nsdansziganmsanantaeisiaarauaznistszyndididusasesiuludasal §isen

ﬂUEI’&JVIEm%W eN9
U
3 N 'laﬁﬂ'iﬂjmm&ﬂﬂ'] a8
eI ud U N8N I AN NN AN G TLTEY AN THAN AR TNVNLTTUT]
A9 1IANTINAT N1ARTNAAINTINLAT
ANLYAFAINIINANANT AW1AINTAINUINEIAE
TnnsAnmn 2553

L

A1ANTVRIAIAINTUNMINNRE

51714807 21



SYNTHESIS OF SPHERICAL SILICA BY SOL-GEL METHOD AND
ITS APPLICATION AS CATALYST SUPPORT

AULINENTNEINS
o AV RS e

Department of Chemical Engineering
Faculty of Engineering
Chulalongkorn University
Academic Year 2010

Copyright of Chulalongkorn University



AULINENINYINS
ARIANTAUNNINGIAY



AULINENINYINS
ARIANTAUNNINGIAY



AULINENINYINS
ARIANTAUNNINGIAY



Vi
ACKNOWLEDGEMENTS

The author would like to express his greatest gratitude and appreciation
to his advisor, Associate Professor Bunjerd Jongsomjit for his invaluable guidance,
providing value suggestions and his kind supervision throughout this study. In
addition, he is also grateful to Assistant Professor Anongnat Somwangthanaroj, as the
chairman, Assistant Professor Joongjai Panpranot and Assistant Professor Okorn
Mekasuwandamrong as the members of the thesis committee. The author would like
to thank the Thailand Researech Fund (TFR):.

Many thanks forkind suggestions and useful help to Mr. Jakrapan
Janlamool, Mr. Benjapo! Nityalornweng, Miss Patsamol Rerksirikul and many
friends in the laboratogy whe always pro'\_/ide the encouragement and co-operate along
the thesis study.

Special thanks for all scieﬁtiéts in Center of Excellence on Catalysis
and Catalytic Reaction’ Engineering, Facu‘lty of Engineering, Chulalongkron

University for support the equipment technie'fue in characterization tests.

Most of all, the author Wouldﬁlge_ to express his highest gratitude to his
parents who alwayspay attention to his all the times for suggestions, support and

encouragement.



ABSTRACT (THAI)

CONTENTS

ABSTRACT (ENGLISH).....ooccoiiiiiiiiioiiiecrsiscressescessescnesssssessecnesse

ACKNOWLEDGEMENTS.......... o e

2.2 The suppo

i "
hydrogenea MBS o

Il THEORYA. ol e o

L%

3.Zg|icon QIOXIAE

@,ﬁﬂfﬁﬂﬂmiﬂmffﬂfﬁffffffffffffffffffffffffﬁ

4.2.2. Preparation of spherical silica by sol-gel method...

Page

11
11
15
19
22
25
25
27
27
27



CHAPTER Page

_ =Ly Vit :.-;
5.1:Silica sphere with sol-gel method...... £, ..o 35

meort for Co support
erties. ... e, 53

Auiimdveans - .

QS Anedy -

REFERENCES ...t 60

5.3*Effect of Co loading on the silica s

APPENDICES ... . 66

APPENDIX A : CALCULATION FOR CATALYST
PREPARATION........cccooiiiiiiiiicccneene 67



Page
APPENDIX B : CALCULATION FOR TOTAL CO
CHEMISORPTION AND DISPERSION................ 68
APPENDIX C : CALCULATION FOR REDUCIBILITY ... 69
APPENDIX D : CALCULATION OF THE CRYSTALLITE
..... T 71
E WEIGH LOSS FROM
.................................................. 73
\ 'Av .......................................... 74
\Q\\ ONVERSION,
\ ELECTIVITY..... 79
.............. o~ ' W 80

ﬂUEJ’JVIEJTﬁWEJ'mi
amaqn‘imumqwmaa



LIST OF TABLES

Tables Page

3.1 15

3.2 19

4.1 33

5.1 38

5.2 44

5.3 46
5.4

48

55 51
5.6

............................ 52

5.7 i atiy ﬂ ' i iNg....verene. 53

5.8 falyst.varify cal NG 55

5.9 The CO Chemis tlo ilts [ 55

5.10 Conversion and selet_: y 10,.catalyst in CO, hydrogenation
et A
verify cal‘tﬁ{g,tr-tc')ading'. e . T 56
D.1 Conditions- adzt 5C-14B............... 75

AUEINENINYINT
RINNINANINYAY



Figure
3.1
3.2
3.3
3.4
3.5
3.6

4.1
4.2
4.3
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
5.10
5.11
D.1

D.2
D.3
D.4
D.5

LIST OF FIGURES

The evolution of sOl-gel........c.ooii i
Hydrolysis reaction of sol-gel..............cccoi i
Water Condensation reaction of sol-gel.............c.ocooiiiiiiii i,
Alcohol Condensation reaction ofsol-gel.....................oiiiil,
Polycondensation/Polymerization‘reaction of sol-gel....................
A proposed reaction mechaniim forCHgOH formation from H,/CO,
over Cu- ZnO/SiOg-eatalyst .7 ................................................
Flow diagram.efreseareh methodology foroe. ..o vevvveii e,
Flow diagramyof research metliﬁodology forsupportand................
Flow diagram of CO,/hydrogenation System .. .............cc....cee

it

SEM images of Marious samples. . ..t i,

X-ray diffraction of Silica sphere with sol-gel method..................
SEM images of Cobalt-bésed sil:i'de_;i:_fSP_here............
TEM images of Cobali-based silie%s;'}f;ﬁere ................................
EDX mapping of Cobalt-based siii}}éﬁphere......,........................

The diffraction peak of catalyst number C1 for calculation of the
Kysthim@ sizef L. .Y 040 1138 15 LWL L. 1L a1
Calibration curve of carbon dioxide.............coovieiiiiii i,
Calibration curve of carbon monoxide.............coovvievieiiiviniennns
Calibration curve of methane..............ccooviiiiiii i,
Chromatograms of catalyst sample from thermal conductivity
detector, gas chromatography Shimadzu model 8A (Molecular sieve

S5A COIUMN) .. e e e

Xi

Page
12
13
13
14
14

23
26
27
34
36
37
39
40
42
43
45
46
49
53
54

72

76
76
7

78



D.6  Chromatograms of catalyst sample from flame ionization detector,
gas chromatography Shimadzu model 14B (VZ10 column)............

AULINENTNEINS
PRIAATUAMINYAE

Xii



CHAPTERII

INTRODUCTION

Silica (SiOy) is one of the main catalyst supports that has been used widely on
heterogeneous catalysts. It had more surface area and has been widely used in various
manufacturing industries, such as used to;the supports of vanadium oxide (V,0s) and
other oxides catalyst in the sulfur dioxide ©xidation reaction [Giakoumelou et al.,
2004], supported of chromium oxide catalysi=in the reaction produced of poly
ethylene (Philip Catalyst), support of Copper / zinc oxXide catalyst in the reaction of
CO; hydrogenation [Kusamaet.al.; 1996], support of cobalt / titania oxide catalyst in
the Fischer-Tropsch reagtion [Hinchiranan et al., 2008] etc. The main topic of
research into silica (S1O,)smaterials,is uniformity of the shape, pore volume and the
specific surface area. Amaong particles with all kinds of morphology, monodispersed
silica spheres are very promising because of :r-nany applications in the area of catalysis
and absorbents. The porous silica was syntrﬁ_esi-zed and classified as mesoporous silica
or submi-croporous silica aceording to the diameter of the pore.

The method of synthesis sitica has been produced silica in typically several
products such as fibers, films, polyhedrai-péftiéle, spheres [Yang, 1998; Tolbert,
1997; Shunai, 2001;-Kosuge, 2001] eic. Meanwhile, the good structure of silica may
lead to great accessibility to utilize the active site for catalyst reaction. Silica sphere
has been synthesized by various methods, such as using cationic surfactant under
acidic conditiongusing] monionic surfactant as a templatey under static and acidic
condition, by addition‘of CTBA as co-surfactant or‘using the two step synthesis by pH

adjustment and addition of small amount of fluoride«as catalyst. [Yang et al., 2006]

It has become possible to synthesize silica by the sol-gel method. The
synthesis of monodispersed mesoporous silica spheres by modifying the Stober
procedure. The particle was reacting with emulsion / phase separation system by
additional silica source, water, alcohol, and the further addition of the surfactant
template such as and alkyl amine. The synthesis has been extended control the
diameter and pore size of particle. However, the method for preparation mesoporous

silica spheres with uniform particle size and good dispersibility are still required.



The combustion of fossil fuel, deforestation and human activity have increased
the atmospheric concentration of carbon dioxide about 35 % since the age of
industrialization was began. Carbon oxide and carbon dioxide exhibit the noticeable
problem in the life, such as the lost of oxygen carrier molecule in red blood cell of
human metabolism, activated the more acid rain and the main cause of global
warming. Therefore, cobalt supported on silica has been subject of many studies.
During the past 10 years cobalt based catalysts appear as the most popular system for
Fischer-Tropsch and carbon oxide hydrogenation[Borodko and Somorjai, 1999]. The
catalytic hydrogenation of the carbon oxide and €arbon dioxide produced a large
variety of products ranging from. methane and methanol (C1 products) to higher
molecular weight alkanes, alkenes and alcohols, a process that requires C-C bond
formation as well [Somorjai ,+1994; Dry, 1996; Adesina, 1996;lglesia, 1997]. In
recently, carbon monoxide is a'very small amount trace gas being about 0.1 ppm in
atmosphere. Then, ‘Carban dioxide (is Elﬁe.--most abundant carbon source in the

atmosphere for catalyti¢ hydrogenation.

Many researches were .investigated the metallic/bimetaric support and
promoter effect to the activity and selectiviti ;03";hydrocarbon formation. The previous
research showed that the synthesis reaction ohmetallic cobalt is an excellent catalyst
for Fischer-Tropsch and carbon oxide hydrogenation {Okabe, 2004; Panagiotopoulou,
2008]. However, the effect of physical and chemical properties of support on the
performance of Co .catalysts in Fischer-Tropsch and carbon oxide synthesis still

remains unclear [Li et alt, 2006].

The present'work describes the synthesis of silica spheres with silica source of
tetraethyloxysilane (TEOS) and n-dodecyltrimethy#*ammonium bromide (C;,TMABT)
as a“surfactant 'template’ in a; sol-gel methad ¢n ‘alkali agueous' solution. The
morphology and size of particle were controlled with the ethylene glycol co-solvent
weight ratio of variation in the range of 0.10 to 0.50. The silica spheres were used in
catalyst support of Co/SiO, and prepared by the incipient wetness technique. The
silica sphere support and catalyst were characterized by X-ray diffraction (XRD),
scanning electron microscopes (SEM) and energy dispersive X-ray spectroscopy

(EDX), transmission electron microscope(TEM), temperature-programmed reduction



(TPR), nitrogen physisorption (BET surface areas), differential thermal analysis and
themogravimetric (DTA/TG), CO chemisorptions isotherm. The activity and
selectivity of catalyst was tested for the CO, hydrogenation when amounts of
hydrocarbon product are generated. It is proposed here a sol-gel method to introduce
silica into spherical support. As an application of this kind of support diameter and

physical properties are in direct contact in performance of the CO, hydrogenation.
Motivation

A silica spherical particle is one of favorite supports for heterogeneous
catalysts in many reactions. On-the other hand, silica spheres were used in adsorbent
material, separate substances i separation column, materials substance in medical
clinical and cosmetics#So the spherical silica as commercial material was expensive.
The above studies indicated that the pﬁ)}éical and chemical properties of catalyst
affect product selectivitys Morgover, ‘silica spheres were synthesized by the general
method having the amorphous shape and more probability of uncertainty of surface
area. In this work, the method was used to improve uniformity of the shape, pore
volume and the specific surface-area of sililc_:a"sp_herical support. The efficiency result
obtained the product (activity and selectiyity)"on the performance of Co catalysts

based variation size'af SiO; in CO; hydrogenétibn.
Objective

This research objective is to investigate the effect of different particle size of
spherical siliea supports ‘on their physicaliand chemical ‘properties as the catalyst
support. The cobalt was impregnated onto the obtained spherical silica to produce the

cobalt.catalyst.used for, CO, hydrogenation.,
Research Scopes

- Preparation of spherical silica by sol-gel method [Yamada and Yano., 2006]
from tetraethyloxysilane (TEOS) as a silica source, water, sodium hydroxide, ethylene
glycol and n-dodecyltrimethyl ammonium bromide (C;,TMABr) as a surfactant

template. The particle size was controlled by variation of the ethylene glycol co-



solvent weight ratio of a sol-gel method preparation in the range of 0.10 to 0.50 (7

series products).

-Characterization of silica support samples by BET surface area, scanning
electron microscopy (SEM), transmission electron spectroscopy (TEM) and X-ray
diffraction (XRD)

- Preparation of Co/SiO, catalyst with 20 wt% of Co by the incipient wetness

impregnation.

- Characterization of the Co/SiOé catalyst supports by BET surface area, X-ray
diffraction (XRD), scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), transmission electron spectroscopy (TEM), temperature-
programmed reduction (FPR), differential thermal analysis and thermogravimetric
(DTA/TG) and CO chémisorptions isotherm. .

- Investigation of the catalytic é(_:t_i\_/_:ity of each Co/SiO, catalyst in the
hydrogenation of carbon’dioxide (€0) at 220°C and 1 atm and a H2/CO ratio of 10
under methanation condition. et !

- Supported-Co catalysts on the SiO, 'édpﬁo'rts were synthesized by variation of
the ethylene glycol co-selveni-weighi-ratio-0:10-with-5wi% and 10 wt% of Co by the

incipient wetness impregnation.

- Supported Co eatalysts on the SiOzsupports were synthesized by variation of
the ethylene 'glycol co-solvent weight ratio 0.50'with 5wt% and 10wt% of Co by the

incipient wetness impregnation.

- Characterization of the Co/SiQ; catalyst supports by BET-surface area, X-ray
diffraction (XRD) scanning electron microscopy (SEM), transmission electron
spectroscopy (TEM), temperature-programmed reduction (TPR), differential thermal

analysis and thermogravimetric (DTA/TG) and CO chemisorptions isotherm.

- Investigation of the catalytic activity of Co/SiO, catalyst in the
hydrogenation of carbon dioxide (CO,) at 220°C and 1 atm and a H,/CO; ratio of 10
under methanation condition.



Benefits

-Develop the morphology and uniformity of the shape of silica used as the

catalyst support for heterogeneous catalysts.

- Decrease the expensive value of silica support commercial by easier

preparation method as well as good the physical and chemical properties for
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CHAPTERII

LITERATURE REVIEWS

Over few century years after the discovery of mesoporous materials, great
efforts have been made to modify a control of mesoporous structures. These materials
have been approached on their versatile application in catalysis, separation, and drug
delivery. Recently, one of the interesting subjects in mesoporous materials is the
synthesis of mesophase structures with contrellable morphologies for the purpose of
industrial applications. Since the first study in sol-gel synthesis which the formation
of mesoporous silica spheres.was reported through a modification of Stdber’s
procedure many Kkinds of mesoporous, silica spheres have been introduced. The
preparation of spherical smesoporous particles in the ‘micrometer-size range has
received much attention because of packing easily into reactors, columns, or diverse

systems [Kurganov et al; 1996].

This chapter reviews the wbrk aboufr_,.si:iica sphere support method preparation
that is also of great interest in the field_lg-)f,_h__eterogeneous catalysts. Metal oxide
catalyst base on SiO; has been used for somé‘_céf_talytic application and the last section
of this review shows a few research invest:iga_t/if)h's about the silica support/bisupport

metal catalyst in carbpn oxide hydrogenation.
2.1 The silica suppo¥t preparation

The synthesis'of mono-dispersed sitica spheres was: first conducted by Stober
in 1968. There; was employing a water—alcohol-ammonia—tetraalkoxysilane system
[Stober and Eink, 1968]. The silica, product. was mesoporous_particle and good
dispersion. For 20 years ago, the researeched about MCM-41.was published [Tsuneo et
al., 1990] for produced the SiO, networks products of the complexes had micro pores
2-4 nm in diameter and morphology was amorphous. It has attracted much attention
because of its emerging applications in the areas of catalysis, adsorption,

chromatography, and controlled release of drugs. [Davis, 2002; Stein, 2003]

Grin et al. [1997] were made to synthesize mesoporous silica spheres by

modifying the StOber method with further addition hexadecyltrimethylammonium



bromide (CisTMABT) or hexadecyltrimethylpyridinium chloride (CisTMPICI) as a
surfactant with distorted shape. So far, few reports exist for the synthesis of
mesoporous silica spheres that consist of both uniform spherical morphology and
ordered mesoporous hexagonal regularity. Recently, ordered mesoporous silica
having high specific surface area was synthesized by modifying the Stober method
using a template such as an alkyl amine [Luo et al., 2000]. However, although the
spheres formed were very fine, the materials were poorly ordered with lower specific

surface areas and pore volumes.

Previous scientist report that MCM-41 has been use tetra-n-alkoxysilanes such
as tetraethoxysilane (TEQS) Orteira-n-propoxysilane (TPS) as a silica source which
are added to an aqueous selution of ‘a cationic surfactant in the presence of ammonia
as catalyst to produced mesoporeus silicate and aluminosilicate [Beck et al., 1992]. It
was previously repoit that the /particles ‘product is high of specific surface area,
specific pore volume and the mean pore di-.a-lmeter into 2-10 nm. Beside, the report
shown that uniformity of particle was combine hexagonal regulatory and amorphous
mixture. However, the more specifie surface area and specific pore volume of product
was incentive many research-has been ‘made to modified and improve their

morphology. g

Next, Grun et al. [1999] proposed the preparation of mesoporous MCM-41
materials. The methods use n-alkyltrimethylammonium bromides and n-
alkylpyridinium chlorides were employed as templates. The addition of an alcohol
(e.g. ethanol ortisopropanol) /leads ito| a=hamageneous <system which allows the
formation of 'spherical MCM-41 particles. The mainadvantages of these methods are
short reaction times, excellent reproducibility and-easy preparation-of large batches.
Recently, Agren et'al.x[1998] foundthe-adding effeet of palyethylene glycol (PEG) as
a co-absorbance of silica in acid solution to prepared spherical silica by colloidal
silica particles (sol-gel method). It was found that polyethylene glycol (PEG)
accelerated the formation and flocculation of colloidal silica particles under

temperature condition.

Kosuge et al. [2001] describes the effect of adding 1-alkylamine under acidic

conditions to synthesize the mesoporous silica spheres in size mean diameter about



100 um. It shows that 1-alkylamine was wizard the structure-directing agent through
the S+X-—I+ assembly pathway. Future more, Yano and Fukushima [2003] were
investigated the spherical silica by Stober procedure with tetraalkoxysilane (TMOS)
as silica source and n-alkyl trimethylammonium bromide (CnTMABT) were used in
combination, and it was found that ordered mono-dispersed mesoporous silica spheres
with a highly uniform particle size. The result exhibited the shorter the alkyl-chain
length of the surfactant was, such as in the order of Cy5, Ci4 and Cy,, more good
morphology with decrease the shorter alkyl-ghain length became. Therefore, the
results was showed the particle size of mone=dispersed super-microporous silica
spheres synthesized from.tetramethoxysilane (TEOS) and the short alkyl-chain length
of n-decyltrimethylammonium bromide (C,pTMABF) was successfully controlled
their mono-dispersion gharagterisiics. The variation of the C,o0TMABr / TEOS ratio in
solvent affected to the merpholegy and d:isb'ersion of mesoporous silica. However, the
Ci1oTMABTr / TEOS ratiofin solvent Iessxt;han 0.63 showed the uniformity of mono-
dispersed spherical particle and were ndt_ significantly effect to particle diameter.
Beside, the average diameter of pérticle w_q'ré':affected by temperature, silica source

and methanol/water ratio in‘'solvent. 79

Next, Kosuge et al.-{2004] reporte’d—lhat carried out a one-step selective
preparation of monedispersed mesoporous and microporous.dominant spheres with a
diameter of 130-225 pm using a commercial sodium silicate solution and various
Pluronic triblock copalymers. Schacht et al. [1996] demanstrated that mesoscopically
ordered hollow spheres eould be preparedsby interfacial reactions conducted in
oil/water emulsions ;with_varying extents of. imposed shear. Micrometer- and
millimeter-sized hollow silica spheres have also been produced by the controlled
hydrolysis ofsilicon, alkexides instabilizedemulsions of biphasic Systems. However,
the research does not show the silica particles have been increased uniform spherical

morphology and satisfactory particle size distribution.

Futuremore, Yano and Fukushima [2006] was successfully synthesized of
monodispersed super-microporous/mesoporous silica spheres with particle diameters
falling in the range 0.1-0.4 um from tetramethoxysilane (TMOS) and n-

dodecyltrimethylammonium bromide. By using polyol, rather than methanol, as a co-



solvent, the particle diameters were reduced. Moreover, the addition of a polymer
contributed to the decrease in particle diameter. It was assumed that the increased
solution viscosity led to a higher generation of primary particles, resulting in smaller
particle diameter. Furthermore, it was found that a colloidal crystal film fabricated
from the monodispersed mesoporous silica spheres obtained using ethylene glycol as

a co-solvent reflects light in the visible light region.

Yang et al. [2006] proposed the preparation of micrometer-sized silica spheres
were using a new pH-induced rapid colloid aggregation method in water-in-oil (W/O)
emulsion separately with F127 and the mixture of pluronic triblock copolymer (F127,
P123, or P105) and PEG20000 as templates. It was exhibited high surface areas (657-
1145 m?/g) and large poré velumes (0:46-2.16 ml/g) of all the mesoporous silica
spheres. But the synthetic condition has:been uniform silica morphology out of
monostructure/monodiSpersed patterm:—

Zhang et al. [2008] investigated fh_e_ p_olyethylene glycol (PEG) and methyl
cellulose (MC) has been‘added to Ifquid cry;_stazl in aqueous solution. The morphology
of micrometer-sized mesoporaus silica _:_;s-ph@res with good dispersivity were
synthesized by adding the mixitfe of PEG ;and MC into the aqueous solution
containing F127 and, TEOS. It was found thé’t_é_h‘ly when PEG was added the spheres
possess. The mesoparous silica was Increased specific surface area and meso-pores
diameter by changing the amount of PEG, but the mesoporous silica has been low
dispersibility. Only when MC was added, the dispersibility of resultant spheres was
good, but the-outisurface/0f spheresiwas not smooth! Thesadding suitable amount of
PEG and MC awere simultaneously obtained the spheres with good dispersibility and

smooth out surface.
2.2 The support metal catalyst in carbon oxide hydrogenation system

The catalytic hydrogenation of carbon monoxide and carbon dioxide produces
a large variety of products ranging from methane and methanol to higher molecular
weight alkanes, alkenes and alcohols [Somorjai, 1994]. Development of catalyst for
CO and CO; hydrogenation in the surface science studies is the key technology of gas
to liquid (GTL) process. The presence of prepared a group of Ni/Al,O3 catalysts
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having metal contents in the 0-16.5 wt% range using coprecipitation and impregnation
methods. The CO and CO, methanation activities of the catalyst were studied in order
to compare the effect of preparation method on structure properties as well as on
catalyst activity and selectivity. The comparison of Co hydrogenation results in
catalyst with similar nickel loading indicates that coprecitated catalysts have higher
productivity and C2-C4 hydrocarbon selectivity, whereas impregnated catalysts yield
better olefin/paraffin ratios for .the C2-C4 hydrocarbons. In CO, methanation,
coprecipitation shows higher methanation acuViiy for all nickel loadings. [Aksoylu et
al., 1997]

In resent year, Changetal. [2003] illustrated nickel catalysts supported on rice
husk ash-alumina (NI/RHA-ALO:) using the incipient wetness impregnation method.
The nickel catalysts has beenstested the catalytic activities by CO, hydrogenation in
4:1 ratio of Hy/CO, for temperatures between 400 and 800°C. The TPR analysis
indicated that the interaction between nickei- and support was strong and difficult to
reduce with more than one nickel oxide compound. The CO, conversion and CH,
yield for CO, hydrogenation were found to depend on the nickel loading. The reaction
temperature of 500°C might be the optimuh fé‘mperature for CO, hydrogenation to

give the maximum yield and selectivity of CHa.

Furthermore,” Okabe et al. [2004] investigated the Fischer-Tropsch synthesis
that was carried out in slurry phase over uniformly dispersed Co/SiO, catalysts
prepared by sol-gel method. When 0.01-1 wt% of noble metals were added to the
Co/SiO;, catalysts; a highsandistalile’ catalytic activity was-obtained over 60 h of the
reaction at 230°C and 1 MPa. The addition of noble metals increased the reducibility
of surface Co_on the catalysts, without changing the particle_ size of Co metal. The
uniform pore sizexof the catalysts wasienlarged by warying the preparation conditions.
Increased pore size resulted in decreased CO conversion and selectivity for CO, and
increased olefin/paraffin ratio of the products. Takanabe et al. [2005] prepared titania
supported cobalt and nickel bimetallic catalysts for CO, reforming of methane to
synthesis gas at 750°C under ambient pressure. Bimetallic Co-Ni/TiO, catalysts with
an appropriate Co/Ni ratio show highly stable activities without carbon deposition.

Whereas the monometallic Co/TiO, catalyst deactivated rapidly because of the
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oxidation of metal, 10% mol substitution of nickel for cobalt suppressed the oxidation
of metal, providing a high catalytic stability. The advantages of the bimetallic
catalysts are high resistance to undesirable metal oxidation and coaking through the

control of reactions between CH, and CO,.

Jongsomijit et al. [2006] illustrated the affect of mixed TiO,-SiO, with various
weight ratio of TiO,/SiO;, supported eobalt in Fischer—Tropsch synthesis. The initial
and steady state rates decreased with the amouats of titania present in mixed supports
that had the less number of reduced cobalt.metal. The selectivity of long chain
hydrocarbons (C2-C5) Was increased with the presence of titania in the mixed
supports. Furthermore, Jongsomjit et al. [2005] investigated influence of various
titania/silica mixed-oxides'Supported MAOQO on the catalytic activity copolymerization
of ethylene and 1-heXane“with zirconoeene catalyst. The activity, that had titania
range between 20 and 40%/in’ the-mixed oxide supperts, increased up to 30%

compared with pure siliga.

Panagiotopoulou et al. [2008] invé_éiigjéted that the catalytic performance of
Al,O3 supported noble metal catatysts fo;:.-t‘hg-__.methanation of CO, CO; and their
mixture with respect to the nature of the di_sp_fers;_ed metallic phase (Ru, Rh, Pt, Pd). It
has been found that, for all ékperimental '-c'c;ﬁdiﬁons investigated, Ru and Rh are
significantly more ‘active than Pt and Pd. Selectivity towards hydrogenation products
depends strongly on the noble metal catalyst employed as well as on whether solo- or
co-methanation of Co/ CO, is occurring. In present of water in the feed, catalytic
activity of Ru isinot affected; while that<of Rh!is reducedy On the other hand, the
performance "of, Pt and Pdis poor-since they promote the undesired water-gas shift

reaction.



CHAPTER Il

THEORY

3.1 Sol-gel method

The sol-gel process is involves the evolution of inorganic networks through
the formation of a colloidal suspension (sol) and gelation of the sol to form a network
in a continuous liquid phase (gel). The precursors for synthesizing these colloids
consist usually of a metal or metalloid element surrounded by various reactive
ligands. The starting material is-processed to form a dispersible oxide and forms a sol
in contact with wateks Re_moval of the liquid from the sol yields the gel, and the

sol/gel transition contrels the'pafticle size and shape.

i

Figure'8.4: [Theevolution of|sol-gel

The interest in sol-gel processing can be traced back in the mid-1980s with
the observation thatsthe ‘hydrolysis of tetraethyl arthosilicate (TEOS) under acidic
conditions led to the formation of SiO, in the form of fibers and monoliths. Sol-gel
research grew to be so important that in the 1990s [Hench et al., 1990]. The synthesis
method arises due to the possibility of synthesizing nonmetallic inorganic materials at
very low temperatures. The initial system represents a solution where different
polymerization and polycondensation process lead to the gradual formation of the
solid phase network.
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Sol-gel processing refers to the step of hydrolysis and condensation of
alkoxide-based precursors such as tetraethyl orthosilicate (TEOS). The reactions
involved in the sol-gel chemistry based on the hydrolysis and condensation of water

and alcohol has been described as follows:

Hydrolysis ‘M-O-R + H,0O —>»M-OH + R-OH

Water Condensation : M-OH ) ” M-O-M + H;0
Alcohol Condensation: @-O-M + R-OH
! T —
When M Sn, Ce
R

First, the proc | ion-ofudi _ olutions of the alkoxide or

solvated metal precurso
(|)R
RO—Si —OR 8 s > i —( + ROH

The gelation feﬂéing from the forl@}ation of an oxide- or alcohol- bridged

o TR H A T T
AFARIRTULBRNYTRY -

Figure 3.3: Water condensation reaction of sol-gel
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OH OH OH OH

HO—Si—OH + HO—Si—OR——> HO—Si—O0O—Si—OH + ROH

OH OH OH OH

Figure 3.4: Alcohol condensation reaction of sol-gel

?H OH ?H
HO_E|§i—0_SIi {107 7si +OR >uH _Si—O_SIi—OH
OH 16 OH

‘ —Si—OH
on
Figure 3.5: P er \ on reaction of sol-gel

Finally, drying, dehydr ation of the gel, when water and other

volatile liquids are remove his process is complicated due to

fundamental chanQeSiR-the-StUCHFE-Of-tHE-GB
LY A

lj I
AULINENTNEINS
RINNIUUNIININY
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3.2 Silicon dioxide (SiO,)

Silicon dioxide or silica is an oxide of silicon with the chemical formula SiO..
It has been used in many fields since antiquity. Silica is most commonly found as

sand or quartz in the nature.

Table 3.1: Physical properties of silica

Parameter Properties

Other names SHica

Molecular formula SiO,

Molar mass 60.1 g/mal

Appearance white or colorless solid (when pure)
Status _ solid at atmosphere

Density and phase 2.6 glcm®

Melting point 1610 °C

Boiling point - 2280 %C

Solubility “insoluble in water

insoluble in acid chloride

Silica has| been used in the many Varied forms before the ancient time.
Because of its many form, silica has been called by more names than any other
mineral. Some of the older names of flint are now so obsolete that repetition is
needless, but many of the present-day names for quartz gems are unknown save to a
few jewelerss Then, 'too,” the  exact researchof the modern™laboratory has shown
several distinet crystallographic varieties of silica; some of which are closely

connected with the. temperatures.experienced in.their life-history.

The many different names are now in use for silica minerals, call for a
classification and arrangement in a more ample, yet more concise manner than is to be
found in the usual discussion of the varieties of silica. This article is written with the
hope of making a scientific classification of these names, so that the use of the

different terms will no longer be a cause for tedious searching for definitions.
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The classification of silica was changes the recrystallization formed with
descending temperatures. Besides the changes at these critical temperatures, there are
probably similar changes from unstable forms towards quartz at atmospheric
temperatures, especially after long time intervals. With fairly rapid cooling or heating
intermediate forms may not occur in their stable zone, but a direct change from one to
another without the intermediate product may take place. Most of the recrystallization

changes noted are found to occur at the ascending and descending temperatures.

(A) SILICA GLASS - amorphous, a true-nom=crystalline glass, stable below the
melting point and above the "gc" temperature. Quartz Glass, Fused Silica, Fused
Quartz, are other names for this supercooled liquid. In most forms at atmospheric

temperatures there are trages of cristobalite.

(B) CRISTOBALITE -sisometric, or pseg&b-isometric, “gc” range is at 1710° where
Cristobalite changes to glass/as temperatures rise, or glass to cristobalite as they fall.
Christobalite, an alternate spelling. Beta Cr.is_t(__)_balite, also called High Cristobalite, is
the high temperature product, forming in the__,"gc" range in cooling. It is isometric, and
in cooling recrystallizes to Alpha CriStOt;(;lI“ite_, or Low Cristobalite, at 200-275°,

providing cooling through the “ct” and “ig" ranges has been too rapid for

recrystallization. It is tetragonal.

(C) TRIDYMITE - hexagonal, bipyramidal. “ct* range is-at 1470°, where cristobalite
changes to tridymite~on cooling. Glass may crystallize~as tridymite at 1670° if the
cooling was too rapid threugh the "gc" range: Beta Second Tridymite, or Upper High
Tridymite, is the high temperature product,forming In the “ct"srange in cooling, and
which recrystallizes to Beta First Fridymite, also_called Lower High Tridymite, at
163°.if cogling was too rapid-for the “tg™ transformation. “This in’wrn alters to Alpha

Tridymite, or Low Tridymite, at 117°, which is the usual tridymite of nature.
Asmanite - a meteoric tridymite, related to the above series.

Vestan - a doubtful silica mineral, probably to be ascribed to

tridymite.
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Granuline - a doubtful pulverescent mineral which seems allied to

tridymite on optical grounds.

(D) QUARTZ - hexagonal, forms from tridymite in the "tg" range at 870° in cooling.
Glass may change to crystalline quartz at about 1400° providing cooling was too rapid
for the "gc", "gt" and "ct" transformations. Beta Quartz, or High Quartz, is the high
temperature product, forming at the "tg" point. It is hemihedral. On cooling it
recrystallizes to Alpha Quartz, also called kow Quartz, at 573°, yielding the stable
low temperature mineral. It is tetartohedral,shewing polarity along the c axis and is
divisable into Right Hand Quartz and Left Hand Quartz.

(E) CHALCEDONY. =2 cryptocrystalline, or very finely fibrous mineral, which has
not been successfullyslocated in‘the thermal equilibrium diagram. Heating to 725-
850° usually results infan alteration to ;t;idymite, which thereafter acts as normal
tridymite. Chalcedony istusually found asa deposit from solutions, and may be a
mixture of glass and quartz, or more Vp_rpk_;_ably an Intermediate product in the
dehydration of the opal eollaid. Vérious subdiVisions of chalcedony have been made

on optical grounds. ks

Chalcedony = biaxial, positive, elongationpositive.

Chalcedonite - biaxial, negative.
Lussatite - biaxial, positive; parallel, elongation.
Quartzine - biaxial, positive, negative elongation,

pseudochalcedanite, Lutecite.

Jenzschite - differently soluble but of same S. Ggas chalcedony.
Melanophiogite = possibly-impure chalcedony.
Sulfuricin - probably a chalcedony rich in sulphur.

(F) COLLOIDAL SILICA - is usually hydrous, and is commonly described under
opal. Silicon occurs in nature combined with oxygen in various forms of silica and
silicates. Silicates have complex structures consisting of SiO, tetrahedral structural
units incorporated to a number of metals. Silicon is never found in nature in free

elemental form. Among all elements silicon forms the third largest number of
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compounds after hydrogen and carbon. There are well over 1000 natural silicates
including clay, mica, feldspar, granite, asbestos, and hornblende. Such natural
silicates have structural units containing orthosilicates, SiO4*, pyrosilicates Si,0;%,
and other complex structural units, such as, (SiOs),”" that have hexagonal rings
arranged in chains or pyroxene (SiOs), and amphiboles, (Si;O01:%”, in infinite chains.
Such natural silicates include common minerals such as tremolite,
Ca;Mgs(OH),SigO,,; diopside, CaMg(SiO3),; kaolin, HgAl4Si;O15; montmorillonite,
H.AlLSi,012; tale, Mgs[(OH)zSIO0); muscovite. (a colorless form of mica),
HoKA3(Si04)3; hemimorphite; Zny(OH),S1,07H50; Dberyl, BesAl;SigOqg; zircon,
ZrSiOy; benitoite, BaTiSisOo; feldspars, KAISi3Og; zeolites,
Na,0.2Al1,03.5Si0,.5Hs0; _nephrite, Ca(Mg,Fe)s(S103)4; enstatite, (MgSiOz)n;
serpentine, H;MgsSi-Oy jadeite, s NaAl(SiOg),; topaz, Al,SiO4F,; and tourmaline,
(H,Li,K,Na).Al3;(BOH),S1049. ssilica, theother . most important class of silicon
compounds, exists as sand, quariz, flinxt;, amethyst, agate, opal, jasper, and rock

crystal.
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Cobalt is a transition metal element with symbol Co and atomic number 27.

Cobalt is similar to silver in appearance. Cobalt and cobalt compounds have been

used since ancient times for jewelry and paints pigments. Cobalt have expended from

use colorants inglasses and ground coat frits for pottery to drying agents in paints and

lacquers, animal and human nutrients, electroplating materials, high temperature

alloys, hard facing alloys, high speed ‘tecls, magnetic alloys, alloys used for

prosthetics, and used in radiolegy. In recent y€ar;Some cobalt is produced specifically

from various metallic-lustered ores. In the other there, Cobalt is also as a catalyst for

reaction of hydrocarbon refiningfrom crude oil for the synthesis of heating fuel.

Table 3.2: Physical properties'of cobalt

Parameter Property
Name cobalt
Symbol Co
Electron configuration [Ar]3d’4s?
Atomic number 27
Atomic weight 5 8.93
Melting point, °C 1493
Boiling point;+°C 3100
Transformation temperature, °C 417
Heat of transformation, J/ga 251
Latent heat of fusion, AHfus J/ga 395
Latent heat of vaporization-at bp; AHvap kJlga 6276
Specific heat, J/(g.°C)?

15-100°C 0.442

Molten metal 0.560
Coefficient of thermalexpansion, °C -1
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Table 3.2: (cont.) Physical properties of cobalt

Parameter Property
cph at room temperature 2.5

fcc at 417°C 14.2
Thermal conductivity at 25°C, W/(m. K) 69.16
Thermal neutron absorption, Bohr atem 34.8
Resistivity, at 20°€%40°Q.m 6.24
Curie temperature, °@ 1121
Saturation inductien, 4sls, T° 1.870

Permeability, p

initial - 68

max & 4 245
Residual induction, T¢ 0.490
Coercive force, A/m } 708
Young’s modulus, Gpac i 211

The scale formed on unalloyed cobalt during exp@sure to air or oxygen at high
temperature is double-layered. In the rangeiof 300 to 900°C, the scale consists of a
thin layer of ‘mixed cobalt oxide, €0s04 on the outside and caobalt (1) oxide, CoO,
layer next to metal. Cobalt (I11) oxide, Co,03, may be formed at temperatures below
300°Cy Abovey 909°Cy Coz05 decompases: and both /layers; “although' of different
appearance, are composed of CoO only. Scales formed below 600°C and above 750°C
appear to be stable to cracking on cooling, whereas those produced at 600-750°C

crack and flake off the surface.

Cobalt forms numerous compounds and complexes of industrial importance.
Cobalt, atomic weight 58.933, is one of the three members of the first transition series

of Group 9 (VIIIB). There are thirteen know isotopes, but only three are significant,
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Co is the only stable and naturally occurring isotope, Co has a half-life of 5.3 years
and is a common source of y-radioactivity; and °’Co has a 270-d half-life and provides

the y-source for Massbauer spectroscopy.

Cobalt exists in the +2 or +3 valance states for the major of its compounds and
complexes. A multitude of complexes of the cobalt (I11) ion exists, but few stable
simple salt are known. Octahedral stereoghemistries are the most common for cobalt
(I1) ion as well as for cobalt (111). Cobalt (I1) ferms numerous simple compounds and
complexes, most of which are octahedral or fetrahedral in nature; cobalt (I1) forms
more tetrahedral compléx than other transition-metal ions. Because of the small
stability difference between-octahedral and tetrahedral complexes of cobalt (I1), both
can be found equilibrium.ior a'number of complexes. Typically, octahedral cobalt (I1)
salts and complexes-are pink o brownish red; most of the tetrahedral Co (1) species

are blue. —



22

3.4 CO, Hydrogenation Reaction

In recently, several reaction mechanisms for the CO, hydrogenation have been
proposed. First, the catalytic hydrogenation over promoted Cu-ZnO catalysts under
pressurized conditions produces mainly CH;OH, CO and H,O. A small amount of
CH,4 was produced. At higher temperature, a very small amount of CH3;0OCH3; was
also produced. Therefore, main reactions are shown in the following equations
[Arakawa et al., 1992].

CO, + 3Hz = 4 £cH0H + H,O

Co, + H> = co R H,0

An in situ FT-IR"0bsérvation of surface species over 5 wt% Cu-ZnO/SiO, as
model catalyst showed ihe presence of bidentate carbonate species on both Cu and
ZnO at the condition of/3 MPa, 30°C '-e;md 100 ml/min. Also a small amount of
adsorbed CO on Cu site was observed. Thése bidentate carbonate species were rapidly
transformed to the bidentate formate speciéivﬁth the increase of reaction temperature
up to 150°C under 3 MPa. However, a s-rﬁa-lllgmount of adsorbed CO species has
diminished at 100°C and it was never obéerg}!éd under the reaction condition. The
experimental dynamic in‘sitll FT-IR spectra of adsorbed species over the catalyst at
various reaction conditions. Fhis observation also suggests the direct formation of
CH30H from CO; via bidentate carbonate species, formate species and methoxy

species as shown in Figure 3.6
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Figure 3.6: A proposed reactioln’_mechanism for CH;OH formation from
H./CO, over Cu- ZnO/[S10,caialyst. [Araflgawa etal.; 1992]

;l L
The fibrous Cu/Zn/Al/Zr catalyst showed high activity for producing methanol
from CO, hydrogenation [Xin et al., 2099] Thus, there are three independent
reactions present in methanol syntﬁésis frohil__'C__O.z, namely,

Methanol synthesis from CO: 7R,

wdi

CO +2H, [ 5= CHiOH" v AH =-90.4 kd/mol
Reverse water gas shiﬁ:

CO+H, — CO +H,0 AH = +41.0 kJ/mol
Methanol synthesisfrom CO.:

CO;+3H, — CH30H + H,0 AH = -49:3 kJ/mol

Second, Chen'et'al. [2009]-used a commercially ‘available’ Ni/Al,O3; sample
containing K additive to enable carbon deposition from CO, exposure by means of
catalytic hydrogenation. The experimental results suggest that K additives induce the
formation of carbon nanofibers (CNFs) or carbon deposition on Ni/Al,O3 during the
CO, hydrogenation reaction. These authors propose that the rate of carbon deposition
depends on the reaction temperature, on H, and CO, partial pressures, and on the

reactant residence time.
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(2) H, + CO»2S —
(3) H, + CO-S —
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CO,-2S
HO+CO-S +S

H,O + C-S

Third, Lahtinen et al. [1994] investigated C, CO and CO, hydrogenation on
cobalt foil model catalysts. It was found that the reactions produce mainly methane,
but with selectivities of 98, 80, and 99, wt% at 525 K for C, CO, and CO,,

respectively. The rate of methane formation en_eobalt foil shows zero order partial

pressure dependence on CQO; and first order partial. pressure dependence on H,. The

-
reaction proceeds via dissociation of C-O bonds and formation of CoO on the surface.

The reduction of CoO is«the raie limiting step in the CO and CO; hydrogenation

reaction. These authors_ also_proposed the reaction mechanisms for C, CO and CO,

hydrogenation. The reaction meghanisms proposed for C, CO and CO; hydrogenation.

— il

C Hydrogenaton

Hy+2* <> 2H*

C*+H* <> CH*+*
CH*+H*
CH*+H* <> CH;*

CH:*+H* <> CH:+2*

<> CHy*+* |

CO Hvdragenation
LAl gO* o=
Hyl* <@ 2H* 4%
CO*+Co <> C*=Lp0

| C*+H* &> CHo+*

E C0; Hydrogenation

€024+ <> O

2 <)ot
C0 o < CO*+Co0
CO*#€o <> C*+Co0

1 CO*+H* <> COH*+*
C*+H* <> CH*+* ‘."'

COH*+H* <> H.CO*+*
or r

CH,*+H* <> CH;*
CH*+H* € CH2*
B0+, —SM0HCH

OH*+H* <& Hi0+2*

CH*+H* < CH;;‘-‘_:" J HCO*+Co <> CHy*+CoO

CH#+H* < C(H.*
CHs*+H* €> CHp2*
Co0RH" £ | -GD

OH*+H" <" H,0%2*

CO and CO,methanation isdnvestigated asfam alternative(purificationstep [Xu et al.,
2006 ; Choudhury et al., 2006°; Dagle et al., 2007]

CO+ 3H;

CO, + 4H,

—
.

CH4 + H,0O

—
.

CH4 + H,O

AH =-206 kJ/mol

AH = -165 kJ/mol



CHAPTER IV
EXPERIMENTAL
4.1 Research methodology

Preparation of spherical silica by sol-gel method

“W

nof ca support - XRD

Preparati

- SEM/TEM/EDX
- XRD

i0, catalyst |} - BET surface area
i -TPR
-DTAITG

- CO chemisorptions

Al 2]

GC analysis

™
al)

amaqmmm’imwé’ﬂ

\4
Discussion and conclusion

Scheme 4.1 Flow diagram of research methodology for support and catalyst 20 wt%

loading
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Silica support in preparation of the ethylene glycol co-solvent
weight ratio 0.10 and 0.50

Preparation of Co/S

% and 10wt%

- SEM/TEM
- XRD
/ d;% m ---------- - BET surface area
/ I -TPR
' \ -DTA/TG
- CO chemisorptions
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Scheme 4.2 Flow diagram of research methodology for support

and catalyst 5 and 10 wt% loading
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4.2 Catalyst preparation
4.2.1 Chemical
1. Tetraethylorthosilicate 98 % (TEOS) available from Aldrich

2. Dodecyltrimethylammonium Bromide 98% (C12,TMACI) available from
Aldrich

3. Cobalt (II) nitrate hexahydrate98%.JCo(NOs),-6H,0] available from
Aldrich

4. Ammonia 30%avaiable from Merck

5. Ethanol 99:99% available from- M.erck

6. NaOH available from Merck

7. Ethylene glycol©9.6% avatlable from Merck

8. Deioized water ik

4.2.2. Preparation of -spherical silfic':a-iby sol-gel_method [Yamada et al.,
2006]

1. The compositions of the synthesis with following 2.08 g of C;,TMABr and
3.74 ml of 1 M sodium hydroxide solution, were dissolved in 500 g of ethylene
glycol/water (25/75=w/w) solution. (weight;ratio 0.25). Then,"3.12 g of TEOS was
added to theiisolution. The composition of the reaction mixture was 1SiO,:
0.45C+ TMABI: 0-25NaOH:133ethylene glycol: 1392H,0.

2. The solution was further stirred at 25°C with continuously after 8 h.

3. The white particles were filleted and wash with distillate water at least three
times, and then dried the particles at 110°C for 48 h.

4. The particles obtained were calcined in air at 550°C for 6 h.
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5. The silica spheres were also synthesized with different diameters by
changing the weight ratio of ethylene glycol co-solvent in the range of 0.10 to 0.50 in

the same sol-gel method. (7 series products)
4.2.3 Preparation of Co/SiO, catalysts

In this experiment, incipient wetness impregnation is used for loading cobalt.

The incipient wetness impregnation procedurg is as follows:

1. The certain amount of cobalt (20 wi% loading) was introduced into the de-

ionized water which its volume equals to pore velume of catalyst.

2. Silica compositesssupport was\impregnated with aqueous solution of cobalt.

The solution is dropped slowlyto'the silica composites support.
3. The catalyst'was driecin the oven at 110°C for 48 h.

4. The catalyst is calcined in air at 550°C for 5 h.

#

5. Preparation of supporied Co catalyst!,on the SiO, composites supports was
synthesized by variation of the ethylene gly_t_:—f(_)_l co-solvent weight ratio 0.10 and 0.50
with 5wt% and 10Wt% of Co by the inci'pi'en't wetness jdmpregnation as the same

procedure.
4.3 Catalyst characterization
4.3.1/Scanning electron microscopy. (SEM)

Scanning electron microscopy (SEM) was-used to determinesthe morphology
of the catalyst particles. Model of SEM: JEOL| mode JSM-5800LV at the Scientific
and Technological Research Equipment Center, Chulalongkorn University (STREC).

4.3.2 Energy dispersive X-ray spectroscopy (EDX)

Energy dispersive X-ray spectroscopy (EDX) was used to determine the

morphology and elemental distribution of the catalyst particles. Model of EDX was
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performed using Link Isis Series 300 program at the Scientific and Technological

Research Equipment Center, Chulalongkorn University (STREC).
4.3.3 X- ray diffraction (XRD)

The bulk crystal structure and chemical phase composition were determined
by diffraction of an X-ray beam as a function of the angle of the incident beam. The
XRD spectrum of the catalyst is measured by using a SIEMENS D 500 X-ray
diffractometer connected with a computer With*Diffract ZT version 3.3 programs for
fully control of the XRD_analyzer. Thesexperiments was carried out by using CuKa

radiation with Ni filterin'the 26-range of 20-80 degrees resolution 0.04°,
4.3.4 N, physisorption (BET surface area)

BET apparatusswas/Used ito meas_urlement surface area consisted of two feed
lines for helium and nitregen. The flow réte of the gas was adjusted by means of fine-
metering valve on the gas chromatograph:'___'.l'h_e sample cell made from pyrex glass.
The mixture gases of helium and nitrogen was flow through the system, which was
then heated up to 200°C and will-held at this ;,té-mperature for 1 h. After the catalyst
sample was cooled down to _reom tempera’[_u'___re_,_:j The mixture gases uptakes at He:N;

ratio is a 7:3 was measured as follows.

Adsorption step: The sample that set in the sampie cell was dipped into liquid
nitrogen. Nitrogen gas that was flow through the system was adsorbed on the surface

of the sample-until equilibriim was, reached-

Desorption step: The sample cell with nitrogen gas-adsorption catalyst sample
was dip into the wateriat-roem temperature The adsarbed nitrogengas was desorbed
from the surface of the sample. This step was completed when the indicator line was

in the position of base line.

Calibration step: 1 ml of nitrogen gas at atmospheric pressure was injected
through the calibration port of the gas chromatograph and the area was measured. The

area was the calibration peak.
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4.3.5 Temperature programmed reduction (TPR)

TPR was used to determine the reducibility of catalysts. Approximately 0.05
to 0.1 g of the catalyst sample was used in the operation and temperature ramping
from 35°C to 800°C at 10°C/min. The carrier gas was 5% H, in Ar. During reduction,
a cold trap was placed to before the detector to remove water produced. A thermal
conductivity detector (TCD) was measured the amount of hydrogen consumption. The
calibration of hydrogen consumption was perfermed with bulk cobalt oxide (C0304)

at the same conditions.
4.3.6 Carbon menoxide-chemisorption

Static CO chemiserption.at room'temperature on the reduce catalysts was used
to determine the number of reduce surface nickel metal atoms. The total CO
chemisorption was calCulated from the number of injection of a known volume. CO
chemisorption was cargied out following the procedure using a Micrometritics Pulse
Chemisorb 2750 instrument at" the AnalySis'? Center of Department of Chemical
Engineering, Faculty of Engineering, ChUi}\longkorn University. In an experiment,
Approximately 0.10 g of the“catalyst san'iplé'lji/vas filled in a glass tube. Prior to
chemisorption, the catalysts was teduced at 350°C.for 3 hour after ramping up at a
rate of 10°C/min.-After, carbon monoxide 30 microlite-was inject to catalyst and
repeat until desorption peak constant. Amount of carbon monoxide adsorption on

catalyst was relative amount of active site.
4.3.7(Fhermogravimetry analysis (TGA)

TGA was used to determing the weight less pattern and the reducibility of
catalysts by Shimadzu TGA model 50. The catalyst'sample weights'were in the range
of 10-20 mg and temperature ramping from 35°C to 800°C at 10°C/min was used in

the operation. The carrier gas was H, UHP.
4.3.8 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used to determine the
morphology of the catalyst particles. Model of SEM: JEOL mode JSM-5800LV at the
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Scientific and Technological Research Equipment Center, Chulalongkorn University
(STREC).

4.4 Reaction study in CO; hydrogenation
4.4.1 Materials

CO, hydrogenation was performed using 0.1 g of catalyst packed in the
middle of the stainless steel microrector, which.is located in the electrical furnace.
The total flow rate was 30.ml/min with the Ho/CO, ratio of 10/1. The catalyst sample
will be re-reduced in situ in flowing Hzrat 350°C for 3 h prior to CO, hydrogenation.
CO; hydrogenation will be€arsied out at 220°C and 1 atm total pressure. The effluent
will be analyzed using gas chromatography technigue [Thermal conductivity detector
(TCD), molecular sieve 5 A% was used for separation of carbon dioxide (CO;) and
methane (CH,) and flame donization detector (FID),VZ-10 was used for separation of

light hydrocarbon such.as methane (CHj), ethane (CsHg), propane (CsHsg), etc.]

4.4.2 Apparatus

S

Flow diagram of CO; hydrogenation'-sfystem is shown in Figure 4.3. The
system consists of a reactor, anautomatic temperature.controller, an electrical furnace

and a gas controlling-systes:
4.4.2.1 Reactor

The reactor-wasymadesfrom-agstainless=steel tube (O.D. 3/8”). Two
sampling points were‘provided above and below the-catalyst'bed. Catalyst was placed

between two quartz wool layers.
4.4.2.2 Automation temperature controller

This unit consisted of a magnetic switch connected to a variable
voltage transformer and a solid-state relay temperature controller model no.
SS2425DZ connected to a thermocouple. Reactor temperature was measured at the
bottom of the catalyst bed in the reactor. The temperature control set point is

adjustable within the range of 0-800°C at the maximum voltage output of 220 volt.
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4.3.2.3 Electrical furnace

The furnace supplied heat to the reactor for CO hydrogenation. The

reactor could be operated from temperature up to 800°C at the maximum voltage of

220 volt.
sﬁem

and an on-off valve and t rates w d by using metering valves.

4.3.2.4 Gas Controlling

Reactant for t quipped with a pressure regulator

4.3.2.5°Gas Chromatography

The compositio oduct stream was analyzed
by a Shimadzu GC14B ,a’ S ~ ped with a flame ionization
detector. A Shimadz 8A gcu t' ? \ gas atography equipped with
a thermal conductivity' de was: sed to \\\ \ O and H; in the feed and
product streams. The operating ﬁﬁgl s fo

4.1.

5 o strument are shown in the Table

ﬂ‘lJEJ’JVIEJ'ﬂ‘ﬁWEJ’]ﬂ‘i
QW’]@NﬂiﬂJ UA1AINYAY



Table 4.1: Operating condition for gas chromatograph.
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Gas Chromagraph SHIMADZU GC-8A SHIMADZU GC-14BDetector TCD FID
Detector TCD FID

Column Molecular sieve 5A VZ10 VZ10

- Column material SUS -

- Length 2m -

- Outer diameter 4’ mm -

- Inner diameter 3 mm -

- Mesh range 60/80 60/80

- Maximum temperature 350°C 80°C

Carrier gas He'(99.999%) H, (99.999%)
Carrier gas flow 40 ec/min -

Column gas He-(99.999%) Air, Hy

Column gas flow 40 ce/min -

Column temperature

- initial (°C) 60 70

- final (°C) 60 70

Injector temperature (°C) 100 100

Detector temperature (°C) 100 150

Current (mA) 80 -

Analysed gas Ar, CO, H; Hydrocarbon C1-C4

4.4.3 ' Procedures

10Wsing 20,05 g ofccatalystapacked~insthel middle~ofthepstainless steel

microrector, which'is located h theelectrical furnace.

2. A flow rate of Ar =8 CC/min, 8.8% CO5 in H, = 22 CC/min and H, = 50

CC/min in a fixed-bed flow reactor. A relatively high H,/CO; ratio was used to

minimize deactivation due to carbon deposition during reaction.

3. The catalyst sample was re-reduce in situ in flowing H, at 350°C for 3 h

prior to CO, hydrogenation.
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4. CO, hydrogenation was carried out at 220°C and 1 atm total pressure in
flowing 8.8% CO, in H,.

5. The effluent was analyzed using gas chromatography technique. [Thermal
conductivity detector (TDC) was used for separation of carbon dioxide (CO,) and
methane (CH,4) and flame ionization detector (FID) were used for separation of light

hydrocarbon such as methane (CH.

steady-state was reached withi

e:(CzHe), propane (CsHs), etc.] In all cases,

Vent
88%CO,inH, | | L
Hy
1. Pressure Regulator 40" On-0Off Valn as Filter 4 Metermg Walve, “46 Back Pressure 6. 3-way Valve
7. Catalyst Bed Y‘ Y | _ Variable Voltage Transformer

12. Temperature Controller [t}

I

Figure 4.3 Flow diagram of CO; hydrogenation system.
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CHAPTER V

RESULTS AND DISCUSSIONS

This chapter was conducted in order to investigate the characteristic and
catalytic properties of Co-base silica composites supported catalysts for carbon
dioxide hydrogenation. This chapter is divided into three sections. The first section
contains the preparation and characterization 6f.mesoporous silica composites from
sol-gel method. The second section shows characteristic and catalytic activity of silica
composites supported cobali-eatalyst. 7:The last-section presents characteristic and
catalytic activity of siliea support in preparation cendition to significant result of
20%wt catalyst loadingy silica ssupport was synthesized with ethylene glycol co-
solvent weight ratio 0.10 and /0,50, exhausted effect of Co loading on the silica

support for Co support catalyst property. f‘ f

5.1 Silica sphere with sol-gel method

Sol-gel is another technigue to preparé,gatalysts. In the reference, the sol-gel
process also allows mastering and adjusts t_hE §u(face area, porosity, particle size and
morphology. Thus, the sol-gelr method has be—én known /as one of easiest ways to
obtain uniform sttlicture on the particle preparation. This section describes the
preparation and characterization of silica sphere particles by sol-gel method using

variation of ethylene glycol co-solvent weigh ratio, respectively.
5.1.1 The morphology-ef silica sphere

Silica’ sphere«was sucecessfully synthesized with TEOS and, Ci2TMABTr under
diluting condition while mono-dispersed spherical particles were obtained. The
morphology of silica sphere was characterized by scanning electron microscopy
(SEM). The SEM images of the representative sample are shown in Figure 5.1. The

sample exhibited good spherical morphology in all co-solvent ratios.



Figure 5.1: SEM images of various samples,

the name of which are denoted in Table 5.1
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The internal structure of silica sphere was visualized by transmission electron
microscopy (TEM). The micrograph represents the uniformly aligned radials from the
center to the outside of particle. It is inferred that the mesoporous grow from the
center to the outside of the sphere radially yet. In contrast, for the mono-dispersed
mesoporous silica spheres synthesized with TEOS and Ci;,TMABT, the initially
formed mesoporous hexagonal arrays simultaneously transformed into particles with
spherical morphology [Yano and Fukushima, 2003]. Some of the TEM photographs

of particles are show in Figure.5.2

Figure 5.2: TEM images of various samples,

the name of which are denoted in Table 5.1
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5.1.2 Nitrogen physisorption

The ethylene glycol weight ratio in the solvent was varied from 0.1- 0.5,
which mean synthesis was conducted under rather hydrophilic and higher viscosity
condition. The average diameter of the silica spheres was significantly affected by the
weight ratio of ethylene glycol co-solvent used. The higher weight ratio of the co-
solvent resulted in higher the size control of particle. The summarized results of the
uniformity and pore characteristics of thesSilica spheres with the variation of co-

solvent ratios are listed intable 5.1.

Table 5.1: Properties of sepresentative spherical silica

Sample Weight ratio of  Average particle Standard . Specific surface Mean pore  Pore volume
Ethylene glycol _diametér [im] deviation [%]  area [m?/g] diameter [nm] [cm®g]

s1 0.10 0458 a WA W ke 2.24 0.50
S2 0.15 0.68 90, =\ 1183 2.45 0.56
s3 0.20 0474 Sam W125 2.53 0.46
s4 0.25 1.04 5 1105 2.56 0.46
S5 0.30 1.16 8IS a0 75 2.54 0.52
S6 0.40 1.33 30 1085 2.38 0.56
s7 0.50 1.64 35 1092 2.45 0.40

Table 5.1 was censtructed in order t@ see that the ethylene glycol weight ratio
in the solvent was variable increased from 0.1~ 0.5. The average particle size
decreased wheén the co-solvent weight ratio was reduced, but was not linearity. The
size distribution uniformity was.poor with:the co-solvent out ofirange 0.15 to 0.30, an
optimum ‘co-solvent weight ratio ‘existed for the formation of ‘particle:” All of silica
spheres have high specific surface area ranging from 1000 to 1300 m%g. The pore
size and pore volume of the silica spheres prepared using different weight ratio of co-
solvent were similar in the narrow range. When the weight ratio of co-solvent was
reduced until 0.1, the silica sphere leaded to increase the surface area, but the mean
pore diameter was lower than other samples. However, the weight ratio of ethylene

glycol hardly affected on the uniform and structure of silica sphere.
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5.1.3 X-ray diffraction (XRD)

In additional, the X-ray diffraction (XRD) method could detect phase
transition and phase modification of the support. From the result, the small angle X-
ray diffraction (XRD) patterns of the sample exhibited one single board at (100) plane
in all particles. Respectively, the boarded peak was small shifted to the higher angle
and higher order peaks when the diameter of particle was changed to the larger. The
slightly higher intensity indicating the %
representative XRD patteri Ct?g in

diameters were highly order. The
‘

Intensity{a..)

70 80
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5.2 Cobalt-based silica sphere (Co/SiO,)

This section presents the characterization of cobalt-based silica sphere
(Co/Si0,). The catalyst was synthesized by variation of the ethylene glycol co-solvent
weight ratio from 0.10 to 0.50 of silica support with 20wt% of Co by the incipient

wetness impregnation.

5.2.1 The morphology of cobalt-bas’éy}mca sphere (Co/SiOy)

__’.gf
The morphology. of cobalt-basedisilica sphere (Co/SiO,) was characterized by

scanning electron microsEopy.(SEM). The impregnation and calcination procedure
were applied for cataly:pXL__[_ation in the'same of 20Wt% Co loading. Therefore, the

catalyst was maintained the,spherical morphology and constant particle size nearly the

support particle. The pict re _Wasi confirmed the shape and diameter of the

catalyst in the Figure. 5.

Figure 5.4.: SEM images of cobalt-based silica sphere (Co/SiOy),
the name of which are denoted in Table 5.2
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M images of ¢ Wase‘d silica sphere (Co/SiO»),
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i

Figure 5.4(cont.): S

the name 0f which are denoted in Table 5.2

= S

In order tozfyestlgate the internal morphology o;&ibalt-based silica sphere,
TEM images were préented in Figure 5.5. TEM analysig:éhows that the cobalt phases
distribute homogenously in the silica support. The displays referred that was also
substantial coagulation ofr catalyst particle and the ‘support~The disposability of
catalyst on spherical silica is good and smoothness. Besides, the energy dispersive X-
ray spectroscopy (EDX) was.also confirmed in, dispersibility of catalyst on spherical
silica. FigUre 5.6-§hoWs the EDXmapping Vof cohalt phase goodrdistribution on the
surface. The cobalt-based silica sphere with the incipient wetness impregnation

reveals regular maintained the spherical morphology.
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Figure 5.5: TEM images.of cobalt-based silica sphere,

the name of which aretdenoted.in Table 5.2
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Figure 5.6: EDX mapping of cobalt-based silica sphere,

the name.,of which are denoted in Table 5.2
5.2.2 N physisorption

The specific surface area, pore size and pore volume of spherical silica
particles were measured.by nitrogen physisorption technique. The adsorption isotherm
is shown in table'5.2./The average particle diameter was calculated from the diameter

of 50 particlessobserved in a SEM picture.
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Table 5.2: Properties of representative Co/SiO; catalyst

Sample Loading Average particle  Standard Specific surface  Mean pore  Pore volume

Onsupport diameter [um]  deviation [%]  area [m?/g] diameter [nm] [cm¥qg]
C1 S1 0.59 24 553 2.66 0.28
C2 S2 0.69 10 566 2.60 0.26
C3 S3 0.75 ] 406 2.76 0.25
C4 S4 1.05 5 462 2.53 0.22
C5 S5 1.16 27 475 2.54 0.26
C6 S6 Tnide 320 465 2.38 0.28
c7 S7 1°65 36 484 2.49 0.25

From the resulty it gan be observed that all samples have similar pore
diameters (BJH calculation model). 1t is ebvious that the samples possess low specific
surface area and pore‘volume than the support. The specific surface area of catalyst
was reduced about 50 percentage in range of 400 to 560 m?/g. The highest specific
surface area of catalysts was changed frorﬁ'— catalyst C1 to C2. However, catalyst C1
and C2 had more specific surface area than other catalysts. With similar to the
specific surface area, the pore velume was réddééd about 50 percentage, but the mean
pore diameter of catalyst was rot deviated value. This is probably due to the particle
substantial coagulatian with crystalline catalyst. However: the catalyst was sustained
the average particle diameter nearly the silica support particle. Similar to silica
support, the size distribution uniformity was poor with-the co-solvent out of range
0.15 to 0.30.

5.2.3 X- ray diffraction (XRD)

X-/ray | diffraction. (XRD) is' @ methad of | characterization- of solid and
heterogeneous catalyst. The XRD method can be helpful for identification and
characterization of the active phase. The bulk crystal structure and chemical phase
composition of crystalline material having crystal domain of greater than 3-5 nm be
determined by X- ray diffraction. The measurements were carried out at the
diffraction angle (26) between 20° and 80°. The representative XRD patterns are
depicted in Figure 5.7.
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Figure 5.7: The XRD patferns Of:?CE);/SiOZ catalyst after calcinations

The XRD patterns were callected -'étf-bgth lower and higher diffraction angle.
Diffraction peaks at 20 of 31° 37°, 45°_ ’439.5° and 65.5° indicated that after
calcinations cobalt catalyst-was a crysté]‘r:ifel—]'he cobalt catalyst supported by

mesoporous silica sphere typically contained in the form?tion of crystallite Co30a.

The characteristic ‘sharp peak of cobalt appeared in XRD-patterns [Kodakov et al.,
2006]. After loading.cobalt, the refection intensity decreased greatly, but the catalyst
still retained the regular mesoporous structure. [Li et al, 2006]. In the same cobalt
loading, the cobalt crystallite’ size of catalyst|Cl \was the largest and decreased
crystallinity due to the lower surface area. The cobalt crystalline phase was evaluated
of cabalticrystallita sizetby «using the'Scherrerequation, the crystallite size obtained
by XRD method are shown in table’5.3. Significant difference in crystal size obtained
by BET surface area in table 5.1 result show that when the pore size diameter of
catalyst decreased, the Cos0, crystallite size decreased. The TEM result was

appropriated that some Co30, clusters were formed outside the pore.



Table 5.3: Crystallite size of each Co/SiO; catalyst by Scherrer equation

Sample crystallite size [nm]
C1 31.29
C2 27.09
C3 23.96
C4 22.62
C5 12.80
C6 24.18
G 20.08

5.2.4 Temperature-programmed reduction (TPR)

46

Among the themoanalytical methjodé', temperature programmed reduction is

most commonly used for €haracterizing h}e_t_er_pgeneous catalyst. The TPR technique

was performed in order'to determine the reduction behaviors. The response of the

TPR curve measured on silica-support sample bj_given in Figure 5.8.
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Figure 5.8: The TPR patterns of Co/SiO, catalyst after calcinations

with 20wt% of Co



47

The TPR results showed that all cobalt oxide species supported on silica
sphere were reduced to the metallic state by the two step of reduction. The one
shoulder and one peak were detected at about 298 and 330°C, respectively, which

could be assigned to the stepwise reduction of Co30;.

Co030.4 + H, E— 3Co0 + H>O

CoO + H, ), Co® + H,0

The TPR profile of Co/SIO; catalysi Consisted of the shoulder and one main
peak, only catalyst C1 was detected in one broad peak. This broad peak could result
from overlap of both reduction steps; no single steps could be ascribed to the
reduction of Coz0, [Kraum and‘/Baerns; 1999]. The catalyst C5 and C7 exhibited a

small peak on the top of TPR curve.

A significant incréasg in'the reduction temperature was found for by the higher
weigh ratio of ethylene glycol co-solvent:\_/_vith sol-gel preparation of silica support.
From these profiles the maximum temperature for each catalyst is given in table 5.4.
The total hydrogen consumptions‘of all catalysts were nearly similar in the twenty
orders of magnitude. The reducibilities of tr;e catalysts can be measured based on the

peak area below TPR curve and reduction behaviors obtained from TPR results.

Usually, the interaction between cobalt and support in smaller particle is much
stronger than in larger particle and this interaction is likely to stabilize small oxidized
particles and“€lusters: inssilica) [Khodakev et jaly 2006):In=our study, the small
particles had .nearly “diameter ‘in~the narrow microscale ‘ranges. The interaction
between cobalt and support was affected by thexcrystallite size“ef metal catalyst
combined the particle\size effect, Erom.the order of crystallite size,estimated by XRD
signal, the sequence of decreasing small crystallite in higher weigh ratio of ethylene
glycol co-solvent with support preparation was found. Interaction of smaller cobalt
particles and SiOH groups in silica support may retard reduction to Co°. The larger
cobalt crystallite can be easily reduced to cobalt metal [Li et al., 2006]. However,
catalyst C5 seemed to against the result of H, consumption, which may reflect the

reduction of cobalt oxide. It was probably because some cobalt crystallites existed as
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very small particle inside the small pore of mesoporous silica, where H, consumption
might have been partially blocked and undetectable.

Table 5.4: Maximum temperature and H, consumption from TPR profiles of each
Co/SiO; catalyst

Sample Reducing temperature [°C] Total H, consumption Reducibility
Initial  Final Maximum [umol H./g.cat] [%]

C1 230 410 321 5.35E+20 19.66

Cc2 230 410331 5:32E+20 19.59

C3 220 430" 340 5.51E+20 20.23

C5 210 =430 4342 4.58E+20 16.83

c7 210 490 /320 : 6.05E+20 22.21

5.2.5 Differential thermal apalysis and ther'[nbgravimetric analysis (DTA/TG)

The thermal properties were characterized by thermogravimetric and
differential thermal analysis (TG=DTA). TéfD'l_’A analyses were performed under H,
UHT carrier between 20 and 800°C for the drle;d catalyst. Figure 5.9 shows the DTA
curve of catalyst C1 that displays several endothermic peaks below 100°C. This is due
to the evaporation-oF physisorbed water and isopropanot scivent. The second weight
loss noticeable exothermal peaks at 310°C were correspanding to the decomposition
of cobalt oxide. The-temperature was nearly interpreted from the TPR result. The

DTA curve was similartocatalyst C1 in all ‘cebalt-based silica sphere catalyst.
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Figure 5.9: DTAITG curve of the catalyst C1

_.f "
TGA curve of each catalyst is shown ;n Figure 5.10. TGA curve of each

catalyst displays several endothermlc peaks_‘l:)_elow 100°C. Similar in all catalyst, the

first weight loss is attrlbuted o the removal of phy3|sorbed water and endothermic

dehydration and sécénd weight foss noticeable exothermai \jvere corresponding to the
decomposition of cdbalt oxide. The TG curve shows a Iargiest weight loss about 6 %
in catalyst C1 and the -weight loss several decease in larger particle. The weight loss
can be determined; by jthe',decomposition=reaction equation«is 5.3 %, obtained in
appendix E, nearly‘result about 6 % 'with TGA method obtained. The intrinsic reason
of more specific surface area and pore volume of-gobalt-based silica sphere catalyst
will eventually lead to the higher evaporation of physisorbed water and isopropanol

solvent.
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5.2.6 Carbon monoxide chemisorpﬁé_hf; "

The carbon monoxide ,,,chemisorptioﬁ_-rft'gchnique was found that the carbon
monoxide disproportional reaction: 2CO ——— Cyuraee -+ CO, is a key role of
simulating the first-Step of meachanism of the FTS, whieh can also be useful for
comparing the catalyti¢ activity [Moradi et al., 2003]. The catalytic active site can be
calculated by amount oficarbon monoxide adsorption on catalyst. Absorbed amount of
carbon monaxide was-directly propartional to the active site. On the other hand, the
higher absorbed amount of carbon monoxide is related to the higher active site. The
carben,monoxide-chemisorptions resultsiforali-catalyst samplesiaretillustrated in table

5.5. The calculation of ‘active site of catalyst is shown in Appendix'B.
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Table 5.5: The CO chemisorption result of Co/SiO,

Catalyst Loading on CO Chemisorp Active site Dispersion* CO Chemisorp /

support [umole CO/ [molecules / [%] BET surface area

g. Catalyst] mole CO/m?] [umole CO/g.cat/ m?]
C1 S1 29.38 1.77E+19 0.87 0.0584
C2 S2 26.07 1.57E+19 0.77 0.0461
C3 S3 26.89 1.62E+19 0.79 0.0662
C4 S4 26.63 1:60E+19 0.74 0.0576
C5 S5 26.06 ’ 1.57E+19 0.77 0.0548
C6 S6 26143 1.59E+19 0.78 0.0569
c7 S7 26.38 1.59E+19 0.78 0.0545

* Dispersion% base on Codloading % from-impregnation technigque preparation

From the result; allssamples exhi_birted high active sites. The chemisorptions
results show the similag'pmole of CO that ‘can be, absorbed per gram catalyst. The
catalyst C1 was represented the differenf__ performance in the chemisorptions and
active site from other samples because it had large internal surface area in the term of
mean pore diameter andporg-volume. Besides, it had more catalyst dispersion

percentage.

5.2.7 The acCtivity test

In order to measure the catalytic behaviors of the Co supported on silica
sphere supports, CO, hydregenation (H2/CQ@,/= 10.36/1) under methanation condition
was performed to. determine the overall ‘activity and product selectivity of the
samples. Hydrogenation of CO, was carried out at 220°C. A flow rate of H, gas was
purgéd With “Righ\putified “argon attthed flow) rate of) 8:8 Ml fjin™™ [The CO./H,
(8.8%C0;) reactant was passed through the reactor at the flow rate of 21.3 ml min™ to
combine the argon gas in a fixed-bed flow reactor. The resulted reaction test is shown
in table 5.6.
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Table 5.6: Conversion and selectivity of Co/SiO, catalyst in CO, hydrogenation

Catalyst CO, Conversion®[%]  Rate of reaction © TOF® CH, Selectivity © CO Selectivity ©
Initial ® Steady state©  [mol CO./ (g cat. h)] [x10°s™] [%] [%]
C1 9.50 9.11 4.13E-2 1.52 64 36
C2 10.40 10.42 5.58E-2 1.74 78 22
C3 22.79 17.60 9.75E-2 2.93 87 13
C4 2451 2353 14.27E-2 3.91 91 9
C5 26.86  20.00 12:21E-2 rss! 92 8
C6 21.63 21.50 12:73E-2 96 87 13
C7 20.39 21.07 12.46E-2 3:49 90 10

# CO, hydrogenation was'carried outat 220°C, 1 atm, and H,/CO,/Ar =
19.3344/1.8656/8.8, F/W=18 Lo cath

® After 5 min of reaction.

¢ After 4 h of reaction.

4 The TOF calculation was pased on CO chemisorption.

The conversion and selgectivity of 666a|_t—based silica sphere catalyst in CO,
hydrogenation are shown in the tabie 5.5.The }nitial state was tested around 5 min
after started reaction\and the steady state was &e’términed the average resultin 3to 6 h
after started reaction: The primary major product in CO; hydrogenation of Co/SiO,
catalyst is methane and only small ethane Is a secondary product of reaction. The
carbon monoxide intermediate was generated from the reverse water-gas shift reaction
(RWGS) used: toicalculate the rate ofireaction and: selectivity--Based on results, the
catalyst has nearly CO; conversion betweeninitial and steady state and the conversion
was larger when the particle support increased té*diameter of 1.0-um. The rate of
reaction and selectivity exhibited the result as same as the conversion. However, the
catalyst C1 has the highest active site, but it conducted poor conversion, selectivity
and rate of reaction. The CO selectivity is inverse value. The intermediate was
generated from RWGS, but not to be used in the hydrogenation. The catalyst number
C4 and upper exhibited good results in the activity test, perhaps due to a very small
particle was pressed in to the reactor against the adsorption and increased pressure in

the reactor. Therefore, there is little knowledge about CO, surface chemistry as
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compared to CO and H,. CO; is dissociate to CO and O on catalyst surface and such a
process step leading to the RWGS reaction, generated CO and H,0. CO dissociates at
certain oxide-metal interface interaction. There is several researches to propose the
effect of water on the activity for Co-supported catalysts in the restructuration and
deactivation [Storseter et al., 2005]. However, the main difference in the product
selectivity shows the significant of the particle size distribution and uniform shape

affected on the reaction.

5.3 Effect of Co loading on the silica supportioer Co support catalyst properties

This section describes~the preparation and characterization of smallest and
largest spherical silica; support.S1 and S7 with different amount cobalt loading by the

incipient wetness impregnation:
5.3.1 Ny physisorption

The ethylene glycol weight ratio 0.10 and 0.50 in the co-solvent was variable
with cobalt loading decreased to"10wit% arnd 5wt%. The summarized results of the

uniformity and pore characteristics of the cafélyS’t are listed in table 5.7.

Table 5.7: Properties‘of representative Co/SiO- catalyst verify loading

Sample Weight ratio of  Co loading Specific surface  Mean pore Pore volume
Ethylene glycol [%] area[m%g]  diameter [nm]  [em®/g]
C1 0.10 20 503 2,66 0.28
C1-2 0.10 10 663 2.34 0.29
C1-3 0.10 5 988 2.20 0.40
c7 0.50 20 484 2.49 0.25
C7-1 0.50 10 788 2.46 0.33
C7-2 0.50 5 917 2.42 0.37

Table 5.7 shows the higher specific surface area of catalyst when the amount
of catalyst was increased, as same result in both silica supports. The mean pore

diameter was lower with higher Co loading, but the pore size and pore volume was



54

inversed. The mean pore diameter was expanded to change in the big support more
than small support. It showed that significant small cobalt crystalline was put in to the
pore of support and may be sintering of small catalyst positive more than the bigger
one. Reducing the cobalt loading sample is evident that there was also less substantial

coagulation of catalyst particle on the support.

5.3.2 Temperature-programmed reduction (TPR)

The TPR technique was performed.«in_erder to determine the reduction
behaviors. The response.of-the TPR curve measuie-on silica-support sample is given

in Figure 5.11.
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Figure/Si11: The TRR patteins of Co/SiO; verify catalyst loading

From the TPR result, all Co catalysts resulted in nearly of the maximum
reduction temperature. The TPR profile consisted of one shoulder and one main peak,
similar to those obtained for previous study with catalyst 20wt% loading. It indicated
that no corresponding to the reduction between amount of cobalt loading and support.
In contrast, the response of the H, consumption decreased and the value was very

small on less catalyst loading, which can be related to the amount of catalyst loading.
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However, reducibility nearly constant and higher in catalyst C1-2. The result
quantitatively described by the more growth probability of CozO, distribution on
catalyst surface. Table 5.8 is summarized the TPR result of catalyst C1 after decrease

loading Co.

Table 5.8: TPR result Co/SiO;, catalyst verify catalyst loading

Sample  Co loading Reducing temperature [°C] Total H, consumption  Reducibility
[%] Initial Final  Maximam [umol H,/g.cat] [%]

C1 20 230 410 321 5.72E+20 21

C1-1 10 225 410 819 3.13E+20 23

C1-2 5 i) 420 322 1.45E+20 21

5.3.3 Carbon menoxide chemisorpjtibns

The carbon manoxide ‘chemisorptions results for the catalyst are shown in
table 5.9. From the result, catalyst has similéi behavior on CO chemisorptions and
active value in both different support particTé Sizes. However, the decreased value was
very dropped when reduced the-cobalt Ioadin& to 5wt% and higher affected in the
small support particle size rather than thérlrér’g'e particle. The CO chemisorp/BET
surface area results were-related-to-the-CO-ehemisorption result with decreasing when

reduced the cobalt loading.

Table 5.9: The CO chemisorption result of Go/SiO, verify catalyst loading

Catalyst Loading on “Co-loading © CO*Chemisorp ‘Active'site© ‘Dispersion* CO Chemisorp /

Support [%] [umole CO/  [molecules/ [%] BET surface area
g. Catalyst)] * * male CO/M?] [umole CO/g.cat/ m?]
C1 S1 20 29.38 1.77E+19 0.87 0.0584
C1-1 S1 10 27.78 1.67E+19 1.64 0.0419
C1-2 S1 5 8.72 5.25E+18 0.79 0.0088
Cc7 S7 20 26.38 1.59E+19 0.78 0.0545
C7-1 S7 10 13.66 8.22E+18 0.81 0.0173
C7-2 S7 5 10.32 6.56E+18 0.80 0.0113

* Dispersion% base on Co loading % from impregnation technique preparation
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Inexpertly, the dispersion cannot explain the observed enhancement in active
site. The dispersion can be maintain in the large support particle, but without
significant and great uncertainty dispersion value in small support particle, indicating
that there is an important of morphology of particle in the CO chemisorption when

variable of amount of catalyst addition.
5.3.4 The activity test

In order to determine the catalytic behaviors of the verity of amount of cobalt
supported on C1 and C7 supports, CO, hydrogenation (H,/CO, = 10.36/1) under
methanation condition-was peirformed to determine the overall activity and product
selectivity of the samples. Hydrogenation of CO> was earried out at 220°C. A flow
rate of Ho/CO./Ar = 19.3344/1.8656/8.$ qm3/min in a fixed-bed flow reactor was

used. The resulted reaction test.s shown ig"table 5.10.

Table 5.10: Conversion@andselectivity of C;o/SiOg catalyst in CO, hydrogenation

verify catalyst loading

#

Z ropd CH, Selectivity ¢ CO Selectivity °

Catalyst CO, Conversion®[%] Rate of reaction ©

Initial ° Steady state © [mol COy/ (g cat. h)j_. - pa0’s] [%] [%]
C1 950 9.11 4.13E-2 1.52 64 36
Ci1-1 10.23 7.16 4.06E-2 1.35 56 44
C1-2 412 341 1.15E-2 1.09 52 48
C7 20.39r 21.07 12.46E-2 349 90 10
C7-1 16.44. 10.16 5.45E-2 0:31 80 20
C7-2 4.62° 4.17 1.70E#2 0.17 61 39

& CO, hydrogenation was carried out at 220°C, 1 atm, and H,/CO,/Ar =
19.3344/1.8656/8.8, F/W= 18 L/g cat.h

® After 5 min of reaction.

¢ After 4 h of reaction.

? The TOF calculation was based on CO chemisorption.
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Concomitantly, the same CO, conversion and rate of reaction value were
decreased with lower cobalt catalyst loading. As for C7 support catalyst, the Co/SiO,
catalyst achieves lower CO, conversion and rate of reaction than C1 support catalyst.
In resent claimed, the results depend on the CO chemisorption and active site for
reaction.

It was in accordance with the intermediate was generated from RWGS, but not
to be used in the hydrogenation. The high catalyst loading shows higher CO and CH,4
selectivity. It is probably due to the byproduciwater could not diffuse out of small
catalyst pores quickly and the small supibort cobalt was not changed the chain growth
of hydrocarbon product [Zhang.et al., 2004].

As compare _in resuli supportl_ C7 showed the higher catalytic activity
indicating performancegin CO; hydrogeriq%ion than support C1 in the same catalyst
loading. The activity and selectivity of thp COISiO; catalyst are markedly depended
on their morphology, uniformity_an_d surfaﬁq structure,

"
il

2 dd



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, Section 6.1 provides the conclusions obtained from the
experimental results of spherical silica synthesized by the sol-gel method. The cobalt
supports on spherical silica characteristics and catalytic activity during CO;
hydrogenation. Additionally, recommendations«for further study are given in section
6.2.

6.1 Conclusions

In summary, the.sol-gel:method was successfully synthesized the spherical
silica from TEOS and CgTMARBF as a surfactant template. The particle has a good
shape and morphology and the particle diameter was controlled by changing the
weight ratio of ethylene glycol co-solvent: 'i'he uniformity of particle diameter has a
high standard deviation, when the weight ratio outside the range of 0.15 to 0.30. The
20 wt% loading of cobalt catalyst prepared—'fay the incipient wetness impregnation on
spherical silica is nearly resultmg of the chéiaé‘férization. The specific surface area of
catalyst was reduced about 50 percentage in-':range'of 400 to 560 m?/g. As same as the
specific surface area; the pore volume was reduced about-50%, but the mean pore
diameter of catalyst'was not deviated value. The smaller particle of catalyst diameter
has a larger surface-area and active site, but poor result of the activity test of the
reaction. Due to the spatialvand chemical efféct of support coexisting in the catalyst
behavior, where | uniformity @and; good: dispersion 'pravided -higher efficiency of
reactant and product exhibited in the result of ethylene glycol co-solvent weight ratio
0.25!_The variatio:) of catalyst loading sighificantly, enhanced activity-‘and selectivity
of catalyst. The same catalyst loading was found to have a profound influence of
uniformity and particle size has effect on the catalyst efficiency. Moreover, the
control of the physical and morphology of support has effect on the performance of

Co catalysts in CO, hydrogenation.
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6.2 Recommendations

1. To measure of stability of catalyst after the reaction, some previous study
reported that Co/Si ratio decreases after reduction and reaches practically the initial
value after reoxidation [R. Riva et al., 2000], should be future obtaining the sintering
probably occurring versus the particle size of cobalt support catalyst.
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APPENDIX A
CALCULATION FOR CATALYST PREPARATION
Calculation of cobalt loading

Preparations of 20wt% Co/SiO, by the incipient wetness impregnation method

are shown as follows:

Reagent: (1) nitrate hekah e (Co(NOs3),-6H,0)

SiO, =1.00-0.26 0-80

nitrate hexahydrate

Cobalt 0.20 ared from C
oba g was prep ’ﬁ-ﬂw&

Cobalt (1) nifrate hexahydrate required = (0:20/58.933) x 291.03

g’
AULINENTNEINS
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APPENDIX B

CALCULATION FOR TOTAL CO CHEMISORPTION AND DISPERSION

Calculation of the total CO chemisorption and metal dispersion of the catalyst,

a stoischiometry of CO/Co = 1, is assumed. The calculation procedure is as follows:

Let the weight of catalyst used

Integral area of CO peak after ad | unit
Integral area of 100 pl of stan Q unit
Amounts of CO adsorbed on ' 7 unit
Concentration of Co Yowt
Volume of H, adsorbed on ¢ " P Y100 [(B-A) ul
Volume of 1 mole of C ul
Mole of CO adsorbed on oy — )/B. X 100/24.86 pmole

Total CO chemisorption 9 ;' 3-A) ]X[iQ 29.93]x[1/W]  umole /gcatalyst

umole /gcatalyst

% Co dispersion = The amount of co tequivalent to ¢ SO tion‘ajter reduction x 100

obalt active sites ex| pected to existafter reduction

5

Molecular weight of coha& =58. 9

o serfin o £ ) Y1 £ ﬂﬁoﬂ 100 . hmpte o

=1 x N x 1004[No. umole Cog]

ATTENITI 3 EU st ot Loy

=[0.95 x N] /C
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APPENDIX C
CALCULATION FOR REDUCIBILITY

For supported cobalt catalyst, it can be assumed that the major species of

calcined Co catalysts is CosO4. H, consumption to reduce CosO; is calculated as
follows:

Molecular weight of Co =58.93

Molecular weight 0f o304 = 240.79
Calculation of the calibration oi*Hs consumption usingeobalt oxide (Co3O,)

Let the weight of Cos04 used = 0.1 g

=458 x 10° mole
From equation of Co30, reduction; xi
Cos0, + 4H, — 3C70:'_-_l-_ 4H,0 (eq.1)
Mole of hydrogen consumption =4 Mq"le of C030,4 consumption
=4 4%152’::x 10
= 1.66:1- x i03 mole
Integral area of hydregen used to reduce Co30,0.1 g =115.63 unit

At 100 % reducibility, the amount of hydrogen consumption is 1.661 x 107
mole

related to the'integral ‘area of CozOz-after‘reduction 115.63 unit.

Calculation of reducibility of supported cobalt catalyst

% Reducibility = Amount of H, uptake to reducel g of catalyst x 100 (eq.2)
Amount of theoretical H uptake to reduce Co O to Co for 1 g of catalyst

Integral area of the calcined catalyst =X unit
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The amount of H, consumption =2x1.661"x (X) /115.63 mole
Let the weight of calcined catalyst used =W g

Concentration of Co =Y %owt
Mole of Co = [(W x Y/100)/ 58.93] mole
Mole of Co304 = [(W x.Y/100)/ (3 x 58.93)] mole

Amount of theoretical 3 x58.93)] mole

Reducibility (%) of supp talyst 54
'L 66 X10° % (X)/115:63] x 100

(0.1 % 20/100) X 4/(3.x 58.93)]

mole

Example for 20Co/ Z
Integral area of the calcifed Catalyst | | /= A unit

The amount of H, consumptio ( . x107°x(X)/115.63] mole

Let the weight of calcined g
Concentration of Co wt%
Mole of Co mole
ul
Mole of Co304 100)/(3x 58.93)] mole
i
Amount of theoreticaJ =[(0 1x20/10 0)x4/(3x 58.93)] mole

@M 2 b IR ET i

. [(0.1x 20/100)X 4/(3 x 58.93)]

aq RN TUNNAINENRY .,
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APPENDIX D
CALCULATION OF THE CRYSTALLITE SIZE
Calculation of the crystallite size by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the diffraction
peak of XRD pattern using the Debye-Scherrer equation.
KA
B el

From Scherrer equation: D= (eqg.3)
where D = Crystallite size, A

K = Crystallite-shape factor = 0.9

A = X-ray wavelength, 1.5418 A for CuKa

0 = Obseryved peak-angle, d-i:egree

B = X-ray diffraction broad&;__ing, radian

The X-ray diffraction broadening (B)"- is the pure width of a powder diffraction
free from all broadening due te the experir@rit’él equipment. a-Alumina is used as a
standard sample to observe rrthe'instrumental:'-b.roadening since its crystallite size is
larger than 2000 A:“The X-ray diffraction broadening (B) can be obtained by using
Warren’s formula. ™

p—— 4 2
From Warren’s formula: p = By —Bg (eq.4)

Where"By = The measured peak width in radians at half peak height.
Bg~= The corresponding width of the standard material (o-alumina).
= (6E-7)(20)* (1E-5)(26) + 0.0037
Example: Calculation of the crystallite size of catalyst number C1
The half-height width diffraction peak = 0.38 ° (from the figure D.1)
= (0.38xm)/180

= 0.0063 radian



The corresponding half-height width of peak of a-alumina
= (6E-7)(37.00) (1E-5)(37.00) + 0.0037
= 0.00415 radian

The pure width, § = (0.0063%-0.00415 %) *°

B =0.0047 radis

The crystallite size
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Figure D.1 The diffraction peak of catalyst number C1 for calculation of the

crystallite size
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APPENDIX E

CALCULATION OF THE WEIGH LOSS FROM THERMAL ANALYSIS

For supported cobalt catalyst, it can be assumed that the major species of calcined Co

catalysts is Co30,.

Molecular weight of Co

Molecular weight of C

Molecular weight

CO304 Hzo

CoO H.0
Calculation of the . carl' be determine \' he decomposition reaction
equation:
From equation of Co3O4 r

C0304 4H20

v,
% Weight loss of mogule cataly : -79@ 100
240.79

= 26.58./ %

e BUEANEAINGNS
" WS i nen gy

100
=53 %



74

APPENDIX F

CALIBRATION CURVES

This appendix showed the calibration curves for calculation of composition of
reactant and products in CO hydrogenation reaction. The reactant is CO and the main
product is methane. The other products are linear hydrocarbons of heavier molecular
weight that are C2-C4 such as ethane, ethylene, propane, propylene and butane. The
thermal conductivity detector, gas chromaiography Shimadzu model 8A was used to

analyze the concentration 0f CO by using Moleeular Sieve 5A column.

The thermal conductivity  detector (TCD), gas chromatography Shimadzu
model 8A was used”to amalyze' the concentration of"'CO2 by using porapack-Q
column. The VZ10_ eolumn’ are /used with a gas chromatography equipped with a
flame ionization detegtor, SShimadzu mE_)d'eI 14B, to analyze the concentration of
products including of methane, ethane,-:,.eth'ylene, propane, propylene and butane.

Conditions uses in both GC are illustrated 'ifn_i_,TgbIe DY

Mole of reagent in y-axis-and areaifeported by gas chromatography in x-axis
are exhibited in the curves. THe calibration curves of CO, methane, ethane, ethylene,

propane, propylene and butane are iIIustrated-iFiihe following figures.
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Table D.1 Conditions use in Shimadzu modal GC-8A and GC-14B.

Parameters Condition
Shimadzu GC-8A Shimadzu GC-14B
Width 5 5
Slope 50
Drift 0
Min. area 10
T.DBL 0
Stop time 60
Atten 0
Speed 2
Method 41
Format 1
SPLWT 100
ISWT 1

AULINENTNEINS
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Figure D.6: Chromatograms of catalyst sample from flame ionization detector, gas
chromatography Shimadzu model 14B (VZ10 column).
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APPENDIX G

CALCULATION OF CO, CONVERSION, REACTION RATE AND
SELECTIVITY

The catalyst performance for the CO, hydrogenation was evaluated in term of

activity for CO; conversion, reaction rate and selectivity.

CO;, conversion is defined as moles of CO; converted with respect to CO, in feed:

CO; conversion (%) = 100 x [mole of COsinfeed — mole of COyin product] (i)
‘mole-of CO»in feed

Reaction rate was calculatedfrom €O, conversion that is as follows:

Let the weight of catalystused: = & =W g
Flow rate of CO, -4 =2 cc/min
Reaction time =60 min
Weight of CH; : b4\ S\ g
Volume of 1 mole of gas at'd atm = 22400 cc
Selectivity to CH, 8 s

Reaction rate (g CH./g of catalyst.h) -

_ (% conversion of CO,/100) X 60% 14 x 2 X S .
T W X 22400 (i)

Selectivity of product.is,defined.as.mole.of product (A).formed.with respect to mole

of CO; converted:
Selectivity of A (%) =100 x [mole of A forfiied /mole of total'products]  (iii)

Where A"is product, mole'of*A*can be ‘measured employing the ‘calibration curve of

products such as methane, ethane, ethylene, propane, propylene and butane

mole of CH, = (area of CH,4 peak from integrator plot on GC-14B) x 8 x 1012 (iv)
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