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CHAPTER|

INTRODUCTION

Porous ceramics are essential for many industriesrevhigh permeability,
high surface area, and insulating characteristiesraquired. They can be used as
filters for diesel emission, filters for molten rakt, membrane reactors, and catalyst
carriers. With the expansion of applications forqus ceramics, high porosity as well

as high strength are required at the same timen@keaal., 2005].

Silicon nitride (SiN4) is one of the most promising ceramic materialswL
density of SiNg of 3.2 g/crﬁ (about 40% of the density of high-temperature
superalloys) may offer light-weighted components.is| therefore, an important
advantage over other high-temperature materialsenflal applications of N,
include the all-ceramic gas turbine or the replasetnior metallic components in an
internal combustion engine. Moreover, other engingeapplications, such as energy
conversion systems, industrial heat exchangersuseeas wear-resistant material in
metals processing and as material for ball anderobearings are also under

consideration [Ziegler et al., 1987].

Silicon carbide (SiC) is-an important structuraltemal because of its unique
combination of properties, such as low densityhhigermal shock resistance, high
specific strength, and excellent corrosion resctamat high temperature. These
materials are correspondingly used in a broad rafgg@plications such as filters for
molten metals, diesel particulate filters, gas bumedia, and membrane supports for

hydrogen separation [Matovic et al., 2007 and Kiralg 2008].

Porous silicon nitride/silicon carbide has attrdctgreat interest for
engineering applications, such as gas filter, sdfwar membranes and catalyst
supportsecause of high strength at high temperature, goehal stress resistance

due to the low coefficient of thermal expansionlatigely good resistance to
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oxidation compared to other high-temperature andos@mn resistance structural

materials.

A well-known technique for SN4/SiC synthesis is the carbothermal reduction

and nitridation of silica, i.e. reaction of siligath a source of carbon under flowing

nitrogen atmosphere at temperature in range frof® 1 to 1450. This method

requires high reactivity and good distribution afvrmaterials, i.e. silica and carbon to
achieve satisfactory extent of the reaction.

Synthesis of SN4/SIC nanocomposite via the carbothermal reactiosilafa
is attractive because it can easily be integratéd the industrial production. The
carbothermal reaction of silica has been a majdustrial route for the production of
both SgN, and SiC powders. The SIC nanoparticles can alsprbduced in-situ in
the SgN4 matrix during the carbothermal reaction, and daustbe inherently well
distributed. The SN,/SIC nanocompaosite ceramics sintered from the ¢hdomally
prepared SN4/SIC nanocomposite powders have shown a dramapcovement in
the high-temperature strength and creep resistamee the components prepared

from mechanically mixed gW./SiC powders [Jinwang, 2007].

In this work, resorcinol-formaldehyde (RF) gel =ed as source for carbon for
the carbothermal reduction with silica. RF gel da@ prepared by the sol-gel
polycondensation of resorcinol (R) and formaldeh{fewith sodium carbonate (C)
as basic catalyst [Pekala, 1989 and Tamon et @98]1 Pyrolysis of dried RF gel
results in porous carbon with high specific surfacea and large mesopore volume.
Then, porous SN4/SiC is synthesized via the carbothermal reducéind nitridation
of the carbonized compaosite of silica'and RF géis Wwork focuses on the effective
incorporation of silica into the RF gel, as well the study on the effect of silica
precursor on the subsequent formation @NgBIC. Effects of various factors, such
as aging time for RF solution, reaction temperatwtaring the sol-gel
polycondensation of silica/RF gel, acetic acid #ddito the RF solution, amount

acetic acid, type of silica precursor are inveséda
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This thesis is divided into five chapters. The tfitesree chapters describe

general information about the study, while thedwafing two chapters emphasize on
the results and discussion from the present st@tgpter | is the introduction of this
work. Chapter 1l describes basic theory about @iliciitride and silicon carbide
properties, the carbothermal reduction and nitiiaaprocess, sol-gel process and
resorcinol-formaldehyde (RF) gel. Chapter Il shomsterials and experimental
systems. Chapter IV presents the experimental teesuld discussion. In the last
chapter, the overall conclusion from the resultd sscommendation for future work

are presented.



CHAPTERIII

THEORY AND LITERATURE SURVEY

2.1 Silicon Nitride

Silicon nitride (SiN4) ceramics have been regarded as one of the pramisi
engineering ceramic materials because of high-temye strength, superior thermal
shock resistance, good oxidation resistance anchgartolerance. However, silicon
nitride does not exist in nature. It has to be lsgsized, but it is not easy to obtain the
SisN, powder with high purity, fine grain size and navrgize distribution. Those

characteristics are very important for the fabrarabf SgN,4 sintered bodies.

SisN, commonly occurs in two phases, meandp. Thea-phase powder is the
generally preferred as raw material for manufaomitompacted bodies because of
the favourable microstructural characteristics lgtd during the phase
transformation int@-phase at high temperature. The following techrscare usually
applied to synthesize $Bl, powders: (1) nitridation of metallic silicon powdég?2)
gas-phase reaction of SiCI(3) carbothermal reduction of SiOin nitrogen
atmosphere, and (4) precipitation and thermal deamition of silicon diimide [Yang
et al., 2005]. There are differences in the typd amount of impurities, in the size
and morphology of the powder and in the phase caitipn of powders obtained
from these techniques. By varying the processinglitmns, however, properties of
the powders produced by any of these techniques baaghanged, particularly the
phase compasition, degree  of  crystallinity -and ipl@t morphology. Typical
properties of powders produced by different techegjare listed in Table 2.1 [Ziegler
et al., 1987].
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Table2.1 Typical properties of silicon nitride powders prodd by various

processing techniques.

Direct Vapor
Properties nitridation phase
of silicon  synthesis

Carbothermal Diimide
nitridation synthesis

Specificsurfacearea 8-25 3.7 48 10
(m°/g)
Oxygen content (wt %)  1.0-2.0 1 1.6 1.4
Carbon content (wt %)  0.1-0.4 - 0.9-1.1 0.1
Metallic impurities = 57.0.15 0.03 0.06 0.005
(wt %) X Fe, Al, Ca
Crystallinity (%) 100 60 100 100
a/(a+B) (%) 95 95 95 85

2.1.1 Crystal Srructure of Slicon Nitride

Silicon nitride crystallizes in two known phase®téiled X-ray diffractometry
(XRD) examinations in the mid-1950s have proved the crystal structure of boti
andp polymorphs are hexagonal [Turkdogan et al., 1958fhea andp form, the
basic building unit is the Si—N tetrahedron, in ghsilicon atom lies in the centre of
a tetrahedron with nitrogen atom at each cornegafém et al., 2007]. However, their
respective structural dimensions are different. $tnectures otx-phase an@-phase

are shown in Figure 2.1 and Figure 2.2 respectiMalykdogan et al., 1958].



o 0O ©m >

Figure2.1 a-SisN4 unit cell: the structure af-SisN4 can be described as a stacking
of Si-N layers in ...ABCDABCD... sequence.

N Si
v o A
A O B

Figure2.2 B-SisN4 unit cell: the structure di-SisN4 can be described as a stacking

of Si-N layers in ...ABAB... sequence.

2.1.2 Properties of Slicon Nitride Ceramics

Technological investigations have mainly been caotre¢ed during this time
on two types of $N4: (a) dense 9N4, which can be produced by hot-pressing,
sintering or hot-isostatic pressing, and (b) porSihl, produced by reaction-bonding
of silicon powder compacts. As a consequence afgasing, the two forms of $8l,
are different in density, and in resulting mechahithermal and thermo-mechanical
properties as listed in Table 2.2 [Ziegler et BO87].



Table 2.2 Properties of Silicon Nitride Ceramics.

Theoretical density (g c) :

a-phase 3.168-3.188

B-phase 3.19-3.202
Density (g cn) :

dense N4 90-100% th.d.*

reaction- bonded 4

70-88% th.d.

Coefficient of thermal expansion

(20-1500°C) (16°C?) 2.9-3.6
Thermal conductivity (RT) (W iK™ :

dense SN4 15-50

reaction- bonded §N, 4-30
Thermal diffusivity (RT) (criisec) :

dense SN4 0.08-0.29

reaction- bonded §\, 0.02-0.22
Specific heat (J K§°CH) 700
Electrical resistivity (RT)Q cm) ~1013
Microhardness (Vickers, MN 1) 1600-2200
Young's modulus, (RT) (GN M) :

dense SNy 300-330

reaction- bonded §N,4 120-220
Flexural strength (RT) (MN/A) :

dense SNy 400-95

reaction- bonded $, 150-350
Fracture toughness (MN 1) :

dense SN4 3.4-8.2

reaction- bonded §\, 1.5-2.8

Thermal stress resistance
parameter R s((1 - v)/aE (°C)
and R'= R (10°W m™) :
dense SNy
reaction- bonded §,

R =300-780 R'=7-32
R =220-580 R'=0.5-10

th.d.*=Theoretical density is dependent on the type antposition of consolidation
aids (th.d=Theoretical density of purel, = 3.2 g cn).



2.2 Silicon Carbide

Silicon carbide (SiC) has been a focus of attentiorthe field of porous
ceramics because of superior properties, suchvagHermal expansion coefficient,
high thermal conductivity and excellent mechangtaéngth [Ding et al., 2008]. The
following techniques are usually applied to synibesSiC powder: (1) the
carbothermal reduction of silica (SiQ (2) the thermal decomposition of organo
silicon polymer, (3) the gas phase synthesis, d@dhe direct reaction between Si

metal and C.

2.2.1 Crystal Structure of Slicon Carbide

The crystal structure of SiC has a one dimensipoiimorphism referred to
as polytypism. The result is a unique aspect «f thaterial where by it can exist in
infinite number of possible crystallographic sturess called polytypes. Nearly 200
polytypes have been identified at present. Thesactstes fall into two phases
referred to asu and 3 polymorphs. Then category contains primarily hexagonal,
rhombohedral and trigonal structures while fhecategory contains one cubic or

zincblende structure [Shields].

B - -
‘E S1 atom

@ (C atom

Figure2.3 The tetragonal bonding of a carbon atom with the floearest silicon
neighbours. The distances a and C-Si are approgiyn&08A and
1.89A respectively.



.
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Side View Top View

Side View Top View Crystal Structure

Figure2.5 a-SiC: Crystal structure of silicon carbide tetratedtructures.

2.2.2 Properties of Slicon Carbide Ceramics

As a consequence of the difference in crystal stra¢ the two forms of SiC
are different in density, as well as mechanicagriial and thermo-mechanical
properties. Nevertheless, general properties @osilcarbide are listed in Table 2.3
[Shields].
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Table 2.3 Properties of silicon carbide ceramics.

Properties B'S!C

(a-SIC)

Bandgap (cV) at 300 K ( 22-39)
>2.

. . 873
Maximum operating temperatur] (1240)
Melting point (C) S;Jlbé'(;ge
Electron mobility (cri/VV-s) (égg)
Hole mobility (cnf/\V-s) 40
Breakdown field, & (16°V/cm) 4
Thermal conductivityT (W/cm=C) : 5
Saturated electron drift velocitysa: (107 cm/s) 2.5
Dielectron constant; 9.7

2.3 Carbother mal Reduction and Nitridation of Silica

The carbothermal reduction and nitridation of silgowder under nitrogen is
the earliest method to product silicon nitride ailccon carbide. This reaction starts
from a mixture of SiQ and carbon, of which the reaction with nitrogenhah
temperature can produce eitheBisN4 or B-SisN4 [Yang et al., 2005]. These overall

reactions can be written as:

3SiGy(s) + 6. C(s) + 2Ng) < a-SkNz(s) + 6 CO (g) (2.1)
3SIQ(s) + 6C(s) + 2N@Q) « P-SisNg(s) + 6 CO (g9) (2.2)
Si@s) + 3C (sy SIC(s) + 2CO (g9) (2.3)

In some reports for the synthesis wSizsN, via the carbothermal reduction
method, B-SizN;s and SiC were by-products when the reaction caonbti were
changed. Phase transformation frar®isN,4 to f-SisN4 occurs at temperature higher
than 1600°C. Although there is a possibility ofnfiation of SiC at relatively high

temperature, the content of SiC can be controldngrolling pressure of nitrogen gas.
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High nitrogen pressure can promote theNgiformation, and prevent SiC formation

[Yang et al., 2005].

The carbothermal reduction and nitridation synthesf SgN4 inherently
produces powder with >95%- SisN, phase and small amount BSIC intimately
dispersed in-situ as composite material. The reat¢t moderately endothermic (1268
kJ/mol at 1427°C) with an activation energy of 453+kJ/mol. Kinetically, the
reaction is reported to be slow, requiring 4-5 hctoimplete. This is due to a
thermodynamic upper temperature limit (T<1500°C R#0.1 MPa) for SN4
synthesis. Silicon carbide (SIC) synthesis is fadorat higher temperatures
(T>1500°C) where the reaction rate is faster [Weigtal., 1999].

2.4 Resor cinol-Formaldehyde (RF) Gel

2.4.1 Sol-Gel Processing

The sol-gel process is a wet-chemical technique thar fabrication of
materials starting either from chemical solutioncotloidal particles to produce an
integrated network, which undergo hydrolysis antyg@mdensation reactions to form

a colloid, and form sol according to Equationstd.2.6.

M-O-R + O — M-OH + R-OH (hydrolysis) (2.4)
M-OH + HO-M - M-0O-M + H,0O (water condensation) (2.5)
M-O-R + HO-M — M-O-M + R-OH (alcohol condensation) qR.

where M and R are metal atom and alkyl group, respsdy. In_general, the sol-gel
process involves the transition of a system fraguiti “sol™into solid “gel” phase. By
applying the sol-gel process, it is possible taitate advanced materials in a wide
variety of forms, e.g. ultra-fine or spherical sbdppowders, thin film coatings,
ceramic fibers, microporous inorganic membranes,notithic ceramics and

extremely porous aerogel materials.
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2.4.2 Formation of RF Gdl

RF gel is an interesting porous material with matiy high surface area and
large mesopore volume. Carbon gel derived by pgislgf the RF gel is suitable for
many applications such as column packing matefi@ashigh-performance liquid
chromatography, electrode materials for electrigkde layer capacitors and materials
for catalyst supports [Tamon et al., 1999].

The first resorcinol-formaldehyde (RF) gel was proed by Pekala via the
sol-gel polycondensation of resorcinol (R) and faltehyde (F) with sodium
carbonate (C) as basic catalyst [Pekala, 1989].iiteemediates formed during the
reaction further react to form a cross-linked patymmetwork. The two major
reactions include: (a) the formation of hydroxymetli-CH,OH) derivatives of
resorcinol, and (b) the condensation of the hydnoathyl derivatives to form
methylene (-CkH) and methylene ether (-GBCH,-) bridged compounds
[Ruben et al., 1992].

The sol-gel polymerization of metal alkoxides omtam multifunctional
organic monomers leads to the formation of highlgss-linked, transparent gels.
Porosity of the final products depends on the stinecof their parent hydrogel, which
is mostly formed during the sol-gel transition. Atalyst used in the sol-gel
polycondensation usually plays the most importasié for the formation of the
porous structure of the hydrogel. The catalystiahyt promotes the generation of
resorcinol anions. These anions are subsequendlysformed into substituted
resorcinols, which form RF clusters through polydemsation. Then RF clusters react
with each other and grow into colloidal particledjich finally form a RF hydrogel
[Yamamoto et al., 2003].



13

OH 0) OH
| | Na,CO;, H,0 CH,0OH
+ C >
on T h OH
Resorcinol Formaldehyde CH,OH
Substituted resorcinol
(a) Addition Reaction
OH
<j[CH RE— CHZ\@ﬂ
g
?
CH, OH
OH CH,
OH
CHZ\O OH OH
OH CH, CH,
?
OH CH,
CH,
HO OH
CH,—O-CH;
OH OH
Condensation product
# v
_—
2 K
Iﬁ @ @ & @
— > @ e 2
F ® o @
Cluster Colloidal particles RF hydrogel

(b) Condensation Reaction

Figure2.6 Schematic diagram of the sol-gel polycondensatibra dRF solution

(a) addition reaction (b) condensation reactionnfdanoto et al., 2003].
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2.4.3 Drying of Gel

Three kinds of drying processes are available hwed hydrogel to a solid RF

2.4.3.1 Supercritical drying

Solvent can be removed from RF hydrogel undep 8percritical conditions.
Supercritical carbon dioxide (Gcan replace water in the gel structure, resulitng
what is called RF aerogel. Since water is poorlylde in CQ, skeletons of the gel
are preserved and highly porous organic gels casbtaned [Yamamoto et al., 2001].
Supercritical extraction with carbon dioxide yielBE aerogels, but the drying cost is

extremely expensive.

2.4.3.2 Freeze drying

During freeze drying, the solvent inside the pdseesemovediy sublimation
after the solvent is pre-frozen. Such removal ef sblvent can avoid capillary force
occurring in the conventional drying, which may sathe shrinkage of pore structure
[Yamamoto et al., 2001].

2.4.3.3 Air drying

This conventional technique uses atmospheric cdiweedrying to remove
the solvent, without any preliminary treatment.dad, when synthesis conditions are
adequate, the mechanical strength of the gel n&twghigh enough to withstand
capillary pressure, avoiding the collapse of tlmacture. By drying the gel by means
of low temperature treatment (25-100°C), it is plaiesto obtain porous solid matrices
called RF xerogels [Czakkel et al., 2005 and Ledmarml., 2007].
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2.5 Classification of Pore Size

Pores are classified into three main groups acogrth the accessible size.
According to IUPAC classification, pores can be idid into three categories
depending on their sizes, namely micropore® nm, mesopores 2-50 nm and

macropores 50 nm.



3.1 Chemical Agents

CHAPTER 11

EXPERIMENTAL

The list of chemical agents used in this researelshown in Table 3.1.

Table3.1 List of chemical agents used in the research.

Chemical agents

Using for Manufacturer / Grade

. Resorcinol
(GeHa(OH)2)

. Formaldehyde
(HCOH)

. Sodium carbonate
(NaCOs)

. Distilled water
(H0)

. Acetic acid
(CH;,COOH)

. 3-amino propyl
trimethoxysilane
(APTMS)
(CHO)5SI(CHy)sNH;
. 3-mercapto propyl
trimethoxysilane
(MPTMS)
(CHO):SIi(CH,)sSH
. Nitrogen (N)

9. Hydrogen (H)
10. Argon (Ar)

Synthesis of Resorcinol- Fluka / 99.8%
Formaldehyde (RF) solution
Synthesis of Resorcinol-

Formaldehyde (RF) solution 37%
Synthesis of Resorcinol-
Formaldehyde (RF) solution 99.8%

Synthesis of Resorcinol-

Ajax Fine Chemical /

Ajax Fine Chemical /

Formaldehyde (RF) solution

Synthesis of Resorcinol- Q&C /99.8%
Formaldehyde (RF) solution

Synthesis of Silica Aldrich / 97%
/Resorcinol-Formaldehyde

(RF) gel

Synthesis of Silica Aldrich /95%

/Resorcinol-Formaldehyde
(RF) gel

Carbonization and TIG / purity 99.999%
Carbothermal-Nitridation
Carbothermal-Nitridation TIG / purity 99.999%

Carbothermal-Nitridation TIG / inche
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The chemical structure of the organic materials leyga in this work is
illustrated in Table 3.2

Table3.2 Chemicals structure.

Chemical name Designation Chemical structure

CH,

3-Aminopropyltrimethoxysilane APTMS H N-CH,~ CH,~ CH,— fi_ OCH,

OCH;

?CHQ,

3-Mercaptopropyltrimethoxysilane MPTMS HS-CH,~CH,~CH,—S—OCH,;
|

OCH,
OH
Resorcinol R

OH

(@]

Formaldehyde F H
H/ \H

7 . (o]

Acetic acid Ac ||
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3.2 Preparation of Silica/RF Gel

To form silica/RF gel, RF solution was first pregarfrom resorcinol (R),
formaldehyde (F), distilled water (W) and sodiumbcaate (C) at the R/F mole ratio
of 0.5, R/W mole ratio of 0.15 and C/W ratio of hdl/m®. Resorcinol was dissolved
into distilled water and stirred until it dissolvembmpletely. Next, the resorcinol
solution was added by sodium carbonate (C) anddlatemyde solution. The solution
was stirred at room temperature for 15 min. Afteastf the RF solution was aged
without stirring at 30°C for 1 h. Then silica presor was added to the RF solution
under continuous stirring at room temperature tafsilica/RF gel.

The silica/RF gel was aged at room temperaturd thdigel was completely
set for 3 days. The obtained solid product wash&dsnto powder and dried in oven
at 110°C for 16 h.

3.3 Preparation of Porous Silica/Carbon Composite

The dried silica/RF gel was converted into silieallon composite by
pyrolysis in a step-wise fashion. The dried gel Wwaated under continuous flow of
nitrogen (200 mi/min) at temperature of 250°C foh 2and subsequently heated at
750°C for 4 h. The heating rate employed was fiaed0°C/min. The product from

this step is silica/carbon composite.

( Furnace Reactor Tube

Gagﬁinlet " Sample tray _Gas outlet=
L - " —

C J

N2

Figure3.1 Schematic diagram of the tubular flow reactor usedhe preparation

of silica/carbon composite.
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3.4 Carbother mal Reduction and Nitridation

In the carbothermal reduction and nitridation pes;ethe silica/carbon
composite powder was put into an alumina tray (2B x15 mm x 5 mm deep) and
placed in a horizontal tubular flow reactor. Théesmatic diagram of the reactor
system is shown in Figure 3.2. In this processctimaposite was heated to 1450°C at
the rate of 10°C/min, under a flow of argon. Aftee system had reached 1450°C, the
reaction was initiated by switching the gas strefaom argon to mixture of 90%
nitrogen and 10% hydrogen with total flow rate @f Ith. The reaction was held at
constant temperature for 6 h. The obtained prodiastlater calcined in a box furnace

at 700°C for 10 h to remove excess carbon.

( Furnace Reactor Tube
Gas inlet r — Sample tray [ ] Gas outlet
X _[_, > ~ J_ "
L J

| —

} Flow meter

Ar H> N>

Figure3.2 Schematic diagram of the tubular flow reactor uskd the

carbothermal reduction and nitridation.
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3.5 Characterization of the Products

The obtained products were characterized by usargpus techniques, as

following:

3.5.1 X-ray Diffraction Analysis (XRD)

Crystalline phases of the product were identifigdusing a Siemens D5000
X-ray diffractometer at the Center of ExcellenceCatalysis and Catalytic Reaction
Engineering, Chulalongkorn University. The measweetrwas carried out by using
Ni-filtered CuKa radiation, operated in thed 2Zange of 20-50° at the scan step of
0.04°.

3.5.2 Fourier-Transform Infrared Spectroscopy (FT-IR)

The functional groups in the samples were idertibig using a Nicolet 6700
infrared spectrometer. The sample was mixed withr €Bgh sample-to-KBr ratio of
1:100 and formed into a thin pellet, before measer. The spectra were recorded at
wavenumber between 400 and 4000"cwith resolution of 4 ci. The number of

scan for the measurement was 64.

3.5.3 Thermogravimetric Analysis (TGA)

The residual carbon content and thermal behaviothef samples were
determined by using thermogravimetric analysis o8I Q600 instrument. The
analysis was performed from temperature of 50 @9Q°C under a heating rate of
10°C /min in 100 ml/min flow of either oxygen ottragen.
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3.5.4 Scanning Electron Microscopy (SEM)

Morphology of the products was observed by usingcanning electron
microscope (SEM) model Hitachi S-3400N SEM/WDX atresearch laboratory
collaborated between Mektec Manufacturing Corpomati(Thailand) Ltd. and
Chulalongkorn University.

3.5.6 Surface Area Measurement

The surface area, pore volume and pore size weeasumed by a
Micromeritics ASAP 2020 using nitrogen as the adate at the Center of Excellence
on Catalysis and Catalytic Reaction Engineeringofatory, Chulalongkorn

University. The operating conditions are as follows

Degas temperature A ()

Vacuum pressure < 10 mmHg



CHAPTER IV

RESULTSAND DISCUSSION

4.1 Effect of Aging Timefor RF Solution

RF solution was prepared by sol-gel polycondensaitcording to reported
procedures in literature [Tonanon et al., 2005ingisesorcinol and formaldehyde as
raw materials and N&0O; as catalyst. In the initial period, the sol-gebgess slowly
converts RF solution into nanoparticles suspendédjuid or sol. Then, the colloidal
nanoparticles are linked together in three dimeraido form liquid-filled solid
network or gel. This transformation from sol to gah be initiated in several ways,
but the most convenient approach is to change thefpthe reaction solution. The
mechanism for the sol-gel process is shown in [Eigut.

(@)

Figure4.1 Progress of the reaction of RF solutiga) solution (b) colloid ant
(c) gel.

The formation of nanoparticles in the RF solutiam de witnessed from light
scattering behavior, i.e., a beam of light can bseoved only when nanoparticles are
already formed in the solution. The greater the Inemnof the nanoparticle formed, the
more obvious the scattered beam becomes. Figurehd®s light scattering of RF
solution after aging time of 1, 12 and 30 h. Thi#ahsolution is clear and colorless,

but, after aging time of 12 h, the solution turntipale yellow and pH of solution
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decreases from 5 to 4. Colloid is formed in theusoh as well, as it could be

perceived from light scattering of laser beam. ¢ aging time of 30 h, the pH of
solution decreases to 3 and the mixture becomdsyhigscous, which indicates gel
formation. The effect of aging time of RF solutisnsummarized in Table 4.1. Since
the RF solutions aged for 1 and 30 h are signilfjodifferent in both physical and

chemical properties, the aging time of 1 and 30ehewchosen in further investigation.

Figure4.2 Light scattering of RF solution aged for variousés: (a) 1 h (RF-1),
(b) 12 h (RF-12) and (c) 30 h (RF-30).

Table4.1 Effect of aging time of RF solution.

Sample Aging time (h) pH Appearance
RF-1 1 5 Solution
RF-12 12 4 Colloid
RF-30 30 B Nearly gel

Figure 4.3 shows the structural image of network &F gel. The RF solution
formation has been associated with two reactiort®e first addition reaction of
resorcinol and formaldehyde leads to the formatibmethylol groups (CEOH) at 2,

6 (ortho) and 4 (para) positions of phenolic. e ttecond condensation reaction,
hydroxylmethyl derivative (-ChOH) is able to form covalent bridges between the
resorcinol rings. The chain growth may result fromo types of condensations: (i)
condensation between two methylol resorcinols teguin methylene ether (-GFD-
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CHy-) bridges and (ii) further condensation of the my&il group with ortho and para

position of resorcinols resulting in methylene (-©Hbridges between resorcinol
rings [Handique and Baruh, 2002]. The condensgtimauct is transformed into RF
clusters through polycondensation. Then RF clusiezsreacted with each other and
grow into colloidal particles, which finally prodedRF hydrogel [Yamamoto et al.,
2003].
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OH 0] OH
| | Na,CO;, H,O CH,OH
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Figure4.3 Schematic diagram of the sol-gel polycondensatiba &F solution
[Yamamoto et al., 2003].
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The principle reaction can be supported in parth®/ IR spectra of the RF

solution as shown in Figure 4.4.

According to Figure 4.4, the characteristic peaksresorcinol at 1607.9,
1509.1, 1295.2, and 976.3 ¢reorresponding to the C=C aromatic ring, C-O skretc
and 2,4- substituted benzene ring, increases witleasing aging time due to
networking of resorcinol. Since formaldehyde aqesalution was added into the
resorcinol at the beginning of the reaction, thespnt of peaks at 2917.2, 1473.4,
1220.9 and 1092.0 cconfirms the formation methylene (-@Hand methylene
ether bridges (-CHO-CH,-) in the RF solution.

770.4
1020.2 \
'

109L.6 o
Lo | 68

1509.1
.

1 1380.01220.8
H ' ' A

836.9 738.8

(€)

T N 9763
1 114464 19508
14728+ 11638

1607.9 12952

3276.6

1107.9

1500.7 _ 1227.9!
V14022

(b)

Transmittance [a.u.]

0o, . W
| 1469315085 1 W 'Y
11608 | 964.4
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E;LELl:Q.O

(@)

905.6
9638, g41.4

4000 * 3600 3200. ~2800 ; 2400 2000~ -1600. - 1200 ~800 400
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Figure4.4 FT-IR spectra of RF solution aged for various tire: 1 h, (b) 12 h
and (c) 30 h.
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All peaks that have been proposed to associate thwtlfunctional groups of

the RF solutions are shown in Table 4.2.

Table4.2 Assignments of FTIR absorption bands of the RFtsmis.

IR bands[cm™]
Functional groups

RF1h | RF12h | RF30h

3285.8 | 3262.9] 3276.6 OH stretching’

2913.1 | 29157 2917.2 in phase stretching vibratioiCH,- alkané”

1605.1 | 1606.8  1607.0 C=C aromatic ring’

- 1509.7 | 1507.3 C=C aromatic rifig

1470.3 | 1469.3| 14734 -CHy- methylene briddd

1402.3 | 1402.2| 1380.3 OH in pldHe

1300.9 | 12985  1295.6 C-O stretchihg

1227.1 1227.9 1220.9 C-O-C stretching vibrationmethylene ether
bridges between resorcinol molecldes

1170.4 | 1169.8| 1163.9 CH aromatic, in-plartd

1150.6 | 1151.1 1149.1 C-O stretchin§!

1112.0 1107.9 1092.0 C-O-C stretching vibrationmethylene ether
bridges between resorcinol molecldes

1023.2 | 1023.1| 1019.6 aliphatic hydroxyf!

963.8 964.4 976.0 2, 4- substituted benzené'ting

905.6 904.3 - C-H out of plane, isolatedHi

841.4 839.1 836 C-H out of plane, para substittited

[ poljansek and Krajnc, 2005 alitiLiang et al., 2000
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4.2 Effect of Reaction Temperature during the Sol-Gel Polycondensation of

Silica/RF Gel

In this section, RF solution was prepared with thgo of resorcinol-to—
formaldehyde (R/F), resorcinol-to-water (R/W) amdism carbonate-to-water (C/W)
at 0.5 mol/mol, 0.15 mol/mol and 10 mofintespectively. The mixture was stirred
for 15 min at controlled temperature of 30°C durgej formation. After aging, the
RF solution was kept for 1 h. The silica precur@d®TMS) was added to the mixture
with the ratio Si/C = 0.05. The mixture of RF sauat and APTMS rapidly formed
into gel by strongly exothermic reaction.

Figure 4.5 shows photographs of silica/RF gel fatna¢ different reaction
temperature. The gel was prepared by the sol-dgtpodensation of silica precursor
(APTMS) and RF solution aged for 1 h. The reactemperature was varied from 50,
30 and -10°C, of which the sample was denoted a8RB0, RF-AP-30 and RF-AP-
10, respectively. The reaction is strongly exothermwhen it is conducted at 50 and
30°C, but the extent of the exothermic nature efrémction decreases at -10°C. It can
be seen from Figure 4.5 that the laser beam caperatrate through all silica/RF gel
samples because of the network within the silicatRBter.
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@

Figure4.5 Silica/RF gel formed by the sol-gel polycondensatet: (a) 50°C,
(b) 30°C and (c)-10°C.
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Figure 4.6 shows FT-IR spectra of the gel, in whdPTMS is incorporated

into RF solution. Incorporation of trimethoxyl gqmaiof APTMS into RF clusters is
confirmed by Si-O-C and Si-O-Si symmetric deforroati at 1110.5 cih
[Vejayakumaran et al., 2008 and Li et al., 2009je Broad band ranging from 2940 —
3400 cnt can be attributed to hydroxyl (OH) stretching tioaerlaps with amino
(NH) stretching of aminopropyl trimethoxysilane [ggakumaran et al., 2008]. The
bands around 2945.6, 2885.5 and 1471.7 eme associated with methylene bridge(-
CH,-) [Ida and Matjaz, 2005], while the band at 122&2d 1107.6 cih are
corresponding to methylene ether bridge (-C-O-@i),of which are connecting
between two aromatic rings [Liang et al., 2000]e &bsorption bands at 1616.2 and
1490.7 crit are associating with C=C bonding with in aromaitig [Ida and Matjaz,
2005]. All peaks that have been proposed to assowiah the functional groups of
the Silica/RF gel are shown in Table 4.3.
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Figure4.6 FT-IR spectra of silica/RF gel prepared at varidesperatures:
(a) 50°C, (b) 30°C and (c) -10°C.



Table 4.3 Assignments of FTIR absorption bands of the sik¢agels.
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IR bands[cm™]

Functional groups

At 50°C | At 30°C | At-10°C
3312.9 | 3316.7| 3284.3 OH stretching andJMHtetching”
29456 | 2939.3| 2938.8/ in phase stretching vibrafoiCH,- alkané’
2885.5 | 28855  2885.5 -CH,- methylene briddd
1616.2 = 1617.1| 1617.2 C=C aromatic rinf
1490.7 - : C=C aromatic rintf
1471.7 | 14575  1458.9 -CHs- methylene briddd
1382.4 | 1378.4| 1375.4 OH in plané’
1301.0 = 1302.7| 13022 C-O stretchin§!
1223.2 1229.6 1223.2| C-O-C stretching vibrationmethylene ethe
bridges between resorcinol moleclites
1168.8 | 1166.2  1169.2 CH aromatic, in-plarfd
1144.1 - f C-O stretchinf!
1107.6 1107.4 1110.5] C-O-C stretching vibrationmethylene ethe
bridges between resorcinol moleclites
Si-O-Si stretching! and Si-O-C stretchirty
1023.2 ! 1019.6 aliphatic hydroxyf!
981.3 - - -C-H?
903.4 909.3 910.0 -Si-OH®
840.1 846.4 : -Si-0-H®
773.6 ’ 779.9 SiC stretchin§’

=

=

[ Liang et al., 20002 Fuente et al., 2008Y Ida and Matjaz, 2005
% Vejayakumaran et al., 2008 Li et al., 2009 anff’ Hruby and Shanks, 2009



32
After the addition of APTMS into RF gel, the degean the broad FR-IR

band for OH stretching centered at 3316.7*@nd the formation of Si-O-Si bonding
as witnessed from a band at 1117.4"ciMejayakumaran et al., 2008], confirm the
APTMS grafting reaction with RF clusters, as shawifrigure 4.7. Figure 4.8 shows
mechanism for the incorporation of APTMS into RRsters,which proposes the

reaction between the hydroxyl groups on surfac®©fclusters and the trimethoxyl
group of APTMS.
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Figure4.7 FT-IR spectra of: (a) RF gel and (b) Silica/RF gel.
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Figure 4.8 Idealized mechanism for the incorporation of APTM® RF clusters.
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4.3 Effect of Acetic Acid Addition on RF Solution

In this section, RF solution was prepared with thgo of resorcinol-to—
formaldehyde (R/F), resorcinol-to-water (R/W) awodism carbonate-to-water (C/W)
at 0.5 mol/mol, 0.15 mol/mol and 10 mofimespectively. The mixture was stirred
for 15 min at controlled temperature of 30°C durgal formation. After aging the RF
solution (e.qg. kept for 1 or 30 h), 5 ml of acetad was added to the mixture.

Figure 4.9 shows light scattering of laser bearaugh RF mixture before and
after the addition of acetic acid into the aged $fution. It can be seen that the
addition of acetic acid into the RF solution result the decrease in laser beam
scattering. It also makes the RF mixture fadedalorc The effect of acetic acid is

further investigated from FT-IR spectra shown igufe 4.10.



35

Before adding acetic acid After adding acetic acid

(@)

Before adding acetic acid After adding acetic acid

(b)

Figure4.9 Light scattering of RF solution aged for 1 h'(ajl &® h (b), before and
after adding acetic acid.
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According to Figure 4.10, the bands around 2913470.3, 1227.1 and

1112.0 crit, which are assigned to the methylene bridge §-Ca&hd methylene ether
bridge (-CH-O-CH,-) [Ida and Matjaz, 2005] can not be observed dfteraddition
of acetic acid. On the contrary, the oxygenatedtional group (C=0) is detected at
1708.3 cnit [Ida and Matjaz, 2005]. Moreover, the absorptiomdsaat 3217.8 and
1011.3 crt attributing to OH stretching and aliphatic hydrbxgroup [lda and
Matjaz, 2005], respectively are observed. The bamdand 1650.3 and 1508.4 ¢m
corresponding to C=C in aromatic ring [Ida and Mzatj2005], can still confirm the
existence of the resorcinol group in the RF mixtukecording to all signals has
discussed above, it is suggested that the aceiit s damaging effect on the

network of RF clusters.
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Figure4.10 FT-IR spectra of RF-solution aged for 1 h, befoa¢ &nd after (b)

adding acetic acid comparing with that of RF solutaged for 30 h,

before (c) and after (d) adding acetic acid.
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Figure 4.11 shows FT-IR spectra of the RF mixtuteraadding acetic acid

and reforming into gel. Both spectra are similathat of the RF gel before adding
acetic acid. Details of the FT-IR absorption barade listed in Table 4.4. As
mentioned earlier, acetic acid damages methyleélid,) and methylene ether (-GH
O-CH,-) bridges of the RF clusters, forming carboxyl yra-COOH) attaching to
benzene ring. It is suggested that hydroxymeth@H{OH) is later replaced the
carboxyl groups at 2, 4, 6 position of the benzémg which enables the formation of
gel network. After, the transformation from solutito gel is completed, the crosslink
between resorcinol and formaldehyde is restoredpéotially restored). Methylene
(-CHy-) and methylene ether (-GHD-CH,-) bridges are established between two
aromatic rings once again. The proposed mechaismawn in Figure 4.12.

(b)

Transmittance [a.u.]

(@)

4000 3600 - 3200 . 2800 .. 2400 2000 1600 1200 800 400
Wavenumber [cm ']

Figure4.11 FT-IR spectra of RF-solution aged for 1 h (a) afdi3(b), after

adding acetic acid at gel and forming into gel agai



Table4.4 Assignments of FTIR absorption bands of the RFrgérmed after
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acetic acid was added.

IR bands [cm™]
Functional groups
RF1h RF 30 h
3222.8 3217.3 OH stretching’
2921.2 2922.3 in phase stretching vibration of Cilkané?”
2851.7 2850.1 -CH,- methylene bridd@
1708.3 1708 C=0 stretching from unreaction formiaydie,
| carbonyl generated when furfural underwent
; ring-opening reaction under acid conditidn
1650.3 1650.2 C=C aromatic rin{§
1508.4 1509.7 C=C aromatic rin{§
1389.9 1389.9 OH in plan&’
1251.5 1251.6 asymmetric stretch of phenolic (C4E}®
1221.1 1218.7 C-O-C stretching vibrations of methgl ether
bridges between resorcinol moleclites
1168.8 - | CH aromatic, in plan@
1150.2 . C-O stretchin§f!
- 1048.8 single bond C-O stretching vibrations of
—CH,OH group’
1011.3 1011.5 aliphatic hydroxyf’
963.0 | 2,4- substituted benzene rifig
885.0 884.8 C-H out of plané’
845.2 - C-H out of plan&!

[ Liang et al., 20007 Poljansek and Krajnc, 2005 atitlLong et al., 2008

a



CH,-O—CH,
OH OH

C—OH
CH3COOH

O
o)
;@ e
OH H™ TH
=7 Formaldehyde
CHZ\ CH
H,—O-CHJ J‘|: g

RF clusters

RF-Acetic cluster

OH

OH
HO—CH,

CH,
CH,—OH

IO H
OH
e v OH CH,
OH
OH

|CH2 CHZ\O\ OH OH

OH OH CH CH,

. . O
|
Substituted resorcinol OH  Ch

RFE-Acetic ge

Figure4.12 Proposed mechanism for the effect of acetic aciRBmel

39



40
4.4 Effect of Amount of Acetic Acid Added into Silica/RF Mixture

In this section, RF solution was prepared with thBos of resorcinol-to-
formaldehyde (R/F), resorcinol-to-water (R/W) amdism carbonate-to-water (C/W)
of 0.5 mol/mol, 0.15 mol/mol and 10 mofinrespectively. The solution was stirred
for 15 min before aging in the controlled temperataf 30°C for 1 or 30 h. After
aging, acetic acid was added in the amount vanech f1, 3, 5, 7, 9 and 11 mi
together with silica precursor (APTMS) (fixed Si#3.05 mol/mol) with continuous
stirring at -10°C, until gelation occurred. Theme silica/RF gel was aged at 30°C for
3 days.

Table 4.5 and Figure 4.13 show the results of gelatime for silica/RF
mixture. The gelation time is affected by increasedount of acetic acid. The RF
solution aged for 1 h results in longer gelationdithan the RF solution aged for 30 h
because the hydrogel network is formed in greateene along the increasing aging
time of the RF solution via sol-gel polycondensati?vhen APTMS is added to the
RF mixture that has been nearly completely gelled,mixture solidifies rapidly (i.e.
the gelation time for silica/RF mixture is extregmedhort). In order to increase
gelation time for silica/RF gel, acetic acid caovwsldown the reaction between RF
solution and APTMS, which consequently lead to hgemmus gel. The result is

shown in Figure 4.14.
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Table4.5 Synthesis conditions for silica/RF Mixture with thedition of acetic

acid.

Sample Aging timefor Am(?unt _Of o
D RF solution (h) aceticacid | APTMS(ml) | Gelation time
(ml)
R1-1 1 1 1.36 10 min
R1-2 1 3 2.22 20 min
R1-3 1 5 3.07 25 min
R1-4 1 7 3.93 36 min
R1-5 & 9 4.78 1.30 h
R1-6 1 Nl 5.64 8h
R30-1 30 1! 1.36 3 sec
R30-2 30 3 2.22 4 sec
R30-3 30 5 3.07 3 min
R30-4 30 7 3.93 21 min
R30-5 30 9 4.78 1.28 h
R30-6 30 11 5.64 7.30 h
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— RF solution aged for 1 h
---- RF solution aged for 30 h

450 -

Gelation timefor silica/RF mixture (min)

Amount of acetic acid (ml)

Figure4.13 Relation ship between amount acetic acid addedyetation time of

silica/RF mixture.

Figure4.14 Light scattering of silica/RF mixture contain var®oamount of acetic
acid: (a) 0 ml, (b) 1 ml and (c) 5 ml, after addikgTMS.
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After aging of the silica/RF gel at room temperattor 3 days, the obtained

solid product was crushed into powder and driedvien at 110°C for 16 h. Then, the
dried silica/RF gel was converted into silica/carlmmmposite by pyrolysis at 250°C
for 2 h and 750°C for 4 h under continuous flownifogen.

Table 4.6 shows BET surface area and pore diaroéfgyrolysis sample with
Si/C molar ratio of 0.05 at various amount of acetid. From the results, it is found
that the surface area is decreased as more acaticsadded. For the gel with small
volume of acetic acid, silica/carbon compaosite ighly porous, in which the pore
diameter is small. In contrast, if large volumeasttic acid is added, the pyrolyzed
sample has low surface area and becomes nonpdrbisscan be explained by the
mechanism that the low condensation reaction natel@ng gelation time created a
less cross-linked structure consisting of largeopanticles that collapse during drying
and pyrolysis. The result conforms with the regmyrtYamamoto et al., 2001, shown

in Figure 4.15.

Table4.6 Surface area anaverage pore diameter of silica/carbon compositer af

pyrolysis
Sample Surface area ) Average pore diameter (A)
R1-1 291.4 76.3
R1-2 67.7 55.5
R1-3 23.1 486.8
R1-4 23.3 490.2
R1-5 6.5 no pore

R1-6 2.0 no pore
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As the sol-gel polycondensation of silica/RF gahsition proceeds, colloidal

particles can behave as Brownian particles as &nthe mixture has not solidified.
Then, the colloidal particles form a network sturetwhich is still not percolated yet.
Their dynamics are also governed by concentratioctufation associated with the
translational motion of the network. In Figure 4.1i5is suggested that size of the
particles forming the cross-linked structure ofcsilRF mixture tends to decrease
with decreasing amount acetic acid. On the contraize of the particles tend to
increase with increasing amount of acetic acid. ddemncreasing volume of acetic
acid in the silica/RF solution results in increasgelation time of silica/RF gel. The

experiment conforms to the report by Yamamoto .e{2001).
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Figure4.15 Images for structure formation during the sel-gtransition
[Yamamoto et al., 2001].
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4.5 Effect of Type of Silica Precursor

4.5.1 Effect of Slica Precursor without the presence of Acetic Acid

In this work, two types of silica precursor, i.ePAMS and MPTMS were
investigated.The RF solution was prepared by the same procetkgeribed earlier.
After aging the RF solution for 1 h, silica prean$APTMS or MPTMS) was added
into the RF solution under continuous stirring H3°C (fixed Si/C = 0.05 mol/mol),

until gelation occurred. Then, the silica/RF gebveged at 30°C for 3 days.

Table 4.7 and Figure 4.16 show gelation time andtq@raph of silica/RF
mixture after the silica precursor was added to Bie solution for 15 min,
respectively. It can be observed that RF solut@migied almost as soon as APTMS
was added to the solution. On the contrary, theagRF mixture with MPTMS as
silica precursor form into gel after 22 h.

Table4.7 Synthesis conditions of silica/RF gel using diffaretype of silica

precursor.
. Agingtime | Amount of o, _
Typeof silica - - Silica Precursor Gelation
for RF acetic acid _
precur sor ] (ml) time
solution (h) (ml)
APTMS 1 - 0.94 1 sec
MPTMS 1 - 1.00 22 h
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Figure4.16 Light scattering of silica/RF mixture formed by ngi APTMS (a)
and MPTMS (b) as silica precursor.

Figure 4.17 shows FT-IR spectra of silica/RF gehioh usesAPTMS or
MPTMS as precursor of silica. Both samples exhalbisorption bands at 1110-1095
cm' indicating the presence of Si-O-Si, Si-O-C and ©Qat 950-910 cth
indicating the presence of Si-OH bonds [Li et 2009]. The peaks at 2860-2848tm
associating with Si-O-CH[Brito et al., 2002] can not be observed in eittample.
These results indicate that both APTMS and MPTM&ctréo form silica/RF gel
completely. The details for the absorption bandoesated with functional groups of
APTMS, MPTMS and silica/RF gel are shown in Tahk 4
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Figure4.17 FT-IR spectra of silica/RF gel, which usaBPTMS (a) and MPTMS

(b) as precursor for silica.
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Table 4.8 Assignments of FTIR absorption bands of the siR€afels using either
APTMS or MPTMS as precursor of silica.

IR bands [cm™]
Functional groups
APTMS MPTMS
3284.3 3352.5 NH,, OH stretch’
2938.8 2926.9 in phase stretching vibration of Cilkane
2885.5 . -CH,- methylene briddd
- 2848.4 -SiOCH; stretching’
1617.2 1605.2 C=C aromatic rinf
- 1490.6 C=C aromatic rintf
1458.9 1469.8 -CH,- methylene briddd
- 1407.2 OH in plané’
1375.4 1372.0 C-O stretchin§f!
1302.2 1302.8 C-O stretchin§!
1223.2 1225.0 C-O-C stretching vibrations of methgl
ether bridges between resorcinol molectles
1169.2 1170.8 CH aromatic, in-plartd
1110.5 1110.5 C-O-C stretching vibrations of methgl
ether bridges between resorcinol molectles
Si-O-Si stretching and Si-O-C stretchiy
- 1058.0 -SiOCH; stretching
1019.6 1014.2 aliphatic hydroxyf’
- 963.9 C-H out of plarid
910.0 905.2 -Si-OH?!

M Liang et al., 2000? Fuente et al., 2008 Ida and Matjaz, 2005;
[ Vejayakumaran et al., 2008 Li et al., 2009 Hruby and Shanks, 2009; and
[l Brito et al., 2002



49
Since the gelation of the silica/RF mixture usingTMS as silica precursor is

rapid, we can not study the structure formationrduthe period of gelation. On the
other hand, long gelation time achieved by MPTM&bées us to study structure
formation of the silica/RF gel. Figure 4.18 showB-IR spectra of silica/RF gel
mixture that uses MPTMS as silica precursor, atgng for various periods of time.
It should be noted that the mixture turns into (@ visual observation) after 1 day of
aging. The silica/RF solution in Figure 4.18(a)whdhe evidences for the stretching
of —SIOCH; at 2860-2848 and 1058 dmand Si-OH at 905.2 ch After aging for 10
h, the absorption spectra for the stretching o0&t and C-C-OH at 2860-2848,
1058 and 1257.7 chBrito et al., 2002] are decreased, but the sigas#tibuting for
Si-O-Si, Si-O-C and Si-OH stretching at 1110.9 &®#.0 cnt, respectively are
detected. These results indicate that the trimgihgroups of MPTMS is being
adsorbed on (or reacted with) the OH functionalugreof RF clusters. After the
silica/RF solution completely transforms to geleaf8 days, according to Figure
4.18(d), the band at 2848.4, 1058.0 and 1023.8, @orresponding to the —SiOGH
and C-C-OH bonding are disappeared.
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Figure4.18 FT-IR spectra of silica/RF mixture that u3d®TMS as precursor for
silica, after aging for: (a) O h, (b) 10 h, (c) dydand (d) 3 days.

Figure 4.19 shows mechanism for .the incorporatiofrM®TMS into RF
clusters,which' indicates the reaction between the hydroXH) groups on the
surface of RF clusters and the trimethoxyl silaa®@@CH;) groups of MPTMS. This
is in agreement with the FT-IR bands correspondin@H stretching at 3312.9 ¢
and trimethoxy! silane (-SiOG§iat 2848.4 and 1058.0 €mThen, the crosslinking
by trimethoxyl silane (-SiOC¥J of two molecules results in the formation of SiSD
bonding as observed from the FT-IR band at 111Mm3 [Fiolli et al., 2008; Hruby
and Shanks, 2009; Ida and Matjaz, 2005 and Brit. £2002].
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Figure4.19 Idealized mechanism for the incorporated MPTMS REoclusters.
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4.5.2 Effect of Slica Precursor with the Presence of Acetic Acid

In this part, the effect of acetic acid on thecsilRF gel formed with either
APTMS or MPTMS was investigated. Acetic acid wasledl in to the aged RF
solution before adding silica precursor (APTMS oPT™MS) under continuous
stirring at -10°C. The silica/RF gel was aged at@0@or 3 days. Details of the

synthesis condition are shown in Table 4.9.

Table4.9 Synthesis conditions of silica/RF solution at vasokinds of silica

precursor.
= Silica _
Aging timefor Amount of Gelation
Sample . R precur sor _
RF solution (h) | acetic acid (ml) time
(ml)

RF-Acl-APTMS 1 ' 1.36 10 min
RF-Ac1-MPTMS 1 1 1.47 72 h

Comparing to the results shown in Table 4.7, it banseen that addition of
acetic acid prolongs the gelation time of the aillRF mixture, regardless of the type
of silica precursor. Nevertheless, it iIs shown tMRTMS is less reactive than
APTMS.

According to Figure 4.20 and Table 4.9, which shgiwtograph of silica/RF
mixture and gelation time, respectively, it candieserved that RF solution added
with APTMS forms into gel within. 10 min. On the ethhand, the silica/RF solution
which uses MPTMS as silica precursor, forms intcag&2 h.

(br_] = -:d h -y

Figure4.20 Light scattering of silica/RF solution added acedwd at various
kinds of silica precursor are used: (a) APTMS dnd{PTMS.
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The FT-IR signal from silica/RF gel that uses APTMS silica precursor

(Figure 4.21(a)) can be attributed to stretching-8fOCH;, Si-O-Si, Si-O-C and Si-
OH at 2834.8, 1113.5 and 908.0 tmespectively. The oxygenated functional group
(C=0) generated and C=0 stretching of formaldehspleears at 1704.5 ¢mAfter
aging for 1 day, the silica/RF mixture started togninto gel. The FT-IR spectrum in
Figure 4.21(b) shows that the absorption bandbaitied to —SiOCHlat 2834.8 cil is
disappearing. Then, after 3 days, the silica/RRunetransformed to gel completely.
The FT-IR signal at 1704.5 ¢hcorresponding to C=O stretching of formaldehyde

disappears (see Figure 4.21(c)). The results stugbescrosslinking between two
resorcinol molecules by formaldehyde.
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Figure4.21 . FT-IR spectra of silica/RF gel, which was formedaading APTMS

after the addition of acetic acid and aged for:qd), (b) 1 day anc
(c) 3 days.
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The FT-IR signal from silica/RF gel that uses MPTMS silica precursor

(Figure 4.22(a)) can be attributed to stretching-8fOCH, Si-O-Si, Si-O-C and Si-
OH at 2839.3, 1108.5 and 905.3 tmespectively. The oxygenated functional group
(C=0) generated and C=0 stretching of formaldehsplgears at 1708.2 ¢mAfter
aging for 1 day, the silica/RF mixture started togninto gel. The FT-IR spectrum in
Figure 4.22(b) shows that the absorption bandbaitied to —SiOCHlat 2839.3 cil is
disappearing. Then, after 3 days, the silica/RRunetransformed to gel completely.
The FT-IR signal at 1708.2 ¢hcorresponding to C=0 stretching of formaldehyde
disappears (see Figure 4.22(c)). The results stuggescrosslinking between two

resorcinol molecules by formaldehyde.
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Figure4.22 FT-IR spectra of silica/RF gel, which was formeddagding MPTMS
after the addition of acetic acid and aged for:qd), (b) 1 day antc
(c) 3 days.
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All FT-IR bands that have been proposed to assoaiath the functional

groups of silica/RF gel formed by using APTMS an®TNMS as precursor of silica,
are shown in Table 4.10 and 4.11, respectively.

Table4.10 Assignments of FTIR absorption bands of the sikRéagel, which was
formed by adding APTMS in the presence of acetid.ac

IR bands [cm™]
Agedfor | Aged1l | Aged for 3 Functional groups
Oh day days
3251.1 3146.4 3393.1 NH,, OH stretcH”
2945.6 - - in phase stretching
vibration of -CH- alkané’
2834.8 - - -SiOCH; stretching’
1704.5 1710.8 - C=0 stretchinl!
1620.2 1619.0 1625.3 C=C aromatic rinf
1549.1 1557.4 1560.1 C=C aromatic rinf
1467.0 - - -CH,- methylene briddd
1407.0 1410.5 1419.7 OH in plané’
1277.1 1299.2 1302.4 C-O stretchin§!
1174.0 1188.4 1191.6 CH aromatic, in-plarid
1150.1 - - C-O stretchin§!
1113.5 1117.8 1117.8 C-0O-C stretching vibrationmethylene
ether bridges between resorcinol molectles
Si-O-Si stretching and Si-O-C stretchiiy
908.0 915.9 919.3 Si-OH stretching®

M Liang et al., 2000? Fuente et al., 2008 I1da and Matjaz, 2005;
[ Vejayakumaran et al., 2008 Li et al., 2009!®! Hruby and Shanks, 2009 and
[l Brito et al., 2002



Table4.11 Assignments of FTIR absorption bands of the sikéa/gel, which
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was formed by adding MPTMS in the presence of acetid.

IR bands [cm™]

Aged for | Aged1 | Aged for 3 Functional groups
Oh day days
3282.4 3329.0 3297.8 OH stretcH’
2948.2 2926.6 29254 In phase stretching vibradfoi€H,-
alkané®
2839.3 - - -SiOCH; stretching/’
1708.2 1707.0 1704.5- C=0 stretchin}
1605.2 1617.1 1616.7 C=C aromatic ringj
1490.8 1507.6 1507.5 C=C aromatic ringj
1447.9 1448.5 14443 -CH,- methylene briddd
1392.5 1381.5 1380.6 OH in plané’
1259.8 1258.0 1257.7 c-C-oH*
1169.7 1231.0 1230.7 CH aromatic, in-plarid
1108.5 1094.0 1091.4 C-O-C stretching vibrationmethylene
ether bridges between resorcinol
molecules’, Si-O-Si stretching and Si-O-C
stretching®
1008.9 L - aliphatic hydroxyf’
963.2 975.7 975.6 C-H out of plané!
905.3 - - Si-OH®

{

M Liang et al., 20007 Fuente et al., 2008? 1da and Matjaz, 2005;
4 Vejayakumaran et al., 2008 Li et al., 2009!®! Hruby and Shanks, 2009;
[} Brito et al., 2002 anff! Long et al., 2008
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4.6 Effect of Aging Temperaturefor Silica/RF Gel

In this part, the effect of aging temperature fitica/RF gel is investigated.
The silica/RF mixture was prepared by using APTMS grecursor for silica (Si/C =
0.05 mol/mol). Acetic acid was also added to thedRkition, which had seen aged
for 1 h. The aging of the silica/RF gel was conddcat 30, 50, 70°C for 3 days, of
which the samples are denoted as R1-13, R1-15 arii’Rrespectively.

The obtained solid product was crushed into powated dried in oven at
110°C for 16 h. After that the dried silica/RF gehs converted into silica/carbon
composite by pyrolysis at 250°C for 2 h and 7506€4 h under continuous flow of

nitrogen.

The influence of the aging temperature on the abti silica/carbon
composite is illustrated in Table 4.12. Increadimg temperature leads to significant
reduction in surface area of the silica/carbon ghlich may relate to the problem in
the formation of crosslinking polymer network idic/RF gel. High temperature
affects mobility of both molecules and clusters amdy influence the rate of

condensation. That is one of the most importan stgel formation.

Table4.12 Surface area and average pore diameter of silid@nacomposite
synthesized from silica/RF gel aged at various &napires.

Aging temperatare /| & | & oo drda

Sample for silica/RF gel (°C) (/) Average pore diameter (A)
R1-13 30 291.4 76.3
R1-15 50 283.6 56.4

R1-17 70 188.8 29.9
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4.7 Resaults from the Carbothermal Reduction and Nitridation

In the carbothermal reduction and nitridation pes;ethe silica/carbon
composite was heated to 1450°C for 6 h under flaimogen and hydrogen. The

obtained product was further calcined at 700°CLfdh to remove excess carbon.

Figure 4.23 shows XRD analysis results of prodafter pyrolysis, nitridation
and subsequently calcination of silica/RF gel pregaat different reaction

temperature. It is formed that all calcined prodwarea-silicon carbide.

A o-Silicon carbide

& Silicon oxide

(©

Intensity (a.u.)

| (b)

(@)
20 25 30 35 40 45 50

20 (degree)

Figure4.23 XRD patterns. of products from the nitridation andbsequent
calcination ' of pyrolyzed silica/RF gel synthesized various
temperatures: (a) 50°C, (b) 30°C and (c) -10°C qushPTMS as
silica precursor.
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Table 4.13 shows BET surface area of silica/cadmmnposite after each step

of the process (i.e. pyrolysis, carbothermal reidacand nitridation, and calcination).
The resulting surface area of the product obtaafezt pyrolysis(e.g. 291.5 rfig for
RF-AP-10) and after nitridation (e.g. 520.8/gnfor RF-AP-10) is increased because
the reaction progresses toward the formatiorn-gilicon carbide. Surface area is
decreased after calcination because product attegreoyrolysis or nitridation still
contains high content of carbon, which is a magaree for porosity. The calcination
remove the residual carbon and therefore resultsamatic drop in the surface area.
Nevertheless, the results confirm that porous ailicarbide can be synthesized

according to the process proposed in this research.

Table4.13 Surface area of silica/carbon composite after difiestage of reaction.

The composite was prepared from silica/RF gel farna¢ various

temperature.
Temperature for the Surface area (Pfg)
Sample ID synthesis of silica/RF
gel (°C) Pyrolysis Nitridation  Calcination
RF-AP-50 50 360.2 1,294.1 70.0
RF-AP-30 30 325.8 1,781.8 54.5

RF-AP-10 -10 291.5 520.6 71.9
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Figure4.24 SEM micrographs of silica/carbon composite of RFKP (a) after

pyrolysis, (b) after nitridation (c) aftealcination.
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Figure 4.25 is XRD analysis results of productsnfr¢he nitridation and

subsequent calcination of silica/carbon compositbe composites that were
synthesized from RF solution aged for &-Bilicon nitride/silicon carbide composite.
In contrast, aging of the RF solution for 30 h fesun a-silicon carbide after

pyrolysis, nitridation and calcination.

m a-Silicon nitride

A o-Silicon carbide

- (d)

(€)

Intensty (a.u.)
¥

T T T T T T T T (a)
20 25 30 35 40 45 50
20 (degree)

Figure4.25 XRD patterns of products from the nitridation andbsequent
calcination of pyrolyzed silica/RF gel synthesizesihg APTMS with
an addition of acetic acid (a) R1-1, (b) R1-3,R80-1 and (d) R30-3.
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Table 4.14 shows the specific surface area of dneptes analyzed in Figure

4.25 after each preparation step. It indicates @ligbroducts synthesized are highly
porous silicon nitride or silicon carbide. Amourft acetic acid added significantly
affects the surface area of the final product, esitite porosity of the product is
controlled by the dispersion of silica clustersthie carbonized RF gel. It should be
noted that the surface area of the product is diiaally increased after the nitridation
process. This should be the results from the aeatwvaf the carbon by hydrogen fed
into the reactor to assist the nitridation. Thisideal carbon was completely removed

by the calcination process so that the surface @frtee calcined product is decreased.

Table4.14 Specific surface area of the product after eachgregion step.

Surface area ()
Sample
Pyrolysis Nitridation Calcination
R1-1 2914 288.5 545
R1-3 23.1 115.8 193.4
R30-1 300.7 625.7 67.0

R30-3 56.6 n.a. 142.9
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Figure 4.26 and 4.27 show SEM micrographs of thedyet after different

preparation steps. It can be seen that morpholbthecsilica/RF gel after pyrolysis is
clusters. After the carbothermal reduction andidation, nanostructure is formed
within the porous carbon. The removal of the residearbon by the calcination

produces porous silicon nitride or silicon carbidether fiber or pellet form.

R1-1 R1-3
(@)

5300 1500y BAmm 0Lk SE D600 J1.51

R1-1
(b)

Figure4.26 SEM micrographs of silica/RF gel formed by usingTAMS with an
addition of acetic acid in various amount at the &fing time 1 h:

(a) after pyrolysis and (b) after calcination.
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53400 15,0k 8 2men x20 0k SE 0062008 1318

Figure4.27 SEM micrographs-of silica/RF gel formed by usingTAMS with an
addition of acetic acid in-various amount at the &jing time 30 h:

(a) after pyrolys and (b) after calcination.
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Figure 4.28 shows results from X-ray diffractionabsis of products after

calcination step. The sample was prepared by usitngr APTMS or MPTMS as
precursor for silica. Nevertheless, both samplggeapto bex-silicon carbide. Table
4.15 shows surface area of these samples after pagaration step. It should be
noted that the surface area of the product is diiaally increased after the nitridation
process. This should be the results from the aativaf the carbon by hydrogen fed
into the reactor to assist the nitridation, as noeetd earlier. This residual carbon was
completely removed by the calcination process abttie surface area of the calcined

product is decreased.

A A A o-Silicon carbide
& Silicon oxide
E)
&
7 (b)
E= |
15
£
@
20 25 30 35 40 45 50

20 (degree)

Figure4.28 XRD patterns of products after calcination- whéa) APTMS
[RF-AP-10] and (b) MPTMS [RF-MP-10] were used asqursor for

silica.
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Table4.15 Surface area of silica/carbon composite after gaeparation step. The

composite was prepared by using either APTMS or MBTas
precursor for silica.

Surface area (ffg)

Sample
Pyrolysis Nitridation Calcination
RF-APTMS 291.5 520.6 71.9
RFE-MPTMS 383.0 1069.1 73.5

Figure 4.29 shows results from X-ray diffractionabsis of products after
calcination step. The sample prepared by using ABHES! precursor for silica appears
to be a-silicon nitride/silicon carbide composite, but tkemple prepared by using
MPTMS as precursor for silica appears taxkslicon carbide.

m o-Silicon nitride
1 A o-Silicon carbide

- R —— ()

Intensity (a.u.)

20 25 30 35 40 45 50
20 (degree)

Figure4.29 XRD patterns of products after calcination when A& TMS [RF-
Acl-AP-10] and (b) MPTMS [RF-Acl-MP-10] were used a
precursor of silica with the addition of aceticdaci
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Table 4.16 shows surface area of these sampleseaftd preparation step.

This should be the results from the activationhaf ¢arbon by hydrogen fed into the
reactor to assist the nitridation, as mentionediezarThis residual carbon was
completely removed by the calcination process abttie surface area of the calcined

product is decreased.

Table4.16 Surface area of silica/carbon composite after gaeparation step. The
composite was prepared by using either APTMS or MBTas

precursor for silica with the addition of acetigdac

Surface area (ffg)
Sample
Pyrolysis Nitridation ~ Calcination
RF-Ac1-APTMS 291.4 288.5 54.5
RF-Ac1-MPTMS 380.4 1186.5 157.8

Table 4.17 shows surface area of the samples athlyz Figure 4.30 after
each preparation step. The result can be obsenatdncreasing aging temperature of
silica/RF gels decreases surface area after pysolgtep, because of rapid
condensation of silica/RF gel structure. The d&@as in Table 4.12 also indicate
that the pyrolyzed structure contains smaller pamsesthe aging temperature is

increased.

Table4.17 Surface area of silica/carbon composite after gaeparation step. The

composite was prepared from silica/RF gel agedfiarent temperature.

Surface area (ffg)

Sample

Pyrolysis Nitridation Calcination
R1-13 291.4 288.5 54.5
R1-15 283.7 816.9 161.5

R1-17 188.8 768.5 208.2
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The results shown in Figure 4.30 are X-ray diffiactanalysis results of the

final products after calcination. The final produtom R1-13 (Figure 4.30(a))
remainsa-silicon nitride/silicon carbide composite, wherd@$-15 (Figure 4.30(b))
and R1-17 (Figure 4.30(c)) exhibit crystalline sture ofa-silicon carbide.

Intensty (a.u.)

. A A a-Silicon carbide
MW\\ + Siliconoxide
i (c)

m ¢-Silicon nitride

(b)

(@)

25 30 35 40 45 50

20 (degree)

Figure4.30 XRD patterns of products from calcination of silzabon composite

synthesized from silica/RF gel aged at various &natpires: (a) 30°C
[R1-13], (b) 50°C [R1-15] and 70°C [R1-17].



CHAPTER YV

CONCLUSIONS AND RECOMMENDATION

5.1 Conclusions

This work studies the incorporation of silica into RF clusters via the sol-gel
polycondensation. The result shows that the reaction between silica precursor and RF
solution israpid. The addition of acetic acid into RF mixture damages structure of RF
clusters, which can slow down the reaction between silica precursor and RF solution.
However, re-formation of the silica/lRF gel results in changes in chemical structure
that affect phase of the product from the subseguent carbotherma reduction and

nitridation process.

5.2 Recommendations for Future Work

In this study effects of various factors, such as aging time for RF solution,
reaction temperature during the sol-gel polycondensation of silica/RF gel, acetic acid
addition on RF solution, amount of acetic acid added into silica/lRF solution, type of
silica precursor, aging temperature for silicalRF gel, on the synthesis of silicon nitride
and silicon carbide via the carbothermal reduction and nitridation of silicalRF
composite have been investigated. Some recommendations for future work are listed
as follows: (i) relationship between chemical structure of silica/lRF gel and phases of
the final product should be investigated in details, (ii) thermodynamic calculation of
the carbothermal reduction and nitridation process should be investigated.
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APPENDIX A

PICTURES OF RF SOLUTION
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Figure A.1 Scatter Light scattering of RF solution aged fanmas times.
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APPENDIX B

DATA OF PORE DIAMETER AND PORE VOLUME

Table B.1 Data of pore diameter and pore volume of the gdmdon composite

after pyrolysis, prepared from silica/RF gel fornadb0°C.

Pore Diameter (A) Pore Volume (cm3/qg)
710.4 0.020
434.7 0.020
298.5 0.011
208.5 0.006
135.9 0.003
87.3 0.004
53.3 0.010
34.2 0.032
21.9 0.108

Table B.2 Data of pore diameter and pore volume of the prbdafter the
carbothermal reduction and nitridation processpared from silica/RF
gel formed at 50°C.

Pore Diameter (A) Pore Volume (cm3/q)
703.6 0.047
431.9 0.054
296.6 0.057
235.5 0.012
138.6 0.054
92.5 0.110
53.7 0.320
34.2 1.459
21.9 1.806
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Table B.3 Data of pore diameter and pore volume of the prbdtter calcination,

prepared from silica/RF gel formed at 50°C.

Pore Diameter (A) Pore Volume (cm3/q)
716.5 0.083
440.6 0.277
299.6 0.277
234.2 0.165
135.5 0.060
84.1 0.017
47.8 0.022
30.7 0.038
18.6 0.089

Table B.4 Data of pore diameter and pore volume of the gdemdon composite

after pyrolysis, prepared from silica/RF gel formra@0°C.

Pore Diameter (A) Pore Volume (cm3/q)
53 0.016
434.6 0.016
297.4 0.011
207t 0.009
148.3 0.003
88.4 0.001
51.1 0.004
34.0 0.015
21.9 0.064
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Table B.5 Data of pore diameter and pore volume of the prbadafter the

carbothermal reduction and nitridation processpared from silica/RF

gel formed at 30°C.

Pore Diameter (A) Pore Volume (cm?3/q)
710.5 0.108
435.8 0.171
299.3 0.335
236.2 0.504
LN 0.526
94.3 0.514
53.8 0.621
34.3 1.749
21.9 2.119

Table B.6 Data of pore diameter and pore volume of the prbdtter calcination,

prepared from silica/RF gel formed at 30°C.

)

Pore Diameter (A) Pore Volume (cm3/g
716.3 0.036
446.9 0.142
302.2 0.161
235.0 0.149
150.5 0.101
86.4 0.071
48.8 0.036
30.5 0.027
18.5 0.047
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Table B.7 Data of pore diameter and pore volume of the prbadafter the

carbothermal reduction and nitridation processpared from silica/RF

gel formed at -10°C.

Pore Diameter (A) Pore Volume (cm?3/q)
708.9 0.038
435.3 0.065
298.9 0.059
209.3 0.051
149.6 0.061
95.6 0.119
54.9 0.379
35.4 1.059
23.0 0.865

Table B.8 Data of pore diameter and pore volume of the prbdtter calcination,

prepared from silica/RF gel formed at -10°C.

Pore Diameter (A) Pore Volume (cm3/g
717.3 0.023
452.2 0.151
304.5 0.137
237.2 0.112
151.0 0.054
86.7 0.064
51.3 0.119
32.0 0.110
19.7 0.078

)
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Table B.9 Data of pore diameter and pore volume of the saniplé&R1l-1 after

pyrolysis.

Pore Diameter (A) Pore Volume (cm?3/q)
727.0 0.049
444.0 0.095
301.7 0.063
208.8 0.034
135.9 0.023
87.3 0.025
53.3 0.012
“lea, 0.037
248 0.081

Table B.10 Data of pore diameter and pore volume of the saniplR1-1 after the

carbothermal reduction and nitridation process.

Pore Diameter (A) Pore Volume (cm3/qg)
709.6 0.084
436.9 0.200
299.4 0.281
236.0 0.354
152.1 0.319
93.2 0.305
52.7 0.453
33.1 0.313
19.9 0.314
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Table B.11 Data of pore diameter and pore volume of the sanfiplé&R1l-1 after

calcination.

Pore Diameter (A) Pore Volume (cm?3/q)
722.2 0.052
450.9 0.207
306.6 0.291
235.9 0.338
149.7 0.250
86.0 0.075
48.4 0.010
Shll 0.005
19.0 0.042

Table B.12 Data of pore diameter and pore volume of the saniplé&r1-3 after

pyrolysis.
Pore Diameter (A) Pore Volume (cm3/qg)
723.7 0.015
436.9 0.019
296.3 0.010
205.2 0.006
132.7 0.003
32.9 0.001
21.8 0.017
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Table B.13 Data of pore diameter and pore volume of the saniplB1-3 after the

carbothermal reduction and nitridation process.

Pore Diameter (A) Pore Volume (cm?3/q)
710.4 0.042
434.5 0.091
297.2 0.153
232.6 0.252
150.7 0.424
89.7 0.442
49.5 0.220
29.0 0.022
17.8 0.046

Table B.14 Data of pore diameter and pore volume of the saniplé&R1-3 after

calcination.

Pore Diameter (A) Pore Volume (cm3/q)
706.6 0.034
436.2 0.073
298.1 0.111
233.9 0.178
151.0 0.229

91.3 0.208
51.1 0.234
31.6 0.360
19.2 0.167
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Table B.15 Data of pore diameter and pore volume of the saifiplR30-1 after the

carbothermal reduction and nitridation process.

Pore Diameter (A) Pore Volume (cm?3/q)
705.0 0.034
438.0 0.163
300.4 0.268
235.2 0.399
151.6 0.328
93.6 0.491
J2.3 0.643
“lea, 1.191
20.6 0.736

Table B.16 Data of pore diameter and pore volume of the sarfipl®30-1 after

calcination.

Pore Diameter (A) Pore Volume (cm3/qg)
708.4 0.061
441.0 0.276
299.8 0.294
233.5 0.213
149.1 0.059

84.4 0.019
47.0 0.017
29.9 0.036
17.8 0.082
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Table B.17 Data of pore diameter and pore volume of the gdmdon composite

after pyrolysis, prepared by using MPTMS as premuiwr silica.

Pore Diameter (A) Pore Volume (cm?3/q)
719.3 0.020
459.0 0.187
324.5 0.451
236.4 0.489
150.1 0.267
88.9 0.084
J4.3 0.026
32.9 0.034
21.8 0.074

Table B.18 Data of pore diameter and pore volume of the prbdafter the

carbothermal reduction and nitridation process,p@red by using

MPTMS as precursor for silica.

Pore Diameter (A) Pore Volume (cm3/q)

701.7 0.024
445.5 0.243

314.7 0.799

237.6 1.148

152.9 1.007

95.2 0.734

52.1 0.647

33.3 1.281

21.8 1.264
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Table B.19 Data of pore diameter and pore volume of the prbditer calcination,

prepared by using MPTMS as precursor for silica.

Pore Diameter (A) Pore Volume (cm?3/q)
700.8 0.003
449.2 0.422
306.1 0.462
235.0 0.346
149.1 0.114
84.5 0.044
47.1 0.031
28.9 0.034

Table B.20 Data of pore diameter and pore volume of the gdemdon composite
after pyrolysis, prepared by using MPTMS as premufer silica with

the addition of acetic acid.

Pore Diameter (A) Pore Volume (cm3/q)
717.9 0.031
459.2 0.245
321.2 0.492
238.9 0.672
150.7 0.346
89.0 0.084
51.2 0.022
32.9 0.034
21.8 0.081
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Table B.21 Data of pore diameter and pore volume of the prbadafter the

carbothermal reduction and nitridation process,pg@red by using
MPTMS as precursor for silica with the additionagktic acid.

Pore Diameter (A) Pore Volume (cm?3/q)
1013.6 1.192
613.0 1.179
397.0 1.031
252.8 0.790
152.8 0.749
94.1 0.682
53.6 0.678
34.2 0.917
21.9 1.320

Table B.22 Data of pore diameter and pore volume of the prbdtter calcination,
prepared by using MPTMS as precursor for silicehwviite addition of

acetic acid.

Pore Diameter (A) Pore Volume (cm3/q)
704.7 0.157
441.6 0.972
299.6 0.956
232.8 0.529
134.3 0.109
82.8 0.076
46.6 0.106
28.4 0.072
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Table B.23 Data of pore diameter and pore volume of the prbaafter the

carbothermal reduction and nitridation processpared from silica/RF
gel aged at 50°C.

Pore Diameter (A) Pore Volume (cm?3/q)
713.0 0.041
437.5 0.090
301.4 0.228
236.7 0.493
153.9 0.465
94.6 0.419
53.8 0.309
85,9 0.742
21.8 0.866

Table B.24 Data of pore diameter and pore volume of the prbdtter calcination,
prepared from silica/RF gel aged at 50°C.

Pore Diameter (A) Pore Volume (cm3/q)
1060.4 0.227
413.2 0.163
250.6 0.136
151.2 0.156
92.6 0.250
52.0 0.330
32.6 0.167
20.3 0.098
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Table B.25 Data of pore diameter and pore volume of the prbadafter the

carbothermal reduction and nitridation processpared from silica/RF

gel aged at 70°C.

)

Pore Diameter (A) Pore Volume (cm?3/g
714.5 0.033
439.0 0.073
301.2 0.137
237.0 0.294
154.3 0.337
94.0 0.325
53.8 0.311
34.5 0.764
21.9 0.809

Table B.26 Data of pore diameter and pore volume of the prbdtter calcination,

prepared from silica/RF gel aged at 70°C.

)

Pore Diameter (A) Pore Volume (cm3/g
714.2 0.038
445.2 0.168
302.0 0.185
234.5 0.190
148.5 0.135
85.6 0.237
49.8 0.491
30.5 0.415
18.2 0.089
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APPENDIX C

DATA OF TGA ANALYSIS
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Figure C.1 TGA analysis in nitrogen atmosphere of silica/RH genverts to
silica/carbon composite, was prepared from sili€afel formed at
-10°C.
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Figure C.2 TGA analysis in oxygen atmosphere of the final picid after

calcination, was prepared from silica/RF gel fornagel0°C.
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Figure C.3 TGA analysis in oxygen atmosphere of final prodwdter calcination
with the sample ID R1-1.
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Figure C.4 TGA analysis in oxygen atmosphere of final prodwater calcination

with the sample ID R1-3.
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Figure C.5 TGA analysis in oxygen atmosphere of final prodwadter calcination

with the sample ID R30-1.
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Figure C.6 TGA analysis in oxygen atmosphere of final prodwdter calcination
with the sample ID R30-3.
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Figure C.7 TGA analysis in oxygen atmosphere of final prodwater calcination
with the sample ID R1-17.
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Figure C.8 TGA analysis in oxygen atmosphere of final prodwdter calcination

of silica/RF gel formed by using MPTMS as silicaqursor.
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Figure C.9 TGA analysis in oxygen atmosphere of final prodwdter calcination
of silica/RF gel formed by using MPTMS as silicaqursor with the
addition of acetic acid.
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Effect of Silica Precursor on SigsN4#/SiC Composite Synthesisvia
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Abstract
Porous silicon nitride (8\,)/silicon carbide (SiC)

2. Materialsand M ethods
To form the silica/RF gel, a solution was first

composite can be synthesized via the carbothermgirepared from resorcinol (R), formaldehyde (F) aader

reduction and nitridation of carbonized composite o (W) at the R/F mole ratio of 0.5, R/W mole ratio@i5

silica and resorcinol/formaldehyde (RF) gel. It viasnd
that type of silica precursor used in the prepamatf
silica/RF gel significantly affected phase of tHetaoned
product. However, it was not a critical factor ughcing

the porosity of the product.

1. Introduction

and C/W ratio of 10 mol/fh The mixture was stirred at
room temperature for 15 min, using magnetic stiraéer
which it was aged without stirring for 30 h at 36°Then,
the propyl
trimethoxysilane (APTMS) and tetraethyl orthositea
(TEQS), in the amount that yield Si/C molar ratiothe

precursor for silica, i.e. amino

final gel composite of 0.05 was slowly added to Rfe

Porous SiN,/SIC has been attracting great interestsolution under continuous stirring. After aging rabm

for engineering applications, such as gas filtepasation

membranes and catalyst suppobiscause of its high

temperature for predetermined period of time, wates

removed from the composite by means of solvent

strength at high temperatures, good thermal stressxchange with-butanol. The obtained solid product was

resistance due to the low coefficient of thermalamsion,
relatively good resistance to oxidation comparedtteer

high-temperature and corrosion

crushed into powder and dried in oven at 110°Clfbh.

Next, the dried silica/RF gel was converted into

resistance structurailica/carbon composite by pyrolysis in a step-wise

material$. Although sintering techniques have beenfashion. The dried gel was heated under contintdious

proposed to fabricate poroussi$j/SiC ceramics, the of nitrogen (200 mL/min) at temperature of 250°€ 2ch

direct synthesis via the carbothermal reduction anénd subsequently heated at 750°C for 4 h. The rigeati

nitridation of carbonized silica/RF gel compositash

proved to be a simple and effective approach taywe
mesoporous SN, and SiNJ/SiC compositd. The
technique is consisted of 3 main steps, i.e. foomabf
silica/RF gel, carbonization of silica/RF gel torrfo
silica/carbon composite, and the carbothermal rgaluc

and nitridation of the composite.

rate employed was fixed at 10°C/min.

Then, the carbothermal reduction and nitridation
process was conducted to convert the compositéneiota
from the pyrolysis step into $biz. In this process, the
composite was heated to 1450°C at the rate of DOItC/
under a flow of argon. After the system had reached

1450°C, the reaction was initiated by switching taes

This work focuses on the effective incorporation ofstream from argon to mixture of 90% nitrogen an&o10

silica into the RF gel during the first step, adlvas the
study on the effect of silica precursor on the sgbgnt
formation of SiN, and/or SiC.

hydrogen with a flow rate of 50 L/h. The nitridativas
held at constant temperature for 6 h. The obtained
product was later calcined in a box furnace at TOfast
10 h to remove excess carbon.

The products were characterized by X-ray diffrattio

(XRD) analysis, Fourier transform infrared speataysy
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(FTIR) and surface area determination via nitrogerwithin the pyrolyzed samples. It should be notedtth

absorption (BET). although the FTIR spectra for the carbonized sasnple
synthesized with APTMS and TEOS were similar, the
3. Results and Discussion intensity of the signals for Si-O-Si bond in thengpde

In this work, two silica precursors, i.e. APTMS andfabricated with TEOS were higher than that prepared
TEOS were investigated. The silica precursor wakdd with APTMS.

to the RF gel after the co-polymerization of reswkt

formaldehyde was almost completed. However, it wasZ
observed that the addition of APTMS to the RF solut

resulted in almost spontaneous gellation and

ance

solidification. It has been suggested that the taadiof
APTMS to the RF mixture does not simply immobilize
APTMS to the RF structure, but it initiates theatéan to

Transmitt

i

form other silicon-containing species within the Qﬂ.l 4000 3600 3200 2800 2400 2000 1600 1200 800 400
. . . 4 f -1
The reaction is exothermic and becomes violent if Wavenumber (cm)

APTMS is added to the RF solution rapidly. On theFig. 1. FTIR spectra of: (a) TEOS/carbon gel after
contrary, addition of TEOS did not result in spomtaus  pyrolysis, (b) APTMS/carbon gel after pyrolysis,) (c
gel formation. TEOS/RF gel before pyrolysis, (d) APTMS/RF gel lvefo
One of the major factors affecting the gellatiortred pyrolysis.
RF gel was pH. The pH of the bare RF gel was aBput The results from the X-ray diffraction (XRD)
after aging for 30 h. Since APTMS was more basanth analysis revealed that the products after pyrolysise
TEOS (pH 8 vs. 5), the reaction between APTMS #&ed t indeed amorphous. However, the final products dfter
RF gel mixture was more violent. On the other hahd, carbothermal reduction process and the calcinatmn
the pH of TEOS was adjusted with ammonia priori® t remove excess carbon were crystalline, as shown in
addition into the RF gel, it was found that the taie  Figure 2. It was found that the sample prepared wit
quickly became highly viscous and finally soliddien — APTMS was mainly SN, while the sample prepared
the similar manner as that observed when APTMS wawith TEOS was SN,/SIiC composite, with SiC as the
used. This behavior agrees with the previous report predominant phase. It was suggested that the greate
literature? amount of silica formed from TEOS could undergddsol
Figure 1 shows Fourier Transform Infrared (FTIR)state reaction with carbon to form SiC, accordinghe
spectra of the silica/RF composite synthesized witHollowing equation.
APTMS and TEOS, before and after pyrolysis. It is SiO, (5)+3C ) — SICE) +2CO Q) (1)

shown that, for both samples, the absorption

= -Si3N4

corresponding to the stretching vibration of arameihg A p-SisN4
¢ SiC

at 1614 crit, the absorption bands at 2942, 2874, anc’é\
1479 cm for CH, stretching and the absorption bands at%‘,
1558 cm' for NH disappeared after pyrolysis. It isg

indicated that carbonization of the RF gel, whichks h

been recognized to result in porous carbon stractur

takes place during the pyrolysis. On the other hainel 20 25 302 (d35 \ 40 45 50
O (degree
absorption bands at 1090 and 800’ aascribing to Si-O-  Fig. 2. XRD patterns for the final products prephavéth

Si bond intensify, which suggests the formatiorsiita APTMS (a) and TEOS (b), after calcination.
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Table 1 summarizes the specific surface area of the Figure 3 shows SEM micrographs of the product
samples after each preparation step. It indicdtas dll  after different preparation steps. It can be sewat t
products synthesized are highly poroussN$iSIiC  morphology of the silica/RF gel before pyrolysis isf
composite. Type of the silica precursor does notlusters. After the carbothermal reduction andduation,
significantly affect the surface area of the fipabduct.  SizN, nanostructure is formed within the porous carbon.
Instead the porosity of the product was controbgdhe  The removal of the residual carbon by the calcomati
dispersion of silica clusters in the carbonized ¢&f: It  produces porous $i,/SiC composite.
should be noted that the surface area of the ptodas
dramatically increased after the nitridation preceghis 4. Conclusion
should be the results from the activation of thdorn by Porous silicon nitride/silicon carbide compositen ca
hydrogen fed into the reactor to assist the nitiicia This ~ be synthesized via the carbothermal reduction and
residual carbon was completely removed by thenitridation of carbonized silica/RF gel compositehe
calcination process so that the surface area afdafotned = porous structure of the product was formed accgrdin
product was decreased. the structure of the carbonized RF gel. Howevee, th

phase of the product was determined by type ofiliea
Table 1. Specific surface area of the product afech = precursor employ.
preparation step.
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