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CHAPTER1

INTRODUCTION

Porous ceramics are essential for, many industries where high permeability, high
surface area, and insulating characteristics are required [3]. Nanocrystalline titanium dioxide
(TiO, or titania), as one of the most important”oxide semiconductor materials, has been
extensively researched during reecent years for its-superior physical and chemical properties
(e.g., catalytic and photocatalytic «activity, good stability toward adverse environment,
sensitivity to humidity; “dielgetrie characttlsr, photo-electrochemical conversion, nonlinear

optics, and photolumineseence) [4; 5].

it

The crystal of titamia exists-in thréy different forms, namely rutile, anatase, and
brookite. Anatase and brookite are thermodynamlcally metastable and can be transformed
irreversibly to the most stable and condensed, rutlle phase at high temperatures. Anatase
titania has been used as catalyst for photodecompos,mon and solar energy conversion because
of its high photoactivity, whereas rutile tltama has been used as white pigment materials for
ultraviolet light proteetion because of its good scattermg gffect. Brookite titania has a
structure belonging to-ithe orthorhombic crystal” systei; 'Whlch is formed only under

hydrothermal conditions and usually found only in minerals.

It has beensdemenstrated that the final propesties~ofsthis=material depend on size,
morphology and crystalline phase of'‘the prepared TiOs' In‘order 1o prepare nanostructured
titanium dioxide with unique properties, several processes have been deyeloped over the last
decade,fsuch'as liquid processes (¢.g., sol-gel, solvotherimal 'and hydrothermal techniques),
solid state processing routes (mechanical-alloying/milling, mechanochemical), radio-

frequency or thermal-plasma and other routes such as laser ablation [6-10].

Nanocrystalline material, characterized by an ultra fine grain size (<50 nm), is a
subject of current interest because of the unusual chemical magnetic, optical and electronic
properties. It has been reported that nanometer-sized particles have different physical and

chemical properties from bulk materials. Their catalytic activity is expected to be enhanced



not only because of their increased surface area, but also because of the change of surface

properties such as surface defect.

The sol-gel process involves the formation of sol followed by gelation. Sol, which is
suspension of solid particles with size ranging from 1 nm to 1 micron in liquid, can be
obtained by hydrolysis and partial condensation of a precursor such as inorganic salt or metal
alkoxide. Further condensation of sol particles into a three-dimensional network produces gel,
which is a diphasic material with solids encapsulating solvent. Alternatively, gel can be
produced by destabilizing the solution of preformed sols. In either case, the materials are
referred as aquasol (or aquagel) if water is used as"a solvent, and alcosol (or alcogel) if
alcohol is used. The encapsulated«liquid can be removed from gel by either evaporative
drying or drying with supercritical extractioq (supercritical drying in short).

Resorcinol-formaldehyde /(RF) .gel is typed of sol-gel processes and formed from
polymerization of resorcinol (R) with formal&eﬁ};‘/de (F). RE gel can be further processed into
carbon aerogel which is a specialiclass,of aer(;églsslwith many common characteristics such as
a tortuous open-cell structure, ultrafine pore sigtf:i(< 50 nm) and high surface area (400-1000
m°g") [11]. The synthesis of RF: derogels coni;ist_}of a polycondensation reaction between
resorcinol and formaldehyde which is analogqg_:‘_cg the sol-gel process for the synthesis of

inorganic compound like silica- or titanium- based systems [12].

In this study, porosity of RE-gel will be employed as template for the fabrication of
porous titanium dioxide. Effects of many parameters in resorcinol/formaldehyde gel synthesis
and titania-sol preparation |werte investigated in detail {fol understand the correlation between
condition for resercinol/formaldehyde and properties of the synthesized titania nanoparticles,
including morphology and phase stability of titania nanoparticles. This'work focuses on the
fabrication of'porous; titanium digxide.assisted by resorcinol/formaldehyde gel and studies its

mechanism.

This thesis is divided into five chapters. The first three chapters describe general
information about the study, while the following two chapters emphasize on the results and
discussion from the present study. Chapter I is the introduction of this work. Chapter 11
describes basic theory about titania such the general properties of titania, sol-gel process and

resorcinol-formaldehyde (RF) gel. Chapter III shows materials and experimental systems.



Chapter IV presents the experimental results and discussion. In the last chapter, the overall

conclusion from the results and recommendation for future work are presented.
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CHAPTER 11

THEORY AND LITERATURE SURVEY

2.1 Physical and chemical properties of titanium (IV) oxide

Titanium dioxide (TiOsor titania) is one-of the most widely used and promising
materials in photocatalytic applieations due to strong oxidizing power of its holes, its redox
selectivity, high photostabilitygand casy pre})aration. An important requirement for high TiO,
photocatalytic efficiency’is aslapge sqrface area which inereases both amount of photon

generated electron/hole pairs and surfaée;—ads@ﬁ)ates [13].

Titania exists in the three polymorphJS* 1nclud1ng anatase, rutile and brookite. Of the
three naturally occurring forms of tltama anatase and brookite are thermodynamically
metastable with respect to rutlle All three: crystal structures consist of TiOg octahedra
connected variously by corners and edges, as p_fesg:nted in Figure 2.1. In rutile, two opposing
edges of each octahedsal are shared fo-forif liﬁéa;éﬁéins along-{001]. These TiOs chains are
linked to each other thmugh—eefﬂer—eeﬁneeﬁefhématase—has ho‘l"corner sharing, but has four
edges shared per octahedron. The anatase structure can be viewed as zigzag chains of
octahedral, linked to each other through shared edges. The density of rutile and anatase is
4.26 and 3.84 g/om’ respectively. In brookite, the octahedra share both edges and corners,
forming an orthorhombi¢ structure with a density of 4/11 g/em’. Itds generally accepted that
anatase is the most active photocatalystyand that a combination of high crystallinity and large
specific.surtace ‘areamproves photocatalytic performance [2]. Physical, properties of all three

phases aré summarized in Table 2.1



0 Ti ; @b) Brookite, (¢) Rutile [2].

Rutile

Crystal Structure Tetragonal horhombic Tetragonal

Optical | positive Uniaxial, negative

Density, g/ ‘:Sf ,,i""d' 4.26

) 51 o
Hardness, Mohs scale g 5 — -6

@ummum WEADT
L@Wﬂmﬂim Windy

0.3758 0.9166 0.4584

l

b 0.5436

c 0.9514 0.5135 2.953




2.2 Sol-gel process

Porous titania can be synthesized by various methods such as thermal decomposition
of a precipitated from a precursor solution of titanium isopropoxide (IV) and isopropyl
alcohol [14]. However, one of the simplest techniques is the sol-gel process.

The sol-gel process is a wet-c technique for the fabrication of materials

starting either from chemical soluti irticles to produce an integrated network,
which undergoes hydrolysis an

reactions to form colloid, and

subsegnenthy form gel acc

M-O-R + H,O 2.1
M-OH + HO-M . ‘ i+ O (8 ondensation) (2.2)

M-O-R + HO-M ol condensation) (2.3)

where M and R are metal atom and alky spectively. In general, the sol-gel process
involves the trans1t10n of a systenﬁf&ﬁﬁ&'

into solid “gel” phase. By applying the

sol-gel process, it is pogssible to fabricate advanced materials in-a wide variety of forms, e.g.
|
A =
ultra-fine or spherical<s E p _; 0 eramlc fibers, microporous
inorganic membranes, monolithic cera and extremely po u! s aerogel materials.

ﬂﬂﬂ’JWﬂ‘ﬂ‘ﬁWﬁ’m‘i
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of precursors

o°EodbooE

Coated substrate

Dense thin film

The preparatlon o‘f the TiO, collo1d can be effectively conducted through the
hydrolysis and n the presence of water,
alkoxides are hﬂv ﬂq‘TTq&Lﬂpi\ﬂﬁ:jf ‘jlthree dimensional oxide
network. These reactions can be schemﬁwall represefited as follows:

ARIAIN I NN a8

ﬁydrolys1s. Ti(OR); + 4H,0 — Ti(OH) + 4ROH (2.4)

Condensation : Ti(OH)4 — > TiOxxH,0 + (2-X)H,O (2.5)

where R is alkyl group such as ethyl, i-propyl, n-butyl, etc [15]. It is well known that the
tetravalent cations are too much acidic so that the nucleation of stable hydroxide Ti(OH)4
cannot occur. Water molecules formed according to reaction (2.5) always bear a partial

positive charge. Therefore, oxolation and olation can proceed simultaneously during the



nucleation and growth leading to amorphous hydrous oxide (TiO,nH,0O) where the number n
of water molecules depends on experimental conditions. Depending on the experimental
procedure, the precipitation of TiO, can lead to rutile or anatase phases [30, 31]. The
formation of such structures from aqueous molecular precursors can be described as follows.
When deoxolation (O=Ti—OH, —» HO-Ti—Ti—OH) does not occur during the nucleation,
olation leads to a linear growth along one of the two equivalent directions in the equatorial
plan of [TiOZOZ(OH)“(OHz)“]O dimers. Then, oxolation between the resulting TiO(OH),(OH),
linear chains after internal proton transfer leads to corner-sharing octahedral chains (Ti;0
bridges) characteristics of the rutile structure. The foermation of rutile may then be associated

to the metastability of Ti=0 bonds within mMonomets of dimers [5].

The titanium dioxide” was synthesg's by the sol-gel process has been frequenthy
reported because the methodswas favorite, non toxic and easy. Moreover, titanium dioxide
synthesized by the sol-gel'method is usually__anatase phase with high surface area. Titanium
(IV) isopropoxide is commenlyused as a prééuféor for titanium dioxide. For example, Khalil
and coworkers prepared anatase crystallites énd #O6%73 m’/g of specific surface area from
calcination of base hydrolysis products.of titai&ipﬂm (IV) 1sopropoxide at 400°C for 3 h [16].
This specific surface area was higher than the. ;g;gf)mmercial titania powders (~ 50 m*/g).
Venkatachalam and coworkers prepared nan_o?rygtalline TiO, with 110 m%*g of specific

surface area and 8.1 nm of anatase crystalline size by sol-gel technique using titanium(IV)

isopropoxide as the preclirsor [17].

The variation of Sol—gel parameters has significant effect on properties of synthesized
TiO,. Li and coworkers showed that anataselphasé could be controlled by adjusting the aging
time of the dry gel whileTutile phase could be controlled by adjusting the wet gel aging time
[2]. The effects of acid addition on sol-gel process have been reported by many researchers.
Lee and'Liu observed; the effect0f the amount of hydrochloric acid/on condensation reaction
and crystal growth of titanium dioxide [18]. Phonthammachai and coworkers various
suggested that the gelation time increased with the increase of the HCI:H,O volume ratio
which consequently leaded to a less dense but stronger network structure [19]. Kashyout and
coworkers reported an increase in the fraction of nanosized TiO, crystals when acetic acid

concentration was increased [20].



2.2.2 Formation of resorcinol/formaldehyde gel

RF gel is an interesting porous material with moderately high surface area and large
mesopore volume. Carbon gel derived by pyrolysis of the RF gel is suitable for many
applications such as column packing materials for high-performance liquid chromatography,
electrode materials for electric double layer capacitors and materials for catalyst supports

[21].

The first resorcinol-formaldehyde (RF) gel.was produced by Pekala via the sol-gel
polycondensation of resorcinol (R) and forf{laldehyde (F) with sodium carbonate (C) as basic
catalyst [22]. The intermediates” formed ‘during the reaction further react to form a cross-
linked polymer network. Fhetwo maj;or reactions include: (a) the formation of
hydroxymethyl (-CH,OH) derivatives of .resorcinol, and™(b) the condensation of the
hydroxymethyl derivatives tosfoum methylell_;le (-CH;-) and methylene ether (-CH,OCH, -)
bridged compounds [23]. ,.i .

In general, porosity of the final prodﬁg‘pg depends on the structure of their parent

hydrogel, which is mostly formed during the sol-gel transition. A catalyst used in the sol-gel

polycondensation usually plays the most imp]o_irge}i,l_t,role for the formation of the porous

structure of the hydrogel. For the RF gel, the catalyst initially promotes the generation of

resorcinol anions. These anions are subsequently -transfornie'tj:\into substituted resorcinols,
which form RF clusters through polycondensation. Then RF clusters react with each other and
grow into colloidal particles, which finally form a RF hydrogel as shown in a schematic

diagram in Figute 2:3 [24].
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@\ Na:CO; /!\“ CH,OH

CH,0H

Resorcinol Formaldehyde Substituted resorcinaol

ﬂUEJ’J?]EWI?WEJOﬁ]ﬂi

Condensation product
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Figure 2.3 Schematic diagram of the sol-gel polycondensation of a RF solution

(a) Addition Reaction, (b) Condensation Reaction [24].
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Properties of RF-gel depend on Vari(l)LiS. synthesis parameters such as R/F ratio, R/C
ratio, aging time, temperature and density of so}ﬂ_gon Many researchers have explained about
these effects. For examples, Shaheen and Cowdﬂ;é_rfs suggested that increasing the density of

the reactants in the initial solution caused a dec;f?ef@sﬁ in the surface area and total pore volume
LR e

of RF carbon xerogel. Furthermore, the addition of these meta].‘iog(ide increases the meso- and

macropore volumes [25] Mulik and coworker various R/F miél_;‘ratio (from 1:2 to 1:10) and
aging time (at 0, 1, 5 d;c_iys) for synthesized RF-aerogel Which R/F 1:2 had high particle
diameter (13.8 nm) at lAZ-iay of aging time. And high surface_-’area was 512 m?/g at 5 days of
aging time. Thefefote aging time'and R/Firatio-was effect to poreistricture and surface area of
product [26]. Job, and ‘coworkers 'used sodium carbonate as catalyst for polycondensation of
resorcinol with formaldehyde and found the poré“size tended to'~decrease when the
temperature increased, especially when R/C ratio waschigh [27]. On the oyher hand, Brandt
and coworkers found that acetic acid and base catalyzed carbon aerogels exhibited almost the

same properties when R/C ratio was greater than 1000 [28].
2.2.3 Carbon composite and template
TiO, was synthesized by many methods that composite carbon and using of template were

interested in this research.The research reported that synthesized Carbon composite. For

example, Maldonado and coworker (2000) prepared TiO,/Carbon composites (aerogels and
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xerogels) to obtain a material with a well developed meso- and macroporosity, in which well
dispersed fine TiO, particles were located inside the pores. The composite aerogel with the
lower TiO, content (30%) and its carbonized derivatives had the more developed meso- and
macroporosity, indicative of the importance of both the supercritical drying process of these
materials and of the TiO, content. The composite aerogel carbonized at 500 °C had the
highest activity of propene production and therefore, the highest surface acidity [29]. And
many research reported that synthesis ofl carbon material had been use template. These
templates were promoted the property of product..l.ukens and Stucky reported the synthesis
of Polystyrene/ RF mesocomposites and their-pyrolysis to yield mesoporous carbon. The
pyrolyzed pellets have large mesopore volumes and considerable microporosity [30]. The
template had many types that.ene_ of type was using of RF gel template. Example, Tao and
coworker reported that zeolite?A with Mmesoporous channels (meso-NaA) could be synthesized
by using resorcinol-formaldehyde (RE) aeroge,l‘s as templates. The surface area of meso-NaA
was 472 m’/g that RF agfogels have predm—ninant mesopores (889 m?/g). Accordingly, RF
aerogels could supply mesgporous structures.]:."sdi-‘table for the template synthesis [31]. In this
study, we interested in RF template  for faﬁjrication of titania powder. Du and coworker
fabricated titania bead by‘using different siig:t agarose beads as templates. The average
diameter of titania beads were 15 mim: The pore étﬁ_icture of the titania beads may come from
two sources: one was the pore left by the tem@f_e’_ upon calcinations and the other was the
pore accumulated by titania nanoérystals [32].‘}-10-\.7vever, this research was use agarose gel
that was type of polymer- and use for bioengineering. And then résearch report the fabrication
of titanium dioxide from resorcinol-formaldehyde template. Wang and coworker reported on
the first preparation of the Ti0O,-carbon composites by mixing a TiO, sol with the semi-cured
resorcinol and formaldehydesgel.fThe RF polymers were synthesizéd by the polycondensation
of resorcinol (R)zand formaldehyde (F) using an initial R:F molar ratio 1:2. Deionized water
(W) and titanium isoproxide (T) using was 1:170, n-Heéxadecyltrimethy-lammonium bromide
(CTAB) and Na,CQ; were lused-as-surfactant 'and thesbasic catalyst. Then, the mixture was
dried to 85 °C and pyrolysis in an inert atmosphere. The TiO, contents of the composites were
6.4,12.2,17.7, 34.1, 50.0, 54.7%, respectively. The composites with a low TiO, content had
the similar pore size distribution (PSD) and crystallographic structure to that of the carbon
derived from the RF polymer, but the high content TiO, in the composites effectively resulted
in an increase in mesoporosity and a crystallographic structure of dominant rutile TiO, in the
TiO,-carbon nanocomposites. The surface of high content was 542.58 m*/g for microspores
[33]. This thesis was different my work that the surface area of their research would be from

carbon. Because of that experiment of pyrolysis would come to residue carbon while my work
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calcined in a box furnace. Therefore the surface area of my work would be from titaniaum

dioxide product.

2.3 Drying of gel

As previously mentioned, the structure of hydrogels is affected by the amounts of
reactants, catalyst and diluents used in sol-gel pelycondensation, gelling temperature, and
aging condition. If the solvent is removed from-thestructure of hydrogels without stress, the
structure of hydrogels is maintained [34]?‘ Consequently highly porous dried gels can be

obtained. In general, several dryingtechniques have been applied.

2.3.1 Supercritieal drying 4

Solvent can be removed from RF .‘hya-‘rogel under CO, supercritical conditions.
Supercritical carbon dioxide (COj).can replaéé‘_:yvaper in the gel structure, resulting in what is
called RF aerogel. Since water is poorly. solublg.ﬁg CO,, skeletons of the gel are preserved and
highly porous organic gels can beobtained {35]. “

-

2.3.2 Freeze drying

During freeze drying, the solvent inside the pores is removed by sublimation after the
solvent is pre-frozen. Such removal of the solvent can avoid capillary force occurring in the

conventional drying,'which may causeé the shrinkage ofl pore structure [35].
2.3.3 Air drying

This conventional technique uses atmospheric convective drying to remove the solvent,
without any preliminary treatment. Indeed, when synthesis conditions are adequate, the
mechanical strength of the gel network is high enough to withstand capillary pressure,
avoiding the collapse of the structure. By drying the gel by means of low temperature
treatment (25-100 °C), it is possible to obtain porous solid matrices called RF xerogels [36,

37].



CHAPTER 111

EXPERIMANTAL

3.1 Chenical agents

The list of chemical agents bx m thi /are shown in Table 3.1, while their

Chemical agents Manufacturer/Grade

1. Resorcinol Fluka
(CsHs(OH),) 99.8%

2. Formaldehyde Ajax Fine Chemical
(HCHO) 37%

3. Acetic acid QRéc / grade AR
(CH5COOH) ’

4. Ethyl alcohol A ‘.‘ aker Analyzed
(C,H50H) Formaldehyde (RF) and 98%

& =, titania solutiong. s

i FETENINENNT

tetralsopropo Syntheéls of titania Slgma-Aldlch Chemical

RN TAUNEI INELAEL,

(HCI) 36.5-38.0%




Table 3.2 Chemicals structure of reagents used in this research.
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Chemical name

Designation

Chemical structure

Titanium tetraisopropoxide

Resorcinol
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3.2 Preparation of RF/TiO, gel

RF solution was firstly prepared by dissolving resorcinol (99.8%, Fluka) in ethanol
under magnetic stirring, with the addition acetic acid. After dissolution, formaldehyde
solution (37% in water, stabilized by 10-15% wt. methanol, Ajax Finechem) that was
previously mixed with titanium tetraisopropoxide (TTIP 97%, Aldrich) in ethanol was added
to the solution and catalyst as hydrochlori¢ acid. The molar ratio of TTIP-to-ethanol-to-
hydrochloric acid was 1:9:0.1. The mixture,was stirred for another 15 min at room
temperature. Then, it was poured-into a cup and‘aged at room temperature for 36 hours in a
closed system to obtain RF/TiO, hydrogels{After that, the obtained gel was dried for 3 hours
at 80°C. The dried sample was*caicined at 500°C for 4 hours in a box furnace to remove

residual organic compound asswell'as RF gel from titania.

a3 |

it
\

3.3 Characterization of the product§ a' '

The obtain products were characterizéd.;by_-using various techniques, as following:

#

3.3.1 X-ray Diffraction Analysis (XRDjJ_

ds
a2 Ay

The crystalline phase of TiO, nanopar;cilc-'i_e'si were-identified by a Siemens D5000 X-
ray diffractometer using-Ni=filtered-Culkcer-radiation-—Fhe-measurements were carried out in

the 20 range of 20-80 d:egree at the scan step of 0.04 degree.
3.3.2 Scanning,Electron Microscopy. (SEM)

Morphology of the obtained products was studied using yscanning electron
microscope (SEM)wmedel JSM=6400 at Scientific and Technological Research Equipment
Centre ‘Foundation, Chulalongkorn University. Size of the products was then measured

from the micrographs, using image processing software (JEOL Semafore 5.0).
3.3.3 Brunauer-Emmett-Teller (BET)and Barrett-Joyner-Halenda method (BJH)
The surface area, pore volume and pore size were measured by an BELSORP-mini

adsorption analyzer at the Center of Excellence on Particle Technology, Chulalongkorn

University. The operating conditions are as follows:
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Sample weight ~0.1-0.2 g.
Degas temperature 200°C
Vacuum pressure <10 mmHg

3.3.4 Fourier Transform Infrared Spectroscopy (FT-IR)

identified by using Fourier transform infrared

spectrophotometer (FT-IR) Mode bectr erkin Elmer). Infrared spectra were

The residual ¢ hermal behayior of the samples were determined by
using thermogravimetric ' irument. The analysis was performed

from temperature of 50 t ) a‘ 2 hea | ¢ of 10 °C/min in 100 ml/min of

‘-':":‘-"" 4 ; :
The morpholog e Was observed on a JEOL JEM-
2100 Analytical Trangimission Electron Microsco} | 4080200 keV at Scientific and
Technological ResearcﬂEqul 8 dation, &ailand. The crystallographic

information was also obtaaped from the selected area electron diffraction (SAED) analysis

i thﬁ‘TJ‘ET’“ﬁ“‘l’l EJ NINYINT
q RIAINTUURIINYIA Y




CHAPTER 1V

RESULTS AND DISCUSSION

In this chapter, titania powders synthesized by an assistant of RF-gel are investigated
in detail. General characteristics of the products, effects of RF gel composition on properties
of the products synthesized using TTIP or titania'sol as the source for titania, as well as effect
of aging time of both RF gel and titania sol, arcprescated.

7
4.1 General characteristics of the products

For the titania psoduct synthesiged by gl_dding the titania precursor (i.e, TTIP solution)
into RF gel that was prepared tising Rﬂf m@a'f ratio of 0.5 and then calcined at 500°C, the
BET analysis revealed type 'V adsorption "jsdtherm (see Figure la), which suggests the
presence of mesopores ‘Within the product By comparmg with the adsorption isotherm
obtained from the calcined titania sol_ (1 o e Jproduct formed without the assistance of RF
gel), it is clearly indicated that the nse of RE gel cpuld introduce meso-porosity into titania.
Generally, RF gel that is dried in an oven does not have porosity because of wall collapsing.

For the product contains RF gel and TTIP When RF gel reacts with TTIP, the network is form

that the RF network a_m_; titania network. Then, when carbon_-ls.removed by calcination, the
final product becomes porous titania powder. The specific suiface area of titania formed using
RF gel template, in this é-éise, was found to be 33 m*/g, which is significantly higher than that

of the calcined titania solyas shownsinsl'able; 1.
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Representative XRD pattern of titania products is shown in Figure 4.2. The broad

diffaction line of the sample is relating to the nanocrystalline anatase phase and rutile phase.

A 4 Anatase phase
o Rutile phase
3
S
&
@
=
S
=
20 30 40 /- )it 50 60 70 80

2'9"!(degree)

Ad

Figure 4.2 The representative XRquéttern of titania product.

Figure 4.3 shows FTIR spectra of the RF/TiO, composite prior to the calcination,
comparing with.those of-dried.titaniassol and neatyRF gel. It should-be noted that the RF gel
employed was aged for 36-h atid the R/T1i mola¥ ratio in-the RE/TiO; composite was 0.35. All
samples show the absorption bands at £375, 1090, 1045, 880 and 800 emi', which are results
from residual ethanol within| the samples [38]. The RF/TiO> composite shows similar IR
absorption bands as that of the neat RF gel, e.g., at wavenumber of 1612, 1473 and 1443 cm’
for aromatic ether bonds; at 1508 cm™ for C=C in aromatic rings; and at 1218 and 1220 cm’
for C-C-O asymmetric stretching [39]. However, the intensity of some bands are changed.
Moreover, besides the broad band at 500-600 cm™ corresponding to Ti-O-Ti bonds, additional
signals such as the bands at 1070, 1040, 930 and 880 cm™, which are corresponding to
titanium ethoxide functional groups [38], are also observed. These results suggest the
interaction between TTIP and RF network. The fact that the signals for aromatic ether bonds

at 1473 and 1443 cm™ [39] are significantly increased also suggest the increased network of
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resorcinol/formaldehyde assisted by TTIP. When RF gel reacts with TTIP, the interaction
results in Ti-O-C bonding. Then, they form into gel. After carbon is removed by calcination
in a box furnace, that product becomes TiO, powder. The Ti-O-C bond decomposes and
forms into Ti-O-Ti bond. After calcination, titania powder shows high signal of Ti-O-Ti and
O-Ti-O bonds while signal of Ti-O-C is lost because carbon was removed at 500 °C in the
box furnace [38].

(a)
f]
S
g
g (b)
E
=
g
=
(©
1800 600 400

e
Figure 4.3 FTIR spegtra of titania sol (a),neat RF gel (b) and RF/TiO, composite
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4.2 Synthesis of porous titania using TTIP as souce: Effect of RF composition

In the preliminary experiments, titania powders were prepared assisted by RF gel
process. TTIP was used as the precursor for titania. Effects of RF composition toward the
formation of titania porous structure were investigated by varying R/F ratio (from 0.25, 0.5,
1.0, 1.5 and 2.0) and R/C ratio (from 0.18, 0.3, 1.3, 2 and 5), respectively. All products were
calcined at 500 °C in a box furnace. The ebtain product was TiO, powder without residual
carbon as confirm by TGA analysis (Appendix D)« The calcinations temperature of 500 °C is
enough to remove carbon from TiO, powder.

2

The surface area and.porediameter of titania product samples were determined.
Results for the effects of R/F ratio” ate sh'Pwn in Figure 4.5 and 4.6. It can be seen that
mesopore surface area of thesSamples _increasgs with the increase in the R/F ratio while the
average pore diameter ingreases for high. R/F:.ratio. Too much of formaldehyde is used in the
sol-gel polycondensation of RE gel ¢an indtl"ce‘;collapse of mesopore structure. The surface
area of the sample changes slightly and in'egdi;igly with the change of R/F ratio. However, the
average pore diameter of the sample iﬂngreases'-'f\mh the increase in R/F ratio especially at high
R/F ratio of 2.0. The maximum sunface area is 6ﬁté§hed when the R/F ratio is about 0.25. The
maximum average pore diameter lS 6.nm at tla{/F_ ratio of 2.0. Tamon et al. reported that

{ -

microporosity, micropote area (S,,.) and volume of micropore (V) are independent of R/F

ratio, while total specific surface area (Sggr) and volume of mesopore (Vo) are decreased

with the increasing R/F réf[io [40].
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Figure 4.6 Relationship between R/F ratio within the RF gel and average pore

diameter of titania product prepared using different values of R/C ratio.



24

Figure 4.7 and 4.8 show the effect of R/C ratio for the preparation of RF gel on
properties of the titania product. The experimental results indicate that the R/C ratio does not
distinctly affect the pore structure of the samples since the surface areas of the products are

about 15-20 m*/g for all samples. In another word, acetic acid does not affect porosity of the

product.
80
--&--R/F 0.25
70 —~—R/F 0.5
—&- R/F 1.5
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Figure 4.7 Relamnship between R/C ratio within thm{F gel and BET surface area of
titania r&uﬁreiajrﬁsi different values of R/F ratio.
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Figure 4.8 Relationship between R/C ratio within the RF gel and average pore
diameter of fitania product preparcd using different values of R/F ratio.

Although the interaction between TTIP and RF gel has been presented by the FTIR
spectra in Figure 4.3, it should be noted that the reaction can'be witnessed visually. The RF
mixture changes its color right after it is mixed with TTIP solution. In some cases, the
reaction takes place so rapidly that it causes instantaneous solidification of the gel. This TTIP-
RF interaction was investigated futther] by examiningintensities «of signal in FTIR spectra.
However, in order, to eliminate the ‘effect 'of sample ‘amount'that also affects the intensity of
the signals, the signal ratio, which is intensity of the interested FTIR band divided by that of
the reference signal . within the same sample was employed. In this'study, the signal from
aromatic rings was used as the reference. Moreover, the Fourier Self-Deconvolution (FSD)

algorithm was performed on the obtained FTIR spectra to get more defined band.

Figure 4.9 to 4.13 show signal ratios of RF/titania composite prepared using R/C ratio
of 0.18 to 5. The R/F ratio is also varied in the range of 0.25 to 2.0. When the R/F ratio is
increased, the signal for methylene bridge (i.e., at wave number of 1450 cm™) increases
because RF solution forms cross-linking network. Methylene ether bridge (i.e., at wave

number of 1220 cm™) is also form to network but amount of network is less than methylene
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bridge that appears for all R/F ratio. At higher R/F ratios (e.g., 1.5 and 2.0) and lower R/C
ratios (e.g., 0.18, 0.3 and 1.3), it is found that signal of methylene ether bridge is decreased. It
means that there is a few of formaldehyde in the solution so that it is not enough to form
methylene ether bridge and amount of acetic acid is much more active with resorcinol. Some
of the results showed that the signal for O-Ti-O bonding (or bending vibration of O-Ti-O
appearing at 600 cm™) is decreased because it would form into Ti-O-Ti (wavenumber of 500
cm’') or Ti-O-C (wavenumber of 1090:cmi') bondings. The Ti-O-Ti bond is present in
titanium oxo-polymers that is a part of networl of TiO, sol. The Ti-O-C bond confirms the
reaction between RF gel and TiO, sol. Increased=signal from Ti-O-C bond indicates high
network between RF gel and TiO, sel. In eﬂidition, increasing of the Ti-O-C signal is derived
from excess resorcinol in the.solution that reacts with TTIP solution at high R/F ratio. The
signals for Ti-O-C, O-Ti-O_and mcthylene ether bridge remain roughly unaffect by the R/F

ratio. This means that as'the R/ satio is.increased, network of RF gel increases.
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Figure 4.9 Relationship between R/F ratio within the RF gel and FTIR signal ratio of
various functional groups within the RF/Ti0, composite prepared using
R/C ratio of 0.18. For all signals, signal from aromatic ring was used as

the reference signal.
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Figure 4.10 Relationship between R/F ratio within the RF gel and FTIR signal ratio

of various functional groups within the RE/TiO, composite prepared

usingR/Ciratio of 0.3. For all signals, signal from aromatic ring was used

as the reference signal:
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Figure 4.11 Relationship between R/F ratio within the RF gel and FTIR signal ratio

of various functional groups within the RF/Ti0, composite prepared

using R/C ratio of 1.3. For all signals, signal from aromatic ring was used

as the reference signal.
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Figure 4.12 Relationship between R/F ratio within the RF gel and FTIR signal ratio

of variou$ functional groups within the RF/TiO, composite prepared

usingR/Crratio of 2.0. For all signals, signal from aromatic ring was used

as the regferghce signal;
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Figure 4.13 Relationship between R/F ratio within the RF gel and FTIR signal ratio

of various functional groups within the RF/TiO, composite prepared

using R/C ratio of 5.0. For all signals, signal from aromatic ring was used

as the reference signal.
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SEM micrographs of titania products obtained after calcination of RF/TiO,
composites are shown in Figure 4.14. The composites were prepared with various R/F ratios.

It could be seen that the particles were, in fact, aggregates of nanosized particles.

500 nm

§ 500 nm 500 nm

Figure 4.14 SEM images of titania products obtained from the calcination of RF/TiO,
composites that were prepared using R/F ratio of 0.5 (a-b), 1.0 (c-d) and

1.5 (e-f).
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4.3 Synthesis of porous using titania sol as source

As motional earlier, TTIP often interacts with RF gel instantaneously, resulting in
rapid solidification of the gel, which also prevents addition of titania precursor in large
quantity into RF gel. Therefore, in this section, the reactivity of the titania precursor was
lowered by converting the precursor into preformed titania sol. Unless mentioned otherwise,
titania sol was formed by aging TTIP solution at room temperature for 6 h prior to the
addition into RF gel. Effects of various pasameters on porous structure of titania are

presented.

TiO, sol was form by.hydrelysisiof TTIP, in which active molecules can interact in
condensation process. After that, clusters were formed and cross-linking into network that is
called sol and gel respectively. Byproduct of this process is water. Formation of TiO, sol as

colloidal suspension in the'solution can be viéually tested by Tyndall effect.

4.3.1 Effect of RF composition .
I
In this section, RF solution 'was prepareﬂﬁs}ng the R/F ratio of 0.25, 0.5, 1.0, 1.5 and
2.0 and using the R/C ratio of 0.18. 0.3, 1.3, 2Z1d5, respectively. Then, the titania sol was
added to the mixture ini the amoﬁﬁt conespondir-lg*to the R/TiO, ratio of 0.07. The mixture

was stirred for 15 min and aged at room temperature for 36 hours.

BET surface area and average pore diameter of titania products prepared with various
values of R/F ratio'lare/shown in'Figure 4.15 and 4.17, tespectively. The representations

corresponding to R/C ratio are'shown i Figure 4.16, 4.18.

The expeniment tesults from Fig:4.15 indicate that the R/E ratio /does not distinctly
affect the surface area of the product. The results are similar to those obtained when TTIP was
use as precursor to synthesize the products. When the R/F ratio is increased, the surface area
of the product generally decrease, except for the case when R/C ratio is 5.0. However, the
surface area of the product is in range of 30-40 m*/g. The average pore diameter is 3-4 nm

corresponding mesoporous structure.
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Figure 4.15 Relationship between R/F ratio within the RF gel and BET surface area

of titania product prepared using different values of R/C ratio.

7
- e--R/C0.18

6 —E—R/C03
——R/C 13

3] —a R/C2

4 --®--R/C5

3 .

2 -

1 .

0 T T T T

0.0 05 1.0 1.5 2.0 25

R/F ratio

Figure 4.16 Relationship between R/F ratio within the RF gel and average pore

diameter of titania product prepared using different values of R/C ratio.
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Figure 4.17 and 4.18 show relationship between the R/C ratio and BET surface area
of titania product and relationship between R/C ratio and average pore diameter of titania
product, respectively. The surface area becomes high when the R/C ratio is 5. Brandt et al.
reported that acetic acid at low content (i.e., at R/C ratio of 5.0) behaved in the same manner
as the base catalyst such as sodium carbonate [28]. However, the use of acetic acid for
resorcinol-formaldehyde gel formation usually causes the surface area of the RF product to be
lower than when sodium carbonate is use as catalyst. In this study, high surface area of 70
m’/g was obtained when the highest value of the/RAC ratio (i.e., 5.0) was used with the highest
value of R/F ratio (i.e., 2.0). Because higher of amount acetic acid will react with excess
resorcinol and cannot react with fitania sol. Therefore excess resorcinol in higher R/F ratio
can form network with titania.sol for higher R/C ratio. The gel can easily shrink or collapse
with an increase in the amount of‘acetic acid used, thereby causing a increase in the surface
area of the products [41]. Thetaverage pore dia,jmeter is around 4 nm when the RF gel used is
prepared with R/C ratio of 5.0+ In/general, all samples show the average pore size around 3-4

nm, which are considered to'be mesoporous. -
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Figure 4.17 Relationship between R/C ratio within the RF gel and BET surface area

of titania product prepared using different values of R/F ratio.
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Figure 4.18 Relationship bétween R/C ratio withinithe RF gel and average pore

diameter of titania product'ﬁfepared using different values of R/F ratio.

Figure 4.19 to 4.23-show-cffects-of R/Cratio-and-R/F-ratios on the signal ratios of
RF/titania composite synthesized by using TiO, sol in similar manner as those presented in
Figure 4.9-4.13. As theR/F ratio is increased, the signal from Ti-O-C bonding increases as
both of methylene and methyléne ether bridges‘of the RF-gel are formed, which suggests that
the porosity of the titania is controlled by the growth/of RF-network, since the structure of
RF/titania is a cross-linking network. Because Ti-O-C bonding can connect to cross-link of
RF gel (se€ Figure'.4.23) that"“RF.gel can ‘modify porous structuré. |[Figure 4.23 confirm
bonding of Ti-O-C increases, the increasing of surface area at R/C and R/F ratio is 5.0 and
2.0, respectively. The signal ratios of methylene bridge and methylene ether bridge are in the
same trend for all of R/C ratios that means RF gel was form to network. Higher value of R/C
ratio (e.g., 2 and 5) effects the methylene bridge such that more bridge is formed while the
lower R/C ratios do not show significant effect because catalyst react with resorcinol so that
formaldehyde cannot react with resorcinol. This effect show in both methylene and methylene

ether bridge.
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Figure 4.19 Relationship between R/F ratio within the RF gel and FTIR signal ratio
of various functional groups within the RE/TiO, composite prepared
usingtitania sol with R/C‘r_atio of 0.18. For all signals, signal from

aromatig ring was‘used as the reference signal.
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Figure 4.20 Relationship between R/F ratio within the RF gel and FTIR signal ratio
of various functional groups within the RF/TiO, composite prepared
using titania sol with R/C ratio of 0.3. For all signals, signal from

aromatic ring was used as the reference signal.
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Figure 4.21 Relationship between R/F ratio within the RF gel and FTIR signal ratio
of various functional groﬁps_, within the RF/Ti0, composite prepared
usingtitani a sol with IUé._ratio of 1.3. For all signals, signal from

aromatig ring was‘used as the reference signal.
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Figure 4.22 Relationship between R/F ratio within the RF gel and FTIR signal ratio
of various functional groups within the RF/TiO, composite prepared
using titania sol with R/C ratio of 2.0. For all signals, signal from

aromatic ring was used as the reference signal.
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SEM micrographs of titania products obtained after calcination of RF/TiO,
composites are shown in Figure 4.24. The composites were prepared with various R/C ratios.

It could be seen that the particles were, in fact, aggregates of nanosized particles.

| um

Figure 4.24 SEM micrographs of titania product after calcination. The products were
prepared using RF gel and titania sol with R/F ratio of 2.0 and R/C ratio of :
(a) 0.18, (b) 0.3, (c) 1.3, (d) 2.0 and (e) 5.0.
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4.3.2 Effect of R/TiO, ratio

In this section, RF solution was prepared using various of the ratio of R/F (i.e., 0.25,
0.5, 1.0, 1.5 and 2.0) and the R/C ratio of 5.0. Then, the titania sol were added in the various
based on the R/TiO, molar ratio of 0.06, 0.07, 0.09, 0.11 and 0.13, respectively. Finally, the

products were dried and subsequently calcined at 500 °C in a box furnace.

Figure 4.25 and 4.26 illustrate the nitrogen'adsorption-desorption isotherms and pore
size distributions of the calcined products when they*were prepared using the R/F ratio of 2.0.
All products show classical TV type isotherm wifh hysteresis loop, which is typical for
mesoporous material. The occurrenee of a narrow pore size distribution obtained by the BJH
method confirms the micro- and mesopores "Istructure (Figure 4.26). The mesopore is about 2-
50 nm in range. e T

At the R/TiO, rati@ ofi 0.06; the sa;l;"np‘l;e shows mesopores with broader pore size
distributions, which is in ageordance with 1;5 broad hysteresis loops centering at higher
relative pressure. Moreover, it has thg’dlargest'-;égqciﬁc surface area among all samples (164.3
m’/g) with the average pore diameter of 3 nm. A_th'i‘gh value of R/TiO, ratio, the adsorption-
desorption isotherm shows lowe_r_f_a_lction of me@ér_e_than that of micropores and the surface

area decreases (see Figure 4.26). The éverage pore diameter of product is about 2-5 nm. The

pore size distribution bécomes broaden of as a result of the addition of greater amount of TiO,
sol. That means more TiO, can react with RE solution and form in greater extent of cross-

linking in the network.
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Figure 4.25 Adsorption-desorption isotherms of TiO, products prepared by using RF
gel with R/F ratio 0f 2.0, R/C ratio of 5.0 and different value of R/TiO; ratio.
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Figure 4.26 Pore size distribution of samples of TiO, products prepared by using RF gel
with R/F ratio of 2.0, R/C ratio of 5.0 and different value of R/Ti0; ratio.
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According to Figure 4.27, when R/TiO, ratio is decreased, the surface area also
decreases such that the R/TiO, ratio of 0.06 yields the highest surface area. Higher R/F ratio
(2.0) and lower R/TiO, (0.06) is completely reaction between RF solution and titania sol. The
reaction between the both of them is two processes. One is reactin between RF cluster and
titania sol. The other one is interreaction of titania sol so that this condition is high surface
area by about 164.3 m*/g. Generally, when the R/F ratio is increased, the surface area of the

product is also increase.
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Figure 4.27 Relationship between.R/TiQO, ratio within the RH gél and surface area

of titania product prepated using different values of R/E ratio.

Figure 4.28 shows relationship between FTIR signal ratio of various functional
groups within the RF/titania composite prepared by using R/C ratio of 5.0 and R/F ratio of
2.0, as a function of R/Ti0, ratio. This is the representation the R/TiO, ratio is increased from
0.06 to 0.13. Signal of Ti-O-C is high at R/TiO, ratio of 0.06 and then it decrease when
R/TiO; increase. Signal of Ti-O-Ti also increase for the same R/TiO, ratio. It means that RF
gel reacts with TiO, sol and TiO, sol form into gel network at the moment. Furthermore,

reaction between RF gel and TiO; sol is more than reaction of TiO, sol that show signal ratio
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of Ti-O-C is higher than signal of Ti-O-Ti. Additional, signal of Ti-O-C is nearby signal of
methylene bridge so that network of Ti-O-C is much as well as cross-linking network of RF
gel. When R/TiO, ratios increase from 0.06 to 0.13, signal of Ti-O-C decrease because

amount of TiO; sol is low so that it react a few with RF gel.

2.4 \\ ‘
2.1 A , o methylene bridge
1.8 1 4
e nethylene ether
<§ 1.5 A
Té 127 tching vibration of Ti-O-Ti
o0 4
= 0.9
0.6 1 d1ng vibration of O-Ti-O
0.3 A
0.0 s, ctching vibration of Ti-O-C
0.05  0.075

the RF gel and FTIR signal ratio
[/ TiO, composite prepared
05 ratio %.06. For all signals, signal

from z?}omatlc ring was used as the reference signal.

ﬂ‘UEJ\’JVIEJ‘Vl‘ﬁWEJ’]ﬂ‘i
QW?ﬂ\ﬂﬂ‘iﬂJ UA1AINYAY



4.3.3 Effect of aging time for RF gel
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In this part, the effect of aging time for RF gel is investigated. The RF/TiO, mixture

was prepared by using TiO, sol added into RF solution that has been aged for 0, 6, 12,18 and

24 hours, respectively.

Figure 4.29 shows the adsorption-desorption isotherm of titania products prepared by

using RF gel that has been aged for 6 hours compared with that prepared from RF gel without

aging. The results confirm that aging time could medify pore structure of the product. When

aging time is increased from 0 to 6 houts, the pore structure of the final product would

changes from microporous toamésoporous. It shows the classical IV-type of isotherm with a

hysteresis loop, revealing the presence of\mesoporoud structure according to the IUPAC

classification of porous material.
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Figure 4.29 Adsorption-desorption isotherms of TiO, products prepared by using

that has been aged for 0 and 6 hours.
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Figure 4.30 shows relationship between surface area of the product and aging time of
RF gel used. When the aging time is increased, the surface area decrease, such that see at R/F
ratio of 2.0 for 18 and 24 hours of RF-gel because the RF solution was completly formed into
gel before titania sol was put into them so that they could not react together. The surface area
of the obtain product would come from titania sol at prolong aging time due to surface area
more than the short aging time. For the relationship between aging time aand R/F ratio, the
surface area of product at R/F ratio of 2.0/ was higher than the other ratios. Because of
excessed resorcinol would react with titania 'sel and titania sol could be form into gel or
titania sol would form the interreaction of Sel..Figure 4.31 shows relationship between
average pore diameter of the product and aging time of RF gel used. The average pore

diameter of the products is abeut 3-4 nm that confirms that the products have mesoporous

structure.
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Figure 4.30 Relationship between aging time of RF gel and surface area of titania product

prepared using different values of R/F ratio.
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Figure 4.31 Relationship between aging"tfrhe of RE gel and average pore diameter of

titania product prépared uéi'flg—different values of R/F ratio.

RF solution was_completely formed to gel at 24 hours of aging time. So that this
condition could not put_titania sol into the RF gel. When aging time of RF was increased,
methylene bridge and methylene ether bridge were increased because of prolong aging time
was caused the cross-link ‘network and solutioh./form to gel. Some of sample at the longer
aging time, such'as 18 and 24 hours, Ti-O-C was decreased. That mean, RF solution would
formed to network and titania sol could,not react with them thus titania sol would formed to
clusterand €ross-link to, network-that showed signaljratio of Ti=O-Tiywas inereased. For short-
term of aging time, titania sol could react with RF solution so that"Ti-O-C was increased
while Ti-O-Ti signal was also increased. Because of titania sol could react into 2 parts at the
moment. One was reaction between RF solution and titania sol and the other one was reaction

in internal of them. For relationship of aging time and R/F ratio, see in Figure 4.32-4.36.
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Figure 4.32 Relationship between aging time of RF gel and FTIR signal ratio of
various functional groupé within the RE/TiO, composite prepared using
R/F ratio of0.25: For all signals, signal from aromatic ring was used as

the reference signal:

D
~

—8—methylene bridge

I
—_
1

—*—=methylene ether

1.8 1
t> -/I\././.
1.2 —e—strectching vibration of Ti-O-Ti
0.9 1
0.6 —&— bending vibration of O-Ti-O
0.3 4 —A—strectching vibration of Ti-O-C

0 . .

0 10 20 30

Aging time (hour)

Figure 4.33 Relationship between aging time of RF gel and FTIR signal ratio of
various functional groups within the RF/TiO, composite prepared using
R/F ratio of 0.5. For all signals, signal from aromatic ring was used as the

reference signal.
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various functional groupé within the RF/TiO, composite prepared using

R/F ratio of 1:0. Forall signals, signal from aromatic ring was used as

the reference signal.
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Figure 4.35 Relationship between aging time of RF gel and FTIR signal ratio of

various functional groups within the RF/TiO, composite prepared using

R/F ratio of 1.5. For all signals, signal from aromatic ring was used as

the reference signal.
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Figure 4.36 Relationship between aging time of RF gel and FTIR signal ratio of
various functional groupgdwiihin the RF/Ti0, composite prepared using
R/F ratio of 2.0. For:all sig_nals, signal from aromatic ring was used as
the refefence signal.
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Figure 4.37 compares TEM images of ii‘[ﬁtiid products.prepared by an assistance of
RF gel that was aged for-diffcicint-period-of time.Allpowders were calcined 500 °C. The
selected area electron diffraction (SAED) patterns of both samples show five rings indexed to
the (101), (004), (200);(211), and (213) diffraction planes of the hexagonal structure of
anatase TiO, in agreement ‘with-that of bulk crystal data. It is clear from the TEM images that
samples are consisting of numerous| TiO, nanocrtystallites.| SAED: patterns also reveal the
polycrystalline nature for both samples. However, the sample shown _in Figure 4.38 (a) is
more crystalline moig than- the-one shown ‘in. Figure: (b) because longlaging time of RF
solution would result in the formation of gel that prohibits interaction with titania sol. The
reaction between RF gel and titania sol was agglomerated of particle that see in Figure 4.38
(a). The crystallite are subsequently converted to titania in anatase and rutile phases during
the calcination, hence the greater number of titania crystallite as observed in Figure 4.38(b).

This result suggests that aging time of RF-gel affects the shape of the crystallite of product.



5 1/nm

(b)

Figure 4.37 TEM micrographs and their corresponding SAED patterns of titania
product:prepared;by the assistance'of RF gel with.the R/F ratio of 2.0
that was aged for: 18"and (b) 24 hours.
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4.3.4 Effect of aging time of titania sol
In this part, the effect of aging time for titania sol is investigated. The RF/TiO,
mixture was prepared by using TiO, sol added into RF solution (without aging time) that has

been aged for 0, 6, 12,18 and 24 hours, respectively.

Figure 4.38 shows the adsorption-desorption isotherm of titania product prepared by

wW Hh W N 2
S O O o O

S
o S

Adsorbed volume /cm3(STP) /g

(=]

SOt VB Y123 e
RIAINTUNRINIAY

Figure ﬁ Adsor;fi&deso;—ition isothefm of TiOﬁiroducts prepared by using
U
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Figure 4.39 shows pore size distribution of the product calculated by BJH method.
The sample is consisted of micropores (the pore size less than 2 nm) and mesopores (the pore

size in the range of 2-50 nm).

20

/drp

a 10 1

dv

pore radiﬁs (nm)

Figure 4.39 Pore size distributions of TiO, nanoparticles at 24 hours of titania

solution. 2

Figure 4.40 shawed relationship between surface area of the product and aging time
of titania sol used. When the aging time of titania sol is increased, the surface area is changed
in the range around 30-50 m*/g. The results show that the surface area is low when the aging
time of titania ol i§! between 6 and 18 hours*because titania“sol forms into gel before they
react with RF solution. And 24 hours of aging time was high surface area because titania sol
was form to gel and then, RF solution was unable to react with them. The surface area would
come from aging time of titania Solymore than reaction between RF solution and titania sol.
Effect of aging time of titania sol on surface area can explain to 6 hours and without aging
time (see Figure 4.40). When titania sol is aged in before being added into RF solution, the
surface area of the product is increased for higher of R/F ratios (e.g., 1.5 and 2.0). Figure 4.41
shows relationship between average pore diameter of the product and aging time of titania sol.
Average pore diameter of product is about 3.5-4 nm in range that confirms the mesoporous

structure of the product.
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—6—R/F 0.25
—X--R/F 0.5
—2~—R/F 1.0
-8--R/F 1.5
-9--R/F2.0

5 10 -] 20 25 30
Aging time (hour)

Figure 4.40 Relationship between aging time of titania sol and surface area of titania

7.0

6.0

2.0

1.0

0.0

product prepared using different values of R/F ratio.

—6—R/F 0.25
—X--R/F 0.5
--#--R/F 1.0
-8--R/F LS5
- e--R/F2.0

5 10 15 20 25 30
Aging time (hour)

Figure 4.41 Relationship between aging time of titania sol and average pore

diameter of titania product prepared using different values of R/F ratio.
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According to Figure 4.42-4.46, which show FTIR signal ratio with respect to aging
time of titania sol, the Ti-O-C signal increases significantly as the aging time is increased
from 0 to 6 hours. This confirms that the aging time of titania sol affects bondings between
titania sol and RF solution. When aging time of titania sol is increased, the signal of Ti-O-C is
also increased, but the signal becomes unchanged after prolonged aging time, because titania
sol form crossed-linking network before being put into the RF solution. Signal Ti-O-Ti
confirms the formation of titania network: The increase of aging time titania barely results in
any change in the signal ratio of all kinds of bending when the R/F ratio is 2.0 because the
excess amount of resorcinol in the solution and-titania sol was formed to network. It means

that titania sol could not react with excess resorcinol in the RF solution.

—#—methylene bridge
—*—methylene ether

. —®—strectching vibration of Ti-O-Ti

|

Signal ratio

| =—bending vibration of O-Ti-O

—2—strectching vibration of Ti-O-C

0 - . .
0 10 20 30

Aging time (hour)

Figure 4.42 Relationship between'aging time of'titania sol and FTIR signal ratio of
various functional ‘groups within the RF/TiO, composite prepared using
R/F'ratio jof 0.25. For all signals, signal from aromatic ring was used as

the reference signal.
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2.4

21 A ——methylene bridge

1.8 1
—*—methylene ether

1.5 1
—&—strectching vibration of Ti-O-Ti
——Dbending vibration of O-Ti-O
—2— strectching vibration of Ti-O-C

30

Aging time (hour)

Figure 4.43 Relationship between aging time of titania sol and FTIR signal ratio of
various fanctional groups within the RF/TiO, composite prepared using
R/F ratio of 0:5. For all sfgnals, signal from aromatic ring was used as

the referénce signal.

2.4
2.1 - —#—mcthylene bridge
1.8 1
—*—methylene ether
1.5 1
1.2 1 —8—strectching vibration of Ti-O-Ti
0.9 1
06 —a—bending vibration of O-Ti-O
03 —A—strectching yabration of Ti-O-C
O T T T
0 10 20 30

Aging time (hour)

Figure 4.44 Relationship between aging time of titania sol and FTIR signal ratio of
various functional groups within the RF/Ti0, composite prepared using
R/F ratio of 1.0. For all signals, signal from aromatic ring was used as

the reference signal.



2.4
2.1 A
1.8 1
1.5 1

0.9 -
0.6
0.3

Signal ratio

0 - .
0 10

Aging time (hour)

20

30

54

—8—methylene bridge
—*—methylene ether
—e—strectching vibration of Ti-O-Ti
—a—bending vibration of O-Ti-O

—2—strectching vibration of Ti-O-C

Figure 4.45 Relationship between aging time of titania sol and FTIR signal ratio of

various functional groupé within the RE/TiO, composite prepared using

R/F ratio of 1.5. For all signals, signal from aromatic ring was used as

the reference signal:

1.5
1.2 1
S
=09 5
L
E
£00.6 1
N
0.3 1
0 . .
0 10 20
Aging time (hour)

30

—&— methylene bridge
=—¥—methylene ether
—8—strectching vibration of Ti-O-Ti
—a—bending vibration of O-Ti-O

—A—strectching vibration of Ti-O-C

Figure 4.46 Relationship between aging time of titania sol and FTIR signal ratio of

various functional groups within the RF/TiO, composite prepared using

R/F ratio of 2.0. For all signals, signal from aromatic ring was used as

the reference signal.
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The TEM micrographs of samples, presented in Figure 4.47, confirmed the nanoscale
size of the titania powder. Aging time of titania sol is affected the particle size and the
number of crystallite of product as same aging time of RF gel. In addition, the trend of surface
area is the same as aging time of RF gel that surface area increases from R/F ratio 2.0, 0.25,
0.5, 1.0 and 1.5, respectively. It means that aging time of titania sol and RF gel is unaffected

on particles.

(b)

Figure 4.47 TEM micrographs and their corresponding SAED patterns of titania
product prepared by the assistance of RF gel with the R/F ratio of 2.0
that was aged for; 18 and (b) 24 hours.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this work, the formatio , / ia by the aid of RF clusters via the sol-gel
polycondensation is investigat present research are the following:
d

6.

RF template L(’ 0 a product.

7‘ S exothermic that results in low
\ \ o network. Higher of R/F ratio
O

yields high surfa d 'f ‘." e - mes n\ s structure of the final product.

Amount of acetic acid has reaction between RF gel and titania sol

because acetic ~and then, formaldehyde cannot react

With the T —
v X

Cross- hnkmmbetween titania sol and RF gel @ects surface area of the final
product.

ﬂgmg time Qil{]gegnytlama sol aﬁelct mesoporous1ty of the product. For
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5.2 Recommendations for Future Work

In this study, effects of various factors, such as general characteristics of the product,
Rf gel composition, type of titania precursor (i.e., TTIP solution and titania sol), R/TiO, ratio
of TiO; sol, aging time of RF gel, aging time of titania sol, on the synthesis of titania powder
by RF template have been investigated. Some recommendations for future work are listed as

follows: (i) type of titania precursor on ity of product, (ii) the pH of prepared titania sol

R
{
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APPENDIX A

DATA OF SURFACE AREA AND AVG. PORE DIAMETER

Table A.1 Data of surface area of synthesized titania product at R/F and R/C different ratio
by TTIP solution put into RE s

RIF ratio RICO1S | R/IC 03 7 RIC2 R/IC
. R /¢ 5
0.25 38. 952 D) 207 14.7

0.50 15 ‘7//5' \ N 13.7 11.8

1.00 . "Iﬁa \\{X\ 17.0 15.3
II

1.50 15.8 15.4
2.00 15.2 13.8
Table A.2 Data of a titamions btoduct at R/F and R/C

R/F ratio

%(@;‘Wﬁﬁ ‘ |§cz R/C 5

4 40 3.4
TR EE.TRTED 1

1.00 3.3 4.1 4.4 42 42

1.50 33 4.4 4.2 4.4 43

2.00 44 4.0 4.5 5.8 6.0




Table A.3 Data of surface area of synthesized titania product at R/F and R/C different ratio
by TTIP solution put into RF solution.

Surface area (m?/g)

R/C ratio
RF 0.25 RF 0.5 RF 1.0 RF 15 RF 2.0
0.18 38.1 15.5 13.4 16.5 105
03 252 18. \W 177 12.8 193
N\
1.3 19.2 \‘1“ 6.6 202 13.8
- _—
2.0 20. — % IR 15.8 15.2

5.0 14 "/'/"}'/ \\::; 15.4 13.8

Table A.4 Data of average pore dig meter : zed titania product at R/F and R/C
different ratio by TTIP ole t into RF solution.

L2y

R/C ratio

RF 1.0 {u RF 1.5 RF 2.0

q, a/
0.18 . LA . 3 -,-é'3 4.4
. . . d HH ﬂl 44 4.0

2o/ 45

MNegn attans s
AR d

[ - &
B
9..n
=
b N
r'\‘

5.8

5.0 34 3.5 4.2 43 6.0




Table A.5 Data of surface area of synthesized titania product at R/F and R/C different ratio

by titaniasol put into RF solution.

) Surface area (m”/g)
R/F ratio

RCO0.18 RC 0.3 RC 1.3 RC2 RC5
0.25 39.5 434 36.7 48.0 25.5
0.50 . 23.7 349 349
1.00 . ‘ .6 36.3 30.5
1.50 . 34.8 57.2
2.00 30.7 70.2

Table A.6 Data of average pore iamM’tSf 3% : esized titania product at R/F and R/C
s

. . v \
different ratio by titania'sol p ‘t‘m (0 lution.
4757 T

r.|
verage pore diameter (ns
R/F ratio ‘T} )
~ RC2 RC5
0.25 3.8 39

0.50 384 - 39 |as 35 33 40

N

3.é 4.1 33 4.1
N Qs

f1‘a E‘ 4.2

3
:
¥



Table A.7 Data of surface area of synthesized titania product at R/F and R/C different ratio

by titaniasol put into RF solution.

Surface area (m”/g)
R/C ratio

RF 0.25 RF 0.5 RF 1.0 RF 1.5 RF 2.0

0.18 29.3 36.2 39.5 30.3 25.8

0.3 434 356 35.1 25.0 23.8

1.3 36.7 1.6 19.1 17.7

| \\W/

2.0 48.0 6.3 34.8 30.7

5.0 . ‘ 0.5 572 70.2

Table A.8 Data of average pore diam d titania product at R/F and R/C

R/C ratio
1.5 RF 2.0
0.18 5.0 6.0
0.3 34 43

13 42 ¢, 35 o 33 41 4.0

ﬂgw j?‘fl\ “l §3 43
4 3.9 41

5.0 3.9 9 2 & 4.2
AN IUATINGTAE



Table A.9 Data of surface area of synthesized titania product at different ratio of R/TiO..

67

Table A.10 Data of average
R/TiO,.

Surface area (m®/g)
R/TiO, ratio
R/F 0.25 R/F 0.5 R/F 1.0 R/F 1.5 R/F 2.0
0.06 42.1 45.5 38.0 22.6 32.8
0.07 36.7 23.7 21.6 19.1 17.7
0.09 54.3 ‘ 41.4 359 50.6
0.11 56.9 38.6 126.4
0.13 45.8 164.3

ania product at different ratio of

diameter (nm)
R/F ratio 4

L) T6.5 T8
0.25 3.9 4.2
0.50 3.1 4.1
1.00 29¢ = 5.0 3.3 3.1 4.1
1.50 3 Pl E.F PI 5 P*El I i | 5.0 4.0
2.00 3.0

3.5 4‘1 ?ﬁl} 42@
AN IUNATINGTAE
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Table A.11 Surface area of synthesized titania product at different aging time of RF gel.

Aging time, Surface area (m’/g)
hour R/F 0.25 R/F 0.5 R/F 1.0 R/F 1.5 R/F 2.0
0 36.7 23.7 21.6 19.1 17.7
6 61.7 48.3 333 30.8 51.5
12 55.4 \1 36.2 30.7 66.7

0 8.2 30.4 40.1
24 ;-W‘:;-z 7 38.7 43.1

463
18 51.6 __ﬁ:\\::‘\\ﬂ[

Table A.12 Data of averagg \ tania product different aging time

of RF gel.
Aging time, pore diameter
hour 255 R/F 1.5 R/F 2.0

n ¥
0 Ef__ 4.1 4.0
6 e 3.1 43

b
12 29 35 3.1
18 Qe 37 ol 3.0 42 3.1
AR I E IS

AN TUNMINGAE
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Table A.13 Surface area of synthesized titania product at different aging time of titania sol.

Aging time, Surface area (m”/g)
hour R/F 0.25 R/F 0.5 R/F 1.0 R/F 1.5 R/F 2.0
0 36.7 23.7 21.6 19.1 17.7
6 65.7 50.7 41.0 28.4 36.0
12 | ~ 40.6 31.8 71.5
18 . L 39 /398 325 72.3
24 28 348 37.2 80.8
Table A.14 Data of avera

esized titania product different aging time
of titania sol. \

Aging time, re diameter (nm)
hour RF LS5 R/F 2.0
0 s r————"——f—‘! 41 4.0
6 ' A 43
12 4.0 4.5
18 4.1 32
Tﬁ 1 4.4

ook 3
AN TUNMINGAE



APPENDIX B
CHARACTERISTIC OF RF GEL
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APPENDIX C
DATA OF TGA ANALYSIS
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APPENDIX D
DATA OF XRD ANALYSIS

Figure D.1 shows XRD patterns of RF/titania composite after being calcined
at 500°C. The samples were prepared using different preparation details. The first sample, i.c.,
T001, was prepared by slowly adding 4.5 ml TTIP solution into RF solution. It took 2 min to
complete the addition process. The second sample (T002) was prepared in similar manner to
that of TOO1, but the TTIP solution was added t0.thc. RF solution within 5 second. For the last
sample (T003), TTIP was pouredinto RF solution within'5S second as well, but no acetic acid
was used in the preparation of RF gel. The XRD results show that TOO1 and T003 samples
were titania in anatase phase, whilé T002 was mainly rutile. The result clearly indicated that
the rate of TTIP additionssignificantly influcnced the phase of the final product. The increased
TTIP addition rate favored the formation of;t{tania in rutile phase. On the other hand, the

presence of acetic acid in RE'geldid not affect phase formation of titania.

1 T 003

A anatase

o rutile

Intensity (a.u.)

T002

1 TOO1

20 (degree)

Figure D.1 XRD patterns of titania powders prepared by using different rate of

TTIP addition.
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