromatl moiet lh oxycyclohexadlenyl
==t

radical, *OH addition in nosition to 2-c Ioropheﬂﬂ‘l (2), followed by H-

abstraction (3), Ie ed to chlorohydroquinone, while addition in ortho position (4),

RV itay ik (kg

dISp ortionate into 2-chlorophenol and chlorohydroquinone, accompanied by water
elimination (6). Although <OH ﬁten seems to befam plausible explanati@hadfor

IR IINEIRD

from 2-chlorophenol to a semiconductor (7) could also give a positive radical, which

could be converted into an chiorodinydroxycyciohexadienyi radicai after nucieophiiic

water addition (8), or into chlorophenoxyl radical after deprotonation (9). (In the
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OH
Cl
OH oy
OH OH
O, 18l (5)
Cl ' ’ O —¢—*
OH
Cl
oH
Figure 2.5 Simpli echanism fonthe) \ kdtlation of 2-chlorophenol
presence of dissolved O, ‘_ﬁf-i'-u!a_!'lr-'. icanay lead to the formation of
quinonic derivatives (10)) STAcE--the -hydrox ation initiated by either «OH or a
surface trapped hole AR TeadAe . chl ohexadienyl, a distinction
between dife -t hole and «OH oxidation can ! by using only the
product di*i ) e‘iiates leads to ring

opening and ‘Gj oxyI| | dacids and hydroxylated
carboxylic aci ) Prolonged irradiation will lead to t total mineralization,

produ ing water, ( rhdlomde and h drochM acid as final roducts It iS reported
ompounds * oxIdati ro ce other

organochlorine compounds that M be more toxic th the parent compoun

q W’\&ﬁm oK. mm NYIRY

synthesized TiO; in this study.
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2.2 Literature Reviews

2.2.1 Photocatalysis of Doped Titanium Dioxide
Liu, Yang and Li (2006) synthesized the visible-light responsive TiO,-V205

photocatalyst by using a biRa Jl-gel and in-situ intercalation method.
The photoactivity of the preparetl Cete rV and visible light irradiation were
evaluated by decolori : | )ﬁ( The results showed that the
composite catalyst ' hor@gene&hase, and the vanadium

pentoxide species.was.hit persgd in (NE~F@azphase. The composite catalyst

its photocatalytigCtivi#¥ upte ibleti \ jon of Rhodamine B in

an aqueous solutigy s Peah Confirmed the \ o\ o:u.; TiO, nanotubes could
a ; A\ \. s

be excited by.#Siblef the Tecol ‘\ e i, elc8 kon-hole pairs reduced

significantly. Thegfigheff vigible -,A‘-r' act ty is dlie 't B t "_ 0-doping of nitrogen and
platinum.

Ishibai et 4 (2 thes O, phe ,Iyst with Pt-modification
which active to visile-lightF=Fhe=res yed @t Pt on the surface of TiO;
increased photocataltic ":,';.. \ Clight irradiation, depending on the
calcination temperaturgss f‘fdm.»; ed with the light absorption

@ that TiO, surface

g} resulting in a large

properties @1 F

structure pl

mba ndmlsmle light irradiation.
Xu et aks{2008) studied the low- temperature preparation of F-doped TiO, film
and its photocatﬁtmctlwty under solar . The photocatalytic activity was

ﬂﬂﬁh@ﬂﬁm NEANT-:

rowth, and the transformat?n of anatase to rutlle phase was also |n

qWAGNTE a5 IWTINYINY

oxygen vacancies rather than the excitation of the intrinsic absorption band of bulk
TIOz.

visible light a
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Lin, Wu and Onn (2008) studied the degradation of 4-chlorophenol in TiO,,

WO3, SnO,, TiO/WO3 and TiO,/SnO, systems and found that TiO,/WO; increased
the band edge wavelength to 475 nm, gap energy decreased and the specific surfaces
area reduced to 2.61 eV. Although the specific surfaces area of TiO,/WQOj3; decreased

;?her TiO, or WOs3, the 4-chlorophenol

due to its larger size as compan
i compared to single TiO, or WO;
b, the jegra
e — -

tion of 4-chlorophenol at 369

cy also suffered at 369 nm,

Rargly-4-chlorophenol degraded in

ase nanocrystalline TiO,
as a precursor. The
Man autoclave system with

odification were achieved. After
i \ ere immobilized on glass
fion techRique. Methyl orange was used
the 1 odified material. The results

show that the photocataly ‘9&5* "’rY d films is improved by a two factor

‘ toﬁbout 4 days in the

when the hﬁro h
autoclave Systbi-Seraich-tests-revealed-favorable-interconncction of the titanium

modified films} iff comparison to the orig

nanoparticl‘ v. to hg-. ass substrate for the
i

al P-25 material. M

Carotta et‘a AZOO?) synthesized T _thick films and powders by two

AT INBISWYINT -

hyd ermal process, the TiO, film was maintained the anatase phase at higher

calination temperature with an m‘oductlon of forelgﬁaments than traditioriak&ol-
WA IS A A VR R R
q =

Tian et al. (2009) synthesized S-doped TiO, nanoparticles by hydrothermal

process and their photocatalytic ability was studied by degradation of methyl orange.
The result showed that S-doped TiO, photocatalysts at a nanometer scale could be
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successfully synthesized at 180°C by a hydrothermal process, which could achieve the

crystalline under a mind condition. The particle size and morphology, and
phase/chemical compositions of the S-doped TiO, photocatalysts were strongly
dependent on the amount of S incorporation in TiO,. S/TiO, sample at 1.5% with

a spherical morphology and 30 nm irid aneter has the best photocatalytic activity.

noI|c Compounds

the basis of varioys”chafacifrigations. Gatal '.;\ the reasons invoked to
explain the phQe i ivityenha 1ent \duento it O3 included a better
separation of pho ara large e e J\ oxygen reduction and an
increased surfae€ aci i i ‘, her e had J- of the aromatics.

: L de@radation of 2-chlorophenol
by nanoparticles Co-dgfed Ti A THerasulfSie caladlinat Co-doped TiO, exhibited
high activity for UV-pho "fﬁ“’m of 2-chlorophenol. The efficiency
values of the 2- chlorophe ;’5/ P}F g : of e 93.4% and 96.4% at solution pH
of 9 and esp ' ihe » Structure caused

gey

a5|gn|f|ca
Araft? et 2 tjﬁ?ﬁehavior of different
phenolic comMnds (catechol, "resorcimol, phenol, m-creM and o-cresol). Their

adsorption and n?ractlon types with the O Degussa P-25 surface were also

Al YIS

r phenolics and its interaction occured preferentially through the formation of

a catecholate monodentate Resor&ol and cresols mﬁted b[/ means _of h M

catec pnos n “inter ed|e aan

adsorption constant (K) much lower than that of catechol, but a similar interaction.
The interaction of the selected molecules with the catalyst surface was evaluated by
means of FTIR experiments, which allowed the determination of the probability of
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*OH radical attack to the aromatic ring which found to follow the sequence of

resorcinol > m-cresol > o-cresol > catechol > phenol.

ﬂuﬂqwaﬂﬁwﬂwnﬁ
QRIANTUNNING Y



CHAPTER Il

METHODOLOGY

chem.c\‘\!"///

3.1. lChem

-Tetra(n- b i ‘ i 4 Aelllikanvas used as the titanium

precursor.
-Etha

solution.

ebhas the dopant for fluorine
doped TiO, (F/ ,
e, ’ 18,)1 ( 0 M) from Sigma-Aldrich was

y
lJ

used as the dopant for gietinunt=to] -m--- . |02
e ﬁ?" -
-Nitric acid (H N03 s cid and phosphoric acid (H3PO,) from
Merck were used as the aci 4* fal “W ’ plysis rate.
-Di &Nolé ba@s used as the base
,_T"'—* """" - d

_Cont | ffagfarea of 59.1 m%/g and
average particlLHjiameter of 27 NM Was USed as a reference fof photocatalytic activity

comparlson

fugmyriney

-Perchlorlc acid (HCIO,4) and sodium hydroxide (NaOH) were used to

just/control the pH during the h&ocatalysw rocesofiei
ARSIV nea e
q deionize

I eag n ere re
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3.1.2 Reactor

Photocatalytic experiments were conducted in a 1-liter Pyrex beaker placed in
a circulating water bath controlled at 25 °C. Magnetic stirrer bar was used to mix the

solution. Two-watt light-emitting diode (LEDs), which provide the light in the visible

’9/?_ bove the reactor to irradiate the
/ﬁriated value throughout the

ump to add acid/base as
ggacter. is shown in Figure. 3.1.

, TiO, synthesis and

5cm

A £
EN 4

AUBINENITNYINS

3. Reactor | 4. Magnetic stirrer
: 5. \Water bat ‘ . . B i oller e el
AR UREREA Y
q . NaOH solufion™ =~ 10. Black box

Figure 3.1 Schematic diagram of the photocatalytic reactor.
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3.2.1 Titanium Dioxide Synthesis

3.2.1.1 Synthesis of Titanium Dioxide by Sol-Gel Process
In this part, two types of TiO, were synthesized by using the sol-gel

i ’, except the dopant at desired
' "was added. To synthesize W/TIOg,

R ane=REUNH2)4(NO3), were used as the

F/TiO,, and PU/TiOzzly

sources of element dgp nthesis was illustrated in

o
“-,.“

'.‘.'I\

Figure 3.2 and™tfie detgiS |

¥ a. placg’ 79 anh S “* 0 mL flask and slowly

add 0.05 mole of gétragbyfto _ﬁ Lm* under, the M stirring condition to

prepare a clea tra Foutdxyil)ti --(’l-i;-.? \ t o ‘ion ). The flask was
then placed in watgl batifto oritra ,,i‘;‘"’ peratl "'wvw desired time.

AL e ame time, 20 -\‘\ ed'water was added into 20

mL of anhydrous ejifanc Icoho S the et anolkadu pus solution. In the case of

doped TiO,, the do ) CO tl gired \mple ratio was added into the

ethanol aqueous soldtion. The mixture entinuously stirred until the doping
element was completely di 5’;, S'Ji/

) 4 L nU@olutlon I and the
N e

precipitate t -f
of 'AA,'L of the acid or base

f.L
e

catalyst was Med into the solution. The mixed liquor vilaj thoroughly mixed to

undergo hydrolytlgc &ensatlon for 3 hours

uﬂﬂu mmzm mmm” B

f. Finally, Ti OH)4 powder was calcmed at the deswed

ynthesis o
This part aimed to study the effect of hydrothermal on the synthetic TiO,

property. Optimum criteria obtained from previous part were used in this



26

Solution | Solution 11
(tetra(n-butoxyl)titanium and (DI water, anhydrous ethanol
anhydrous ethanol) (and dopant if needed))

ing catg Iystl
PO Xln x

Figure 3 che ---7---- n‘k— M hesis By sol-gel method.
V s

hydrothermal section; ho ‘,,_,, :
hydrolyze ~'}EU iC

selected timebe

ic condensation for 3 hours, the
1£ nd 103.4 kPa for
arall procedure of TiO,

synthesis by "'- 3.

T M

3.2.2 Dete‘n&tlon of the Tltanlumvlde Activity

mﬂnﬂﬁmﬂ?ﬂ“‘mm 1w A

reac g an adsorption/desorption gquilibrium. After that, the irradiation began to

QRN IR

time, the sample was taken, filtered through a Millipore filter (0.22 um pores) and

analyzed by the UV-VIS spectrophotometer at 510 nm for residual 2-chlorophenol,
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Solution | Solution 11
(tetra(n-butoxyl)titanium and (DI water, anhydrous ethanol and optimum
anhydrous ethanol) mole ratio and element for doped TiO,)

H’ lControI at 4°C for optimum time

(sl far 1 hour

W\ hydroxide
frEB\\

3 |u hydroxide and
s to @btain TiO,

Figure 3.3 Schem ﬂ. hydrothermal method.

times were Oj , ﬂA
controlled thresghout the experiment. Diagram for the phd atalytic activity test is
described in Flgur‘a

AuEAnsminens
ARINIIAIMTINGIA D

3.3.1.1 Sol-Gel Process

Key parameters in the sol-gel process which believed to affect the TiO,

tes. Solution pH was

property were investigated including calcination temperature (150, 200, 300, 400, and
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Prepared the synthetic 2-chlorophenol
wastewater and adding to the reactor

l

Turn on the magnetic stirrer and adding TiO,

brcact ﬁ uilibrium and
On-te-st e reaction
———ar

‘, P;;"‘- 1 photoc -,\-, € activity investigation
- . F i \

., ,__=':-:.. nd sQlfeatalyst type (HNOs, H,SO,,
SE |

HsPO,, and dlethano anime=(DEA)). Syn B0, under various conditions were
tested for their photocata L-'A-’-”L’? JW
Expenmen{l one

Figure£'4 Experi
500°C) and ramp ra €

grophenol as the target pollutant.
es &' Tito 3.3.

Inm his section, the TiOp was synthesized | wlowmg the optimum

conditions obtam? EE previous part; how e the target dopant (either tungsten

f'ﬂummm'swm ﬂ“’ﬁ“
SRR R

obtained from previous parts was autoclaved for either 2, 3, 4 or 6 hours and the
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Table 3.1 Conditions for the study of calcinations temperature effect.

Ramp rate (°C/min) Catalyst type Calcination Temp. (°C)
150
200
300

400
500

Table 3.2 Con

Ramp rate (° Thation Temp. (°C)

\ :C~_ﬂ_~q from Table 3.1

Table 3.3 Cond |on

Ramp rate (°C/mif) atalys _ e / \ Albination Temp. (°C)

Optimum from Table

obtained TiO,

AUEANENINGINT. -

Whl&l)rlnmpally affects its photo&atalytlc activity. Table 3.4 shows the conditions

Qﬁﬁﬁ”ﬁﬁ‘ﬁﬁmﬁﬁ?ﬂmaﬂ

3.3.3 Photocatalytic Activity Investigation

sﬁ%-chlorophenol as the
II

Photocatalytic activity of the synthetic TiO, was investigated under several

conditions. The effects of TiO, dose, light wavelength, light intensity and pH on 2-
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chlorophenol degradation were investigated. Moreover, photocatalytic Kinetics of 2-

chlorophenol was also determined. The experimental scenarios are shown in Tables
3.5t03.9.

Table 3.4 Conditions for chara er ; te 2-chlorophenol adsorption onto TiO,

surface.

TiO, dose (g/L) QM

2-chlorophenol (mM)
0.005

0.01
0.03
0.05

0.1
0.2
0.5

1.3

Light source

uv

Blue light

mmmn{uwwmﬁm
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Table 3.7 Conditions for determining the effect of pH on TiO, photocatalytic

activity.
2-chlorophenol Temp. ) TiO, dose
Light color pH
(mM) °C) (g/L)

Optimum

N\
0.01 d § " i ffom Table

3.3

|l N o O

Table 3.8 Cong --s o / -

photocatalytic ac

wavelength on TiO;

2-chlorophefio )
— Light color
(mM)
' Y I, Blue light
f Opti
0.01 5 Green light
‘ Red light
Table 3.9 Conditiofs foleete !‘f_ﬁ' ect 'of 2-chlorophenol on TiO;
photocatalytic activity. ‘__} 4 "’W 3
Temp. @ 8 o : 2-chlorophenol
cc) | LW A (mM)
J .
lII 0.005
Optlmum Optimum 0.0

qmmmnj’wﬁwmﬁ’ ]
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3.4 Analytical Methods

3.4.1 ldentification of Crystalline Structure
Crystal structure of the synthetic TiO, was characterized by the X-ray

oyery, Bruker-AXS) with Cu Ka radiation
// nning speed of 3°/min.
3.4.2 Identl

Surface m i ic-TiO»was cha cterlzed by the scanning

diffraction spectroscopy (XRD)
(A =0.15406 nm) ina26 ra

‘ e  Was &valuated by using a diffuse
reflectance . i hoto A\ ’ »"_‘i ] ®hner Lambda 35
Spectrophotometegf witl ing ANge oe ""-,‘1 afig 800 nm.
§ - .l"\l

Point of zero/glfarg —-—-,-",-'-"#':"; yas ‘aflelyzed by using the dynamic

-

light scattering (Malvern Z399)

, fdsorptlon isotherm
1 i
by the Brunaueks ’ M standard.

3.4.6 Lase‘P&cle Size DIStFIbUtIOW&dySIS

AugINENINYINT -
AT ngad

concentration.
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3.4.8 Measurement of 2-Chlorophenol

4-aminoantipyrine colorimetric method (APHA, 1992) was used to analyze
residual concentration of 2-chlorophenol. One mL of buffer solution, 1 mL of 4-

amino-antipyrine solution, and 1 mL of potassium ferric cyanide solution were added

into the sample and mixed toge ogluce a color reaction product. The color
intensity representing the ' jiCeptration was measured by a UV-VIS
spectrophotometer at5s :

ﬂuﬂ’mﬂﬂﬁwmﬂﬁ
QW’Imﬂ’ifUSJW]'mEI’]ﬂEJ



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Titanium Dioxide Sy\ “’////
411 Optlm% Corwtuo

alcination temperature
] 50, 200, 300, 400 and
fion (XRD) patterns of the
a N\ omgred to the commercial

 and 27.43 represent the

\ ' iz8%an be determined from

(4.1)

where X is the, wa th characteristi jatiop . = 0.154 nm), B is

the full witti*at=hakf=h
i

and 0 is the reflecting
ré%ﬂ te, and rutile peaks
can be seen ~|‘ m Figure 4.1 that the
samples calcined ?2% and 300°C contalned@y anatase and the crystal sizes were

AU INENINTINT.

|nd|alng that the major crystalllze hase had transformed from anatase to rutile and

MATEA RS

a S|ze asﬂ
0 the crystalline had transformed to rutile and the correspondlng crystal Size has
increased to 18.083 nm. Table 4.1 summarizes the crystal sizes of the TiO, obtained

angle. The "

could be obtaiH from the XRD™patterm,

from this study under various calcination temperatures.
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AR A A A

500°C

400°C

Intensity

300°C_|

80

doping calcined at

various temperat Rre S ystal'@lane of anatase and rutile,

Stallize size and weight

Calcination temp. )
% Rutile
(°C)
200 _ 0484 2/ . 0
30 284 B /5 0
: “ J 70.91
= 6.77

To ?a ify the effect of c%ciatlon temperature on the phase

zﬂw MENINGIAT

, rutile (1 1 0), and brooklte (1 2 1) peaks obtained from the XRD pattern

Wﬁmmmummmw

KaAa (4.2)
KAAA T AR T KsAs
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We = Ar (4.3)
KaAasTAr T KeAg

We = KeAg (4.4)
KAAA+AR TKsAs

tions of the anatase, rutile, and
e integrated intensities of the
riables Ka and Kg are

temperature It absorption ‘abili " o O,. All synthetic TiO;
obtained in this s ) visible I L \: an the Degussa P-25 as
shown in Fig 2 he Degussa P25 ¢ “N bethbett®h within the UV range.
The visible-light Vil W f lighest at 400 ‘ jolet light) and declined

substantially as the fisible light absorption ability
L}

improved as the JBAlci para u hdreased' fro 4150 to 200°C; however,

decreased simultane afterward. Th ce ‘@il carbonaceous species might
cause the prepared TiO, phOtocatatyst-ie L o0 respond to the visible light. These
carbonaceous species f—"f - b gy the calcination at elevated

t@n et al. (2001) and
J

Bfﬂi ‘ teﬂom the plot of square
root of Kubel | 'Munk function (F(R)) versus photon en (Asahi et al., 2001).

The relation of (ﬁﬁnd hv was plotted. @€ band gap energy of TiO, can be

FAUBINUNINEING

ochv A(hv- Eg) (4 5)

q RAasNInIMA AN

a direct-allowed optical transition and 2.0 for an indirect-allowed optical transition

temperatur@t

(non direct in case of an amorphous semiconductor). Results are summarized in Table

4.2 which shows that the band gap energies of all synthetic TiO; are lower than
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Absorbance (a.u.)

Figure 4.2 UV-V4E ahgorg " tre ) o bsynthetic undoped TiO;

Table 4.2 Band¥ 0ap g \ emperatures.

Calcination g#mpg ) °C jo Wy gap energy (eV)
| 180
1.20
1.50

Vi AN

=
'

==t
Degussa P-ZSMich is 3.2 eV. The band gap energy was @reased from 3.2 eV to
1.80 and 1.20 eV‘) & TiO, calcined at 15Ud 200°C, respectively. Nonetheless,

FET mﬂmw Hﬁsﬂ“i v

OO and 500 °C, respectively. This narrower band gap should better facilitate the

f angle from
q ﬁsﬁmﬁ AR
this band gap reduction. The TiO, calcined at 200°C had a higher photocatalytic

activity under the blue light irradiation than those calcined at 300°C, i.e., 91.8% of
0.01 mM 2-chlorophenol was removed in 6 hours by the TiO, calcined at 200°C
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—e—200°C

Figure 4.3 P _ { HOPhE alcine temperature
200°C and 300° lué Wyt ireadiatioh (4g/ChO,, pH at 5 and 25°C).
compared to 48.1% Lalci r . 0 igure 4.3. Generally, the
Degussa P-25 fic
This implies that t

\\ thvisible light irradiation.

5
O

‘ _ eriously affect the activity
of TiO, under visible I 2 i ! of UNLEBNge where anatase has higher
absorptivity than rutile a ”:--*‘-'u-ﬁ--- e yely. According to Figure 4.1, little
anatase was formed at tt i‘" I "‘ 14‘ ke of 200°C with no other crystal
form exist (ﬁ catalyt
crystal forma
value for t& "l

Il

4.1.18 ﬂct of Ramp Rate

,aﬂ UHAMENINEINT

obtal d from various ramp rates. ? the ramp rate of 1 °C/min, the crystal phase was

q RIS IRy Ty

respectively. It is interesting to observe that the intensity of the main characteristic

exgeptional regardless on

was the optimum

peak of anatase phase did not change in all samples which indicating that the
formation of rutile crystal phase did not from anatase transformation. It is expected
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. Iy 9°C/min

° .
AT S . -—i‘r_.m_.

Intensity

_1°C/rnin

Figure 4.4 XRD péfte t Magious ramp rates (A and

R reppgents utite espectively).

ﬂumﬂﬂww”é’rﬁﬁ“

re 4.5 Photodegradation of 0.01 mM 2- chlophenol of the TiO; at various

ram rate under blue I| ht{radlatlon Il}/j H at 5 and 25°C) &
ats me a or '2 ansfo ru I’Ja es I\EJm h.g tiﬂ

rate. Thus, the ramp rate could affect the growth behavior and phase structure of

crystal phase similar to the results from Durén et al. (2001), Lei et al. (2009) and

Meng et al. (2010). The formation of rutile phase was somehow weakening the
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photocatalytic activity of the TiO, as represented by the removal efficiency of

0.01 mM 2-chlorophenol, i.e., the TiO, calcined at 1° C/min had the highest
efficiency of 48.1 as compared to 32.2 and 29.8% of those calcined at 4 and 9° C/min,

respectively (Figure 4.5). Thus, the optimum ramp rate for this synthetic method was

1 °C/min. \ ‘ /
4.1.1.3 Eifect Ot Dis "g{“"ure

"

This. bait i .' to ‘de 'fhe‘(m'e'?;ﬁ. temperature during the
dissolution stagW Tl ivit hetic TiO,. The dissolution

temperature i ?‘F’f.- f tion 1), 30 minutes
(control temperat ' urin' '»f ing .\ \ pinutes during the curing

0 .\ mlxmg step and the whole
furiher proGe8sed¥o generate TiO, following
the optimum conditiog§’ obtatReeEFom : sectiof , i.e., calcination temperature
of 200 °C and ramb rate_ igure 4.6, the TiO, prepared by
controlling at 4°C for..3€ ’g’"’?"

adsorptlon @

plution steps provided the best

r@he other conditions

e_rﬂ considering on the
photocatalytlc

ﬁl\/i "0, mpared by controlling at
u Il

4°C for 30 mimutes and 1 hour had comparable activities, i.2#*91.8 and 90.4% of the
0.01 mM 2- chlorc‘hﬂ could be removed infBdfours, respectively, whereas the TiO,

WHAnENnanNang -

suggested that the tetra(n- butoxylvanlum is very se itive to the moisture d he

q mmmmnmﬁ VTN

water vapor. By controlling the temperature at 4°C, a clear solution of TiO, precursor

in ethanol could be achieved. If the temperature was not controlled at 4°C during the

dissolution stage, the reaction between tetra(n-butoxyl)titanium and water vapor
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1.2
{k
1 -
30 min.
0.8 - No control
1 hr.
Mix step

Absorbance (a.u.)
(e}
[@)]

o
IS
|
i 'J .

Figure 4.6 UNYIS 3 n SPBCtr Faph 6f st vthetic undoped TiO; at

No control
Mix step
—— 30 min
—a—1hr

AUYINENING NI

e 4.7 Photodegradation of 0.01 mM 2-chlophenol at various temperature

Q ﬁﬁuﬁoﬁmﬁnt%lm dlsglﬁﬁ undeﬂuﬁht wradmuoﬁzj

would occur and white solids would precipitate out and caused failure to the
synthesis. Moreover, the low temperature control during dissolution stage could slow
down the hydrolysis and polymerization rates resulting in the formation of smaller



42
particles with more uniformity. As a result from this part, it is necessary to control

temperature during the dissolution stage for 30 minutes after the Solution | was
completely mixed with Solution Il. In conclusion, the optimum conditions for
synthesizing the TiO, by sol-gel process were dissolution at 4°C for 30 minutes after

Solution I and Solution 11 were ¢ ixed together, calcinations at 200°C with
the ramp rate of 1°C/m|n /

including tun :

mole ratios to e - Vidiblestight ras on ,. M' conditions from
previous sectie . %\ died molg :\;xﬁ\,ﬁ;‘ d8hant to Ti are shown in
Table 4.3. It is imh ' r the case Pt Ti@%only one mole ratio was

investigated sirfCe ;’ 3 , i edithat tf A ey expensive platinum was
4 sinp NG |n t| i e-light absorptivity of the
TiO, as will be disc lat ; he L/ gbsorptin spectra of W/TiO,, F/TiO,
and Pt/TiO, obtained in* ' in Figures 4.8, 4.9 and 4.10,
respectively. From Figure Iagsten doping enhance the visible

light absorptivjt simpact in the UV range.
@ S
-.\J

1%W/T|02

ammmmummﬁmﬂ

2%F/T|02
Platinum 1%Pt/TiO,
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Absorbance (a.u.)

800
Figure 4.8 Absagptio ith tungsten under the
300 400 . 600 700 800

ﬂUEJ’JVIEJ‘W@WMﬂﬁ

Flg e 4.9 Absorption spectrograjhs of the TiO; do ed with fluorine und

N AINTUIITINGA L

The absorption enhancement increased as the W:Ti ratio increased from 0.1 to 0.5%;
however, decreased sharply as the ratio increased to 1.0%; thus, the optimum W:Ti

ratio was 0.5%. For fluorine doping, the visible light absorptivity increased as the
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mole ratio of F:Ti increased from 0.5% to 1%. Nonetheless, the absorbance of visible

light of the 2%F/TiO, was found to be lower than 1%F/TiO,. The effect of F:Ti mole
ratio was not obvious in the UV range. Therefore, the optimum F:Ti ratio was 1%.
Moreover, Figure 4.10 shows the absorptivity of 1%Pt/TiO, indicating that

1%Pt/TiO, had lower absorbancey jon but had a higher absorbance in visible

light than the P-25. As are f that all three elements being tested
could enhance the abs /pd( le-light region. Nonetheless,
when considering o Hevef @und that the 0.5%WI/TiO;
was the best followgds i .uu‘ 4O 1%PUTIO; and P-25,
respectively, as showget g o ‘ AThe f_ ‘‘‘‘‘ s of all doped TiO, were
calculated and™Sr plef 4.4. ( \ all"dopants impacted the

ey,

. yap energy to be lower
than the Degussa P, 2 ; 0, fia ; A&lowest band gap energy of
1.12 eV causi : atalyst to belactivated bydisible light.

e,
\J

11 |I

ﬂuzm NUNINYTNT

Flgure 4.10 Absorption spectro‘raphs of the T|02 ed with platinum u

9 AN THARTING A Y

Abdorbance (a.u.)
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1.2
4 0.5%W
14 1%F
Undoped
0.5%Pt
P-25

Absorbance (a.u.)
o
(o))

V.V 7Vl

800

Figure 4.11 ABsogptic fi ' WBIO,, 1%F/TiO, and

0.5%Pt/THO, £0 Rareto N Deguissa P-25.

Table 4.4 Band gageng ygf\ e doped

Yy = " Band gap energy
Doped IO 2= - = ' (eV)
N - e

0 L%WITIOZZ s 9 1.20

20 i
=280
1'13]1.13

2_?F/ i?z | as | 1.;5 5

from XRD analysis. It was found that the

.
It
rth
!

Figtm‘ 4.12(a) reveals the resu
%W/ TIO- agparently lowe rystal formati ‘uo‘T'a-,
QWA LIRS R
q compared to undoped TiO, and P-25. In addition, the refection peak at 20 of 25.28
which representing the anatase slightly has shifted to a higher angle of 25.40 in the

case of undoped TiO, and 0.5%W/TiO; as shown in Figure 4.12(b). The reflection
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AR A A A
0.5%WI/TiO,
P
% Undoped TiO,
[

S 7 "ﬂ \\,

Intensity

25 30

20

ﬂummamﬁmma

ed TiO; and Degussa P-25; (b) an enlargement of (a) at 20 of 25.28 (A and

epr ents thecr ane as a |e es ectiv,
ﬁ | ; | H
peak correspon S to the inter ayer ‘spacing of tltanlum hus, the peak shift means a

decrease of interlayer spacing. According to Scherrer formula as shown in Equation
(4.1), the crystal size was found to be 2.993 nm for 0.5%WI/TiO,. It implied that
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tungsten and the sol-gel conditions used in this study retarding the phase

transformation and crystal grain growth.

Photocatalytic activity of various TiO, synthesized in this study were
investigated under the blue light irradiation and the results were illustrated in Figure
4.13. The performance in 2-ch ,1 ljremoval could be arrayed in order of
undoped TiO; ~ 0.5%W/TiQg' i oPt/TiO, > Degussa P-25 with the

efficiencies of 91.8, 90«ag 3 % ively. The high photocatalytic
activity of undoped fn.n_.i...;":, ly begguse Fthe e of carbonaceous species

et al @006~k owever among synthetic

blue-light irradiatigh asgtheffindo : ich hettemthan the more crystalline
formed P-25. THis imgfie & i ityginder

- P-25
1.2 : ’ .
—= : —x— Undoped TiO,

ST —a— 0.5%WI/TiO,
1.0 be s A 1%F/TiO,

@ 6PHTIO,

ol

&l

Al

4
0 60 120 180 240 300 360
d Time(min) o o/
IR IU LRIV
q compare to undoped TiO, and Degussa P-25 under blue Tight irradiation (1g/L
TiO,, pH at 5 and 25°C).
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visible light irradiation of the TiO, does not depend on crystallinity, i.e., the

0.5%WI/TIiO, with low reflection peak of anatase could effectively serve as the
photocatalyst under the visible light irradation. The lowest photocatalytic activity of

the Degussa P-25 also corresponded to its lowest visible light absorption ability as

p)/eﬁ/’ %iOz
0 tlmug 0.5 § selected as a medium to

being useg duriagathe=sol preparation step. From

shown in Figure 4.11.

literature reviews, it QT "' “" ~ .f- ty under UV irradation is

governed by j , e, Crystallinity and surface

area of the pho e recombination rate;

hence, strongly in Ivity.ofiine \ \\ igh surface area helps to
facilitate adso molecules onto'the s pf the catalyst (Kanna
and Wongnawa, . 1eserreason lyRes ‘of Iyst using during the sol
preparation we g ,” .r upinc t\g O; 2S04, and H3POy, and
the base group ingWhiclif th aié athana e (DEF used. Figure 4.14 is the
adsorption spectrogre of i _'_"f.l.,.w DO ‘ prepared under DEA and

G

various acid catalysts’ The & how d cafalyst type had no effect on the
absorptivity in the UV re E;y 00+ ‘T d a strong effect to the adsorption in
visible regiomy Am 5, thegWorst whereas HNO;
and H,S0, dd-a-mixed-inpact=roi-the-wavelength=greaterthan550 nm, the H,SO,-
catalyzed T1 zf-_é : &3-catalyzed TiO, was
better as the WMIength below - on the other hand, tUbasic DEA showed the
lowest absorptlwt*both in the UV and visibleJight region. Normally, DEA is used as

ﬂuﬂﬁ"ﬂ W e

into eI hence, aging time should be extended. This application of base catalyst is

aenerally suitable for the reparatﬁn of the |mmob|I|ﬁT|O but not in thlsud
tatol s-catalyZed Ti 2ha acI ar crys ctdre(a se) eds

HsPO,4 and H,SO, could not detect any crystal structure since their spectra became

broaden. It could be concluded that acid catalyst played an important role during the
formation of TiO; crystal. Additionally, the photodegradation of 0.05 mM of
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Absorbance (a.u.)
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Figure 4.14

HZSO4

H3PO4 |

HNO,

Undoped TiO,

ﬂuﬂﬂngllrjmﬂ
QIR

anatase and ru |Ie respec ively).
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2-chlorophenol showed that the HNOs-catalyst TiO, had the highest efficiency while

HsPO,- and H,SO,-catalyst TiO, were not significantly different as shown in Figure
4.16. Thus, the optimum sol catalyst for this condition was HNOs.

4.1.2.3 Effect of Hyg mal Treatment

In this part, hydrothe ngfAt was applied by autoclaving the
“dehy to modifies TiO, structure

rather than sol-gel Bee S0 ) The‘)I g ost widely used due to its
-5S . g.

possible capability-ins Jraland properties of composite
oxides. But the calci ‘ ‘ us particle agglomeration
grain growth T Trom anatase to rutile
which all dec £ Gt \“.m, itanitm. The hydrothermal

of titanium h | ‘ : \ . “ idely applied in the
synthesis of zeolj the. _,,"."" \"‘ 2 a ceramic powders with
ultrafine particlésize hydro vf- ‘.‘ eatme 'n " ze, particle morphology,
crystalline phase % che /cail b c ollép via processing variables

\

such as hydrothermal _ ressur ime MR this research, the autoclaving

wamwmn;
ammmmmq TGEH

Figure 4.16 Photodegradation of 0.05 mM 2-chlophenol by 0.5%W/TiO; with
different acid catalysts under blue light irradiation (1 g/L TiO,, pH 5 and 25°C).
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time was varied between 2 and 6 hours. It was found that the hydrothermal treatment

could significantly intensify the absorptivity of the 0.5%W/TiO, particularly at high
wavelengths as shown in Figure 4.17. The improvement increased as the treatment
period increased from 2 to 4 hours; however, diminished when extended to 6 hours.
Activity test with 2-chlorophero Rifdjcated the 0.5%W/TiO, with 4 hours of
hydrothermal treatment \

n others (Figure 4.18). Hence,
hydrothermal treatmer --.:_-‘Q
XRD pattern of 0.59%%
Figure 4.19. It can.b

be the optimum period. The
- mpare to 0.5%WI/TiO; in

hydrothermal treatment, the

hydrolyzed at

hydrolysis was @ coilejéc s 2 \atgehamo ﬁ Maflup-hydrolyzed sols still
remaining in the e x Z8Bhsols prevented the phase
transformatio | the surface of TiO,
particles. Conseq v DOWEde \,‘ ere amorphous or low
crystallinity as#feporgéd Y . . i \' t,the TiO, samples after

hydrothermal treaty : dito - have’ higher|dpatase peak. Hence, it can be
concluded that hydro tment ent id the phiase transformation of the TiO,

powders from amorpAous *,,f at-a Ic Brature and increased peak intensity

A 4 hr
3hr
2 hr
6 hr
0 hr

ITNENS
QRIAIATE 1UBIINGIA Y

Wavelength (nm)

P-
0 hr

mm e

4 hr

T (e

\

Figure 4.17 Absorption spectrographs of 0.5%W/TiO, prepared at the optimum
sol-gel conditions with different hydrothermal treatment time.
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1.2

——2hr
1.0 - . —a—3hr
—a—4hr

—x—6 hr

CICq

180
Figure 4.18 Effegt’of hifdgbtiermal the? ol photodegradation of
0.01 mM 2s8Rlorgfhegfol findertu@Tioht ikrauiation (WL TiO,, pH 5 and
IV/TIO»/autoclaved

0.5%W/TiO,

08 /autoclaved

P b 0,
E e
ﬂumwﬂm“wmm

gure 4.19 XRD pattern of TIOg synthesized under various condltlons

ﬂwmﬂmmmnma

0.5%WI/TiO, synthesized by sol-gel process. This could be understood because the
radius of W™ (4<n<6) of 62-70 pm is virtually the same as Ti** atom of 62 pm. Thus,
it could be concluded that some Ti** in the lattice of TiO, were substituted by W™
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The hydrothermal treatment also improved the catalytic property of undoped TiO; as

shown in Figure 4.20; however, the improvement was less evident than those in the
case of 0.5%WI/TiO,. In addition, the performance of hydrothermal-treated
0.5%WI/TiO, was better than undoped TiO, and hydrothermal-treated undoped TiO,

as shown in Figure 4.20. Furtheniio

}yi is very interesting to observe that the

4 hol Q egihal-treated 0.5%WI/TiO, under blue
light irradiation was nearly. saimparar ‘ e P-25 under UV irradiation at

253.7 nm, i.e., 0.01 ANof-2-ch | : ved completely in 120 and
i — = -

photocatalysis activity of thg

90 minutes, respecti ‘ igd that.lfte<gkgsenee, of transition metals and
hydrothermal proce : | I ity either by scavenging
electrons tha | n et ehatgeSiand tMetefore favors the «OH
formation, or b al regarding the active
sites, presenée of dsorption and favor the

photocatalytic prog#Ss ag'thg ' uv \“x‘ can'be replaced by the cheaper
Tt ' \
blue light irradidlion.

1.2

JO-Aaytoclaved
Q%

59\ /Tiﬂautoclaved

‘ N ey S

ﬂuﬂol ’1” _:”,” pd | @bo
a] ' i Time (min) clipies

Fi1ure 4.20 Photodegradationﬁ 0.01 mM 2-ch|o®10l by TiO s¥nthesM

AR R e TR
q egusSsa P-25 uhder blue-light'and rradiations (I'g/L’T 5an :

2y
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The X-ray fluorescence (XRF) analysis was used to determine the elemental

concentration of tungsten in the 0.5%W/TiO, with 4-hour hydrothermal treatment.
The structure analysis result of XRF shows that 1.78% (w/w) tungsten was presented

in the sample which was reasonable and corresponding very well with the doped mole

4.1.3 Physical ‘08 ‘ gi#fm Dioxide
Crystal size, bdft ergy J‘d Wﬁg of anatase and rutile phase
of the synthetch‘ atednd s 1 izt inalable 4.5. The crystal size

estimated from Sch an effect on the crystal
size, i.e., the i7e deCreased \ \\00 d TiO,. On the other
hand, the hydg@tfermafl” t€ame ,_- ) gase the crystal size.

However, all synthg ' amples-hi 2 Crysta "-;‘\ maller than the Degussa
P-25. In additi@F ile was foumdin Asyiitesia

\ , | under the conditions
used in this study, e aflatase phaseias identified.

both with and without

hydrothermal treatgifen - 2d by, \\ icrographs as shown in

Figure 4.21. It reveals ¢ Degussa F igufel.21(a)) had better uniformity
- - 4 ' ;’ i » L r.

than the TiO, obtained fro ’?'_:.h j-all exhibited nanogranular and rough

surface. The morpholoj , e' o~ drothermal-treated 0.5%W/TiO>
showed no ’Enl ( as den reﬁ;Zl(b) and 4.21(d).
The nanop Cle-size-of-the-0:5% W/ O was-sighificantly-larger than that estimated
by the XRD § atior=0f the nanocrystallines
on the surfaceﬁform larger gre OWn by the SEM;Mpage in Figure 4.21(c).
Formation of mor?agagates could be relate the changeiof surface properties of

U YNNI WEA 'SESZ?;E

surf area (251.30 m?/g). After doped with tungsten, the TiO, surface reduced to

201. 50 m?/ due to the a Iomer on of the nanocrﬂltes as shown in th&lek
q drothe rat ent. oroe it can eseen that all” th Ies

higher surface area and pore volume whereas lower pore size than the Degussa P-25.

In fact, Degussa P-25 powder, produced through hydrolysis of TiCl, in a hydrogen
flame (Datye et al., 1995), does not contain pore in each TiO; crystallites. Therefore,
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Table 4.5 Crystal size, band gap energy, and weight fraction of anatase and

rutile phase of the synthetic TiO, compared to the Degussa P-25.

) Band gap
) Crystal size )
TiO, energy % Anatase | % Rutile

(eV)

Degussa P-25 69.55 30.45
Undoped TiO, 100 0
100 0

Hydrothermal-treategs 100 0

0.5%WI/TiO,

QW“T Wﬂeﬁﬁ‘ ! Wﬁ

rothermal treatment.
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Table 4.6 BET specific surface area, pore volume and size of the synthetic TiO,

compared to Degussa P-25.

Surface area | Pore volume Pore size

TiO, sample
(m°/g) (cc./g) (A)
Degussa P-25? ; 0.0900 83.00
0.1832 29.16

1245 24.72
).3337 42.56

Undoped TiO \\\ .
0.5%WI/Ti \
B

Hydrothermal-treat:

4from Yu et al.

the formation Of t ‘ s\ in\thay, sampless be attributed to the
@2hwas analyzed for their
particle size distrigéfti mf the-partield size s 1548, shown in Table 4.7 and
2l WD, synthesized in this
study were not si ITrergutl " ‘ 8 Mikastted from this analysis were
quite large duefo th i ,""" ! 1 NC ~_\'\ esshit is believed that most
I b - . k] \ - - - .
particles would disj i primary s ac eoL suspension with sufficient

mixing.

4.2 Adsorption of 2-Ch| ok enc
S -
Thig

o
the TiO, s '

A
used in this par.

2-chlorophenol onto

: JDegussa P-25 were

at;.&}isorptlon equilibrium

was approximmy 20 minutes for all synthetic TiO, and oximately 30 minutes
for Degussa P-25 f mvn in Figure 4.23. Th ults revealed that Degussa P-25

AN aimm 4 e

aP25

Undoped TiO,
0.5%WITiO,
Hydrothermal-treated 0.5%W/TiO,
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 4.22 Particle size dlstrlbutlon of the synthetic TiO,: (a) undoped TiO,, (b)
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ped TiO,
=SEA.UNG IEd TiO,
®» autoclaved

g.(mmloe of 2-chlorophenol/ g of TiO,)
o
8
8

60 70

Figure 4.23 A#sorpffonyof 2-chI0Topl SYRtl ' 0, and Degussa P-25.
provided the #fowegl g Isor ,1}:'-" capatity .\ K‘\M hI ophenol  whereas the
0.5%W/TiO,with |fdrgffierma catient hiad thelhighest capacity followed by
undoped TiO; and O i€ _‘f‘_ LIn addiition, there was no significant
difference in adsorpt On i etiveen 80 used' undoped TiO,. This behavior
might be explained by sur ‘__._, ea and [ ture as shown previously in Table

"“_— _'__ m‘. .

4.6 and S mm igure 4. : KBS%W/TiOZ (201.5

m?/g) --T"""'"mmﬁ'-'-"“-"—" oK * ol as compared to
313.7 mP/g o the e=fMe 0.5%W/TiO, with
hydrothermal ﬁtment had the NIg pnotocatalytic acti\jﬂ' (as will be discussed

later), it’s adsorWon isotherm was investigated with the initial 2-chlorophenol

P INANINY NG

incr ng initial concentration of 2-chlorophenol in water. Figure 4.25 shows the
sotherm Iot and _indicates tha‘Z chlorophenol ﬁbed on_ titanium

re e ﬁﬁo the e co ent i H or!ﬂ‘gl
a ueo S se until reach platead. FUrthe anal SIS sing the TThearized forms

Langmuir and Freundlich adsorption isotherms following Equations 2.9 and 2.11 in

Chapter 2 as shown in Figures 4.26 and 4.27, respectively.
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+ Hydrothermal-treated 0.5%W/TiO;

1/qe (g of TiOymmole of 2-chlorophenol)

250

AU ANININEINS..

0.5%WI/TiO,.

IHARBIUUIIREARE

parameters, K and n, and R* were 16.501 and 1.271, and 0.9563, respectively. From
the R? values, it revealed that the Langmuir isotherm could describe the experimental
data better than the Freundlich isotherm.
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4.3 Kinetics Study

4.3.1 Direct Photolysis and Volatilization
In this part, Degussa P-25 was used to study the photodegradation of

reveal that 2-chlorophenol g o\ 0) n rate (1.5% in 6 hours); hence, its
volatilization to the atniggphiSte Bolt be ddition, direct photolysis with
blue light irradia on w ini @ be neglected as well.
Photodegradation .of ‘ in ¢ Seneasf=begussa P-25 under UV and
blue light irradiation a0 inve € Figure 4.28. It was found
that P-25 was i r JY irrddiatio cagmuctt Tess active in blue light,

i.e, 0.01 mM

irradiation wherea

90 minutes under UV
gtained in 6 hours under blue

light irradiatigs® ial concentration of

It g€
2-chlorophenol in the concentration after
30 minutes of Mfark endl equilibrated between

aqueous phase and g

"""" ‘

Vektilization
1
—s— Phgtolysis

—x— P-25/blue

| AI ip

360

9 mmm m ﬂm %mw

TiOy, 0.01 mM 2-chlorophenol, pH 5 and 25°C).
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4.3.2 Effect of Titanium Dioxide Dose
To obtain the optimum TiO, dose on photodegradation under the study
conditions, undoped TiO, was selected. The effect of TiO, dose on the photocatalysis
of 2-chlorophenol is demonstrated in Figure 4.29. The results showed that the
degradeation of 2-chlorophenol i I a TiO, dose increased from 0.25 up to
1 g/L, i.e., from 43.5% at 0:28'GhL #

However, further inctéasee

8% at 0.5 and 1.0 g/L, respectively.
ecreased the efficiency of

2-chlorophenol degraoation 0.8 the degradation increased
‘—‘

with increasing cata teristic of heterogeneous
_ the number of «OH
radicals which K€ pat lat degradationse sglilorophenol in solution.
Beyond a certain lig Amou S Bines turbid and thus blocks

percentage degradg fion s

the light penetgéition jf nixtorEerestitingin\liniting thélyeaction and therefore
0.25 gL

; Wang et al., 2008).
X \ ——0.5¢0/L

| ——1.009L
= 15¢L

\ L)
A
. ]

AUEInENINEmMT

__ Figure 4.29 Effect of undo e!TIOz dose on ho&talytlc degradation®#
QARSI R
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4.3.3 Effect of pH
In this part aimed to characterize the photocatalytic activity of synthetic TiO;
under different pH under blue light irradiation. It was found that pH had a great effect
on the photodegradation efficiency of 2-chlorophenol. Variation of solution pH

changed the surface charge of TiQA parficles and shifted the potentials of catalytic

tic TiO, was shown in Figure 4.30

oped O, f;}f?ﬁ%decreasing to 3.6 and 3.4 for
/ -treasd 0 respectively. Figure 4.31

the hotocataiyticeoxidation of 2-chlorophenol in
N

at'as ‘thespETdagreased sequentially from 8 to
\\3&\.\&‘ \\‘ s - -
ropRent \’t‘c\‘--;‘_ "Wldie efficient, i.e., the removal

4%=10 19

O, ¢ “' 91.8%, respectively.
." N
E@ glec \ ‘\. a6} n Btyveen charged surface and

A

pal ; t\“ e PK, of 2-chlorophenol is

\ 2 ‘ lgs 4 the TiO;, surface was

Decame negatively charged

‘ gs lenol ‘allionWhen the pH is greater than

pnto the TiO, surface is likely to be
- harge. As a result, the degradation
he pzc of the TiO,.

Hydrother
0.5%W/Ti

ammmmnwm

pH
Figure 4.30 Point of zero charge of the synthetic TiO..
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1.2
——pH5
—=—pH®6

1.0

CICy

Figure 4.31 Efféct g pH ah'ph -‘_',:' atalytic . o- of 2-chlorophenol

e )

This results adFeed gvith '-'-"7‘ '-\ W 0 Rtudied degradation of
24-dich|oropheno and ‘jr- ma@s o cient decomposition of

» fficient happened at the most

irradiategy b lightffy o/rTiog 2- \E”ﬂgn”“mMmmzycy

2,4- dlchlorophenol o C red at'pt 5‘whe e Ie

4.3 ARffeg

It is ntBhesting-to-determine-the-photo-respond-fsyntiEtTe Tio; to the light at

other wavele i 9 |.<g Dectra also showed a

superior trend H&) Degussa P- part, the blue, green, H d red lights were used

to activate the syaihetlc TiO, to evaluate its tocatalytic activity and the results

Wﬁ&’? WV WELITEd="

Table 4.8 Effect of light color on ﬁe photocatalytic ﬂ/lty of the synthetlcwz

q Undoped TiO, 91.8 52.9 20.9
0.5%WITiO, 90.5 33.8 17.4
Hydrothermal-treated 0.5%W/TiO, 100.0 43.4 20.0
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—a— Blue
1.0 —e— Green
—— Red

AUYINYNINGINS %
QRN TUARING TN Y

Time(min)
(c) 0.5%WI/TiO, with hydrothermal treatment

Figure 4.32 Photocatalysis of 2-chlorophenol under different light irradiation
(1 g/L undoped TiO,, 2-chlorophenol 0.01 mM, pH 5 and 25°C).
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and 20.9% under the blue, green and red lights, respectively. The 0.5%W/TiO,

showed the lowest photocatalytic activity in every light wavelength. It is note that the
nanocrystalline 0.5%W/TiO, had the highest degree of agglomeration as compared to
other types. Interestingly, 0.5%W/TiO, with hydrothermal treatment could completely

removed 2-chlorophenol in 120 nder blue light activation however the

oxidation rea _ l ieYed\by »OK, MapgmuTr=Hinshelwood model as

shown in equatigh®2. | ~can beyappli k) \\ ctegiine the contribution of
adsorption and oxigti (£ '_,'- n , ‘x,\ 1 I part, the photocatalytic
activities of t I O:S%VV/ 1 i £ \ d o ermal treatment under
blue light irradiati ele | iojate ‘ ared. ﬂ €s 4.33 and 4.34 illustrate
the degradatio W ‘,-l' iffese cen ations for undoped and
0.5%WI/TiO, with/| | treatment;,respectiv

In order to ine* thiekinetics of chlorophenol oxidation by
photocatalytic oxidatfon b f:; -..:.m... s._L ) eI| inate the competitive reaction

hlorophenol oxidation. This study
s ﬁ oxidation rate of

ial stage. In practice,

from several intermediat i:-uﬁ; f. n
decided tQ
2-chlorophéngl-since-there
& réttion does not follow

cfnl‘iin (as in this stUdyy WHEre the Initial slope@n be drawn easily and

directly from the woflle plot. This study trledeercome this problem by fitting the

AU BANININYINT -

tlon data at the initial stage of 120 minutes could be characterized better by

it is very d

zero-order reai

q arudo 1*Lorder reaction as show’m Fi ures 4 33 m 34 plots f eulidd™.

efe s aze;; e .9.‘F rtera yls ! the ahg -

Hinshelwood model as shown in Figure 4.35 provided the k, and K of
1.65x10™ mM/min and 85.03 1/mM for undoped TiO, and 3.00x10™ mM/min and
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1.2
——0.005 mM
1.0 ——0.01 mMm
——0.03 mM

—a— 0.05 mM

0 60 120 180 240 " 300 360

ALY ANYNINYINS

Fmre 4.33 Photocatalysis of v?'ious initial concentration of 2-chloropheno

L gbliristieettiahy]
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1.2
——0.005 mM
10 ——0.01 mM
—a—0.03 mM
——0.05 mM

S
O
A
360
% x 01005 mM
0.01 mM
0.03 mM
o 807 4 0.05mM
Q
S)
£

<l
ﬂUU'JVIEJVI'
ANTRATTRAMAA YISy

treatment: (a) degradation time-profile and (b) 1*-order plot
(1 g/L TiOy, pH 5 and 25°C).
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Table 4.9 Pseudo-first order rate constant for 2-chlorophenol photocatalytic

oxidation under different initial concentrations.

0, i i -
Initial Undoped TiO, 0.5 A)W/Tlozt\:rv;;tcleréydrothermal

conc.

k Rateini k Ratejn;
mM observed 2 Cini observed 2 ini
(mM) . R i (min™) R (mM/min)

(min™) J, (ML

0005 | 00109 | 0@ :-"_\;_}H'a 00375 | 09534 | 1.55x10™
001 | 00095 | \ ‘0" 04 | 09783 | 1.76x10*
0.9170 2.65x10™

9$><10
0.05 0.0029-=g@@765, 1 75108t 0" 0.9517 2.88x10™

0.03 0.0036 .| 0r9A90-

g’d AN/ 11
xqf‘ ; ..I )
ol / WB3x + 33318

R’ = 0.9356

1/ro (L-min/mmole)

A1
-

==t
Hﬁ‘gure 4.35 Langmuir-HinsheIwood plot ofﬂ;ﬁble 4.9.

ﬂaﬂm NENINHINT

bothﬂotocatalytlc activity and ad?ptlon property of the T|02

q RISIAIUUNIANYA Y

This part aimed to determine the reusability of the hydrothermal-treated
0.5%WI/TIO, as the photocatalyst in the visible light region. After the catalysts were
used to treat 2-chlorophenol for 6 hours, they were washed with the deionized water
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several times and re-suspended in the 2-chlorophenol wastewater under blue-light

irradiation. The experiment results revealed that the removal rate and efficiency of
reused hydrothermal-treated 0.5%W/TiO, were almost the same as in the first cycle as
shown in Figure 4.36. This implied that the photoactivity of hydrothermal-treated
0.5%W/TiO, could possible be sustal

dd fora long period of time.

____J— FreshTiO,
wed T|02

g0l u \. r blue light irradiation in

_'f..r..-f _ _

present of fresh and used Aydrothel fited 0.5%W/TiO,. (1g/L TiO,,
2-chlo ::____‘:‘.;ﬂy;_ l 5 an 25°C).

Figure 4.36 Phot alysi ---q;:s-’f:?’-'

ﬂUEJ’JVIEWﬁWMﬂﬁ
ammmmwwwmw



CHAPTER V

CONCLUSION

W’L’//
In this study, asg 0 ich*Can be effectively activated by
the blue light, has DEETISYA fect-f 7 otocatalytic activity using

5.1 Conclusions

2-chlorophenol as.t ‘.::q L finding ‘from this study can be
summarized as follo b T,
- Opti F
mL flask and slowly
adding 0.05 mole prous stirring condition to
prepare a cle lsolutigh, (Sellation 1). The flask was
then placed in a w; ed at4eC. ‘\\ 1\." \
b)4 1L o dio x atefwas mixed with 20 mL
anhydrous ethanol, .|' & ous \ tiog Tungsten in the form of

Na,W0,.2H,0 at the ira r;-:_;:'.ni*"fb‘- Wnole’d |s was added and the mixture
was continuously s "
(Solution I1).

'38 s dropwis . er vigorous stirring
4

dropy : 4°1:; or another 30 minutes

- 11

ng curing step. ‘LIJI

during the foll
d) I\.‘!( was continuous stu@ln the water bath for another 30

AU INBNINYINT

and underwent hydrolytic épndensatlon for 3 hours under vigorous stlrred

q Wﬂ BRI NN REIRY

autoclaving at 121°C and 103.4 kPa for 4 hours before placing into an oven to dry at

emical was completely dissolved

condition

Jvas control at 4°C
through out t

120°C for 2 hours to obtain solid titanium hydroxide.
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f) Titanium hydroxide was pulverized into a powder form and calcined at

200°C with the ramp rate of 1°C/minute for 10 hours to become titanium dioxide
doped with tungsten.
- Hydrothermal-treated 0.5%W/TiO, prepared under the optimum conditions

A irradiation, i.e., 0.01 mM of
#120 and 90 minutes by the

uld be explained by the
W, min and 85.03 1/mM

A for hydrothermal-treated

ficture and phase composition of the
e, causes which make this catalyst
iOz by using other
target pollutan ol ,cﬁs

- Investigate m photoactivity of the ydrothermal-treat% 0.5%WI/TiO, under
sunlight |rrad|at|o’

Auednsning
RIAINTUANIING1A Y

hydrothermal-treated 0.5% j_’.a‘_

so active u@t

- Study th
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0.1%WI/TiO,

0.5%WI/TiO, |

Figure A

sol-gel process

0.5%F/TiO»

Figure A.5 The color of F/TiO, synthesized by sol-gel process
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1%Pt/TiO,

BCIrmeé [ 50 1
YSTORIET N, YoW/TIO; (autoclaved 4 hours)

W\ NS
I 1l

AULINENTNEINT
ARIANTAUANIINGIAY

Figure A.7 The color of. hydrothe
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Table B.1 Photodegradation of 0.01 mM 2-chlorophenol by TiO; calcined at
200°C and 300°C under blue light irradiation.
Time Residual of 2-chlorophenol (mM)

(min) 200°C 300°C
Adsorption 0 0.012
0.011
0.011
0.011
0.010
0.010
0.009
0.009
0.008
0.007
0.007
0.006

15

30
Irradiation 0

Note: 1g/L TiO,, pHIE

\ |
I, using NaOH and HCIO, for
pH adjustment ‘

ﬂumwamwmm
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Table B.2 Photodegradation of 0.01 mM 2-chlorophenol of undoped TiO, at
various ramp rate under blue light irradiation.

Time Residual of 2-chlorophenol (mM)
(min) 1°C/min 4°C/min 9°C/min
Adsorption

0.014
0.011
0.012
0.012
0.011
0.011
0.011
0.010
0.009
0.009
( . _ _ 0.008
360 J 5. Qw067 400008 0.008

Irradiation

Note: 1g/L TiO,, pH _ 2 W2 WA e liglk, using NaOH and HCIO, for
pH adjustment ‘ :

AUINENINGINS
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Table B.3 The photodegradation of 0.01 mM 2-chlorophenol at various
temperature and duration time control in dissolution stage under blue light

irradiation.
Time Residual of 2-chlorophenol (mM)
(min) No contrgly || IX step 4°C,30min | 4°C, 1 hour
i J |

Adsorption

0 009 0.009
0... —0.009 0.009
P 0,006 0.006

W 0.005
0.004
0.003
0.002
0.001
0.001
0.001

\ 0.009 0.009
_ /é_ - 0.009 0.008

Irradiation

0.001
W0.001

Note: 1g/L TiO, pH 5 2 "%:_:',5:-:-.. @iee light, using NaOH and HCIO, for

pH adjustment ‘,_}:,"W J

ﬂUEJ’JVIEWﬁWMﬂﬁ
ammmmwwwmw



89

Table B.4 The photodegradation of 0.01 mM 2-chlorophenol at various doped

TiO, compare to undoped TiO, and Degussa P-25 under blue light irradiation.

Time

(min)

Adsorption g

15
30

Irradiation 0

30
60
120
80
240

00

360 I

Note: 1g/L TiOs, pH'5, 259

pH adjustment

ﬂuEJ’JVIEJ‘VﬁWEHIﬂﬁ

Residual of 2-chlorophenol (mM)

) ) ) Undoped | Degussa
0.5%W/TiO,| 1%F/TiO; | 1%Pt/TiO; _

A\l TiO, P-25

0,009 \“_'.'." 0/ i .009 0.009 | 0.009

o 2 | oo | oo

0.009 0.008

0.006 0.008

0.005 0.008

0.004 0.008

0.003 0.007

0.002 0.007

0.001 0.007

0.001 0.007

¢ 01 0.001 0.006

ammmmummmw
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Table B.5 The photodegradation of 0.05 mM 2-chlorophenol of 0.5%W/TiO, at

acid catalyst under blue light irradiation.

Time Residual of 2-chlorophenol (mM)
(mln) H,SO,4 H3PO, HNO3
Adsorption

0.059
0.057
0.057
0.004
0.003
0.003
0.003
0.003
0.003
0.003
_‘ | _ : 0.003
360 5. 0m307, 00% 0.003

Irradiation

Note: 1g/L TiO,, pH _ 2 W2 WA e liglk, using NaOH and HCIO, for
pH adjustment ‘ :

AUINENINGINS
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Table B.6 Effect of autoclave time on the photodegradation of 0.01 mM
2-chlorophenol under blue light irradiation.

Time Residual of 2-chlorophenol (mM)
(min) 2 hours 3 hours 4 hours 6 hours
Adsorption 0.0104 ' $.010 0.010 0.012
15 008 ; 0.006 0.008
30 - 0.006 0.008
Irradiation 0.008
0.005
0.003
0.002
; 0.002
180 4 0.000
A0 Vi A R 0.000
so0f |4 / AR 0.000
360 Joeosia 7 ol W N\ O 0.000

Note: 1g/L TiO,, pH , using NaOH and HCIO; for

pH adjustment

ﬂﬂﬂ’)ﬂﬂﬂﬁWEﬂﬂ‘i
'QW’]Mﬂ‘SfUNW]'JWFJ’]ﬂEI
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Table B.7 the photodegradation of 0.01 mM 2-chlorophenol on undoped TiO,
and 0.5%W/TiO, with 4hours hydrothermal treatment under blue light

irradiation.

) Residual of 2-chlorophenol (mM)
Time

hydrothermal-treated

(min) |
0.5%WI/TiO;

Adsorption 0.010

0.007
0.007
0.007
0.005
0.004
0.002
0.001
0.000
0.000
0.000
0.000
0.000

usi @w and HCIO, for
: _,J

ﬂUEJ’JVIEWﬁWMﬂﬁ
ammmmwwwmw

15

Irradiation

Note: 1g/LQ'§)
pH adjustn‘ :
lll;
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Table B.8 Adsorption of 2-chlorophenol on synthetic TiO, and Degussa P-25.

) de (mmole of 2-chlorophenol/g of TiO,)
Adsorption i
) Used 0.5%WI/TIiO,
Time Undoped ) Degussa
) ] undoped | 0.5%W/TiO; | hydrothermal-
(min) TiO, | P-25
treated
0 0.0000 0.0000 0.0000
5 0.0004 0.0011
10 0.0007 0.0013
15 0.0011 0.0014
20 . 0.0011 0.0014
30 0.0011 0.0014
45 : 0011 0.0014
60 W, 0.0011 0.0014
Note: 1g/L TiO,, pfi 5,4 3 u |n and HGIOAfor'gk adjustment

rf ¥
=
bl p
oy !@
Vofes

o
) L
f ' &,
; Y .
4 -.n
i

ﬂﬂﬂ’)ﬂﬂﬂﬁWEﬂﬂ‘i
'QW’]Mﬂ‘SfUNW]'JWFJ’]ﬂEI
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Table B.9 Adsorption of 2-chlorophenol on hydrothermal-treated 0.5%W/TiO,.

Adsorption ge (mmole of 2-chlorophenol/g of TiO,)
Time
(min) 0.0054 mM | 0.009 mM | 0.034 mM | 0.056 mM | 0.86 mM
0 0 | ¥ 0 0 0
5 00004 / / 11 | 00043 | 00108
10 *'- :‘:';_ 0 4 00 0.0059 0.0119
15 0.0005=<= 0. 0@1 1 —00017 0.0059 0.0119
20 ~ 0.0007 0.0011 4. 0663 0.0070 0.0119
30 2”7 0oqual 0.0070 0.0119
45 v C 036, | 0.0075 0.0130
60 0.0 / .00 f Ne0.0070 0.0119
Adsorption gpehel/g of TiOy)
Time |
(min)

0

5

10

15

20 .0z W’W
30

45 1010259 0:0367—
60

Note: 1g/L T|02,_ E 5°C, using NaOH anWlO;; for pH adjustment

ﬂUEJ’JVIEmiWEJ']ﬂﬁ
Q\W’]Mﬂ’iﬂJNW]'MHWﬂEI



95

Table B.10 Volitilization and photolysis photodegradation of 2-chlorophenol.

Time Residual of 2-chlorophenol (mM)
(min) Voltilization Photolysis
0 ‘i’y a 0.0099
30 ' \\ /// i 0.0097
60 $68 o 0.0098
90 — e 0.0099
120 | S 0.0099
180 0.0094
240 0.0091
300 0.0089
360 0.0088

Note: 1g/L TiOy, Wing NaOH and HCIO, for
i

pH adjustment #

AUINENINGINT
RIAINTUNRIINYIAY
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Table B.11 Photodegradation of 2-chlorophenol irradiated by UV in present of
Degussa P-25.

Time Residual of 2-chlorophenol (mM)
(min) Degussa P-25/UV

W :

Adsorption g

30
60
Irradiation 02

Note: 1g/L 3 and HCIO, for pH

adjustment

ﬂumwamwmm
Qmmnsmnmmmaﬂ
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Table B.12 Effect of undoped TiO, dose on photocatalytic degradation of
2-chlorophenol irradiated by blue light.

Time Residual of 2-chlorophenol (mM)
(min) 0.25g/L 0.59/L 1.0g/L 1.5¢g/L
Adsorption ¢ 0.014% 1| 0.009 0.009
15 \ y 0.009 0.009
30 20,014 G0 0.009 0.009
Irradiation g 50712 0008 ==.0.009 0.009
Q= | 0,006 0.007
60, 0,005 0.005
90 g 0.004 0.004
: W Odie3 0.004
180 4 L 06,002 0.003
)¢ W I 0% 0.002
300 W Seoo 0.002
360 0.001 0.001

Note: 1g/L TiO,, pH , using NaOH and HCIO; for

pH adjustment

ﬂﬂﬂ’)ﬂﬂﬂﬁWEﬂﬂ‘i
'QW’]Mﬂ‘SfUNW]'JWFJ’]ﬂEI
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Table B.13 Effect of pH on photocatalytic degradation of 2-chlorophenol
irradiated by blue light.

Time Residual of 2-chlorophenol (mM)
(min) pH 5 pH 6 pH 7 pH 8
Adsorption g 0.012 0.009
15 0.011 0.009

30
Irradiation 0

o--E!'——'!— 0.011 0.008
N 0. 009 0.007

. ae.008 0.007
N, 0.007

0.006
o0, I, 0uin7 0.005
A B 6,006 0.005

W I s 0.005

W\ Seoos 0.004
0.004 0.004

Note: 1g/L TiO,, 25 2W g NaOH and HCIO, for pH

adjustment

ﬂﬂﬂ’)ﬂﬂﬂﬁWEﬂﬂ‘i
'QW’]Mﬂ‘SfUNW]'JWFJ’]ﬂEI
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Table B.14 Photocatalysis of 0.01 mM 2-chlorophenol under different light
irradiation in present of undoped TiO,.

Time Residual of 2-chlorophenol (mM)

(min) Blue Green Red

Adsorption

0.015
0.014
0.014
0.014
0.014
0.014
0.014
0.013
0.013
0.012
( _ _ 0.011
360 J . qoois, 0004 0.011

Irradiation

(et i'\ .
Note: 1g/L TiOy, p 5 ; Y] blugllight, 22 W/m? for green light

and 34 W/m? for red |ght) g .3---:::' !‘-T.ﬁ Sl9, for pH adjustment

AUINENINGINS
QRN TUNRINYINY
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Table B.15 Photocatalysis of 0.01 mM 2-chlorophenol under different light
irradiation in present of 0.5%W/TiO,.

Time Residual of 2-chlorophenol (mM)

(min) Blue Green Red

Adsorption

0.009
0.009
0.009
0.009
0.009
0.008
0.008
0.008
0.008
0.008
( | _ _ 0.008
360 Y PN 40005 0.007

Irradiation

(et i'\ .
Note: 1g/L TiOy, p 5 ; Y] blugllight, 22 W/m? for green light

and 34 W/m? for red |ght) g .3---:::' !‘-T.ﬁ Sl9, for pH adjustment

AUINENINGINS
QRN TUNRINYINY
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Table B.16 Photocatalysis of 0.01 mM 2-chlorophenol under different light
irradiation in present of hydrothermal-treated 0.5%W/TiO ,.

Time Residual of 2-chlorophenol (mM)
(min) Blue Green Red
Adsorption 0 ' 0.011
15 0.010
30 0.010
Irradiation 0.010
0.010
0.009
0.009
0.009
120 ., Nl N 0.009
16 J f J:0000 A\ Do'sbs 0.009
200 J ff "6 [ W\ \Ogod 0.008
300 1 4. Q007 0.008
360 W /| v ' 0.008
A .
Note: 1g/L TiO,, p 5 2508, 2W- (7 4" §0%Dlue light, 22 W/m? for green light

and 34 W/m? for red light): f“‘? ":,':_{ H ar for pH adjustment

ﬂUEJ’JVIEWﬁWMﬂﬁ
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Table B.17 Photocatalysis of various initial concentration of 2-chlorophenol

under blue light irradiation in present of undoped TiO,.

Time Residual of 2-chlorophenol (mM)
(min) 0.005 mM 0.01 mM 0.03 mM 0.05 mM
Adsorption ¢ 0.00 | 0.031 0.051
15 0 «. ‘ 0.028 0.048
30 £.0.004" ool 0028 0.047
Irradiation ;—_—_v—ﬁ:}‘ ..ixnm!-...-z_ 0.028 0.047
.00 —0.024 0.043
0,021 0.040
SR, 0.020 0.035
0.019 0.034
N6,016 0.032
00 0.030
0.025
0.012 0.023

Note: 1g/L TiOy, pH(§
pH adjustment

fil, using NaOH and HCIO, for

ﬂUEJ’JVIEJVﬁWMﬂﬁ
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Table B.18 Photocatalysis of various initial concentration of 2-chlorophenol
under blue light irradiation in present of hydrothermal-treated 0.5%W/TiO,.

Time Residual of 2-chlorophenol (mM)
(min) 0.005 mM 0.01 mM 0.03 mM 0.05 mM
Adsorption g | 0.030 0.050
15 0.027 0.043
30 ~ 0.027 0.039
Irradiation 0.039
0,018 0.028
N, 0,014 0.024
.01 0.019
\ 8,009 0017
W\ 0067 0.012
W Deoos 0.010
0.004 0.008
0.003 0.006
Note: 1g/L TiO,, pH 5 2 "%:_:',5:-:-'..' @iee light, using NaOH and HCIO, for

pH adjustment ‘,_}:,"W J

ﬂUEJ’JVIEWﬁWMﬂﬁ
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Table B.19 the photodegradation of 0.01 mM 2-chlorophenol on fresh and used
hydrothermal-treated 0.5%W/TiO, under blue light irradiation

Time Residual of 2-chlorophenol (mM)
(min) Fresh Used
Adsorption 0 0.010
15 0.010
30 0.010
Irradiation 0 0.010
0.007
30 0.006
60 . 0.003
90" £ 730 0NN N/ 0.001
120/ J f 7 =0ANN W 0000
o J AU AN § N 0.000
2048 A o AR 0.000
300 0.000
360 0 0.000
y 7o '
Note: 1g/L TiO,, pH 5, 2 “"::'-'?; Bje light, using NaOH and HCIO, for

pH adjustment

AUINENINGINS
QRN TUNRINYINY
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Table B.20 Photocatalysis of 0.01 mM 2-chlorophenol on synthetic TiO, under
UV irradiation.

Residual of 2-chlorophenol (mM)
Time Hydrothermal- Hydrothermal-
) Undoped | . | )
(min) = A 4 Jtgajed 0.5%W/TiO; treated
i \ /
S Lindbpée 0.5%W/TiO;
Adsorption g I 000~ 0.009 0.009

15 ahlOE | 0.0 g 007 0.005
30 002~ Q@0 0008 0.005
Irradiation (.o ~

0:008 0.005
15 ’

0.005
60 0.004
y _

0.002

\ \ 00 0.002

000 0.001

0.000 0.001

360 ©0.000 0.001

Note: 1g/LQ'§) Vv ( usi @OH and HCIO, for
pH adjustn‘ : '/
/1

Il |l
| i

ﬂUEJ’JVIEWﬁWMﬂﬁ
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Table B.21 The photodegradation of 0.01 mM 2-chlorophenol on undoped under

blue light irradiation.

Time Residual of 2-chlorophenol (mM)
(min) Run1 Run 2
Adsorption 0 0.009
15 0.008
30 0.008
Irradiation 0 0.008
0.006
0.005
0.004
0.003
0.003
0.002
0.001
0.001
Note: TiO, dose 1g e, X light 2W (72 W/m?), using

L
NaOH and HCIO, for adju oH—=—

ﬂumwamwmm
Qmmnsmnmmmaﬂ
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Table B.22 The photodegradation of 0.01 mM 2-chlorophenol on 0.5%W/TiO,

under blue light irradiation.

Time Residual of 2-chlorophenol (mM)
(min) Run1 Run 2
Adsorption 0 0.009
15 0.008
30 0.008
Irradiation 0 0.008
0.006
0.005
0.004
0.003
0.002
0.002
0.001
0.001
Note: TiO, dose 1g e, X light 2W (72 W/m?), using

L
NaOH and HCIO, for adju oH—=—

ﬂumwamwmm
Qmmnsmnmmmaﬂ
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Table B.23 The photodegradation of 0.01 mM 2-chlorophenol on hydrothermal-
treated undoped TiO, under blue light irradiation.

Time Residual of 2-chlorophenol (mM)
(min) Run1 Run 2
Adsorption 0 0.012
15 0.011
30 0.011
Irradiation 0 0.011
0.009
0.007
0.005
0.004
0.003
0.002
0.001
0.000
Note: TiO, dose 1g e, X light 2W (72 W/m?), using

L
NaOH and HCIO, for adju oH—=—

ﬂumwamwmm
Qmmnsmnmmmaﬂ
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Table B.24 Photocatalysis of various initial concentration of 2-chlorophenol

under blue light irradiation in present of hydrothermal-treated 0.5%W/TiO,.

Time Residual of 2-chlorophenol (mM)
(min) Run 1 Run 2 Run 3
Adsorption 0 0.010 0.010
15 0.008 0.009
0.008
Irradiation 0.008
0.004
0.002
0.000
A 010 0.000
| ) :i""&"r ' .!‘ ( 0.000
/ {ﬁ\ 0,000, A O 0.000
Y Ea l‘- v‘ A\
: .::%f::: _ R —
Note: TiO, dose 1g L " ~temperatu 9YC, blue light 2w (72 W/m?), using

ﬂUEJ’JVIEWﬁWMﬂﬁ
ammmmwwwmw



Table B.25 Particle size distribution of undoped TiO,.

110

RN

754.23

Size (um) Intensity (%) Size (um) Intensity (%0)
0.05 0.00 6.63 1.24
0.06 0.00 7.72 1.34
0.07 9.00 1.44
0.08 10.48 1.55
0.09 1 1.68
0.11 1.83
0.13 2.00
0.15 2.20
0.17 2.43
0.20 2.67
0.23 291
0.27 3.14
0.31 # 3.36
0.36 3.55
0.42 3.74
0.49 3.95
0.58 4.20
0.67 4.51
0.78 4.89

5.30
5.71
6.04
90.80 6.09
. 222.28 5.67
195 @ @ 258.95 4.67
8 | =~
Flide IUEINT:
“3.09 409.45 0.00 _

0
3
o0 e
0.00
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Table B.26 Particle size distribution of 0.5%0W/TiO>.

Size (um) Intensity (%) Size (um) Intensity (%0)
0.05 0.00 6.63 0.81
0.06 0.00 7.72 1.02
0.07 | 9.00 1.28
0.08 10.48 1.59
0.09 1.93
0.11 231
0.13 271
0.15 3.12
0.17 3.51
0.20 3.87
0.23 4.18
0.27 4.42
0.31 # 453
0.36 4.69
0.42 474
0.49 477
0.58 4.81
0.67 4.87
0.78 4.95

5.05

5.12

5.07

| 4.84

168 = 0.11 222.28 4.37
195 & 013 | @58.95 3.60
AHYINANITNYING

q 409.45 0.10 _

: | 00
W% il w ﬂ oa
647.41 o0 e
754.23 0.00
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Table B.27 Particle size distribution of hydrothermal-treated 0.5%W/TiO..

Size (um) Intensity (%) Size (um) Intensity (%0)
0.05 0.00 6.63 1.18
0.06 0.00 7.72 1.27
0.07 | 9.00 1.38
0.08 10.48 1.49
0.09 1.61
0.11 1.75
0.13 1.90
0.15 2.07
0.17 2.25
0.20 2.43
0.23 2.61
0.27 2.79
0.31 2.94
0.36 3.08
0.42 3.23
0.49 3.41
0.58 3.63
0.67 3.94
0.78 4.34

4.81
5.32
5.86
| 6.25
168 = 0.43 222.28 6.28
195 & 048 | @58.95 5,76
AUYINANITNYING
1100 0 | ¥l 005607 111 £

q 409.45 119

; | 00
W% il w ﬂ oa
647.41 o0 e

754.23 0.00
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Table B.28 Point of zero charge determination by zeta potential method of

undoped TiO..

pH Zeta potential

2 29.50

3 \‘vyy 23.70

3.5 / J -4.03

4 \\ ’//]' -19.00

é e 2580

A —

“ NN -27.90

AUINENINGINS
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Table B.29 Point of zero charge determination by zeta potential method of
0.5%WI/TiO,.

pH Zeta potential
13
16.7

ﬂuEJ’JVlEJVIﬁ‘WEJ'Iﬂﬁ
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Table B.30 Point of zero charge determination by zeta potential method of
hydrothermal-treated 0.5%W/TiO..

pH Zeta potential
29.5
23.7

ﬂuEJ’JVlEJVIﬁ‘WEJ'Iﬂﬁ
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Table B.31 Adsorption and desorption isotherm of undoped TiO,.

Undoped TiO;
P/Py Volume P/Py Volume
Adsorption Desorption

0.0577 | 0.8995 114.7889
0.0792 7920 113.6731
0.1043 ' 112.7534
0.1501 111.5669
0.2008 107.9111
0.2515 86.5709
0.3021 78.0865
0.4077 69.7797
0.5074 59.2656
0.6074

0.7074

0.7997 4

0.9054

0.9939

o~ =
g 0 P morotion
ﬂ u 1Y S NEI“I71T
‘ 7_ . ot B K20 bed B3 G XY B ool Bood .

Relatlve pressure (P/Po)

AR AR N B
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Table B.32 Adsorption and desorption isotherm of 0.5%W/TiO..

"
s bef

P .
-

=

N
o

L
b

-

:Volume (cclg) ST =

A

0.00 0.10 0.20 0.30

0.5%W/TiO;
P/Py Volume P/Py Volume
Adsorption Desorption

0.0584 0.8912 72.1616
0.0809 7907 71.7073
0.1062 ( 71.3053
0.1537 70.8165
0.2049 69.9118
0.2564 65.9122
0.3074 62.9700
0.405 59.1343
0.5065 52.0524
0.6070+
0.7075
0.8083
0.9089
0.9967

o/

0.40 0.50 0.60 0.70

‘Relative pressure (P/P ) iy

RAINSUNRITNEINY

|
—oﬁ&orption
—m— Desorption

A

i

ne
0.80 0.90 1.00

QJ
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Table B.33 Adsorption and desorption isotherm of hydrothermal-treated

0.5%WI/TiO,.
hydrothermal-treated 0.5%W/TiO,
P/Po Volume P/Po Volume
Adsorption ! Desorption

0.0510 | | 005 211.0169
00771 | 3L 208.8683
0.1032 — 206.9103
0.1580 204.1074
0.1999 149.9670
0.2577 113.6686
0.2995 98.1910
0.3992 83.2356
0.50384 67.0282

0.5994

07014 ~ f 10
v : |

0.8015 ‘ 206 g :g_,

0.9013
0.9928

—&— Adsorption

—a— Desorption

4ﬂ§W81ﬂ

ﬁe (cclg) STP i

QW’]Mﬂ’a’ﬂJﬁJWWWFﬂﬂH

Figure B.3 Adsorption and desorption isotherm of hydrothermal-treated

0.5%WI/TiO,.
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