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CHAPTERI
INTRODUCTION

1.1 Motivation

As numerous environmental problems become great concern, wastewater
contaminated by hazardous pellutants is on’é!’é'f the most important problems which
can cause adverse effect to human beings and aquatic life. Inefficient wastewater
treatment leads to wastewater contamination by various types of organic pollutants
such as chlorinated ebygines chlor&nated toluenes and chlorinated phenols or
chlorophenols (Brigd abunska,, and Strmger 2003). Among various types of
chlorophenols, 2.4- didfdl phcnol (-2 4-DCP) has been of great concerned. Effluents
from these manufacturing mdwstnes are: 1gmﬁcant source of 2,4-DCP residuals. It is
well known that chlormatpd obmpounds are toxic because of the chlorine contained in
their structure. The presenge of 2-4 DCPf’_tm }he environment will become a serious
problem in the future, thus it is vegy urgeni—;c develop an effective method to remove
these contaminants to reduce or ehmmhteﬂfﬁe 1mpact of chlorophenols on the

environment. Conven

biologlcal treatments are not
very effective for thc degradation of chlorinated pherrols (Wang, H. and Wang, J.,
2008). Photocataly51s has been a very promlsmg alternative technology in
contaminated ~Wastewatertreatmentibecause | of’ their <high degradation efficiency
(Gaya and Abdullah, 2008).

Titanium dioxide. (TiO,) is .a photocatalyst which. is widely used for the
degradation ‘of organic contaminants because it éxhibits.good physical and chemical
stability, high catalytic activity, and high oxidative power. Although TiO; is good
catalyst, it has limitations in visible region and high rate of electron-hole
recombination (Seery et al., 2007). To overcome these limitations of TiO, in which
high recombination rate and the limit of using in visible region, various researchers
studied in this aspect to improve photocatalytic efficiency of TiO, photocatalyst for
practical application. Xin et al. (2004) reported an improvement of photocatalytic
activity of TiO, by depositing noble metals such as Pt, Pd, Rh, Ag and Au. The



deposited metals on the surface of TiO, can produce traps to capture the
photoinduced electrons or holes leading to the reduction of electron-hole
recombination in photocatalytic processes and increase in the visible light absorption
capability. However, some noble metals such as Pt, Pd, Rh, and Au are too expensive
to be used in industrial scale. Thus, the research of Ag modified TiO, has more
significant practical value for industrial application (Xin et. al., 2004). Liu et al.
(2004) quoted that doping with silver is most suitable for industrial applications due
to its low cost and easy preparation.

Chao et al. (2003) studied on pure Ti05 and Ag doped TiO, powders prepared
by the sol-gel process. They feund that Ag depant (2-6 mol%) can increase the
surface area of TiO, powder which exhibits a great potential in improving the
photocatalytic activity. Dobosz and,Sobézyﬁski (2003) found that the photodeposition
of small amounts of.metal silver (0.5 Wt%) on the surface of TiO, enhanced its
photoactivity which leads te total p‘lﬁex;ol decomposition. Lee et al. (2005)
investigated the presence of Ag'i 1n ‘Ag- Tl@z nanoparticle prepared by sol-gel method
using a reduction agent wluch nsnproved tjhc ?hotodegradatlon of p-nitrophenol and
the photocatalytic activity of Ag-T102 mercased with increase in AgNO; content.
Seery et al. (2007) studled on visible absorptlon capacny of Ag doped TiO, and found

that increase amoun;@s of Ag resulted in higher visible l{ght absorption capability of
the materials which sig_rliﬁcant red shifts. This leads to :'the conclusion that the silver
samples achieve highér surface adsorption towards visible light, and hence result in
better photodégradation. Moreover, Seery et al. (2007) found that the synthesis of
TiO, and Ag doped TiO; involved the use of acetic acid and titanium isopropoxide
can be-prepared stable silver-dopedpanatase~material, at high temperature and also
provided homogeneously distribution of silver in samples after calcined at 600°C.
During calcination, the uniformly dispersed Ag" ions would gradually migrate from
the bulk of the TiO, to the surface by enhancing the crystallinity, resulting in metallic
silver deposited on the surface on calcinations. Seery et al. (2007) also studied the
degradation of model dye under visible light by silver doped titanium dioxide and
found that increasing amount of silver, 5 mol% Ag-TiO,, significantly increase the

rate of degradation of a model dye.



To further enhance the phothocatalytic activity, the addition of polyethylene
glycol (PEG) can be used to prepare the photocatalyst with high specific surface area.
Bu et al. (2005) studied on TiO; porous thin films synthesized using sol-gel method
with PEG as the template. The result shows higher in surface area indicated that PEG
plays a templating role in the formation of the inorganic porous structure. Thus, PEG
plays a very important in the evolution of the nanostructure TiO;.

In this work, the study focus on the'photodegradation of 2,4-DCP in aqueous
suspension by using Ag-doped TiO, photocatariy'ﬁt prepared by sol-gel method in the

presence of PEG under visible light irﬁidiation.

1.2  Objectives / i

1.2.1 To syn(( e and _ch?lrac_ériﬂ_ze the physical and chemical properties of
Ag-Ti by *’T hen:rld'gra\?iﬁlatic analysis-differential thermogravimatic
analysis )(‘1" G-DTA) X-ray diffraction (XRD), UV-vis diffuse
reflectance apectrescopy ({g*?"fPRS) Brunauer-Emmett-Teller (BET),
scanning electron mlcroscefy (SEM) X-ray absorption spectroscopy
(XAS) and Zeta potentlal techmquc i

122 To §f}igly the photodegradation of 2,4{@;hlorophenol (2,4-DCP) in

aqueoﬁé solution under wvisible light_'_‘_irradiation by silver doped

titanium (dioxide (Ag-TiO,), synthesized using polyethylene glycol
(PEQ) as template.

1.2.3 To investigate the best conditions for the photodegradation of 2,4-
PECR

1.3  Scope of the study

1.3.1 The photocatalysts are synthesized by sol-gel method.

1.3.2 Titanium (IV) isopropoxide is used as precursor suspended in acetic
acid and doped with silver by adding AgNOs as silver source.

1.3.3 Ag-TiO; is added with different amount of PEG; 0, 0.001, 0.004, and

0.008 molar ratios of precursor.



1.3.4 Ag-TiO; is characterized by TG-DTA, XRD, UV-DRS, BET, SEM,
XAS, and Zeta potential technique.

1.3.5 The photodegradation of 2,4-DCP is conducted under batch reactor
process set up at 25°C under visible light irradiation using Xenon lamp

cut off at 400 nm as light source.

1.3.6 The optimal amoun G loading in Ag-TiO,, initial concentration
of 2,4-DCP , pho 1ng, concentration of K;S;0g and
phothodegm@z%ﬁme otodegradation of 2,4-DCP are
exmlng b S —

1.3.7 Box-Behr 1 is use Nntal design.

1.3.8 High perfor i C m:h\%(HPLC) is used as analytical
equipmeniforphiotoca Iytic ly.

AN :

e 2,4-DCP can signi be:ged y Ag-TiO, photocatalyst under
visible light 1rrad1atwnr 7

o g-TlOz}hotocatal;sz s;'ntiesmd Mg: template would be an
efficient pho tocaf' yst in the trea 1ste water contamination by

2,4- DCPj . 1|

¢ Gain better understanding in the ¢haracteristic of Ag-TiO, synthesized

oA BRI s

2,4D
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CHAPTER II
LITERATURE REVIEW

2.1 Chlorophenols (CPs)
2.1.1 General information of clllé};phenols (CPs)

Chlorophenols (CPs) are a group of chermcals in which chlorines (between
one and five) are added.te'phenel. Chlorophenols are manufactured by chlorination of
phenol at high tempel‘at/ S, (Agency for toxic substances and disease registry
(ATSDR), 1999: online)
processes as synthesi
herbicides, fungicides,
et al, 2004). There
monochlorophenols,
pentachlorophenols (ATS R"':'T9J9':9° onlft{H)T‘i"Among various types of chlorophenols,
2,4-dichlorophenol (2,4- DCP),has been oi_}tscat&oncerned 2,4-DCP is one of the 126
toxic organic cmﬂpounds listed by the Envma{mental Protection Agency
(Environmental Prot{:ctlon Agency (EPA), 2008: onhm?) because of its high toxicity,
nonblodegradablhty,*dnd difficulty to remove from the-environment (Pera-Titus et al.,

ey have been widely employed in many industrial
e 1ates orﬁas raw materials in the manufacturing of
S, 1gsec§91des, pharmaceuticals, and dyes (Pera-Titus
ﬁ;/e gégiq: types of chlorophenols including

ich roph@’a‘ols, "‘_,fg.iphloro henols, tetrachlorophenols, and
). ~Mcl P

2004). Chemical structuré and chemical-physical properties of 2,4-DCP are shown in
Figure 2.1 and Table 2.1 (ATSDR,1999: online) respectively.

Cl

Cl

Figure 2.1 Chemical structure of 2,4-Dichlorophenol.



Table 2.1 Chemical and physical properties of 2,4-DCP.

Properties Values
Chemical formula CsH4CLLO
Synonyms 2,4-DCP, 2,4-Dichlorohydroxybenzene
Cas number 120-83-2
Molecular weight 163
Color/ Physical state White/Solid
Melting point 45°C
Boiling point 210%C
Density o 1.38§ at 60°F/25°C
Odor 4 Strong medical odor
Solubility ’ 4500%1){;1 (in water at 25°C)
PKa 7568 J,

]

: el )
2.1.2 Use of 2,4-dichlorophenol (2,4-DCP)
S deibd

2,4-DCP is an impqgtgp?chemiqﬁxggursor for the production of a widely
used herbicide and wood preservative (Wang, H. and VYang, J., 2008). Furthermore, it

is also used in the’ manufacturing of industrial and_;gricultural products such as
pesticides, germicid_é_s, soil sterilants, seed disinfectants, and antiseptics (Brigden et
al.,, 2003: online). Effluents from these manufacturing industries are significant
source of 2,4-DCP.residuals.

There ‘were some reports. of 2,4-DCP contamination in Thailand. In the
monitoring of endderine disruptor compounds inthe coastal hydrosphere of Thailand,
2,4-DCP was detected especially in river water samples collected from river and sea
along the coastal area in the upper gulf of Thailand (Ruchaya Boonyatumanond et al.,
2001: online). In another case, the investigation of environmental pollutants in the
Bangpoo industrial estate, Samut-Prakan province of Thailand showed widespread
contamination in and around the estate with a range of toxic and persistent organic
pollutants including 2,4-DCP. The presence of organic contaminants in the treated

water is a clear indication of the insufficient treatment of effluents which leads to



continuous pollution of the environment with persistent and toxic substances

(Brigden et al., 2003: online).

2.1.3 Environmental standards for 2,4-DCP

According to EPA’s complication of national recommended water quality
criteria for the protection of aquatic: life and human health in surface water, the
recommended criterias for 2,4-DCP, in /}5% shhuman health for the consumption of
water and organism, are 7WL and 390 pgde_p-ectively (EPA, 2008: online). The

EPA recommended th

'nigater, theiéonggntration of 2,4-DCP should not

more than 0.02 mg sial Journal of the Furopean Communities in Council
Directive 86/280/EECdecterified/ 20 g/L as the minimum quality objective of water
impose for 2,4-DCP (Este ‘eiijl.?i_?4007). Furthermore, the minimal risk levels

(MRLs) for hazardous' subs 'ce_§' liégeﬂ by ATSDR determined MRLs 0.003
mg/kg/day (oral route) for ',4_-;I§:CP f_;{;AISDR, 2009: online). In addition, the
‘ontrol” (PCD). of Thailand established a standard of
industrial effluents for the phcﬁ:ﬁ'éompo@iﬁo b:-, not more than 1 mg/L.

Department of Pollution

g i_l--l .

o L-,‘.

2.1.4 EnviroPmenta;l and health concern on 2,4-DCP
s - B

L~ — -

Due to the VV{de utilization of 2,4-DCP, there H;'sjbeen concerned on effect to
human health, aquaﬂ‘é life and animals. Because of‘!‘dreadful toxicity, disturbing to
human, and animal’s;,cndéc‘rine system of 2;.4-DCPihas caused researchers’ attention
(Bao-xiu, Xiang, and Peng, 2007). -The“re are an inereasing atténtion in the risks of 2,4-
DCP related to skin adsorption under the EPA’stesting prograri-for high production-
voluné chemmalé 2,4-DCP- causcsa mﬁhber of adverse healih effects not only the
inhalation of dust containing 2,4-DCP irritate the respiratory tract but also the
detrimental effects on kidneys, liver, and blood-forming organs (Ormad, Ovelleiro,
and Kiwi, 2001). Furthermore, the report shows that 2,4-DCP is harmful toxic to
aquatic life and animals due to the dichlorophenols are very toxic to the single-celled
eukaryotic organism Tetrahymena pyriformis which is comparable in sensitiveness
and responsiveness to human tissue cells (Brigden et al., 2003: online). Strong

resistance to physical, chemical, and biological treatments of chlorophenols can cause



harm on living organisms including human beings. It is well known that chlorinated
compounds are toxic because of the chlorine contained in their structure. The
presence of 2,4-DCP in the environment will become a serious problem in the future,
thus it is very urgent to develop an effective method to remove these contaminants to
reduce or eliminate the impact of chlorophenols on the environment. Conventional
treatment processes such as biological treatments are not very effective for the
degradation of chlorinated phenols (Wang: H. and Wang, J., 2008), but 2,4-DCP can
strongly inhibit activated sludge bacteria .‘—(‘R'en and Frymier, 2002). Recently,
advanced oxidation processes (AOT;S) such as UV/Ozone photolysis, UV/H;0,
photolysis, Fenton/Phote=Featon, and photocatalysis have been applied successfully
in wastewater treatme cgntaminatecﬁ by synthetic organic chemicals have attracted
much attention (Wan and Wang, J., 2009). Photocatalysis is one of the AOPs
which focus on the degr/déltion of \7ari§§1s jorganic pollutants.

dd

2.2 Basic principles of y{mmcatalysm
=k ’J ~ Jt’__
Photocatalysis i catalysis undeﬂ{_ﬂlt irradiation (Kaneko and Okra, 2002)
in which light and catalyst are 'uised tog?ﬂxer to accelerate chemical transformation.
Photocatalysis is. . ohe of the AOPs, very promlsmg alternative to conventional

processes in contasﬁmated water or wastewater trcaehent, because of their high

degradation efficiency to oxidize organic pollutant by the generation hydroxyl
radicals. The hydroxyl radicals have powerful in oxidation ability. Heterogeneous
photocatalysis has proved to be of an efficient tool for degrading both aquatic and
atmospheric Organic contaminants. The process involves, the acceleration of
photoreaciion in presence of semiconductor photocatalyst (Gaya and Abdullah, 2008)
such as TiO,, ZnO, CeO,, and CrO, (Herrmann, 1999). It is initiated when photon
with energy equal to or greater than the band gap energy (Eg) of the photocatalyst
reach the photacatalyst surface resulting to molecular excitation. Eg is the difference
energy between the filled valence band (VB) and the empty conduction band (CD) of
the photocatalyst. This molecular excitation results in the generation of mobile
electron in the higher energy conduction band (Es) and positive hole in the lower

energy valence band (E,,) of the catalyst (Lasa, Serrano, and Salaices, 2005) as



shown in equation (2.1) and the reaction shows in Figure 2.2 (Chatterjee and
Dasgupta, 2005).

hv2 E; ; -
Photocatalysst ——  » e + h 2.1)

There is a ﬁ)mpetlﬁrb'febtron' @ol recombination step (reverse
of equation (2. ‘:::,.;.,:.,:;:,.;__.;..—:_-__:.-.f:..-.‘ d Dasgupta, 2005). These

result in low efficiency of photoc m-hole recombination can be
f

considered as the major factor limiting the efficiency of the photocatalytic reaction
(Lasa et al. ﬁ orj -hole recombination to
improve the@oouﬂ mg u mm:l ?;‘hcatlon in water and air
purificati

ﬁ] W aﬁﬂ‘ﬁm URIAINYIAY

e CB
]
hv >E,
h™ VB

Figure 2.3 Electron-hole pair recombination.
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2.2.1 Titanium dioxide photocatalyst

Titanium dioxide (TiO,) is a semiconductor photocatalysts which is
widely used in the degradation of organic contaminants in water and air. TiO,
exhibits good physical and chemical stability, high catalytic activity, high oxidative
power, low cost, and ease of production (S’é_er__)j et al., 2007). In general, TiO, have
three main types of crystal structure ineliding anatase, rutile, and brookite
(Fujishima, 2008). TiO, in anatase ph-;se shows highest photocatalytic activity than
other phases (Hoffmann etal ,1995). Crystal structure of anatase shows in Figure 2.4
(Diebold, 2003). TiO, _in"the anatase t{)rm appears to be the most practical of the
semiconductors for wid read envirenmental application such as water purification,
wastewater treatment, ; ?fdét;s ._wa%;ea control, air purification, and water
disinfection (Hoffmann'et I?I., 1995) “

-
5

Figure 2:4 Crystalstructureof anatase FiOy;

Although TiO; is a good catalyst, its wide band gap (3.2 eV) limits the use
in visible light region (wavelength more than 388 nm) because TiO, is only active in
UV irradiation (wavelength less than 388 nm). This has consequent implications for
the use of TiO; materials as solar or room-light activated photocatalysts, because the
majority of sunlight consists of visible light and only a 3-5% of UV light. Hence
increasing the efficiency of visible photocatalysis is important for the practical

application of this technique in the future (Seery et al., 2007).
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2.2.2 Photocatalytic reaction of TiO;

The reaction pathway of TiO,, which proposed by Lasa et al. (2005), are
listed in the following equations. Firstly, TiO, photocatalyst generates an electron and
light as described in equation (2.1). Then
), adsorbed water or the OH,q ion,

electron-hole after being irradiated by
electron transfer from the adsorhﬁ‘q\\
to the electron-hole. These can be follows;

2.2)
2.3)

(2.4)

(2.5)

(2.6)

Super-oxide axj;ns from can su[ﬂequently be involved in the

following reaction.

qug 'mamwmm
IRTREAIRLEHE N8 Y e

P?lotoconversion of hydrogen peroxide gives more OH® free radical groups.

H,0;, + hv ——» 20H" 2.9)

Finally, OH® radical oxidized organic adsorbed pollutants (RX,q) onto the
surface of the TiO; particles.

OH’ + RX,g — Intermediate products (2.10)
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The OH® radical in equation (2.10) are very reactive and attack the pollutant
molecule to degrade it into mineral acid carbon dioxide, and water. The schematic
diagram of TiO, photocatalysis shows in Figure 2.5 (Pure green coating, 2009:
online).

Super Oxide

H,O + CO;

P %

Organics
>4®  Photo Oxidation

oducts

Ll T ol =

"11 : L
g —
i

s

223 Phofocatalyst preparation by sol-gel an‘f od

‘E—r‘l

Sol-gel methody is. well known technique in the preparation of TiO;
photocatalyst. The sol-gel process offers unique advantages in synthesizing nanoscale
TiO, powder "such as better control over stoichiometric composition, ease of
syntheSis, ‘better hOmogeneity, and production of high jpiirity paiidér (Qiu and Kalita,
2006). In a typical, sol-gel method, a colloidal suspension, or a sol, is formed from
the hydrolysis and polymerization reaction of the precursor. The precursor is usually
inorganic metal salts or metal organic compounds such as metal alkoxides (Chen and
Mao, 2007) because alkoxide is easily purified by distillation which can produce
purity TiO, (Lasa et al., 2005). Complete polymerization and loss of solvent lead to
the transition from the liquid sol into a solid gel phase (Chen and Mao, 2007).

Additionally, the metal alkoxide is usually applied preparation method as precursor
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such as titanium isopropoxide (Seery et al., 2007) and titanium n-butoxide (Yu et al.,
2005).

2.2.4 Surface modification of TiO, by metal doping

The surface modification of TiO, photocatalyst by doping metal involves
introducing metal impurity ions on the photocatalytic properties of TiO, which has
been another interested area of semiconductor. modification. The benefit of metal
doping species is the improved tra_?ping of -electrons to inhibit electron-hole
recombination during illumination. It is believed that these metals create acceptor and
donor centers where direct reeombination occurs (Linsebigler, 1995). Another reason
for the improvement of'the, performanée of Ti0; namomaterials is to increase their
optical activity by shifting the onset"-qf tfrf"fesponse from the UV to the visible region

(Chen and Mao, 2007). J

i

2.2.5 Addition of polyethylene .Ei?ébl (PEG) as template
ak :,. A

Template synthesis miéthod has Eeh‘ playing an important role in the
fabrication of nanocrystalline-oxides with various surface and crystalline properties.

Especially, polymets-have been acknowledged as crucial(;template for the preparation

of materials with novel properties and morphelogies (Huh et al., 2003: cited in Jiao et
al., 2008). The polymer templates can exhibit very complex phase behavior in an
aqueous solution and haye been.expected to form new.products with varied structure,
together with improving thé properties of known materials'(Jikei et al., 2007: cited in
Jiao et al., 2008). Among all the used polymer templates, polyethylene glycol (PEG)
is very'\popular, and\it has been. reported that it could lead,to ithe formation of
nanocrystals with high performance. PEG has excellent water solubility,
biocompatible lubricity, thermal stability plus its features of non-toxic, non-irritating ,
and moisturizing. The important role of PEG in the synthesis of TiO; in the presence
of PEG as template has been widely reported. Bu et al. (2005) studied on TiO;
porous thin films synthesized in such a sol-gel method using PEG as a template. The
result showed higher in surface area indicated that PEG plays a templating role in the

formation of the inorganic porous structure. Arconada et al. (2009) prepared porous
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TiO;-anatase films by sol-gel method with and without PEG. The result showed that
maximum surface area was obtained for coatings prepared from TiO, sol with PEG.
Yu et al. (2005) reported the synthesis of ultrafine nanocrystalline anatase powders
were achieved by the hydrothermal method from titanium n-butoxide in the presence
of PEG. Titanium nanocrystals with exclusive anatase crystal structure have been
successfully prepared. Yu and co-workers suggested that PEG enhanced the
homogenous of the metal cation: ether oxygen in its chain, it can
o) ; dom arrangement of the polymer
chain make the metal cations mixed af th%level. Moreover, Zhang et al.
(2003) reported that PEG was also used as a structure-directing agent for organizing

AuEINENINYINg
ARIAINTNUARIINIAY



CHAPTER 111
MATERIALS AND METHODS

3.1 Materials

All the materials in this study were ar?lytlcal reagent grade with no further
purification. -‘f =
e Titanium (IV) isoprepoxide-(TTIP) (98+%, Acros)
o Acetic acid glacial (Catlo)
e Silver mtrat;f NO3) (Carlb)
. Polyethyl ne 1 (PEG) (mo]ecular weight average 20,000) (Merk)
° 2,4-D1chl (?9%“, Al os_)
e Sodium ni
¢ Dipotassium odlsulfateg szos) (Carlo)
e Methanol, HPLC grg.de (Lab scqn} 7
e Water, HPLC grafip (_Lgb scan)..f!{r -
3 A

3.2 Photocatalyst pée:i;ration o

Ag-TiO, was prepared by sol-gel method. Firstly, TTIP was added into acetic
acid. Distilled water, mixed with"'PEG and.the/desirejamount of AgNO;, was dropped
into the mixture of TTIP and acetic acid with vigorous stirring. The ratios of mixture
solution_of TTIP, acetic acid, and deionised water were 1:10:100 molar ratios and
adding with different amounttof' PEG;+0, 0.001,£0.004,.and ' 0.008 molar ratios of
precursor. After that, all of the mixture solution in each sample was stirred at 5°C for
12 hours. Next, the solution was dried in water bath at 80°C until all the solution was
completely dried. Finally, the dried material was calcined at 600°C by setting ramp

rate at 5°C/min. for 2 hours.
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3.3 Photocatalyst characterization

In this study, the following techniques were applied to determine the chemical
and physical properties of the photocatalyst.

3.3.1 Thermogravimatic-differential thermogravimatic analysis (TG-
DTA)

/,
TG-DTA was employed to determine’ a’ material’s thermal stability and its
fraction of volatile components by yoniterihg the weight change regarding to

temperature program. Certaifi amount of materials was placed in a platinum crucible

and the condition us:?é)nsmt cating rate of 10°C/min from 30°C (room
d

temperature) to 800°C J aitm‘o_spf_xedre.

332 X-ray diffracti ,(xRio) 3/
lIII -'J A
To determine the ¢ A? structure cfystalhmty, and estimate crystallite size of

photocatalyst, a Bruker poWder X‘f:éy dlﬂi‘actometer with Cu Ka radiation
source (A=1.5406A) at 40 kV&G mAjms employed The XRD patterns were
recorded in the 20 angle range of 20 80° W';lth a step ste of 0.02° and a time step of

2.0 sec to assess the. mfgystalllte size of all samples

was calculated using Séhener equation as shown in equatlon (3.1).

D=_K\A (3.1)
B.cos 6

Where D is the crystallite size, K is a constant usually taken 0.9, A is the
wavelength corresponding to the Cu Ka radiation, B is the full width at half maximum
(FWHM) of the diffraction peak of anatase (101), and 0 is the diffraction angle.

3.3.3 UV-vis diffuse reflectance spectroscopy (UV-DRS)

UV-DRS technique is used to record absorbance capacity of the powder. UV-
DRS spectra of samples were recorded on HITACHI U-3501 UV-vis
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spectrophotometer with an integrating sphere attachment to determine absorbance of
the photocatalysts. The scanning range was between 300 and 800 nm and the pure

powder BaSO4 was used as a reference.
3.3.4 Brunauer-Emmett-Teller (BET) method

BET method was utilized to measure the surface area of materials. The surface
area was obtained by the adsorbate, Ny, at <196°C on a Micromeritics ASAP 2010
sorption analyzer where  nifrogen gdsorpﬁon and desorption isotherms were

measured.
3.3.5 Scanning electronmicroscopy (SEM)

Surface morpholoegy /of phdiocaf:ajl)lst was observed SEM images by using
JEOL apparatus model JSM-640 scanrijng microscope equipped with Sony video
graphic printer (UP-897 MD);

.

dia
3.3.6 X-ray absorptio_nrspectrosco_gg.,(,XAS)

In this study, XANES fechnique was used to verify the oxidation state of the
particles. XANES techiigue—was—peifoiined—at—beamline 8, Synchrotron Light
Research Institute (Public organization) at Nakorn Rach;siman, Thailand. To set the
experiment, samples were pressed into a frame covered by polyimide tape and
mounted onto~the sample-helder; A; double; Ge(220)crystal monochromator was
employed for selectionof photon energy. The data“were obtained at room temperature
in fluorescent mode (Lytle). The photon energy‘was scanned from -30 eV below the
edge to' 80 eV labove:the edge withscan step 0.2 ¢V..The XANES spectra were
analyzed using the conventional procedure by using Athena program. After
background correction, the XANES spectra were normalized by the edge height and
compared with standard references. Standard materials are Ag foil and TiO, (P25).

3.3.7 Zeta potential technique

Electrokinetic interactions at the interface between aqueous electrolyte and

material surfaces were identified by Zeta-meter system 3.0+ (Meditop Co., Ltd.).



18

3.4 Photocatalytic study

In this work, Box-Behnken design is used as experimental design for optimizing
operating condition. The observation parameter are amount of PEG contain in
photocatalyst, photocatalyst loading, and concentration of K;S,0s. The range of
K,S;03 was determined by the photcatalytic degradation of 2,4-DCP at certain
condition. The optimizing condition obtained from Box-Behnken design then used to
study the effect of initial concentration of ; @

The experiment was conducted under batch reactor process. The photocatalytic
reactor shows in Figure3:1. The Xenon lamp cut off at 400 nm by sodium nitrite
solution was used as wisibl I
W/m?. The conditio

cooling system. The

t source which light intensity was approximately 640

va ion of photocatalytic activity was holds at 25°C by
nditi r;in Ea::h different photocatalyst was adjusted at
e Zeta tential results. All samples were collected
ith: des:re v;lmme and then the solution was filtered by
PTFE syringe filter 0.45 m. JF he sanjél_c,s were collected follow the sequence
obtained from design of experrmﬂni Photddégradatlon efficiency (X) is examined by

the following equation (Daneshvaret al., 26‘933

point of zero charge followi

in a certain period of ti

3 AL
Y A
K= [(Co-C)|x100% - (3.2)
Co

Where Cy = Initial concentration 6£2,4-DCP.
C |= Concentration of 2,4-DCP at time t.
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2,4-DCP in Ag-TiO, B
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Figure 3.1 Schematic dia photo%@ﬁ1c reactor for photodegradation of 2,4-
.
oy :: .-.e_ria- ¢
i:;‘ j ﬁa \
3.5 Analytical method L "-i-’i*'i-.;‘
_,_;__‘ -‘-'L.'.- ':J L ‘1.._

In this study, l‘ugh performance liquid chromaﬂ’)graphy (HPLC) (Hewlett
Packard HP-Agllent-M:OO series) was applied to determmd the concentration of 2,4-
DCP in different Ag-TiO, samples. The instrument was equipped with a UV-visible

photodiode array detector set at 280 nm and oonﬁgured with an Acclaim Hypercy 48-
3um (ID)-2.1mm (length) column The analysts was condutted isothermally with the

oven temperature set at 40°C and w1th an eluent (methanol-water mixture (60:40))
flow rate set at 0.1 ml/min.
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CHAPTER 1V
RESULTS AND DISCUSSIONS

4.1 Characterization results
4.1.1 Thermoanalysis by TG-DTfA

The TG-DTA analysis measurem{);(ywere carried out to determine a
material’s thermal stablllty Thermal aﬂalysxs ex«pcnment was conducted in flowing
air with a heating rate of 10°C/min. As shown in Figure 4.1, TG-DTA curves of as-
synthesized sample were'presented two main steps of mass change. At the beginning,
the temperature range from’ “temPerature to. 170°C with approximately 5%

weight loss could be due to

19ss of w, _ater and acetic acid. Secondly, there was a
on of 306 600°C should be due to the decomposition
PE(“; mclnjimg the decompose of nitrate and partly
n . the largo d'xothermxc peak at 300-600°C, it could be
attributed to the completely decempose of‘;_-tﬁ‘e':remdual organics can happened above
600°C. TG-DTA result can be rcVealed ﬂta"t-«dalcmau(}gs temperature of Ag-TiO;

large exothermic peak in the
of the organic template s

residual organics. As can be

ApOSE jf organic compound.
L

DTA /(mW/mg)

9.713%

100 200 300 400 500 600 700 800
Temperater (°C)

Figure 4.1 TG-DTA curves of Ag-TiO, sample contain PEG.
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4.1.2 Surface morphology of photocatalysts by SEM

SEM technique was performed to observed surface morphology of the Ag-
TiO; both Ag-TiO; samples with PEG (0.008 mol%) and without PEG as shows in
Figure 4.2. The SEM pictures of two different in PEG content were revealed that
there were several sizes and not specific shape of particles in both of two samples. It
was found that the particle size ranged from;_around 0.1 pm to 25 pm and there were
no significant different in surface morpholoéji To. observe the different between the
samples with PEG and without PEG content would be concerned the average

crystallite size from XRD paitéin results UV-DRS"results and BET surface area

results. / i

i , TSR 1 LO1
X 1485 QQ'E‘I 1TS8mm

] b i
U SIREC  EEKU L NX10

Figure 4.2 SEM images reveal surface morphology of Ag-TiO, where (a) and (b)
represent Ag-TiO, without PEG, (c) and (d) represent Ag-TiO, with PEG 0.008

mol%.
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4.1.3 Determination of crystallite size of photocatalysts by XRD

The XRD patterns of Ag-TiO, samples show in Figure 4.3. The results
obtained from XRD patterns were revealed the average crystallite size of anatase
(101) phase calculated follow Scherrer equation. Crystallite size of each samples were
ranged from 22-25 nm along with increasing of PEG contents; 0, 0.001, 0.004, and
0.008 mole% as shown in Table 4.1. It was noted that as increase in PEG content
achieved in higher crystallite size. As can be seen from XRD patterns, each sample
revealed the characteristic of Ag doped TiO, mainly in anatase phase when compared
with commercial TiO, (P25). Hewever, there was ne ebvious peak of Ag in samples
because it probably well digpérsed on TiO; surface and confined inside framework of
the titania matrix (Seery et'als 2007) tlmd metal sites were expected to be low the
visibility limit of X-ray.analysis (Sail(_thi\;_gl' et al., 2004). This result suggests that their
forms or locations of metal dopants coulll'l_l not be determined by XRD. The presence
of silver particles could be identified by )&-ANES technique.

’

'l -s'_.l';'_.!
St 2l
Anatase 101 p——— A Anatase
N et St - o B Rutil

A V=" 008 Wio1% PEG/Ag-TiO,
g o ~0.004 mol% PEG/Ag-TiO,
: ' 10.001 mol% PEG/Ag-TiO,
: e ARECRAL oo oo
A P25-TiO, (commercial)

A A A A A Z BAE

20 30 40 50 60 70 80

2 Theta ( degree)

Figure 4.3 XRD pattern of Ag-TiO, samples compared with TiO, standard.



23

Table 4.1 Average crystallite size of samples.

Samples Crystallite Size (Anatase) (nm)
No PEG Ag-TiO; 22.424
0.001mol%PEG Ag-TiO; 23.527

0.004mol%PEG Ag-TiO; 24.416

/
0.008mol%PEG Ag-Ti0, \‘\‘\ | //// 25.581

As can be seen i 41, it ;_was oﬁe&d that crystallite sizes slightly

The UV-DRS specir: ! oW il e adsorption capacity of calcined
samples was increased with m;ym}ng %t._of PEG template at a wavelength of
400-700 nm compan&i with conncrcul TiO,. Iua‘e! that all of Ag-TiO, samples
show significant e e ligh lion'at a wavelength from 400
ed with cdﬂlmercial TiO,. The UV-DRS
spectra revealed that the~addition of silyer effected to the increasing in optical

woperty of 138 Q) PRI SILLINDS- fom the UV 1o e

visible light r%lglon (Daneshvar, Salari, and §1ataee, 2003)1!Thls leads to the

concl@ﬁ%f@ﬂi@ 1%%&] 63}?? Hﬂé}rﬁ@er adsorption in

visible light region and hence results in better photocatalytic activity under visible

nm to entire the v151bJ light regio

light. Considering the characteristic of the photocatalyst, as increase in PEG content
photocatalyst become more black color which also considered that more absorb the
light than that of photocatalyst without PEG. Therefore, the results from
photocatalytic study probably not increase in photocatalytic activity corresponding to
the UV-DRS spectra. In addition, the energy band gap (Eg) of each sample was
determined by Kubelka-Munk model. The absorption coefficient was derived from
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measurements of the diffuse reflectance of the samples. For crystalline solids, E, can

be approximated as in equation (4.1).

khv = A(hv - Ep)* 4.1)

Where the absorption coefficient k on the frequency v and A is a constant. The band

gap (Eg) can be obtained by extray zero a linear fit to a plot of (khv)'?
against hv (photon energy (g_@ whxc 1 ferred to as a Tauc plot (Murphy,
2007). Tauc plot of each sample was shown inappendix.

8 1

A
o

B w »

- Q o ‘;,.,'HJ "
FLI B0 Evayelengthiam)| 7))

Figure 4.4 lﬂ'-DRS spectra of Ag-TiO, samples compared with TiO; standard.
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Table 4.2 Energy band gap of Ag-TiO, samples.

Samples Energy band gap (E,)
No PEG Ag-TiO, 2.46
0.001mol%PEG Ag-TiO, 2.63
0.004mol%PEG Ag-TiO, 2.74

0.008mol%PEG Ag-TiO, 2.83




25

Energy band gap of each sample are shown in Table 4.2. It was found that as
increasing in PEG content energy band gap was increased. The photocatalyst without
PEG was the narrowest E; which possibly was the best performance in photocatalytic
activity due to it used less energy than others to excite the electron from valence band
to conduction band to perform photocatalytic reaction.

4.1.5 Zeta potential technique

Zeta potential measurement was used t; identify surface charge by ispelectric
point (IEP). This was verified by the f;"oint of zero charge (pzc) of photocatalyst. As
observed in Figure 4.5, ihe JEP of each type of catalyst could be determined
following Table 4.3. AS/‘ésult from zkta potential measurement, the surface of each
sample depending ory( pH jin which ‘the photocatalyst surface will be charged

)S‘?Jan pZc, and nggqtlvely charged when pH higher than pzc.

posﬁwelywharged in acidic solutions and negatively

positively when pH I
Hence, the photocatal
charged in alkaline solutﬁ)ns Accordmg i‘? pK, value of 2,4-DCP is 7.69 (ATSDR,
1999: online), 2,4-DCP can be charged alﬁﬂpsmvely or negatively on basis of the

pH. When pH is lower than pK,,—he chlergphenols exist in molecular form whereas
when pH is higher than pK,, the dlssoc1atlon degree of J.chlorophcnols to form anion

would increase (Eét.e_y}nho et al., 2007). Considering pz_@_ pf the catalyst, if the pH of
photocatalyst susperigl_ed in 2,4-DCP solution mc_i_x_"_e than pK, value of the
chlorophenol (anion form), the surface of catalyst would be negatively charged
resulting in a‘repulsion between-two compeunds. Therefore, if the pH condition
provides at lower than pK, of the chlorophenol (un-ionized form), the chlorophenol
wouldbe more likaly torabsorb on phatocatalystiatipzce of phetacatalyst. Hence, the
condition for photocatalytic study was provided at the pzc of photocatalyst.

Table 4.3 Zeta potential values of different PEG content in photocatalyst suspension.

Samples Point of zero charge
No PEG Ag-TiO, 3.75
0.001mol%PEG Ag-TiO; 3.3
0.004mol%PEG Ag-TiO; 3.6

0.008mol%PEG Ag-TiO; 3.47
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100
80 4 :
—9— 0.000 mol% PEG Ag Ti0)
—8— 0.001 mol% PEG Ag TiO;
60 4

—&— 0.004 mol% PEG Ag TiO;
—y— 0.008 mol% PEG Ag TiO;

Zetapotential (mV)

Figure 4.5 Plot of zeta p teﬂ{lal dlfferent amounts of PEG in photocatalyst
' 8usp smns

f 3
;’JJ* L

“off

4.1.6 Determinatio spee"'ﬁc surf;i;;p!'ea by BET method

e st A
ik all

The results of BET surfacé area a:g" ptesented in Table 4.4. It was noted that
increasing in amountfbf PEG resulted in higher surface &'ea range from about 9 tol4
m?/g. Higher surfac{_area could be due to PEG playS a templating role in the
formation of the inorgdlnic porous structure (Bu et al., 2005). These results presented

that there were no significant difference, in yvaried .amount of PEG in each
photocatalyst. ' The Ag-TiO; with 0,0.004,/and 0.008 mol% of PEG were further used
for photocatalytic study.

Table 4.4 BET surface area of each Ag-Ti0; samples.

Samples BET surface area (mzlg )
No PEG Ag-TiO; 9.95
0.001mol%PEG Ag-TiO; 10.99
0.004mol%PEG Ag-TiO; 12.03

0.008mol%PEG Ag-TiO; 14.11
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4.1.7 X-ray absorption spectroscopy (XAS)

The adsorption of X-ray in the region of near edge or call XANES was
selected to investigate the species of interested doping metal. XANES spectra of Ti
and Ag are shown in Figure 4.6 (a) and 4.6 (b), respectively. Figure 4.6 (a) verifies
that Ti species in Ag doped TiO, samples are Ti*" corresponding to TiOQ; structure
compared with TiO, commercial Fi &(‘é) is shown XANES spectra of Ag
species compared with standa‘d Ag roves that the oxidation state of

silver dopant is metallic s1lm‘:’) D
| ‘ %Ag-Ti0,/0.008 PEG
B A-;"-;'» ..i»r y
. \ =
l Ag-Ti0,/0.001 PEG
- ‘ oAg-T102I No PEG
o “ TiOy-P 25

2-Ti0,/0.004 PEG

Normalized absorption

49!’0 e
. y
¢ o o
e
n..ﬂ .
QRN IF 'nwmaﬂ
! % o g ""i‘.', — Ag foil (Ag standard)
£ ——-- 5%Ag-TiO2(No PEG)
2 | - 5%Ag-Ti02(0.001 PEG)
0.0 1
3340 33'50 33'60 33'70 33'80 33'90 3400
Energy (eV)

Figure 4.6 XANES spectra of Ag-TiO, samples compared with standard materials:
Ti-K-edge (a) and Ag-L;-edge (b).
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4.2 Photocatalytic study

In order to evaluate the factor affecting to photocatalytic degradation of 2,4-
DCP, the response surface methodology (RSM) based on design of experiments
(DOEs) was selected to design experiment. In this work, Box-Behnken design was
applied to evaluate the optimal condition in the photocatalytic study. The factor of
PEG content, photcatalyst loading, and concentration of K,S,Os were taken into
consideration for the experimental design.”In" order to specify suitable range of

K,S,0s, the determination of K;S,03 range was examined.

4.2.1 Determination of K;5,04 range
|

In this study, K;8;08 was used as electron acceptor to promote the
photodegradation of 2,4<DCP in the initial stage. The most suitable of K;S,0s range
was determined to provide abproprféte; time for sample collection. The
photodegradation of 24-DCP was fffeﬁminary performed with different
concentrations of K;S;03 suspendé'd’ n-S5 pﬁiﬁ of 2,4-DCP and certain amount of Ag-
TiO, photocatalyst . The expeﬁme-nt was exa:nl;med by collecting samples every 15

minute for 1 hour and the results show in Figure 4.7.

1.2 ) e -
\
0.8 4 \ ‘\ - ¢ -0.05mM
. N j ,A
§ \- - talkl ~m20.10mM
Oloel PY N1 | Sb3d-oN-¥a-1 g V10 16V
&) \ “t‘ === (.25 mM
\ 5
0.4 - \ N, e 0.50mM
3 s S 75 mM
\ - 0.75m
0.2 - \\ AN
\
\
0 5 = — i
0 15 45 60

30
Time (min)

Figure 4.7 Determination of K,S,0s range in photodegradation of 2,4-DCP.
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From the results, it was observed that 2,4-DCP was slightly removed at 0.05
and 0.1 mM of K,S,03 added. In case of 0.25 mM K,S,05 added, 2,4-DCP was
completely removed within 60 minutes. For 0.5 and 0.75 mM of K,S,0; added, 2,4-
DCP was 100% removed in 15 minutes. In order to collect sample in each batch from
experimental design in 1 hour, 2,4-DCP should not reach 100% removed. According
to this result, the experiment was supposed to provide the concentration of K,S,0s
less than 0.25 mM. Therefore, this range of K,S;0s concentration at 0.05 mM
(0.0014g/100 ml), 0.1 mM (0.0027g/100 ml),.and 0.15 mM (0.0041g/100 ml) were
varied in the study of photodegradation’i)f 2.,4-DCP by Box-Behnken design.

4.2.2 Factor eva_!mi’tibn on 2,4-IbCP phetodegradation by Box-Behnken
design 7 & . ¥

r
r — ]

g \ A
oy
A three factors threc/leyels Box-Behnken design was applied to determine the

operating condition for maX1mlzmg 2.4+ DC]’ photodegradatlon The design matrix by
using this design was shewn. ﬁﬁeen tnaB yexperiment with factors of highest

_-i

confidence levels. They are prescnbed into three levels coded -1, 0 and 1 for low,

,4--.

middle and high values respect1vely as seen in Table 4.5. The responses were selected

as the %degradatlon of 2,4-DCP after 1 hour of madutlon and analyzed statistically

by using Minitab 15 egﬂware. Design matrix of Box-]iehnken design and responses

of the reaction are shown'in Table 4.6.

Table 4.5 Range and levels of Box-Behnken design with three factors.

Range and levels

Factors Low (-1) Middle (0) High (+1)
PEG content (mol%) 0 0.004 0.15
Catalyst loading (g/L) 0.1 0.55 1

K,S,05 concentration (mM) 0.05 0.1 0.15
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Table 4.6 Design matrix and results of Box-Behnken design.

Design matrix

PEG content Catalyst K2S,0 R

conten . esponse

Run Order (mol %) =X, N (ml\z/l)2= 2(3 (%Deg:adation)

%,

1 0.004 01 0.15 5.3913
2 0.008 0.1 0.1 2.7869
3 0 0.55 0.15 58.11
4 0.004 0.1 0.05 5.8824
5 0.004 055 0.1 33.858
6 0 01 0.1 7.9699
7 o.004f £ 0.05 18.731
8 0.008 0.55_: L 005 9.8485
9 0008~~~ a5l dn o015 76.3
10 0.004 1 0.15 88.235
11 0.004 0.55 0.1 38.831
12 0.004 0.55 0.1 46.201
13 0.008 I 0.1 19.424
14 0 1 04 60.923
15 0 0.55 0.05 17.739

A full quadratic model was evaluated for the response function base on
apparent photodegradation of 2,4-DCP experimental data. The analysis was done by
Minitab 15 software. The coefficients of the quadratic model, which describes

%removal of 2,4-DCP (response) as a function of reaction condition (independent
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variable), were calculated by a multiple regression analysis on the experimental data.
The coefficients were analyzed using the analysis of variance (ANOVA) to evaluate
if a given term has a significant effect (P<0.05). The adequacy of the final model was
verified by graphical and numerical analysis using the Minitab 15 statistical software.

The apparent %degradation was considered as the response variable and the
computed values at different factor-level ;c;;mbmatlons were treated statistically to
develop the response surface model (Ray € a1{g,009) A quadratic model illustrated
by regression equation (equatlon 4. 2));vas evaliiated for the experimental response.

/f x
Y = Bo+Pi f o ﬂsxa"‘:ﬁmxlxﬁ B X1X3+ (4.2)
B23X X3+ B 12“'*' ﬁzzxz‘z'* ﬁ33X32

independent variables, B;, . anci B;; are lmear{coefﬁments Bi2, B.3 and B3 are cross

product coefficients and Bi1, Bar- and Bs3 arﬁithb.,quadratlc coefficients
4 I
For photoca@gjytlc reaction data, R’= m;‘gf the variation in yield is

explained by model an the adjusted R* is 80.52 ‘7:. As seen in Table 4.7, the

photocatalytic reaction ,data can put in the regression equation as illustrated in

equation (4.3).

Y= 3963 - 4,548 [PEGcontent] + 20.66[Catalyst loading},+ 21.979[K,S,0s] -
9.0791[PEG content * Catalyst loading] + 6.5201[PEG content* K,S,03] +
17.4988[Catalyst loading * K,S,0s ] -2.9572[PEG content] 2.13.8967
[Catalyst loading] > + 3.8269[K,S,0s] (4.3)
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Table 4.7 Estimated regression coefficients for %removal of 2,4-DCP.

Std error T P
Term Coef. Remark
Coef. values  values
Constant  (Bo)  39.63 7056  5.616  0.002
Xi Bi -4.548 4321 -1.053 0.341  Not significant
X B 20.66 4.32] 4781  0.005  Significant
X3 Bs 21979 4321 5087 0.004  Significant
X X B1 -2¢9572 6.360 -0.465 0.662 Not significant
X%Xs  PBw -51’3}3967 , _6.31__69 -2.185 . 0.081 Not significant
X3X3 P A4 3269 %.3%0 0602 0574 Notsignificant
XiX: B Aopy !6.1'1?‘3 _ 14860 0179 Not significant
X X3 Bis 6/5201 6.11'-;.-; 1.067 0.335 Not significant
XoXs B 17.4988 6111:3 2.864  0.035  Significant

o

P-value is used“:to determine which of the effec,t_é, in the model are statistically

significant. According Psvalue less than or equal to 0.05, it represented that the factor

is significant t6 the operating condition. Considering linear gffect (X, X,, X3), the

factor influenced to the %degradation of 2,4-DCP were catalyst loading and

concentration of) K,S,03 ‘with-P-value 0.605 and 0.004 respectivaly except the effect

of PEG content had not significant factor with P-value equal to 0.341. For squared

effects (XX, X5X3, X3X3), there were no significant quadratic effects which meant

X1, X3, X3 and %removal of 2,4-DCP in a straight line rather than curved line. For

interaction effect (X,X3) with P-value 0.035, it was a significant interaction effect.
The effect of %degradation of 2,4-DCP, therefore, depended on the catalyst dose and

concentration of K,S,0s.
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Figure 4.9 Plot of predicted and actual values for %degradation of 2,4-DCP.

Figure 4.8 displays the residuals which are inclined on a straight line indicated
that the data are fairly normal. In addition, each observed value is compared with the
predicted values which are shown the regression model is practically well fitted with

the observed values as seen in Figure 4.9.
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Figure 4.10 Plot of the standardized nals versus the fitted values (response is %

degradation of 2,4-DCP). ‘he 1 iﬂt‘ig n a random pattern around the

center line indicated that the iencing the response in a systematic way.
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Figure 4.11 Plot of the standardized residuals in the order of the corresponding
observations which fluctuate in a random pattern verified that the designed

experiment in which the runs are randomized.
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%PEG+Catalyst Catalyst loading

! 0.000 0.004 0.008 0.10 0.55 1.00
Persulfate = =

Figure 4.12 Main gffects plot 5fvai:i§blcs by mean values of %degradation.
The effects of Varigéles by, mean fi‘{glq_es are shown in Figure 4.12. It is noted
that PEG contained in phétoeatalxsji had no'significant effect to %degradation of 2,4-
DCP. As seen from the line, it was. almos@lel to an average line (mean = 32.68)
and it could be seen that as incr_gaéé' in PEG the mean of %degradation was decreased.

In addition, the plg;j_showed that there were main cféc,ts in catalyst loading and

adding of K;,S,0s '“Which were almost the same i‘cnd-{)y increasing the catalyst
loading and concentration of K,S,;03 achieved in higher %removal of 2,4-DCP.

To visualize the ‘response surface, ‘the ‘surface’ and contour plots of the
response (%degradation) with three variables were provided with hold values at the
middle~ascshows in Figure 4:133 The contour plots can jbeyillnstrated as follows:
Figure 4.13(a) reported that the condition of catalyst loading approXimately 0.1 g/L
and photocatalyst without PEG content for maximizing %removal of 2,4-DCP. It can
also note that as increasing in catalyst dosage the photocatalytic efficiency was
increased. Figure 4.13(b) shows that the optimum for setting the experiment are 0.15
mM of K,S,0s and catalyst loading 1 g/L. Figure 4.13(c) indicates that the most
suitable for maximizing percentage removal of 2,4-DCP provide at the condition

around 0.15 mM of K;S,03 with the catalyst without PEG content.
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Figure 4.13 Surface plot of the response (%removal of 2,4-DCP) versus catalyst
loading and PEG content (a), catalyst loading and persulfate (b), and PEG content and
persulfate.
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In summary, the photocatalytic study which was designed by Box-Behnken
design and statistically analyzed by Minitab 15 software. The best condition to
degrade 2,4-DCP over the photocatalysis was obtained by Ag-TiO, prepared without
PEG, photocatalyst loading of 1 g/L, and concentration of K,S;03 at 0.15 mM. The
smallest crystallite size was achieved in the Ag-TiO, without PEG which expected to
induce higher photocatalytic performance because of increase in active surface area.
In contrast to BET surface area result, the lowest su/;face area was found in the Ag-
TiO; without PEG. Moreover, UV-DRS spectra mdicat’ 'd.that as increasing amount
of PEG results in higher visible light absorption capacity. This small crystallite size
of Ag-TiO, prepared without PEG would be| significant factor for photocatalytic
degradation of 2,4-DCP hlgher th/ eeific surche area.

4.3 Photcatalytic testing / ; 5
4.3.1 Determination th e}é f mihal eoncentration

The selected condition (Ag I 102 thhout #’Hj 1g/L of photocatalyst: 0.15

mM of K,S,0s) identified by Box-Behnken demg:’Was used to study the effect of
initial concentration in the photocatalytlc degradatlon of2 4-DCP JIat 5,10, 15, 20, and

l."

25 ppm. The samples were gpllectcd after dark eondlmlpur to ensure that
there were reached adsorptlon equilibrium. Afterward, sample collection were
continued to observe the photocatalytlc degradation for 3 hours The relationship
between various concentration of 2,4-DCP and different time intervals are shown in
Figure 4.14. It couldqbe noted that at each concentration of 2,4-DCP were
significantly deereased-in the first, L0-minute, then, were-gradually decreased. This
result can be attributed to the addition of K;S,053 in the initial step-of light irradiation
which K;S,03 had produced strongly oxidative species to react with the pollutant.
When the oxidative species were not existed, the concentration of 2,4-DCP was

steadily decreased.
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Figure 4.15 Photocatalytic degradation in different initial concentration of
2,4-DCP as a function of time.
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The photocatalytic degradation in different initial concentrations of 2,4-DCP
as a function of time can be shown in Figure 4.15. It was observed that as increasing
in initial concentration the photocatalytic degradation was decreased. However, when
the initial concentration was over 15 ppm the phothocatalytic degradation was not
considerably different. It can be noted that beyond the certain concentration 2,4-DCP
adsorbed on the surface of photocatalyst were limited. At this point, no further 2,4-
DCP was adsorbed.

4.3.2 Kinetic model of photocatalytic degradation of 2,4-DCP

Photocatalytic reaetion sequites two phenoniena, adsorption and surface

]
reaction. A suitable model” which' expresses in both phenomena simultaneously is
Langmiur-Hinshewood (LHHW) modé}. A;cc'ording to LHHW model, the reaction

rate (r) varies proportionally with thefsurfacé‘, coverage (0) as seen in equation (4.4).

i

o u oy
e - d ~d

Where k and K 'ﬁrﬁfhﬂcacﬁon—ratcfﬁtstant—anﬁhefadsorption equilibrium
constant respectively, and C is the concentration of 2,4-D6i’. To observe following
the LHHW model, the initial photocatalytic degradation rate (ro) was observed to be a
function of the /nitial] 2,4-DCP’s) concentratien, |(C,).The, kinetic model of the
photocatalytic process was usually restricted to the analysis of the initial rate of
photocatalytic degradation. The extrapolation of the photocatalytic degradation rate to
time equal to zero avoids the possible‘interference from by-products (Kim and Hong,
2002). A linear plot of 1, versus C," is obtained, that had given k as the LHHW rate
constant (min™) and K as the Langmuir adsorption constant (L/mg) of the 2,4-DCP in
the photocatalytic degradation reaction as shown in equation (4.5) and a linear plot is

represented in Figure 4.16.

(4.5)
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The initial photocatalytic degradation rate (ro) (min™') was determined by numerical
method which numerical differentiation formulas can be used when the data points in
the independent variable are equally spaced. The three-point differentiation formula
at the initial point shows in equation (4.6) (Fogler, 2006). Where C is concentration at

each interested point of time and At is the difference of time interval. In kinetic study,

\
the three points; 0 (Cag), 10 (Cay), ar y ) minutes after light irradiation were
used to identify the initial rate gf each inuégentration of 2,4-DCP. It was found
that the initial rate for 15, 20, and Ziﬁﬁm of 2,4-DCP were 0.201, 0.362,

(4.6)
£33 ﬂ i
AUt g
QANAN T AN INY Hislee

1/C,

Figure 4.16 Plot of the reciprocal of the initial rate (r, ') versus the reciprocal of the

initial 2,4-DCP’ concentration (C, ') for photocatalytic degradation of 2,4-DCP.
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According to a linear plot in Figure 4.16, the kinetic parameters k and K were
obtained using linear least squares analysis. The linear plot was represented a good
fitting of the model (R? = 0.98) to the experimental data which indicated that the
degradation reaction mechanisms were followed LHHW model. The values of the k
and K were 2.3202 min"' and 0.0192 L/mg, respectively. The Langmuir adsorption
constant (K) was shown that the adsorption reaction was fairly low adsorption in

photocatalyst surface. 'y

-

Considering LHHW meodel jhas beén regarded as kinetic model for
photocatalytic degradation of-@igani¢ pollutant (Kim and Hong, 2002; Lee et al.,
2005). This model szcé’/}sﬁﬂly explal?s the kinetics of reactions that occur between
two adsorbed specics;'a fi€e radical and an adsorbed substrate, or a surface bound

mechanisms of reactio difficult ts develop a model for the dependence of the

radical and a free sub jti(CArp rI—Lhist‘na'.n and Reller, 2004). However, the complex

photocatalytic degradation rafe. on the ~experimental parameters for the whole

treatment time. LHHW moiel hzvsc S0 ﬁ:-"fccused on the initial disappearance rate of
/

organics or the initial formattén rate of Qﬁf*‘Some additional complexity may arise

from the possibility of different adsorpttoﬁ%rtcs and the presence of pores, which
- . £

o

reflect non-ideal ( and mass-transfer problems

(Carp et al., 2004). {a this study, the effect of K2S20g£3dmg in to the photocatalytic

reaction would be takén into account as the important role in photocatalytic activity.

4.3.3 Determination the effect of the K,S;05 addition

In' this 'study; the coniparison of 2,4-DCP' photodegradation in different
conditions were performed the experiment for three hours as shown in Figure 4.17.
The photodegradation of 2,4-DCP was compared under different conditions;
photolysis, photolysis with K,S,0s, and photocatalysis without K,S,03. The results in
%degradation of 2,4-DCP in each condition shows in Table 4.8.
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Table 4.8 Degradation of 2,4-DCP under different conditions.

Condition % Degradation
Photolysis 10.55
Photolysis with K,S,03 4.24

Phocatalysis without K,S,03 7.25

/)
Photocatalysis with K»8,05 \‘\\ //// 20.71

— e

1.1 1

0.9 -

0.7 1

c/c,

0.5 -

0.3 1

Photocatalysis with persulfate

1y
0.1 -mmmw - ' '
0 , 1 0 200

¢ Time (min)

R A A BN b i

As a result in Figure 4.17 and Table 4.8, photocatalysis with K,S,0s provided
the highest photocatalytic degradation which was significant different from that under
the photolysis with K,S,;03 and phocatalysis without K,S,0s. This results indicated
that the addition of K,S,0s was significant effected to the photodegradation of 2,4-
DCP. These results were revealed the important role of K,S,0s to photocatalytic

activity. Considering the role of persulfate ion (S,0s%), it acted as electron acceptor.
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Then reacted with the conduction band electrons photogenerated on the TiO, particles
and suppressed the efficiency lowering process of electron-hole recombination as
illustrated by equation (4.7) and (4.8) (Mills and Valenzuela, 2004). Moreover, the
sulfate radical (SO4'_) can further generate hydroxyl radical as shown in equation
(4.9).

Ag-TiO, 4.7)
S0 + ¢ 4.8)
S0 + H 42\ HO® + HE 4.9)
S,05° + hv (4.10)
SO,* + 2,4DCE (4.11)
Photolysis of Szogz-can also ;r'—* d fate radicals (equation (4.10)),

which are strongly oxidizing K ornganic compounds by

abstraction of a hydrogen ‘ n or addi | molecules (Villanueva
and Matinez, 2007) like s@ws1 ' enceﬂ'}hc important role of
K,S,0s has evidently seen that‘irgroves in photo@a.lytic degradation of 2,4-DCP.

AUEINYNINGINT
RN INUNINYIAY



CHAPTER V
- CONCLUSIONS AND RECCOMENDATIONS

5.1 Conclusions

The study was divided into two par}.s. The first one was to synthesis and
characterizations of prepared catalysts. Seve'xéf(/e:k;‘miques were used to understand
physico-chemical properties_of the catalyft. Later-on some selected catalysts were
tested for the 2,4-DCP photodegradation under visible light. Performance and kinetic

evaluations were presente_df ; \

In this study, 5 mol% ¥fi0_'2 photocatalysts were prepared via sol-gel

method by using polyethylene glycol (PEG) as template. PEG was added in different
contents; 0, 0.001, 0.004, and 8r mf)l‘%;‘;r.’._l‘ l.1e higher PEG content added into the
material, the bigger crystallite Size (2225’:";{1113‘, the higher visible light absoption

ga}];(§46-2 ‘: V), and the higher BET surface area
(9-14 mz/g) could be obtained. _; T =

a

capacity, the lower energy b.

|4 %

[

o -

e

The use of Box-éeh,nken design based on design ofiexperiments (DOEs) was

applied to determir:feﬁ.the operating condition for = maximizing 2,4-DCP
photodegradation. Threepﬁrameters were taken into account of this study. There were
amount of PEG, photocatalyst*loading, and concentration of K,S;0s. The series of
batch tests was condueted.randomize followirnig the experimental design. The highest
photocatalytic activity for removal of 2,4-DCP was achieved at :Ag-TiO, without
PEG suspénded in 0.1 'g/L of photocatalyst and 0.15 mM of K,S;05. PEG content had
no significant statistically effect to photocatalytic degradation of 2,4-DCP. This
condition was further used to evaluate the kinetic parameters of Langmiur-
Hinshewood (LHHW) model. The result was followed LHHW model which the
LHHW rate constant (k) and Langmuir adsorption constant (K) were 2.3202 min”
and 0.0192 L/mg respectively.
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5.2 Recommendations

e Aplication of Ag-TiO, photocatalysts synthesized using PEG as
template for other organic pollutants, such as soluble volatile organic
compounds, should be included and differentiated the performance of
each.

e It is interesting

AULINENTNEINS
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Model
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Determination of band gap from absorption coefficient by Kubelka-
Munk

1 ﬂumwﬂ g
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Figure A.1 Energy band gap of Ag-TiO; without PEG(a), 0.001 mol% PEG(b), 0.004

mol% PEG(c), and 0.008 mol% PEG(d).



2. Determination of point of zero charge from Zeta potential

Table A.1 Zeta potential results of Ag-TiO, with difference mol% of PEG.

Mol% | pH Replicate

PEG 1 2 3 4 5 6 7 8 Average |
1 [56.8262.13|66.14 | 58.79 | 44.82 | 67.07 | 53.71 [ 45.97 | 59.13
2 [9227[88.47[88.79[78.34[79.29[75.19 | 64.80 [ 71.69 | 79.85
3 2615262412667 | 22,80 [24.18 | 23.46 | 23.03 [ 2177 | 2429

0.000 | 4 [-853[-7.23[-6.83 | -7.08 | -103 [ -6.96 | -8.88 | -8.42
6 [-36.1]-33.4] ﬂ;zss '-27.8 | -28.3 | -31.0 | -21.04
8 |-325[-250 | -24. zm‘g -29.5 [ -36.2 | -30.13
10 [-452-35.8 # / 3063801383 | -307 | 414 | -36.48
1 7937 647 528 | ¢ 1.80 | S1.14. 56,35 | 64.73 | 74.09 | 65.56
2 [33.57(36.0% ﬁ"l 3026 &k 36.74130.16 | 30.60 | 34.12
3 |24.54]26 g’i ,22{69:@ 15 W%.so 17.50 | 24.22

0.001 [ 4 |-233 | 419 : -1 ‘(s% 29.3 | -25.3 | -23.61
6 [-282]-2844- _.1‘5@?{! 4.7 | 312 | 20.4 | 338 | 2699
8 |-26.5[-302 |F310.427.6 404 | 314 | -364 | -38.1 | -32.66
10 |-242]-234 -2_2};—@9.%; [-358[-34.0]-27.7 | -27.78
1 |47.5839.67|42.35{46.99 [37.10] . /) 26.71
2 [ 19.06 | 1289 | 17.54 | 14.51 61 17.26 | 17.52 | 15.49
310,66 | 1185 | 13.57 | 1681 | 16.83 | 17.04| 16.73 | 18.46 | 15.18

0.004 | 4 [-22.6]-21.7 [=183 | -21.8 [418.9 [ -20.7 [ -17.1 [ -22.0 [ -20.31

. AN S

6 2%8‘%%% 29.0 | -25.5] =36 | -27.3 | -27.19
8 |37 | 224 | 244 | 5. 7.1 [ -21.8 { ;29.6 | -24,46
0] |514 ] 514 | 385 TISLoy 349 | 4241
17]2.804 | 2.703 | 2.085 | 2.890 | 2.218 | 1.265 | 2.585 2.364
2 [28.53[20.07 |25.66 | 30.94 [ 27.00 [ 20.74 [ 21.96 | 20.86 | 18.57
3 [28.75[20.77[24.16 [ 24.01 [ 17.02 | 24.13 [ 23.07 [ 24.76 | 17.01

0008 | 4 [-284[-268-262-229[-25.0]-23.8[-26.1-23.9| -25.39
6 [-19.1]-254[-29.2|-185[-22.1-23.8[-209 |-21.2 | -22.53
8 [-239]-23.1[-17.5-22.0 [ -20.0 [ -30.7 | -28.6 | -26.1 | -23.99
10 [-32.7 | -35.8 | -35.1 [ -37.4 [ -40.3 | -40.9 | -43.6 | -41.3 | -38.39
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3. Calibration curve of 2,4-DCP

1400
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y = 12.0938x
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Figure A.2 Calibration | 5t ak area as a function of 2,4-DCP
concentration. fdiasd, < ity
Table A.2 Different c¢ NCET > ot K area analyzed by HPLC
for calibration curve of Zj-D 0 N a
Standard number Concenmon (ppm) Peak area

@uﬂ?ﬂﬂﬂﬁﬁﬂﬁﬂi 3
amaﬂﬂmuﬁnwmaéﬁ

117.7
6 20 237.5
7 40 480.6
8 60 725.1
9 80 975.6

10 100 1205.9




4. Kinetic study

Table A.3 Determination the concentration of K,S,03 analyzed by HPLC for
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photodcatalytic study.
Concentration of
Time Area C C/C,
K;S:05
0 57.5 4.754502 1
15 4.8 4.531247 0.953043
0.05 mM 30 , 527 4.357605 0.916522
45 52.4 4.332799 0.911304
60 512 4.233574 0.890435
0 57.1 4.721428 1
{5 522 4.316261 0.914186
0.10 mM Jof 4 V4548 4.283186 0.90718
4. o asl2 4.233574 0.896673
60 50,1 4.142619 0.877408
0 5570 | 4.605666 1
| 1§00 38 2.894045 0.628366
025mM - 30 347 2869239 0.62298
45 309 2555028 0.554758
<60 0 <0 0
0 58.1 4,804115 1
15 0 0 0
0.50 mM 30 0 0 0
45 0 0 0
60 0 0 0
0 56.6 4.680084 1
15 0 0 0
0.75 mM 30 0 0 0
45 0 0 0
60 0 0 0
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Table A.4 Determination the effect of initial concentration for kinetic study was

analyzed by HPLC.
S ppm 10 ppm
Time Area C C/C, Time Area C C/C,
0 58.7 4853727 1 0 1248 10.31934 1
10 407 3.365361 0.693356 10, . 93.6 7.739503  0.75
20 352 2910582 0.599659 « 20 '/ 876  7.243381 0.701923
30 323 267079 0550256 30 7858« 7.094544  0.6875
60  22.1 1.827383 0.376491 600 828 6.846483  0.663462
90 17.8  1.471829 0303237 90 - 743 . 6.143644 0.595353
120 1273 1.052605 0.216865¢ /120, | 584  4.828921 0.467949
180 83 0.686302 0141897 180 & 514217037  0.408654
- = 4
15 ppm y Ay A 20 ppm
Time Area C C/g;‘0 - < Time~ L Area C C/C,
0 1922 15.89244 1 022971 1894359 1
10 152 1256842 0.790843/ - 10 -~ 1709  14.13121 0.7459625
20 1443 1193173 075078 . . 20 _1é}6 13.44491 0.7097337
30 1398 1155964 0727367 30 157.6 13.03147 0.6879092
60 1353 11.18755 .0.703954 60 1489 12.31209 0.6499345
90  130.1 1075758 0676899 90 1448 11.97308 0.6320384
120 117 9.674379 0.608741 120 .142.6 11.79117 0.6224356
180 1107 9.1534517 10575963 1801 “ 14012 | 1159272, 0.6119598
25 ppm
Time Area C CIC,
0 310 25.63297 1
10 233.4 19.29915  0.7529032
20 221.3 18.29863  0.713871
30 219.4 18.14153  0.7077419
60 210.8 17.43042 0.68
90 199.7 16.51259  0.6441935
120 197.5 16.33068  0.6370968
180 193.7 16.01647  0.6248387
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