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Fischer-Tropsch synthesis (FTS) is one of the most promising ways for the conversion
of syngas to hydrocarbon products. Supported cobalt is the preferred catalyst for FTS due to its
high selectivity to heavy hydrocarbons, low activity for water-gas-shift reaction and
comparatively low price. Cobalt loaded SBA-15 catalysts were prepared by two different metal
loading techniques including post-synthesis and direct-synthesis methods. For the post-synthesis
method, the conventional wetness impregnation and solvothermal technique were applied. In
order to prepared uniform dispersion of cobalt catalyst on silica support, the direct-synthesis
method was applied by using pH-adjusting approach. Also, the FTS catalytic performances of
Co/SBA-15 catalysts prepared by different metal loading techniques were comparatively
investigated. It was clearly observed that the pH value of synthesis solution affected the
structural order of direct-synthesis catalysts. The degree of cobalt incorporation was increased
when pH value of synthesis mixture was increased. The optimum cobalt loading (ca. 10 wt. %)
with well-ordered mesostructure of SBA-15 silca was obtained at pH of 7.5. Direct-synthesis
catalysts with highly distributed cobalt particles significantly promoted the selectivity towards
long-chain hydrocarbons, especially the diesel-range products (C ,-C,,). The undesired methane
product, normally occurred over cobalt catalysts prepared by the conventional impregnation
method, was distinguishly reduced. Nonetheless, the reactivity of direct-synthesis catalysts
were noticeably decreased due to the lower accessibility of reactants to cobalt active sites,

resulting in the decrease of reduction degree of cobalt species.
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SELECTIVE PRODUCTION OF HIGHER HYDROCARBONS
OVER COBALT SUPPORT SBA-15 MESOPOROUS SILICA
CATALYSTS

INTRODUCTION

Recently, the intensive concerns of fossil energpletion, air pollution and
global climate have encouraged many researchepsotfuce alternative energy. In
order to deal with the continually massive fuel amption (as shown in Figure 1)
and the restriction of the emitted pollutants, haghality of transportation fuels are
also needed. One of the promising alternativeggnisr synthetic fuels produced by
the Fischer-Tropsch (FT) process, which have reckeivncreasing attention
worldwide due to the compatibility with existing tpgdeum infrastructure and

vehicles (Takeshita and Yamaji, 2008).
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Figure 1l World petroleum consumption (1,000 barrels psf).da
Source: Anonymous (2008)



Fischer-Tropsch (FT) synthesis is a well-known lgéita process that very
clean alternative fuels can be produced from theversion of synthesis gas (a
mixture of carbon monoxide and hydrogen) which lsargenerated from natural gas,
coal and biomass. FT fuels are of high quality eetdne number, being free of sulfur,
nitrogen, aromatics, and other contaminants tylyidalund in petroleum products,
which are friendly to environment (Van der Laenal., 1999). Undoubtedly, FT
synthesis has become a promising way to producelpem substitutes for renewable
transportation fuels (Knottenbelt, 2002). Moregvke synthesis gas which is used as
reactant gas in FT synthesis can be produced flenrdaction of carbon dioxide
reforming of methane in present of catalyst, stedadry reforming reaction (Kodama
et al.,, 2001). By this process carbon dioxide and methahieh are greenhouse
gases can be reduced and converted into reactsed gaFT process in the same time.

According to the catalytic reaction of FT synthesmost of VIII group metals
have measurable activity in carbon monoxide hydmagen but yield different
products, including hydrocarbons, acids, alcohaild asters. Generally, iron and
cobalt metals are widely used as FT catalysts dogelr hydrocarbon production
(Iglesia, 1997; Ernst, 1999). However, the supgbrtobalt catalysts are particularly
suited for the FT synthesis since they give highdyof long chain hydrocarbons, low
activity for the water-gas-shift reaction and haweg active life time (Jacokt al.,
2002; Soledtt al., 2003; Davis, 2005).

The discovery of mesoporous silica opened up nesgipiities in many areas
of chemistry and material sciences (Kresgal., 1992; Zhacet al., 1998; Imperor-
Clerc et al., 2000). These materials have high specific surfa®as, high pore
volumes, and well-ordered pore structures with amif mesopores, adjustable from
about 2 to 10 nm. In the family of mesoporous male SBA-15 synthesized with
triblock copolymer as a structure-directing agenter strong acidic conditions is
formed as a hexagonal array of uniform tubular detand exhibits large pore size,
thick pore wall, high thermal and hydrothermal ditds (Zhao et al., 1998).
Therefore, SBA-15 material is a good choice to asea catalyst support in larger

hydrocarbon synthesis.



The performances of cobalt catalysts for the FTttssgis mainly depend on
the overall amount of exposed metallic cobalt atoni®ius, a highly active cobalt
catalyst requires high dispersion of cobalt met&ost-synthesis methods such as
impregnation and grafting have been widely used dmparing metal supported
catalysts. However, this metal loading techniquleilsts the disadvantage upon the
catalytic performances because it often leadseddbs of specific surface areas and
the blockage of pores by large cobalt oxide pasiakhich could play negative roles
on catalytic behaviors (Lirat al., 2008). Such that, many researchers have been
working on the modification of catalyst preparatimnsynthesize FT catalysts with

high activity and selectivity.

Preparing the highly dispersed metallic nanoclgstath SBA-15 as a catalyst
support is a great challenge to obtain high peréorce FT catalysts and only a few
reports were presented to demonstrate the direotporation of cobalt species into
the SBA-15 silica framework. The alternative wayrttroduce cobalt species into the
mesoporous silica support is adding the cobaltyrses directly into the synthesis
mixture of silica, structure directing agent, hychiwric acid and distilled water,
followed by hydrothermal treatment; so called tiveat synthesis method. However,
the incorporation of metal ions into the framewask SBA-15 by means of
condensation process is very difficult because hed strongly acidic synthesis
conditions (Melerat al., 2005).

The aim of this research is to increase the peidone of cobalt catalyst in FT
synthesis in order to obtain higher hydrocarbordelity in the range of diesel (6~
Ca0). By this reason, a simple sol-gel method is riedito directly incorporate
cobalt atoms into SBA-15 support by pH adjustingprapch and the obtained
catalysts are characterized by various instrumentsh as K sorption analysis,
Transmission Electron Microscopy (TEM), and Thernaagnetric Analysis (TGA).
In addition, the effect of different techniquesnoétal loading on cobalt dispersion in
silica-supported catalysts and the catalytic pemdorce of FT synthesis is also
investigated. Cobalt-containing SBA-15 materiate @repared by two different

techniques including the direct thermal synthesid #he conventional impregnation



method, and characteristics and performances oblt&ned catalysts were studied

comparatively.



OBJECTIVES

1. To study the effect of metal loading techniques carbon monoxide

conversion and hydrocarbon selectivity in FischespBch synthesis reaction.

2. To directly synthesize cobalt-containing SBAeHbalyst with well-ordered

mesoporous structure by a simple modification sblagel process.

3. To investigate the role of cobalt dispersionFescher-Tropsch synthesis

performances.

Benefits

1. Highly dispersed cobalt support SBA-15 mesopsrsilica catalysts can be
successfully synthesized via the direct synthesthod by using simple adjustment

of sol-gel process.

2. High selectivity of long chain hydrocarbon guats in the range of diesel
in Fischer-Tropsch synthesis can be achieved dwercatalysts prepared by direct

synthesis method.

3. The influence of metal loading technique andamneéispersion on FT

catalytic behavior is clearly discussed.



LITERATURE REVIEW

Ficher-Tropsch (FT) synthesis is one of the maportes for converting coal-
based and/or natural gas-derived syngas into higtitg chemicals and fuels. The
main goal of FT synthesis research is to develog&talysts with high activity and
selectivity by improving the selectivity ofs€ hydrocarbons while decreasing the
selectivity of methane. In particular, liquid faeh the range of diesel fuels produced
by Fischer-Tropsch process (synthesis of hydrocertdoom CO and b exhibit
attractive potential as very clean alternative gyerelative to the conventional fossil
petroleum. The products generated from FT syrshes mainly composed of linear
paraffins with high cetane number and are freautitisand aromatic pollutants (Van
der Laan and Beenacker, 1999). In order to imptbeeerformances of FT catalysts
and increase the selectivity of the desired hydtmmaproducts (&-Cyo), informative

research understanding is reviewed as the followasgription.

Fischer-Tropsch Synthesis

In the last decades, the interest in Fischer-Ttod&d) synthesis has been
increased as a result of change in fossil energgrves, environmental demands and
technological developments FT synfuels have becandey alternative fuel
regardless of C&policy because of their low transportation cost andpatibility
with existing petroleum infrastructure and vehig(€akeshita and Yamaji, 2008). In
addition, FT synfuels are virtually interchangeabith conventional diesel fuels and
can be blended with diesel at any ratio without vaith little modification.
Concerning carbon monoxide and particulate matkdr, fuels offer important

emission benefits compared with diesel.

1. TheFischer-Tropsch Process

Fischer-Tropsch (FT) process is a method for thehggis of hydrocarbons

and other aliphatic compounds principally for prodg synthetic petroleum



substitutes. FT process was discovered by Fraseh& and Hans Tropsch, the
German coal researchers, in 1923. This processrwasted in petroleum-poor but
coal-rich Germany to produce alternative fuels migithe World War Il. The original

Fischer-Tropsch synthesis was described by theviillg chemical equations:

CH, + 1/20 —= 2H,+ CO (1)

(2n+1)H + NCO —=  CrHansz + NHO )

FT synthesis reaction is regarded as a surfacdyrath polymerization
process and a lot of heat is involved during reacti The adsorbed GHnonomers,
formed by hydrogenation of adsorbed CO, react witd surface H atoms and
hydrocarbon fragments to produce hydrocarbons aithoad range of chain lengths
due to the limitation of the typical Anderson-Sdhtflory (ASF) distribution (Iglesia,
1997). In this process, synthesis gas (a mixt@feydrogen and carbon monoxide)
can be converted to large ranges of petroleum ptedsuch as methane, synthetic
gasoline, waxes, alcohols, and water over heteemgencatalysts (Van Der Laah
al., 1999; Davis, 2001; Saidi al., 2002). The mechanism of FT synthesis reaction is
quite complex because there are many reactionsrreccualuring the reaction (as
shown in Table 1) and the product selectivity tgficfollows the Anderson-Schultz-
Flory (ASF) distribution (Iglesia, 1997; Burton,@D).

Tablel Major overall reactions in the Fischer-Tropschtlgsis

Main reactions Chemical equations

1) Paraffins (2n + )b+ NCO— CH2,:2+ NHO
2) Olefins 2H2 + NnCO— CyHzp + NHO

3) Water gas shift reaction CO %@l CO, + H;

Side reactions
4) Alcohols 2nH + nCO— CyH2,:0 + (n - 1)HO
5) Boudouard reaction 2C6 C+CQ




Tablel (Continued)

Catalyst modifications Chemical equations

6) Catalyst oxidation/reduction {0y + yH; & yH,O + XM

7) Bulk carbide formation yC + xM> M, Cy
Overall reactions nCoO + (n + 0.5m)H C,Hy + NHO

CO + 2H — -CH,- + H,0O (AH°= -165 kJ/mol)

Source: Henricus (2001)
2. Mechanism of the Fischer-Tropsch Synthesis

Although studies over 70 years concerned the meésMmaof the Fischer-
Tropsch synthesis, there still was a controversgrawe reaction pathway. A
mechanism for Fischer-Tropsch synthesis was quoiteptex and difficult to propose
the existent procedures. Unlike many reactionschér-Tropsch synthesis converts
two of the simplest compounds,, Find CO, into a complex array of products,
consisting predominantly of alkenes and alkanes #&lsb varieties of minor
compounds including the range of oxygenate compsunthe major mechanisms

and modified forms were reported follows.

In the 1950s, the oxygenate (enol) mechanism wadsiewad widely
acceptance. This mechanism involved the chemisorgf CO which reacted with

adsorbed hydrogen to form a unit species such as:

H OH

N
T

M

where M is metal active site.



A combination of condensation and water eliminasteps by using adjacent
groups on the site of active metal resulted incstmal growth (Davis, 2001). The

enol groups were condensed as depicted in Figure 2.

0 0 H OHH OH
| NN
oo 2eomien, € Cc ¢
| (*) I [
M M MM
l_Hln
CH, OH H OH
\/ \ /
c M| ‘c—c¢
[ [ [
M M MM
+C0
O CH,OH HO H OH CH, HO CH,
I Y \/ \V4 y
C C +H, C C HO0 C—C
[ I — | | — I [
MM MM MM
CH, +2H,

M
(* rate controlling)

Figure2 Scheme of the oxygenate (enol) mechanism.
Source: Dry (1993)

Furthermore, the oxygenate mechanism that invallredeaction between CO
and adsorbed hydrogen was proposed. Besidessariiam mechanism composed of
the insertion of CO into a metal-methyl or metalthyéene carbon bond was also
proposed. The inserted metal-methyl or metal-nietteywas then hydrogenated to

produce an alcohol or alkene; oxygen in the alcain@lcohol precursor can also be
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eliminated to produce an alkene product. The sehehthis mechanism was shown

in Figure 3.

12 H, 2Eomim, I -

CH,
CH,

M

(* rate controlling)

Figure3 The insertion of CO into a metal-methyl or metethylene carbon bond.
Source: Wenderet al. (1958)

Davis (2001) also reported the original carbide ma@tsm for the formation
of hydrocarbon and oxygenate products in Fischpsdhr synthesis (FTS). The
carbide mechanism included the formation of metaibicle followed by the

hydrogenation of metal carbide to produce varioggrdcarbon products.
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With the general availability of surface sciencstinments, it was found that
CO adsorbed on active metal surfaces to producsuitiace covered with carbon, and
some of oxygen. This phenomenon led to the coramuthat CO was chemisorbed
and dissociated to form adsorbed C and adsorbed@tis step was followed by the
rapid hydrogenation of adsorbed O to produce waidée hydrogenation of adsorbed
carbon to form Cklis much slower. This mechanism was proposed hiyliM&L989)

as shown in Figure 4.

i I 1 10
C S C —_— C _L, C
| /\ VA RN +H, PAANN
M M M M M M M M M M M M M M M M
l+H:
H
H, |
CH, — C
/\ /7 I\
M M M M M M M M M

Figure4 A mechanism for the insertion of CO into a metadthyl or metal
methylene carbon bond.
Source: Maitlis (1989)

Fischer-Tropsch synthesis (FTS) had been typicdlbracterized as a surface
polymerization since the monomer units were produtem the syngas (hydrogen
and carbon monoxide) on the surface of catalystl999, Steen and Schulz reported
the developed equations describing the rate of @@umption in FT synthesis. As
the FTS reaction yielded aliphatic organic compauand the by-products water
and/or carbon dioxide. Carbon monoxide was conduimethe formation of organic
compounds or carbon dioxide. Therefore, the r&t€® consumption equaled the

rate of organic compound formation on carbon basdcould be written as:

“fco = Ic,org T Ico, 3
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where g oy is the rate of consumption of CO for the formatmhorganic

compounds in FT synthesis.

According to polymerization reaction, the formatioihorganic compounds in
FTS was featured as three classes of reactiondimglunitiation, propagation, and
termination. The initiation step could be defirexithe formation of a chain starter
from CO and H. The propagation step was the incorporation oh@n@er units into
growing chain (the chain growth step); the mononves produced in situ on the
catalyst surface during FTS reaction. Finally tdmnination step was the desorption
of growing chains from the catalyst surface. Stiwt the rate of carbon monoxide
for the formation of organic compounds thus equaledsum of the rate of carbon
monoxide consumption in the initiation, propagatem termination steps.

Steen and Schultz also developed the polymerizdtioetics of Fischer-
Tropsch CO hydrogenation based on an assumptidrnthbarate of reaction in the
FTS was controlled by the rate of hydrogenatioswface carbon which wadsrmed
through CO dissociation. Surface carbon was hyatrated and CHsurface species
was obtained, this reaction was regarded as a ddtaiter. Figure 5 presents a
simplified scheme for the formation of chain stestand incorporation into growing
alkyl chains using the polymerization principle.

Chain starter
R
| Chain growth
CH; (incor por ation)

Figure5 Simplified kinetic scheme of the successive hgdration of surface
carbon yielding chain starters and incorporairdo growing chains.
Source: Steen and Schulz (1999)
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The FT synthesis produced different olefins andaffiais of different chain
lengths. This process was basically a chain-mgldnechanism, where the chain
either gained length by adsorbing another CO graupterminated and left the
catalyst as either paraffin or olefin. This waspiraally shown in Figure 6.

+H
CH = CHs
o 1 +CH2

CHie—— CH4 === CyHo

] v

CiHodmm—— CHo =y CHs

0(1 + CH,

CnH2n

Wherea is a chain growth probability

Figure6 Two possibilities of termination; to a paraffimght side) or a olefin
(arrow to the left), or to grow fiaer with the absorption of CO and Bs
CH

Source: Iglesia (1997)

Recently, many researchers specified the, GQRsertion as dominant
mechanism for the FTS. However, the formation wygenate compounds were
hardly possible via the GHnsertion mechanism so that oxygenate compounds we
assumed to be formed via the CO insertion mechanisnorder to explain both of
the formation of hydrocarbons and oxygenates, dnmdtion of CH monomers was
proposed and carbide mechanism involving C-O bors$odiation was firstly

introduced to react with Hto form methylene (C§. In 2008, Gaube and Klein
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proposed a new mechanism of the FTS on iron andlicchtalysts based on the
hypothesis that two incompatible mechanisms werel#ed on CH insertion and on
CO insertion, respectively. The development ofribgel mechanism was based on
experimental studies of many researchers who eraglmarious types of iron and
cobalt catalysts.

3. Fischer-Tropsch Catalysts

Fischer-Tropsch synthesis (FTS) process was showa tatalyzed by certain
transition metal, with cobalt (Co), iron (Fe) andthenium (Ru) presenting the
noticeably high activity (Vannice, 1977). Cobalidairon based catalysts were
typically applied to FTS process. Moreover, ruiben and nickel based catalysts
also had good activity for FTS, however the avdilgbof ruthenium was limited,
thus it was not economically possible. The nidkaded catalyst had high activity but
methane selectivity was very high, and additiontlly performance at high pressure
was poor, due to production of volatile carbonylSonsequently, the FTS reaction
was catalyzed focusing on cobalt (lglesia, 1997 soailtz, 1999) and iron (Luo and
Davis, 2003 and@hanget al., 2006) as practical catalysts.

Nevertheless, the supported Co-based catalystslesre widely used for the
synthesis of long chain paraffins (Dry, 1990; Cherieik et al., 1991; Iglesia,1997)
according to their high activity for syngas conwensand high yields of linear
hydrocarbons in FTS reaction at medium reactiorpezature and pressure (Iglesia,
1997; Ernstet al, 1999). Moreover, Co-based catalysts were morelestavard
deactivation by water (by-product of the FTS reauij less active for the competing
water-gas-shift (WGS) reaction and produced lesggemxates than the Fe-based
systems. In order to achieve high amount of sermtive sites (C9, cobalt
precursors were dispersed on porous carriers SusiCa Al;O, and TiQ.

In order to increase the conversion and produecieity of cobalt catalyst,
Martinezet al. (2003) studied the performance of FTS by invesitigathe influence
of cobalt loading (10-40 wt. % Co) and type of dbhaecursor on catalytic



15

properties of cobalt support SBA-15 mesoporousasitiatalysts (Co/SBA-15). The
performance of Co/SBA-15 catalysts were testedfirel-bed stainless-steel reactor
at the reaction temperature of 220 °C (P = 20 HalCO = 2). From the result, a
maximum CO conversion of 33.1 % was obtained frbendobalt loading amount of
30 wt. % of which the highest amount of Co actiitesswere obtained. Moreover,
the selectivity of hydrocarbon products was foumitbenced by the amount of cobalt
loading attributed to the higher reducibility of tals with high degree of metal

content.

Cobalt catalyst had been widely applied togethdn wnother metal. A lot of
researchers worked on adding the promoters to eehtre performance of FTS
reaction. In order to obtain higher selectivityh@favy hydrocarbons, FTS catalysts
were modified to increase catalytic activity andSFperformances. Ruthenium and
cobalt can also be applied as catalysts for FThegis. Dunret al. (2004) prepared
cobalt and ruthenium loaded on a silica aerogepsup Rhutenium catalysts were
considerably more active than cobalt catalystshat 4ame metal loading amount
where the product distributions were similar. Hyahrbon products from;Ghrough
C15 were detected with the product distribution cesdestiround ¢Csp at 265°C and
Cizat 225°C.

In 2008,Wanet al. investigated the effects of copper (Cu) and potasgK)
promoters on precipitated iron-based catalyst$=id. The incorporation of Cu and
K promoters to precipitated Fe catalyst was foumchave significant role on the
adsorption, reduction behaviors and catalytic perémces of FTS. The addition of
Cu metal promoted high dispersion of cobalt metal SBA-15 support and the
application of using both of Cu and K as promotxkibited excellent stability and
significantly improved the FTS and water-gas sfiftGS) activities as well as the

chain growth reaction.

Form the previous information, it is clearly seabat the performances of FTS
reaction can be strongly promoted by selection aiflgsts, mostly iron or cobalt

catalyst where the reaction takes place.
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Preparation of Metal Supported M esoporous Silica Catalysts

Mesoporous silica with unique structural propertlesve demonstrated a
considerable potential for the development of psses and materials designed to
meet a range of environmental and technologicallaiges. The discovery of
ordered mesoporous materials with well-defined mizes within the range of 2-50
nm, regular channel systems, high thermal stabiithd the potential for the
isomorphous substitution rises up the new oppdigsmin material chemistry and
catalysis (Kresget al., 1992; Beck et al., 1992; Inagakiet al., 1993; Zhaoet al.,
1998).

1. Mesoporous Silica Support

Periodic mesoporous silicas have attracted gréantain to many researchers
to use as catalyst support materials. Narrow pae-distribution, high surface area
and pore volume make them suitable as the excedlgoports for metal and metal
oxide catalysts (Zhaet al., 1998; Zholobenkaet al., 2001). Two most common
types of periodic mesoporous silica are MCM-41 &RA-15. MCM-41 materials
were usually synthesized in basic mediums, whil&-8B materials were typically
prepared in acidic conditions. SBA-15 materiald kerger pore than MCM-41 and
the pore size can be adjusted from 2 to 30 nm atsthge of synthesis by using
various surfactants and different reaction condgi¢Coma, 1997; Zhaet al. 1998;
Zholobenloet al. 2001). In addition, SBA-15 material with high siiecsurface area
and pore wall thickness, 2D hexagonal pore-arraegénand controllable uniform
mesopore diameters has attracted great attentrolarfige number of applications in
catalysis and separation (Guatial., 2001; Konyaet al., 2002; Mirji et al., 2007).
Recently, SBA-15 material was used commercially aascatalyst support and
represented good properties for catalytic reacdooording to their large internal

surface area (~1,000°fg) and narrow pore size distribution.

During the last several years, SBA-15, which is ploé/mer-templated silica
with hexagonally ordered mesopores, has been exédnstudied and evaluated for
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numerous applications in the field of catalysis aegarations (Zhaet al., 1998;

Selvarajet al., 2002; Janat al., 2003; Tuelet al., 2004; Griekeret al., 2006). In

2004, Ohtsukat al. prepared mesoporous molecular sieves (MCM-41SBA-15)

with different pore diameters and used as highit@pdupports of cobalt catalysts.
The performances of the cobalt catalysts in FTr®gis were comparatively studied.
Template ion exchange method and conventional igmattton method were used to
incorporate cobalt into the support framework. SBAmesoporous silica with larger
pore diameter compared with MCM-41 material exleitbihigher CO conversion in
FT synthesis. The catalyst with pore diameter .@f 8m showed the highest CO
conversion of 72 %. In addition, Sagbal. (2002) reported that MCM-41 support
with smaller pore size compared to that of SBA-d&yld lead to the formation of
smaller cobalt oxide particles, where were moréatilt than the larger particles to

reduce to metal because of the stronger interabtween metals and support.

In addition, the thicker pore wall of SBA-15 comga to that of MCM-41
exhibited the different behavior of mesoporouscadi SBA-15 has higher thermal
stability compared to MCM-41, as a result, SBA-1Bucgure was not destroyed
during the preparation process, i.e., drying, calton and impregnation (Khodakov
et al.,, 2005). Another feature of SBA-15 was the existeraf micropores
interconnecting hexagonally ordered mesopores, iwhiaekes it more suitable for
catalysis because the interconnection facilitatéfsision inside the entire porous
structure (Shakt al., 2007).

In 2005, Nanta-ngerret al. successfully synthesized SBA-15 mesoporous
silica with average pore diameter of 9 nm from raesk ash under strong acidic
condition using Pluronic P123 as the structureetiing agent. The molar ratio of
SiO;: Pluronic P123 : D : HCI of 1: 0.0875 : 200 : 4 was used. The higitbdered
pore structure of SBA-15 (as shown in Figure 7) wasined at the hydrolysis-
condensation temperature of 40 for 24 h and hydrothermal aging temperature of
100°C for 24 h.
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Figure7 TEM image of SBA-15 synthesized at the molarworafil SiQ: 0.00875
Pluronic P123 : 20G® : 4 HCI.
Source: Nanta-ngermet al. (2005)

Chareonpanichet al. (2007) also applied an ultrasonic technique fog th
synthesis of SBA-15 mesoporous silica with highlydeved hexagonal pore-
arrangement and narrow pore size distribution witmuch shorter hydrolysis—
condensation time. In their work, SBA-15 mesopesrsilica was synthesized from
rice husk ash using the ultrasonic technique asthge of hydrolysis—condensation.
The hydrolysis—condensation time was reduced frdnin 20 3 h compared with the
conventional method (Nanta-ngestral., 2005).

In this present work, so as to incorporate metakidirectly into SBA-15
structure by modification of sol-gel process, tinelerstanding of the stage during the
synthesis procedure of SBA-15 mesoporous silicaals needed. In 2008,
Zholobenkoet al. reported the valuable structural information of SB#\ synthesis.
In order to obtain structural data, SynchrotroneldaSmall Angle X-ray Scattering
(SAXS) and Small Angle Neutron Scattering (SANS}ht@ques were applied to
clarify the formation mechanism of SBA-15 mesoparailica; the synthesis mixture

was characterized during the reaction of SBA-13s3sis. The investigation of the
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kinetics of the initial stage for SBA-15 synthegigler the reaction condition was also
focused. The evolution of the ordered mesopordica during SBA-15 synthesis
was monitored and the results confirmed that then&tion of SBA-15 proceeded
according to the cooperative self-assembly mechani$hrough the hydrolysis and
condensation reaction, three major stages in ththegis of SBA-15 were identified
(Figure 8).

spherical cylindrical 20 hexagonal
micelle micelle structure

e

*af

'&F‘

RhLA,
A2 ﬁ"

K7 Y

Q27

silica precursor hydrolysis
I 100

silica condensation

I
| i
F : | s
5 min 25 min 1h reaction times

Figure8 Three initial stages of the evolution of the sadkmesoporous silica
during SBA-15 synthesis.
Source: Zholobenkeet al. 2008

During the first stage, only spherical micelles pdly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) blockpotymer (PEO-PPO-PEQO) were
presented in the synthesis mixture, within the Braninutes of the reaction. The PPO
(polypropylene oxide units) hydrophobic blocks mangethe inner micelle core and
the PEO (polyethylene oxide units) hydrophilic Wecinteracting with water
molecules and silicate species represented thdlena@ona; in the synthesis mixture,
these micelles were surrounded by an aqueous @olati hydrochloric acid. In the
second stage, between 5 and 20 minutes of theiaeagériod, the formation of
hybrid organic-inorganic micelles was observed ageanied with the transformation
from spherical to cylindrical micelles. The pratagion of the ordered SBA-15 was
taken place during the third stage. These micddgan to aggregate into a two-

dimensional hexagonal structure confirming that gmecipitation occurred as the
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result of self-assembly of hybrid cylindrical mies into the structure of SBA-15

mesoporous silica.

In the hexagonal matrix, the cylinders were wedkiked initially by the
corona. As the synthesis proceeded, the voidsdagtvihe cylinders were filled with
silica species and further condensation reactisalted in cross-linking and covalent
bonding between coronas of the cylindrical micell&sen, the condensation of silica
species continued for the reaction duration of al2@uh, at 4FC. In this stage, the
diameter of the inner core of the obtained SBA-ftEicsure remained equal to the
diameter of the PPO core in the surfactant-silicgtendrical micelles. Subsequently,
the synthesis mixture exposed to the higher tenwperaypically 80-100 °C under
hydrothermal condition and about 50C during calcination. It led to further
condensation and densification of the structuré @it increase of pore size, resulting
in the formation of highly ordered and thermallglde SBA-15 mesoporous phase.

2. Effect of Catalyst Preparation on FTS Perfor mances

The selectivity towards the desired products is thain subject in FT
synthesis. One of the most important product selgcis the selectivity of G.
hydrocarbon products. Because the ultra cleandlifyels are of industrial interest, it
is significant to improve the performances of Fhthgsis by increasing thesC
selectivity and suppress the formation of undesinetine in FT products. Either the
properties of synthesized catalyst support or teéhods or chemicals used in catalyst
preparation have direct influence on FTS catalp@formance. The regarding

information is presented as follows.

2.1 Effect of Catalyst Support on FTS Performance

In fact, it was well-known that the catatytconversion of carbon
monoxide occurred on the surface of porous catallyst this reason, the structure of
catalyst support greatly affected the orientatidnmztal particles locating on the

surface of catalyst support. Many studies haven lmaeried out on Fischer-Tropsch
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synthesis using different supports for cobalt lagdincluding alumina (Bechart
al., 2001 and Hosseimt al., 2004), titania (Zennarat al., 2000),silica (Khodakov
etal., 1997; Suret al., 2000; Tsubaket al., 2001), and etc.

In 2002, the study of the influence of averageepdiameter of silica
support on the physical and chemical propertiesupported cobalt catalysts and their
performances in FT synthesis were carried out b 8aal. As an average pore
diameter larger or equal to 4 nm, the metal criggadize and degree of reduction
were higher with increasing pore diameter of thepsut. For the impregnated
catalysts, the metal crystallites seemed to appeclusters on the surface of catalyst
support and when the average pore diameter inaetse size of cobalt clusters also

increased.

SBA-15 mesoporous silicas were good catalyst suppo synthesize long
chain hydrocarbons according to their large poeengiters. Khodakoet al. (2002)
determined the pore size effects on the FTS reactite and selectivity over cobalt
catalysts using SBA-15 and MCM-41 mesoporous Sl@s catalytic supports. As a
result, the cobalt catalysts with pore diametereeded 3 nm provided much higher
reaction rate and 4¢ selectivities. Furthermore, the size of cobaltipkes and the
degree of reducibility in wide pores (SBA-15) andrmow pore (MCM-41) were
different. The larger pore diameter lead the fesupported cobalt species to
increase. The supported catalyst with pore diam&td 0 nm was found to be the
most active and selective catalyst for hydrocarbormation in FT synthesis
(Khodakov et al., 2003). Similarily, Ohtsukaet al. (2004) also reported that the
performance of Co support SBA-15 catalyst in theslyfthesis was higher than that
of MCM-41 supported catalyst. The Co/SBA-15 cattlyith the pore diameter of
8.3 nm gave highest conversion (72 %) and effigatuction of Gy-Cy fraction as

the main component of diesel fuel.
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2.2 Effect of metal dispersion on catalytic peniance

The dispersion of metal species on catalyst sug@ve significant role
on catalytic FTS performance. Higher concentratddncobalt metal sites favors
higher rate of FTS reaction. So, cobalt dispersion reducibility seem to be
important parameters affecting the number of cofattace sites and thus the overall

catalytic performance (lglesia, 1997).

Catalytic activity and selectivity are also sigbn influenced by the
surface properties of the support because theychange the interaction between
cobalt and the support, resulting in different digoon and reducibility of the
supported cobalt. In 2003, Khodakehal. reported the effect of support structure on
the cobalt dispersion. Two types of silicas weseduas catalytic support including
including the SBA-15 mesoporous silica with porandeter of 9.1 nm and narrow
pore size distribution and the commercial mesopoilica (Cab-osil M5) with pore
diameter of 33 nm and broad pore size distributidine results showed that metal
dispersion was better when SBA-15 material wasiegpthis was because SBA-15

led to higher cobalt dispersion and also preveotdzhlt particles from sintering.

In addition, metal precursors and pretreatmeanditions mainly
influenced on the structure and catalytic perforoeanf Co/SiQ. Although silica
support promoted high reducibility according to weateraction between metal and
silica support, they favored the agglomerationugdported cobalt particles. A solid-
state reaction of silica and cobalt oxides alsalted in cobalt silicate (mixed oxide)

which played negative role on the catalytic perfange (Coulteand Sault, 1995).

In 2005, Giradonet al. prepared the FTS catalysts via aqueous
impregnation of silica using cobalt nitrate and alblacetate as metal precursors.
Significantly, they reported that higher dispersisas found with the catalyst
prepared from cobalt nitrate, whereas the catatyspared from cobalt acetate
generated cobalt silicate as a dominant phase vdaisked more difficult reducibility
and larger agglomeration of cobalt clusters. Tdve ¢obalt dispersion was attributed
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to the sintering of G, crystallites at high temperature. From this res®dt can be
concluded that types of metal precursors strongdigct the dispersion of cobalt

species on silica support.

The impregnation solvents also have effects an dbtivity of cobalt
catalysts. Zhanegt al. (2007) prepared silica-supported cobalt catalggtancipient
wetness impregnation with different cobalt nitratdutions. The catalyst prepared
from dehydration of ethanol solution exhibited &abnd higher activity, as well as
low methane selectivity from that of aqueous soluti Cobalt crystalline size
obtained from dehydrated ethanol was more unifanchsanaller than that of aqueous
solution. The cobalt ions dissolved in dehydragdthnol favored the distribution of
cobalt over entire silica surface, resulting inth@jspersion of supported cobalt but
only larger clusters existed by using water as prégnation solvent. According to
the decreasing of cobalt crystalline size, the amho@i metal active sites and reactive

adsorbed CO on the catalyst surface was increased.

Interestingly, Reubroycharoeet al. (2006) reported that the drying
process also played an important role on the disperof active metal sites. The
conventional heating method, which drying oven waplied, caused gas flowing
inside out from the support. When volatile mattwerthin the catalyst support were
not completely removed, the flowing gas resultecainaccumulation of the active
species on the outer surface of support and lowedsson. Instead of preparing
catalysts by conventional drying and calcinatitveytused a commercial microwave
oven in drying and calcination process of impregdatatalysts to overcome this
undesired phenomenon. It can be seen that thdt speaies preparday microwave
irradiation were more uniform and better dispersiothin catalyst pellets compared
to that prepared by the conventional heating methidae rapid drying of microwave
irradiation caused uniform particle size and dmttion of Co/SiQ (as shown in
Figure 9) while the conventional method displayeel partly agglomeration of cobalt

particles on the surface.



Figure9 SEM images of Co/Siizatalysts: (a) conventional heating catalyst and (b
microwave irradiation catalyst.
Source: Reubroycharoed al. (2006)

Metal Loading Techniques

SBA-15 mesoporous silica itself is not a suitabdgalyst for FTS reaction
since it has less activity. However, due to itgjua characteristics, it can be applied
as a catalyst support material especially cobatahfer FTS reaction or a catalytic
site by partial substituting Siby another cations (Loet al., 2008). Therefore, it is a
great importance to introduce metal atoms with gdisttibution into the mesoporous
silica framework. A simple way to fuctionalize SBA mesoporous silica is to
introduce active metal ions into the silica metither during the synthesis (direct
synthesis) or by post-synthesis modification of SBA The details of metal loading

techniques are described as follows.
1. Post Synthesis Method

As far as we know, most of research works repotted metal containing
SBA-15 materials prepared by post-synthesis methoDifferent strategies of
synthesis may lead to major changes in bondingeamvitonment of metal species
within SBA-15 mesoporous silica (let al., 2005). Generally, impregnation is the
most common method for cobalt-containing mesopomilisa synthesis. By using
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this method, mesoporous catalyst supports are gnated by various types of cobalt
salt solutions, for example cobalt acetate, cobditate (Bhowareet al., 2006;
Mochizukiet al., 2006) and cobalt sulphate (Leual., 2008).

Co-based catalysts were widely prepared by andgmation method followed
by drying, calcinations and jHeduction (Reuel and Bartholomew, 1984). Cobalt
nitrate, a conventional Co precursor, was consalévedecompose to @0, species
by drying and calcination process (Earetsél., 1984; Bianet al., 2003). During H
reduction, the Cs, species were reduced to CoO species and then auaivedy
reduced to metallic Co or Co-SiGnteraction species (Ming and Baker, 1995 and
Khodakovet al., 1997).

Martinez et al. (2003) prepared mesoporous Co/SBA-15 catalyststHer
Fischer-Tropsch synthesis by using impregnationhotet The influence of cobalt
loading, cobalt precursor, and promoter were ingastd. For Co/SBA-15 catalysts
prepared from cobalt(ll) nitrate, the dispersiorcobalt species was increased and the
extent of cobalt reduction was increased with #meount cobalt loading. A
maximum CO conversion was found for the catalyshwwpproximately 30 wt. % Co
loading. The addition of 1 wt. % Rhenium enhanitedreducibility of cobalt oxides
and increased the catalyst activity. Rhenium cqulanote the formation of long
chain hydrocarbons ¢g.) while decreasing methane selectivity. Cobalpelision
was also improved by the promotion of Mn but thegrde of reducibility was

decreased, producing catalysts with less active i@ unpromoted catalyst.

In 2007, Zhangt al. prepared silica-supported cobalt (20 wt. %) catalyy
incipient-wetness impregnation. In order to stthy effects of impregnation solvent
on Co/SiQ catalysts, different cobalt nitrate solutions imtthg ethanol and aqueous
solutions were used to prepare the cobalt cataly3tsey found that the catalyst
activity greatly depended on the type of impregmatsolvent. The size of cobalt
particles prepared from ethanol dehydration wasliemand more uniform than that
of the aqueous solution at the same amount of tdbatding. However, its
reducibility was slightly poorer than that of cabehtalyst impregnated by aqueous
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solution. The lower reduction degree of cobaltpsuped catalyst impregnated by
ethanol solution could be ascribed to the decregsdarity of the solvent, which
increased the interaction between cobalt complexsdita surface. Using ethanol as
impregnation solvent promoted the distribution of & er the silica surface, resulting
in higher dispersion of supported cobalt. Morepuwbe catalyst prepared from
dehydrated ethanol solution was considered to asereamount of active sites and
more reactive adsorbed CO on the surface in lighiase FTS reaction, showing high
catalyst activity and low methane selectivity.

The cobalt catalysts prepared by post synthesithadesomehow play
negative role on catalytic performances. In 20B&poware et al. studied the
performances of cobalt containing MCM-41 catalygtepared by three different
methods including grafting, direct hydrothermal amimobilization methods. The
experimental results showed that the BET surfaea af cobalt supported catalysts
prepared by grafting and immobilization methods s{gynthesis method) were
sharply decreased from 1,010 to 820, and 76@,mespectively. In contrast to the
cobalt catalysts prepared by direct hydrothermalthoek the substitution of cobalt
species into silica framework slightly increased #pecific surface area from 1,010
m%g to 1,050 Mig. As a result, cobalt supported catalyst prapdg direct
hydrothermal technique exhibited higher conversitian that of grafted and

immobilized catalysts in catalytic reaction.

As mentioned above, it could be concluded that pgsthesis methods are not
suitable to prepare catalysts with highly isolatedtive sites. The impregnation
method has the disadvantage upon high loadings eifllic cobalt. During the
preparation of metal incorporated SBA-15 via pgsitisetic methods, metal oxide
often formed in the mesopore channels and/or orestternal surfaces, resulting in
pore blockage and reducing the surface area arel \imume, or played a negative
role in catalysis which lower the FTS reaction perfances (Chemt al., 2004;
Kustrowski et al., 2005). Consequently, many researchers had workedhe
modification of metal loading techniques to enhatie dispersion of metal active
sites for improving catalytic performances.
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2. Direct Synthesis Method

Post-synthesis methods have the disadvantage ofhtrotled growth of metal
particles on the surface of catalyst support simc@reventive measures are taken to
ensure the metal precursors isolation within trenclels. So, the preparation of metal
supported catalysts with high degree of metal dgpe is one of the major
challenges in the design of silica-based FT catslydt would be very useful to
explore better and simpler methodologies for laagj metal nanoparticles within the
mesochannels while retaining high surface areapanel volumes which for catalysis
instead of post-synthesis methods i.e., impregnaditd grafting techniques (Prashar
et al., 2008).

The alternative way to introduce cobalt specieg itite mesoporous silica
framework was an addition of cobalt precursor ihi® synthesis mixture, followed by
hydrothermal treatment; so called direct syntheseshod (Yanget al., 2007; Louet
al., 2008). The incorporation of transition metalsoithe framework of SBA-15
silica by direct synthesis had become a very dinaqgoal for many researchers
because the heteroatom incorporation into theasgsitcucture could be carried out in
only one step and more stable metal species wewned (Meleroet al., 2005).
Furthermore, the preparation of catalysts with wedpersed isolated metal species
was very important to obtain high activity and salaty for the catalytic reactions
(Bharatet al., 2001; Wanget al., 2005; Selvaraj and Kawi, 2008; Aguado et al., 2008).
It is still a challenge to find a one-step routenoétal incorporation into SBA-15 in
order to increase the catalytic performance witlatiainging its structural order or the
complexity of the synthesis. For this reason,aisynthesis methods is a crucial way
to effectively synthesize highly dispersed metalnmetal oxide-containing SBA-15

mesoporous silica.

Many efforts have been devoted to the study ofripma@ting transition metals
into SBA-15 framework for a variety of applicatioBharatet al. (2000) attempted to
achieve a high degree of Ti substitution withou¢ tloss of textural properties,
especially pore size of the SBA-15. The Ti/SBAehsalysts were prepared via direct
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synthesis method under microwave-hydrothermal ¢mmdi. In addition, Vinet al.
(2005) reported that the main approach used torfiocate iron atoms into SBA-15
silica was a simple adjustment of the pH of geltomes above the isoelectric point of
silica (pH~2). In this conditions, the negativeaaye of silica species can easily
interact with the positive charge of iron complessulting in incorporation of larger

guantities of Fe into the SBA-15 mesoporous SHitrix.

Prasharet al. (2008) developed the synthesis method for incearooy
platinum (Pt) nanoparticles into mesoporous sil®BA-15 while retaining high
surface area and pore volume. Pt nanoparticles emcapsulated into SBA-15 silica
by adding surfactant (cetyl trimethyl ammonium bidep CTAB) to modify polymer
micelles in the synthesis mixture. This methodated the electrostatic interaction
between metal precursor salt and the ionic sumfécteead groups which were
incorporated into the polymer micelle in a conedlimanner. Pt precursor could
diffuse well into the micelle structure initiated bhe attractive force towards the
ionic head groups. The modifying surfactant féaiéd metal precursor diffusion by
interaction with cationic head groups without chiaggthe structure of micelles,
resulting in the formation of well-ordered SBA-18ica with highly dispersed,
uniform Pt particles within mesochannels. Pt ipooation using this method did not
have any effect on the formation of SBA-15 silicadacould be utilized in
nanocatalysis more effectively. The scheme of Rtighes formation is shown in

Figure 10.

J‘/ o

+ [PtCl]*

Pluronic P123

Figure 10 Formation of nanoparticles within the mesochasbgldispersing
metal precursors in surfactant-modified pody micelles.
Source: Prashagt al. (2008)
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In 2004, Wuet al., firstly reported that Al and Tf* were successfully
substituted into SBA-15 mesoporous silica by theated pH adjusting approach.
Chenet al. (2004) synthesized Zr-incorporated SBA-15 and destrated that the
addition of inorganic salts, e.g., NaCl, could @éntly improve the ordered structure
of the mesoporous Zr-SBA-15 silica. A much narrop@re size distribution with the

addition of salt was also observed.

Shahet al. (2007) prepared Sn/SBA-15 silica via a direct Bgtit route under
milder acidic conditions than normally employed fine preparation of SBA-15
mesoporous silica. The changes in the pH conditfon the gel were made through
the adjustment of theypo/nuciratio (1 < pH < 2) during preparation. As a restlle
incorporation of Sn in SBA-15 framework was suctidsobtained by adjusting the
N20/Npel ratio without affecting the structural order of SBA silica. The pH

adjusting approach could also control the amoui@roincorporation.

The knowhow of incorporation of Co into the SBA-rtBmework had been
rarely reported. Moreover, it was very difficulb fprepare SBA-15 containing
heteroatoms in the framework by using condensgirocess because the metal ions
was exist as cations and the formation of metali@e®ds under the strong acidic
condition (pH < 2) was quite difficult (Baesal., 1976 and Corma, 1997).

Indeed, the cobalt loading techniques have a gféatt on the FTS catalytic
behaviors. The cobalt ions incorporated into themework of molecular sieve
materials has attracted considerable attention a®vel catalyst to increase the
catalytic FTS performance due to the highly dispermetal active sites within the
catalyst structure. Lowt al. (2008) successfully synthesized highly ordered Co-
incorporated SBA-15 under mild conditions (pH>2) diyect synthesis. They used
sodium hydroxide solution to adjust the pH of tlyateesis gel. Sodium ion was
found to effectively improve the structural ordefr the mesoporous Co/SBA-15
because the presence of metal salt in the syntiyekisromoted the decrease of the
critical micelle concentration and the formation thfe mesostructures without

affecting structural and textural order. The pragian of Co/SBA-15 catalysts at pH
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3 were found to be the optimum condition; the stgfarea and pore volume were the
highest among other pH values. TEM images of CA/2B sinthesized at pH 3 are
shown in Figure 11.

Figure1l TEM images of calcined Co/SBA-15 catalysts predawith pH of 3. The
pictures of (a) in the directiparpendicular to the pore axis and (b) in the
direction parallel to pore axis.

Source: Louet al. (2008)

From the literature reviews, it is clearly seeattimethods used for preparing
transition metal catalysts play significant roletbe catalytic reaction. The catalytic
activity and performance of cobalt catalyst in Fd& be improved by preparing the
cobalt loaded SBA-15 support with a good metal elisjpn. In this research, SBA-15
silica supported cobalt catalysts have been prdpasimg two different metal loading
techniques which were post synthesis method amdtdsynthesis method. The post
synthesis method including the conventional impatigm method and the
solvothermal technique were used to prepare 10%wtobalt-containing SBA-15
mesoporous silica. In the direct synthesis metlioe,sol-gel process was simply
modified to synthesize SBA-15 silica containing albbmetal using pH adjusting
approach. Since only a few reports demonstratiegricorporation of C9 ions into
the SBA-15 silica framework were presented, itiit & great challenge in the field of
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mesoporous silica synthesis and application to gyeegobalt loaded SBA-15 silica

with both good metal dispersion and structural lagy of SBA-15 silica support.

The aim of the present study is to synthesize GedaTS catalysts with
highly order structure by the indirect and diregtithesis methods and to investigate
the effect of metal loading techniques on the pridge of the Fischer-Tropsch
catalysts and their catalytic performances. Tlieience of cobalt dispersion on the
catalytic behavior in FTS reaction have also bedansively investigated.
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MATERIALSAND METHODS

In this chapter, the information including the chesis and instruments, and
the experimental preparation and procedures weaefied. In the first part,
chemicals and devices used in the preparation tdlysés, testing units of FT
synthesis performances, and product analysis ueie wexplained. The methods of
catalyst synthesis and catalyst performance testeg reported in the second part.
The preparation of silica support, metal loadinchteques and the investigation of
FT synthesis reaction were explained in detail.

Chemicals and Equipments

1. Chemicals

The chemicals used for catalyst preparation andhErsTropsch synthesis

reaction are listed below:

1.1 Chemicals for Catalyst Preparation

1.1.1 Rice husk ash using as a silica sourcereffuxed with 1 L of 1 M
HCI solution for 2.5 h, washed with distilled waterd dried at 120C (Figure 12).

Figure 12 Photo of rice husk.

1.1.2 Pluronic P123 (PEEgPPQPEQy, Aldrich)
1.1.3 Cobalt nitrate (Co(Ng-6H,0, 99.0% purity, UNIVAR)



33

1.1.4 Sodium hydroxide (NaOH, 99% purity, Merck)

1.1.5 Hydrochloric acid (HCI, 36.5-38.0 wt% pwrid.T. Baker)
1.1.6 Tetrahydrofuran (€sO, UNILAB)

1.1.7 Distilled water

1.2 Chemicals for Fischer-Tropsch Synthesis Reacti

1.2.1 Reactant gases
Carbon monoxide (CO, 99.2% purity, TIG)
Hydrogen (B 99.99% purity, TIG)
Nitrogen (N, 99.99% purity, TIG)
- Oxygen (@ 99.5% purity, Linde)

1.2.2 Standard gas

Mixture of 5% carbon monoxide (CO), 5% carbonxdie (CQ), 5%
methane (Chk), 5% ethylene (gH,), 5% ethane (&Hs), 5% propylene (€Hg), 5%
propane (GHs), 5% i-butane (¢Hip), 5% n-butane (§H10) in helium (He) balance
(SOXAL)

1.2.3 Standard liquid hydrocarbons

- n-Pentane (n+4El1,, 99.64 % purity, Fischer chemicals)
- n-Hexane (n-4E14, 99 % purity, Merck)
- n-Heptane (n-El1 99.5 % purity, Fluka)
- n-Octane (n+4Ei1s 99 % purity, Merck)
- n-Nonane (n-§EH2o, 99 % purity, Merck)
- n-Decane (n-{gH22, 99 % purity, Merck)
- n-Undecane (n1¢H24, 97 % purity, Fluka)
- n-Dodecane (n1&H26, 99 % purity, Merck)
- n-Tridecane (n-@H2s, 99 % purity, Fluka)
- n-Tetradecane (nt4Ei30, 99 % purity, Fluka)
- n-Pentadecane (n=H3,, 99 % purity, Fluka)
- Toluene (@Hs, 99.64 % purity, Fischer chemicals)
- Octanol (gH170H, 99.5 % purity, Unilab)
1.2.4 Quartz wool as the catalyst bed suppoitdeth)
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2. Equipments

The equipments used in this research were cledsifito 3 major groups
including 1) equipments for catalyst preparatior), i@struments for catalyst

characterization, and 3) equipments for Fischep3cb synthesis reaction.

2.1 Equipments for Catalyst Preparation

2.1.1 Digital weighing machine (AT 400, N&ztToledo)

2.1.2 Magnetic hot plate and stirrer (SERhott)

2.1.3 Digital hot plate andreti (SLR, Schott)

2.1.4 Furnace (ELF10/6, Carbolite)

2.1.5 Oven (ED53, Binder)

2.1.6 Desicator
2.1.7 pH meter (CG842, Schott)

2.1.8 Autoclave reactor was usethestage of hydrothermal treatment

process in catalyst preparation. The elevated éeatpre and pressured were used in
processing materials (Figure 13).

Figure 13 Teflon-lined pressurized device designed for bltermal aging process.
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2.2 Instruments for Catalyst Characterization

2.2.1 Surface area and pore size analysis@<orption Analysis)
(Autosorb-1C, Quantachrome Coorporation)

2.2.2 Transmission Electron Microscopy (TEM) (J2B1L0, JEOL)

2.2.3 Simultaneous Differential Scanning Calotiypand
Thermogravimetric Analysis (DSC-TGA) (SDT 2960 PR6805.001, Perkin Elmer)

2.2.4 Inductively Coupled Plasma-Atomic Emiss8pectrometer (ICP-
AES) (PLASMA-1000, Perkin Elmer)

2.2.5 X-Ray Diffraction (XRD) (Phillips XRD X-petMS)

2.3 Equipments for Fischer-Tropsch Synthesis Raact

2.3.1 Catalytic reaction testing unit

- Pressure regulator
Mass flow controller (GFC117, Aalborg)
Mass flow controller (8300 Series, KOFLOC)
- Thermocouple (K-type)
- Temperature controller (120-R/E, Shinho
Temperature indicator (RI, Shinho)
Tube furnace (CFW 1300, Carbolite)
Flexible heating tape (100 Volt)
Voltage transformer (SB-5, SLIDEUP)
- Bubble flow meter

2.3.2 Gas analysis unit
- Gas chromatograph equipped with thermal cotinity detector
(TCD) and chromatopac data processor (GC-2014, &tan)
- Gas chromatograph equipped with flame iomratletector
(FID) and chromatopac data processor (GC-8A, Stinma

- Gas syringes (1002LTN Gastight Syringe, Haomiland A-2 type
Gastight Syringe, PS)
- Liquid syringe (80377 Microliter, Hamilton)



36

Experimental Procedures

In this research, the experiment was devided irteeet sections: (1)
preparation of SBA-15 mesoporous silica, (2) prapan of cobalt support SBA-15
catalysts under different metal loading technigiresuding post-synthesis method

and direct thermal synthesis and (3) testing ofltés-Tropsch synthesis performance.

1. Methods of SBA-15 M esoporous Silica Synthesis

In order to synthesize periodic SBA-15 mesopomiliza, sodium silicate was

firstly prepared followed by the synthesis of SBA+hesoporous silica.

1.1 Preparation of Sodium Silicate from Rice HAsk

Sodium silicate solution (N&i3O;: 4 wt. % NaOH: 27 wt. % Si§) was
prepared from rice husk ash (RHA). Firstly, 100fgice husk was refluxed with 1 L
of 1 M HCI for 2.5 h. The treated rice husk was mexbwith distilled water, dried at
120 °C and burned in oxygen atmosphere at 700for 1 h. The residual ash
composed of 99.7 wt. % amorphous silica.

Rice husk ash of 1.003 g was ground and dissalvetl40 mL of 1 M
NaOH solution. The obtained liquid was stirredL@0 °C. The volume of solution
was one half decreased in order to obtain a desweatposition of sodium silicate
solution (NaSizO7: 4 wt. % NaOH: 27 wt. % Sig).

1.2 Synthesis of SBA-15 Mesoporous Silica

The equipment used in this experiment was set gh@sn in Figure 14.
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Condenser

Temperature
controller

Water 40 °C

Synthesis gel

Magnetic stirrer

Figure 14 The equipment setup of hydrolysis and condensatiocess.

1.2.1 A solution of surfactant was prepared byriatir the mixture of
0.00875 mol (0.845¢g) of Pluronic P123 and 60 mLddtilled water at room
temperature until the clear solution was obtained.

1.2.2 Sodium silicate solution (based on mwde of silica) prepared from
rice husk ash was added to the Pluronic P123 salaind then mixed properly.

1.2.3 After that, 4 mol of HCI (5.4 mL) wasickly added in the mixture
under vigorous stirring at 40 and the obtained mixture was stirred for 24 b, gbl
product was prepared.

1.2.4 The resulting sol was then transferm¢d a Teflon-lined autoclave
and heated statically at 100 under autogeneous pressure for 24 h.

1.2.5 The solid product was washed with lageunts of warm distilled
water and separated by filtration.

1.2.6 The solid product was dried at 14D for 3 h and then calcined at
500 °C for 6 h to remove an organic template and impudl of the steps can be

summarized as shown in Figure 15.
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Sodium silicate
preparation

Preparation of Hwvdrolysis and condensation
Pluronic P123 solution

Washing and filtration

'

Drving and calcination

Figure15 Scheme of SBA-15 mesoporous silica synthesisgsc

2. Preparation of Cobalt Support SBA-15 M esoporous Catalysts

In this research, cobalt loaded SBA-15 catalysteyewprepared by two
different metal loading techniques including thestpaynthesis method and the direct
thermal synthesis. Cobalt catalysts were synthdsigsing rice husk ash and
cobalt(ll) nitrate (Co(N@.-6H,0O) as a silica source and a cobalt precursor,
respectively. The obtained catalysts were packethé stainless steel fixed-bed

reactor to test for their FTS performances.
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2.1 Post-synthesis Method

Cobalt loaded SBA-15 catalysts (based on 10 wt. d#dihg) were
prepared by wetness impregnation and solvotheras@hique. The detail of catalyst

preparation was explained as follows:

2.1.1 Wetness impregnation method

Cobalt metal of 10 wt. % were loaded on SABbj5using cobalt
nitrate salt (Co (Ng),-6H,0) as a metal precursor. SBA-15 mesoporous Siigeal
as a catalyst support was prepared by the procesianed earlier (1.2). By using

impregnation method, the procedure of catalystgmagpn was explained as follows:

1) The solution of metal precursor was pregaby dissolving
certain amount of (Co (N£-6H,O) in required amount of distilled water under
stirring.

2) cobalt solution was slowly added into bfgSBA-15 powder

(Figure 16) and stirred at room temperature for 1 h

Cobalt nitrate solution

SBA-15 powder

Figure 16 The stage of metal loading in wetness impregnatio

3) The obtained mixture was then dried at 1€0for 24 h and

calcined in air at 550 °C for 4 h, respectively.
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4) The obtained catalyst granules were groand denoted as
IMPCo/SBA-15.

2.1.2 Solvothermal technique

In this method, the solvent that used to prepamddtion of metal
precursor was changed. In order to prepare cobaiticles in smaller sizes,
tetrahydrofuran (THF) was applied instead of dedilwater. The procedure of this

metal loading technique was reported as follows:

1) The solution of metal precursor was pregaby dissolving
certain amount of cobalt nitrate (Co (B)@6H.0) in 5 ml of tetrahydrofuran solution
(THF) and stirred until a clear solution was obéain

2) The solution of cobalt salt was slowlylad into 1 g of SBA-15
powder and vigorously stirred at room temperatumtd sample paste was obtained.

3) The obtained sample was then dried at A2Gor 24 h and
calcined in air at 550 °C for 4 h, respectively.

4) The obtained catalyst granules were groand denoted as
SOVCo/SBA-15.

2.2 Direct-synthetis Method

The modification of the sol-gel process was aupto directly incorporate
cobalt atoms into the structure of SBA-15 silicRhe process of preparing SBA-15
mesoporous silica was simply modified by pH adjgst@pproach. At the beginning
of experiment, same molar composition of the sysithgel that used for SBA-15
preparation was used (SiOPluronic P123: HCIl: bD was 1: 0.00875: 4: 200)

(Nantangern, 2005). The synthesis procedure wasrsbhelow:

2.2.1 A solution of surfactant was prepared byriatir the mixture of
0.00875 mol of Pluronic P123 and 60 ml of distilledter at room temperature until

the clear solution was obtained.
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2.2.2 Sodium silicate solution (based on moée of silica) prepared from
rice husk ash was added to the Pluronic P123 salaind then mixed properly.

2.2.3 After that, 4 mol of HCI (5.4 mL) wgsickly added in the mixture
under vigorous stirring at 40 and stirred for 24 h.

2.2.4 The aqueous cobalt solution (based®mvt. % Co loading) was
added into the resulting synthesis gel and thearwigsly stirred at room temperature
for 15 min. The pink mixture was obtained in tsiage.

2.2.5 By using pH adjusting approach, 10 MNaOH solution was
slowly dropped into the synthesis gel under styrfRigure 17). The pH of the gel
which can be observed from pH meter was continuatiyeased through the addition
of NaOH solution. Adding of NaOH solution was gted when the desired pH of the
synthesis gel was obtained (pH 3, 6, 7.5, and 9).

, Dropper

=10 M of NaOH solution

Synthesis gel

a VoS \\\I’// \\H///

pH meter Magnetic stirrer

Figure 17 The equipment setup of “pH adjusting” process.

2.2.6 The resulting sol was then transfernéd an autoclave and heated
statically at 100C under autogeneous pressure for 24 h.

2.2.7 The solid sample was obtained byatilbn and washing with large
amounts of warm distilled water.

2.2.8 The solid product was dried at @for 3 h and then calcined at

550°C for 6 h to remove an organic template and impurit
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2.2.9 The obtained catalyst granules weoeirgst and denoted as DSxCo-
SBA-15 where x was the pH of synthesis gel.

3. Performance Testing of Fischer-Tropsch Synthesis

The catalytic testing unit for the Fischer-Tropsgimthesis reaction is shown
in Figure 18. This experimental unit consists of a feed flow memg and
controlling system, a furnace equipped with sta@slsteel tube reactor and a sampling
system. The catalytic reaction testing unit wasigied to operate under high
temperature and pressure conditions. The dethimicular system are explained

below:

Figure 18 Catalytic reaction testing unit: (a) a feed floweasuring and controlling
system, (b) a furnace-equippethkgss steel tube reactor and (c) a

sampling system.
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3.1 The Feed Flow Measuring and Controlling System

In this system, mass flow controllers were usethdacate and control the
flow rate of feed gases including carbon monoxtdgirogen, oxygen and nitrogen.
Carbon monoxide and hydrogen were used as reagdaes, hydrogen was also used
for catalyst reduction and oxygen was used forigatmons process. In order to
monitor the system leakage, nitrogen gas was appkdow rate of hydrogen, oxygen
and nitrogen were measured and controlled by Agliooass flow controller (Figure
19a) and KOFLOC mass flow controller (Figure 19@swised to control flow rate of

carbon monoxide.

Figure 19 Mass flow controller: (a) Aalborg GFC thermal mésw controller and

(b) KOFLOC mass flow controller andsadlow meter with indicator.

3.2 The Packed-bed Reactor

The stainless steel tube was used as the fixeddamtor. At the stage of
reaction, the stainless steel tube was heated anthelectric heater (Figure 9)
controlled by the temperature controller. A K-tyfleermocouple connected to a
temperature controller unit was inserted inside gtanless steel tube in order to
measure and control the temperature of the catbgat Catalyst powder was packed
in the isothermal zone of tube reactors betweentzwaool layers as the scheme

shown in Figure 20.
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Figure20 The Fischer-Tropsch synthesis reactor equippéutive electric heater

(Carbolite tube furnace).

Catalyst packed bed Thermocouple

Reactant gases
—>

Quatz wool
Product gases

Figure21 Schematic setup of the stage of Fischer-Tropsattor.

3.3 The Sampling System

The product gases were immediately sampled usimgasasyringe by
taking from a heated sampling port connected tolgrelease valves as shown Figure
22. Gas samples were analyzed by gas chromatagrahthe sampling unit, the
sampling port, tube reactor and metering valvesewssated by heating tape to
prevent gas condensation. The mixture of tail gas trapped by water before

venting to atmosphere and the exit flow rate waasueed by a bubble flow meter.
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G

ampling port

Water trap

h N

Figure 22 The sampling system consists of release valweding trap, and sampling

port heated by heating tapes and connectedbbl® flow meter.

3.4 Gas Analysis Unit

Two types of gas chromatographs were applied ttya@gproduct gases.
First gas analysis unit (Figure 23) consists ofn@&uzu gas chromatograph and
chromatopac data processor (GC-2014) equipped thvtihmal conductivity detector
(TCD). The amounts of CO and ¢@ere analyzed using Unibead-C packed column
by using helium (99.5 % purity) as carrier gas emernal standard gas for TCD.

Figure 23 Shimadzu gas chromatograph (GC-2014) equippéddtivgrmal
conductivity detector (TCD) artt@matopac data processor.
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The conditions for analysis of CO and £zre:

Initial carrier gas (He) flow rate 35 ml/min
Finall carrier gas (He) flow rate 60 ml/min
Injector temperature 180 °C

Initial column temperature 120 °C

Final column temperature 200°C
Detector temperature (Pre) 200°C
Detector temperature 200°C
Current 80 mA

The amount of hydrocarbon products {Cis) were analyzed by gas

chromatograph (GC-8A, Shimadzu) with flame ioniaatdetector (FID) as shown in

Figure 24. A Porapak-Q packed column (Shimadzd)aanOV-1 Uniport HP packed

column (Shimadzu) were used to analyze-Gy hydrocarbons and &Cis

hydrocarbon respectively. Helium (99.5 % puritygsaused as the carrier gas, while

hydrogen and air were used as the combustion gdksuioe ionization detection.

O R LT IV A DR BN 0 BB

TR mm

Figure24 Shimadzu gas chromatograph (GC-8A) equipped fldthe ionization

detector (FID) and chromatopac data processor.
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The conditions for analysis ofh&C, hydrocarbons were:

Primary gas pressure

He carrier gas 1 pressure

H, gas 1 pressure

Air pressure

Injector/Detector temperature
Column temperature

Range

Attenuation

Analysis time

200 kPa (2 kgjcm
50 kPa (1 k§ycm
60 kPa (0.6 kdficm
50 kPa (0.5 kgm
230°C
130 °C
100
512

15 min

The conditions for analysis ofs€C,5 hydrocarbons were:

Primary gas pressure

He carrier gas 2 pressure
H, gas 1 pressure

Air pressure
Injector/Detector temperature
Initial column temperature
Final column temperature
Temperature program rate
Range

Attenuation

Holding time

Analysis time

3.5 Catalytic Testing

200 kPa (2 kgjcm
100  kPa (1 k§yicm
60 kPa (0.6 kdfiem
50 kPa (0.5 kgfom
230°C

30 °C

230°C

10°C/min

100
512

5 min

50 min

Before testing the catalytic performance, 1 g dfatbcatalyst was packed

in stainless steel tube reactor (7.75 mm inner diam0.89 mm wall thickness). To

obtain an active form of catalyst prepared by mystthesis method, prior to each

experiment, the catalyst was activated by reduatioH, atmosphere at 400C and

12 h.

Cobalt catalyst prepared by the direct-sstithmethod was activated by
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reduction in H atmosphere at 65T for 12 h at the flow rate of 60 ml/min (NTP)
and finally flushed and cooled with nitrogen. Afteretreatment procedure, the

catalyst was ready for the catalytic performanse te

During the reaction, CO and,Mere converted to large ranges of hydrocarbon
products over cobalt-containing SBA-15 catalysa aémperature of 23T with the
CO/H, molar ratio of 1/2, total gas pressure of 10 aimd total gas flow rate of 50
ml/min. Light and heavy hydrocarbon products weamalyzed by gas

chromatographs.

The details of qualitative and quantitative anayseesults from gas
chromatographs are reported in Appendix A. Thea ddtconversion and selectivity
calculated from gas chromatographs results andetedl of calculation are shown in

Appendix B.
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RESULTSAND DISCUSSION

In this present research, cobalt supported SBA-&5amorous silica catalysts
were prepared by post-synthesis and direct-syrghmesthods to comparatively study
the effect of catalyst preparation on the perforceanof FTS reaction. For the post-
synthesis method; the conventional wetness imptegna and solvothermal
technique were applied to incorporate cobalt atonie the porous structure of SBA-
15 mesoporous silica (Co/SBA-15). The cobalt lIngdimount was fixed at 10 wt. %.
For the direct synthesis method, cobalt-loaded 3BAmesoporous catalysts were
directly synthesized via the modified sol-gel psx@inder different pH conditions
(pH values of 3, 6, 7.5, and 9). In order to adjie pH value of the synthesis
mixture, sodium hydroxide solution was used while &mounts of cobalt in synthesis
mixture at the initial stage were based on 10 wtdhalt loading. Furthermore, the
performances of the obtained catalysts were exaimmeFischer-Tropsch synthesis
(FTS) reaction at the reaction condition as followsolar ratio of H/CO, 2;

temperature, 230 °C; total pressure, 10 atm; atadl flow rate, 50 ml/min (NTP).

The experimental results and discussion were tegaais characteristics of
cobalt support SBA-15 mesoporous silica catalyst$ their catalytic performances
on FTS reaction. In the first part, chemical ahggical properties of catalyst support
and cobalt loaded catalysts prepared by both iodmed direct synthesis methods
were exhibited. In the second part, the effectalbalt loading techniques on the

catalyst activity and selectivity were discussed.

Characteristics of Cobalt-loaded SBA-15 Catalysts

According to the difference in metal loading tecjugs, the physical and
chemical properties of cobalt loaded catalysts wewestigated by using various
characterization instruments including Inductiv€lgupled Plasma-Atomic Emission

Spectrometer (ICP-AES), N adsorption analysis and Transmission Electron



50

Microscopy (TEM). The analytical data and discossof results were reported as

follows.
1. Cobalt-loaded SBA-15 Catalysts Prepared via Post-synthesis M ethod

Cobalt metal of 10 wt. % were loaded on SBA-15 wigtness impregnation
and solvothermal techniques by using cobalt nitsate (Co (NQ),:6H,0) as a metal
precursor. The textural parameters such as speuifface area, pore volume and
pore size of SBA-15 silica support and cobalt |l@hdatalysts were characterized by
using N adsorption according to BJH model. Moreover, mesous structure of
SBA-15 silica support and cobalt-loaded SBA-15 lgata were studied by
transmission electron microscopy (TEM). The chimastics of the cobalt catalysts

are reported as follows.
1.1 Physical Properties of SBA-15 and Co/SBA-15

The textural properties of SBA-15 silica suppamtl the cobalt supported
SBA-15 catalysts prepared by wetness impregnatohsalvothermal techniques are
summarized in Table 2. It was clearly found thabtew SBA-15 silica was
impregnated with Co ions by using cobalt (Il) rigraolution as a metal precursor,
total surface area and pore volume were sharplsedsed from 636 ffy to 331 mi/g
for IMPCo/SBA-15 and to 296 fiy for SOVCo/SBA-15, respectively. The
decreases of specific surface area and pore voluene caused by pore blocking
from loaded cobalt species, as were previously doby Marugavelet al. (1997),
Vinu et al. (2005) and Shahkt al. (2007). By using post-synthesis methods, cobalt
oxides often formed in the pore channels and/othenexternal surfaces of SBA-15
support. Cobalt oxides formed in the mesoporespeatially or fully block the pore
channels resulting in pore inaccessible for nitrogdsorption, thereby reducing the

surface area and pore volume.
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Table2 Physicochemical properties of calcined Co loa8Bé-15 catalysts with

different cobalt contents and vasi@it value of synthesis solution

Co content (wt. %)  Specific Pore Pore
Sample pA surface  volume diameter
Solution Product area (lg) (cmflg)  (nmY

SBA-15 <( - - 636 0.86 6.53
IMPCo/SBA-15 - 10 901 331 082 641
'SOVCo/SBA-15 - 10 892 296 069 653
DSOCo/SBA-15 < 10 - a1 083 655

DS3Co/SBA-15 3 10 0.01 553 0.84 6.55

DS6C0/SBA-15 6 10 0.17 545 1.37 7.80

DS7.5Co/SBA-15 7.5 10 9.88 466 2.10 7.80

DS9C0/SBA-15 9 10 14.29 297 1.66 3.81

@ The pH value of synthesis mixture
b Calculated by using the data from ICP-AES analysis
¢ Calculated by using the desorption isotherm aéagrth the BJH method

4 The pH value of synthesis mixture was lower tHenrheasurable pH scale ranging
from O to 14 of pH meter.

The N adsorption-desorption isotherms at 77 k of the SBAsupport
and cobalt impregnated catalysts are presentedjurd=25. All isotherms are of type
IV according to the IUPAC classification and exhiadiH1-type hysteresis loop; it is
typical for the mesoporous materials with 2D-hexadtructure that has large pore
size and narrow pore size distribution (Zhatoal., 1998). In this study, the :N
adsorption-desorption isotherm of SBA-15 suppoudlids line) presents a sharp

inflection at a relative pressure in the range .6660.75 with a broad hysteresis loop
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which reflect the long-range mesopores. Thesegutiggs indicate a highly ordered
structure of SBA-15 support with uniform mesopoasswere also found by Luash
al., (1999) and Vinwet al., (2005).

1,200
—SBA-15
1,000 —4&—IMPCo0/SBA-15
—eo— SOVCO0/SBA-15
800 -
3
)
) i
e 600
=
S
>
400 -
200 -
O T T T T
0 0.2 0.4 0.6 0.8 1

Relative pressure (P/P,)

Figure 25 Nitrogen adsorption-desorption isotherms of SBAsilica support,
calcined IMPCo/SBA-15 and SOVAS15 catalysts.

In addition, it was found that the incorporatioh @o into the SBA-15
framework had significant effect on the texturabgerties of catalysts. The;N
adsorption-desorption isotherms of IMPCo/SBA-15 &@VCo/SBA-15 catalysts
present the decrease in the sharpness of inflegg@mnt and the shape of their
isotherms are slightly changed compared to thariginal SBA-15. The blocking of
catalyst pores upon Co impregnation was also aoefirby the decrease of hysteresis
loop size and the formation of cobalt oxide clustestroyed the ordered structure of
SBA-15 silica in some extent (Luahal., 1999). This observation is consistent with
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the results reported by Khodaketal. (2002) and Martineet al. (2003) that revealed

the decrease of pore volume of catalysts afterltoixrporation.

The BJH pore sizes distribution curves (Figur¢ && broader for the
IMPCo0/SBA-15 and SOVCo/SBA-15 catalysts and thegalp intensities are
obviously decreased when compared to those of uhe $BA-15 mesoporous silica.
It is an evidence that impregnation of silica witbbalt nitrate was primarily
attributed to blogging support pores by cobalt ggec It was clearly seen that Co-
incorporated SBA-15 prepared by the post-synthasisthod destroyed the
mesostructure of SBA-15 silica (Cheepgal., 1999 and Sumiyat al., 2001). The
cobalt oxide easily deposited in the pore chanaelsn the surface of SBA-15 and
caused the formation of extra framework species wiegular distribution and pore
blocking (Murugavelet al., 1997). Such that, the decrease in uniformity of
mesopores of SBA-15 structure according to the nimothable sizes of cobalt species

obtained with IMPCo/SBA-15 and SOVCo0/SBA-15 cattdysere clearly observed.

- - - - SBA-15
——— IMPCo/SBA-15

| — — SOVCo/SBA-15

Dv (logd) (cc/g)
w

1000

Diameter (nm)

Figure 26 BJH pore size distribution curves from nitrogesarption isotherms for
the SBA-15 silica support, cadnMPCo/SBA-15 and SOVCo0/SBA-15

catalysts.
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In addition, the small peaks at the position ajumd 4 nm are clearly
observed in all the calcined SBA-15 silica suppolPCo/SBA-15 and
SOVCo/SBA-15 catalysts (Figure 26); all the mentidrsamples exhibited the same
behavior. This can be attributed to the formatdrsilica xerogel from incomplete
hydrolysis-condensation reaction during SBA-15 Bgsis process. During the sol-
gel process, unhydrolyzed silica species could fasrsmall particles of amorphous
silica and incorporated with the completely hydreag silica network in the synthesis
mixture (Dunnat al., 2004). When the solvent was evaporated duringdtigeng
process, unhydrolyzed silica particles could aggiate (silica xerogel) and retain
high porosity with small pore size (smaller thamepsize of SBA-15 support) within

the entire catalyst structure.

According to the metal incorporation by the pogiteesis method, the
obtained silica xerogel also contained dispersatbparticles of cobalt within the
structure of catalysts. In Figure 26, the slightgduction of peak intensity of
IMPCo0/SBA-15 catalyst (black solid line) is clearlypserved which could be
similarily due to the pore blocking of impregnatembalt species. Additionally, the
black dash line of SOVCo0/SBA-15 catalyst showsgkeak shoulder on the position
of 8-9 nm. It could be explained that the cobalgragates obtained from the metal
loading process were agglomerated on the silicaseirand created the new porosity
of cobalt clusters. These cobalt aggregates ethdeaused the broadening of pore

size distribution curve.

1.2 Textural Properties of SBA-15 and Co/SBA-15

The TEM images of calcined SBA-15 silica supporfigure 27(a) and
Figure 27(b) show highly ordered hexagonal arrdymesopores with dimensional
channels along two directions, parallel (Figure)2fad perpendicular (Figure 27b) to
the pore axis of which correlated to a 2-D hexag@@mm) mesopore structure of
silica products. The average thickness of the igapproximately 5 nm and the pore
diameter is 7 nm, which is corresponding to theultesf mean pore diameter
measured by padsorption analysis (Table 2).
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Figure27 TEM images of calcined SBA-15 mesoporous silaairf the direction of
pore axis and (b) in the direastperpendicular to pore axis.

The order of hexagonal mesostructure and the henety of the
distribution of cobalt species were also determifrech TEM images. Figures 28
and 29 show TEM images of IMPCo/SBA-15 catalystppred by wetness
impregnation method and the images of SOVCo/SBAegkalyst prepared by
solvothermal technique, respectively. The liginesige corresponding to the SBA-15
silica darker image (dark zone) corresponding tophbsition of cobalt species were
observed. The highly ordered mesostructure witkapenal pore arrangement of
SBA-15 silica after cobalt impregnation and caltima was clearly seen in Figures
28 and 29.
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Figure28 TEM images of calcined IMPCo/SBA-15 with ca. 10 % cobalt loading
prepared via wetness impregnation methoth@pverview image of

cobalt supported catalyst (b) the direcpenpendicular to pore axis.

Figure29 TEM images of calcined SOVCo/SBA-15 catalyst vagh 10 wt. %

cobalt loading prepared via stiermal technique.

According to Figures 28 and 29, it can be cleaglgrsthat cobalt particles
usually formed as large aggregates on the silickasel It could be observed that
cobalt nitrate incorporated by using wetness impaéign and solvothermal

techniques were preferentially located inside thiep of SBA-15 silica. A number of
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studies revealed that, during the catalyst prejeraising impregnation method,
metal oxides were mostly formed in the SBA-15 psrahannels, resulting in large
reduction of surface area and pore volume of thalyst (Bessell, 1993; Dimitrova
and Mehandjiev, 1994; Khodakogt al., 2002). These results were in good
agreement with our present results obtained frgnadi$orption data (Table 2). The
large decreases in specific surface area and patene of IMPCO/SBA-15 and
SOVCO/SBA-15 were found when preparing cobalt sujgobcatalyst by the post-
synthesis methods.

When SBA-15 silica was impregnated with cobaltraté solution, the
deposition of cobalt species occurred on the stdgdrying by precipitation in the
liquid phase inside the SBA-15 silica pores dueh® solvent evaporation. This
mentioned mechanism indicated that the uncontrgiegtipitation of metal phase
resulted in the catalysts with large-supported hedaticles with low dispersion of
supported metal phase (Bourikasal., 2004), as was clearly observed from Figures
28 and 29. The formation of cobalt species aslagpregates was also affected by
the method of drying process. Drying by the comiesral heating, applied in this
study, led to an outward liquid flowing from theside of the silica support to the
outside surface due to the thermal gradient ant fleea from the heating technique
(Reubroychaoest al., 2007), resulted in an accumulation of cobalt pleaséhe outer

surface of the silica support.

According to the TEM images of IMPCO/SBA-15 and \B8GD/SBA-15
catalysts (Figures 28 and 29), not only the cokadicies were evidenced by the dark
area of the pictures but the cobalt phases weceidéstified by the energy dispersive
X-ray spectroscopy (TEM-EDX) analysis where theaibpeak was easily observed
in Figure 30.
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Figure 30 EDX spectra of chemical analysis of IMPCo/SBAeHgalyst.

2. Co/SBA-15 Catalysts Prepared via Direct-synthesis M ethod

In order to prepare cobalt loaded catalysts bydihect synthesis method, the
modification of sol-gel process was carried ouhgsipH adjusting” approach. The
sol-gel process normally used for SBA-15 silicatbgsis was simply modified to
improve the incorporation amount of cobalt specieder strong acidic solution. In
this part, the modification of sol-gel process aeffect of pH value on the
characteristics of cobalt catalysts were clearlgcaésed. The degree of metal
incorporation was measured by using Inductively @ed Plasma-Atomic Emission
Spectrometer analysis (ICP-AES).,-&dsorption analysis and Transmission Electron
Microscopy (TEM) were applied to characterize thphysical properties. The

analytical data and discussion of results werertegas follows.
2.1 Modification of Sol-gel Process
SBA-15 mesoporous silica with large pore diamedpparently has

advantage in production of heavy hydrocarbons o8 Fdaction. Nevertheless, the

incorporation of transition metal into the framewatructure of silica support by the
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direct synthesis method is very difficult (Luetmal., 1999; Zhang et al., 2002; Viretl
al., 2003; Wuet al., 2004) because the synthesis of SBA-15 silica requiighly
acidic condition. The direct incorporation of ctilspecies into high-acidity synthesis
solution of SBA-15 silica is almost impossible besa the incorporated cobalt atoms
are generally less stable and the unavoidableregtatic repulsion between metal
ions and silica species suppresses the contaceeetihem (Srinivaset al., 2008).

In 2005, Wangt al. reported that, during hydrolysis-condensation tieacthe pH of
synthesis mixture (pH < 0) was lower than isoelegioint of silica (pH ~ 2). In this
pH condition, cobalt was primarily found as cati@msl the silica was also positively
charged. For this mentioned reason, almost nolicepacies could be incorporated
into the resulting SBA-15 silica. Therefore, thediiication of the conventional sol-

gel process is undeniably needed in this case.

The order of adding metal precursor into synthesolution is a
particularly important step to be concerned. Tafc the procedure for SBA-15
synthesis includes the preparation of templatetieoliand silica solution, hydrolysis-
condensation reaction, hydrothermal aging processshing and filtration, and
calcination, consecutively (Nanta-Ngern, 2005). tHis study, cobalt precursor was
directly added into the synthesis mixture of PlutcoR123 surfactant and sodium
silicate, and the obtained mixture was then cargadthe hydrolysis-condensation
reaction. The resulting solution was similarly ggeded on hydrothermal aging
process, washing and filtration, and calcinatioonsecutively. As a result, the
achieved solid product was obviously found as anrphous form of silica and the
amount of incorporated cobalt species was not tkxtan this case.

Figure 31 exhibits the morphology of the calcimedduct obtained from
the direct synthesis. From TEM images, the strectd amorphous silica was clearly
observed. It implied that the dissolved cobaltcpreor in the synthesis solution
inhibited the evolution of the ordered mesoporoB&-35 silica during the stage of
hydrolysis-condensation reaction. According to @nalysis of literature data, it was
shown that, for the first 5-20 minutes of the hygss-condensation reaction period,

the formation of hybrid organic-inorganic micell@as occurred corresponding to the
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transformation from spherical to cylindrical miesl(Zholobenket al., 2008). It can
be explained that the self-assembly mechanism oA-8B silica formation was
interfered by the existing ions of added metal prear in the synthesis solution. The
transformation of micelles to cylindrical shape wesarded, this was consistent with
the observation of TEM images (Figure 31) as thectire of cylindrical-like silica

was not shown.

Figure31 TEM images of calcined cobalt loaded sample pexphy adding cobalt
nitrate solution into the synthesis mixtbefore the stage of hydrolysis-

condensation reaction.

Not only the mesostructure of SBA-15 silica wat obtained, but the
incorporation of cobalt atoms into the silica framoek was also barely possible under
high-acidity condition. By these results, the ordé adding cobalt precursor was
further changed. The stage of adding cobalt smiutvas performed after the
hydrolysis-condensation reaction period, conseeiytiv In order to prevent metal
precursor ions from playing negative role on themnfation mechanism of SBA-15
silica, the solution of cobalt nitrate was accogtyndissolved into the synthesis
mixture before it was exposed to the higher tentpeeg(100 °C) under hydrothermal
aging process. By using this step of preparatighly ordered structure of SBA-15
mesoporous silica was successfully obtained aslglshown in Figure 32. In this

case, the condensation and densification of ssjgacies can be continued under
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hydrothermal treatment without the loss of SBA-18&swstructure. Even though
highly ordered mesostructure of SBA-15 silica wascgssfully obtained, the amount
of cobalt loaded was very low. Consequently, tloalification of sol-gel process was
necessary to be continuously proceeded to partlgutecrease the amount of cobalt

loading in silica structure.

Figure32 TEM images of the calcined cobalt-loaded sampdpgred by adding
cobalt nitrate solution into the synthesigtare before the stage of

hydrothermal aging process.

In order to increase the cobalt content whilentzan the mesostructure of
SBA-15 silica, the synthesis process was simply ifieatl by applying the pH-
adjusting approach. Cobalt species was expectbd bocorporated in the framework
of silica with high dispersion. According to thel adjusting approach, pure SBA-15
gel solution silica was firstly prepared under Iptt condition and after that the gel
mixture was adjusted to higher pH value to enhdineealegree of cobalt incorporation.
A number of studies reported the synthesis of SBAsilica supported metal catalyst
with high metal dispersion by using direct synteesethod (Wanet al., 2005; Yang
et al., 2007; Louet al., 2008; Prashaet al., 2008). It was shown that the pH control
gave advantage over promoting the incorporatiomefal atoms into the framework
of SBA-15 silica (Tomiyamat al., 2003; Louet al., 2007; Huangt al., 2008).



62

In this study, after certain amount of cobaltatirsolution was added into
the solution obtained from hydrolysis-condensatmaction, the pH adjusting method
involved the addition of an aqueous NaOH solutioto ithe synthesis mixture was
applied. The pH values of synthesis mixture weljested to pH 3, 6, 7.5 and 9. The
addition of NaOH solution increased the amount Bif @ns in the synthesis mixture
and enhanced the formation of cobalt hydroxideswibuld easily precipitate in the
framework of silica during the crystallization pess (hydrothermal aging). The
similar result was found by Tomiyanet al. (2003) and Takahask al. (2005).
They reported the successful preparation of NifQi@alysts by increasing the pH of
the synthesis solution. The uniform precipitatmgkel hydroxide with high thermal
stability was formed. As a result, the attempintrease the amount of cobalt species
incorporated in SBA-15 silica framework (based 6nnt% in synthesis solution) was
successfully done by simple adjusting the pH oftlsgsis mixture using aqueous

NaOH solution without changing the structural orothe host SBA-15 silica.

2.2 Effect of pH on the Direct Synthesis of Co/SBA Catalysts

The pH value of synthesis mixture was found to tbe important
parameter for preparing Co/SBA-15 catalysts by dhiect synthesis method. The
chemical compositions of various calcined Co/SBAd&alysts prepared by the
direct synthesis method are presented in Tablet2can be clearly seen that the
incorporation degree of cobalt metal was increasitll the increase of pH value of
synthesis mixture. This phenomenon is relatedh® tiypes of metallic species
presented in the synthesis mixture at differentvplies (Vinuet al., 2005; Louet al.,
2008). For instance, the DSOCo0/SBA-15 catalysickwprepared under highly acidic
condition (pH < 0) without adjusting the pH valuesgnthesis mixture, had very low
amount of Co species incorporated into SBA 15 peraructure. As the
DS0Co0/SBA-15 catalyst was synthesized under stemdic condition, it was very
difficult to prepare cobalt-loaded SBA-15 silicaedio the high dissolution rate of the
cobalt precursor. Cobalt species existing in thlaten were in cationic form while
the silica species were also positively chargedli&h al., 2007; Lou et al., 2008),
and therefore the electrostatic repulsion betwealalt atoms and silica species
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limited the incorporation of cobalt species intlicai framework. This result was in
good agreement with previously published literagufi@haratet al., 2001; Liet al.,
2005; Bhowareet al., 2006; Shalet al., 2007) reported that highly acidic condition of
the preparation of metal atoms loaded SBA-15 ndynpabhibited the incorporation
of metal species from synthesis solution due tar thigh dissolution rate of metal

precursors.

According to the pH-adjusting approach, before btftermal treatment
stage, the obtained synthesis mixture from the diydis-condensation reaction was
added with certain amount of cobalt precursor. NB®H solution was further added
into the mixture in order to increase the pH vabdiesynthesis mixture. It can be
clearly seen from the results of cobalt loadingo(€&) that the increase of pH values
(from pH 3 to pH 9) promoted the precipitation afbalt hydroxide (Co(OHY)
species during the hydrothermal aging process. depmsition of cobalt species in
silica framework (Co/SBA-15) was occurred by thegpitation of cobalt hydroxide
in SBA-15 structure. This result was in agreemeithh previous works of Tast al.
(1992) and Huet al. (1999). They prepared Ni/Si@atalyst by the modified sol-gel
process and found that the increase of pH valuethef synthesis solution
correspondingly enhanced the homogeneous preappitatf metal hydroxides in

silica structure.

As shown in Table 2, when the pH values were irsgddrom pH 3 to pH
9, the increases of the amount of Co ions incotpdranto silica framework (based on
10 wt. % cobalt loading) were observed. Accordimghe work done by Zhaet al.
(1998), proceeding below pH 2 (isoelectric poinsibta), the formation mechanism
of mesostructured SBA-15 silica involved the elestatic interactions between
protonated silica () and protonated surfactant &) by means of inorganic anions
(X). It was found that, with positively charged dlj the incorporation of metal
species was inhibited due to the severely acidindition. In this study, the pH
values were increased above 2 and the chargea# specie became negative. Thus,
the deposition of cobalt hydroxyl (Co(O¥) species in silica framework was
promoted.
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In the case of DS6C0/SBA-15 catalyst, it contaioety 0.17 wt. % of
cobalt loading within the product. This result ired that only few amount of cobalt
species was introduced into SBA-15 framework atrieelia pH 6. At pH 7.5, most
of cobalt species were incorporated into silicarieavork. The DS7.5Co/SBA-15
catalyst was composed of 9.88 wt. % of cobalt arhouthin the mesostructure, this
amount was very close to the initial Co loading antoof synthesis mixture (as
shown in Table 2). The dark grey color of calcin@87.5Co/SBA-15 catalyst was
remarkably observed as shown in Figure 33, comgatin DS3Co/SBA-15 and
DS6Co0/SBA-15 catalysts, the white color of SBA-1i£a were noticeably observed.
The change in catalyst color is corresponding ® réssults of cobalt incorporation
presented in Table 2. It was clearly seen thatititeease of pH value could

significantly promote the degree of metal incorpiorainto the silica mesostructure.

pH 3 pH6 pH7 pH75  pH?9

Figure 33 Photos of Co/SBA-15 catalysts prepared by dsgothesis method under
various pH conditions (3, 6, 7, 7.5, and 9).

At pH 9, the amount of cobalt loading was slightlgher than that of the
initial synthesis solution (14.29 wt. %). In akperiments, the same initial cobalt
loading was set to 10 wt. % (based on 1 g of catplyThe increase of cobalt wt. %
for DS9C0/SBA-15 catalyst could be attributed te temoval of some amount of
silica species during washing and filtration praceslt was due to the high pH
condition of synthesis solution which caused thesalution of silica species during

the hydrothermal aging process. The excess anodUMaOH in silica mixture led to
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higher pH of synthesis solution, which induced thssolution of silica species
(Tomiyamaet al., 2003). Indeed, the occurrence of dissolutioneejpitation of
silica was observed during the preparation Co/SBAzdtalyst at high pH conditions
and the precipitation of the silica species wemu#ianeously occurred with the
deposition of the cobalt hydroxide species (Takahetsal., 2005). Therefore, the
dissolved silica species existing in the high pHiessolution can be removed during
the washing stage, resulting in the correspondiegease in wt. % of cobalt loading
of the obtained DS9C0/SBA-15 catalyst.

2.3Physical Properties of the Direct-synthesis Co/SEBACatalysts

The DS3Co/SBA-15, DS6C0/SBA-15 and DS7.5Co/SBA<Hialysts
exhibited relatively high surface areas and porkimes compared to the indirect-
synthesis catalysts (Table 2). The specific serfaeas were 553, 545, and 46%gm
when the pH conditions were adjusted to 3, 6, aBdréspectively. These properties
confirmed that preparing Co/SBA-15 catalysts byngdhe direct-synthesis method
could overcome the problem of pore blocking obtdifrem the indirect-synthesis

method.

Moreover, the mean pore diameter of these catalyss gradually
increased from 6.55 to 7.80 &y as the pH values were increased (as shown ile Tab
2). As mentioned earlier, during the preparati@iSBA-15 catalyst by the modified
sol-gel method, the precipitation of cobalt speciassilica network and the
dissolution-reprecipitation of silica species weieultaneously taken place. The
progress of this process was important to enldrgebre size of silica (Takahashi
al., 2005). With the increase of Oldoncentration, PEO (poly(oxyethylene)) chains
became less efficient template for silica, and #ffect was attributed to a weaker
interaction between PEO chain and silica specieseath by less hydrophilicity of
PEO chains when increasing pH values. The decieasteength of the PEO-silica
interaction at higher pH values destabilized th®ca of PEO-templated microporous
silica which surrounded the micelles of the presummiesophases, resulting in the

increase of the size of the structural mesoporedafGeatet al., 2003).
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Nonetheless, the negative characteristics of DSS9BA/15 catalyst were
clearly shown. The specific surface area (297gnand pore size (3.8 nm) were
sharply decreased among those of the direct-syisthatalysts (Table 2). At strong
basic condition (pH 9), the faster rate of dissohHdreprecipitation of silica species
and cobalt hydroxide precipitation during hydrothal aging process were observed
and it had an effect on the change in the silioacgire from a network to a particle-
like structure (Takahaskt al., 2005). The decrease in surface area and porestham
of DS9C0/SBA-15 catalyst could also be describedth®y change of macroscopic
morphology which highly depended on the pH conditiof synthesis solution

(Srinivasuet al., 2008). More information was further discussechWiEM images.

For further understanding of pore structures oé tthirect-synthesis
Co/SBA-15 catalysts, the JNadsorption-desorption isotherms of the correspuandi
Co/SBA-15 catalysts were investigated. As showRigure 34, the DS3Co/SBA-15,
DS6C0/SBA-15 and DS7.5Co/SBA-15 catalysts exhipetlV isotherm with a H1
capillary condensation steps, indicating the mesmg structure of silica. The
adsorption-desorption at R/Panging between 0.7 — 0.95 revealed the existehce

Co/SBA-15 catalyst with large pore size.

Comparatively, DS6C0/SBA-15 catalyst had highlgesed mesostructure
than that of DS7.5Co/SBA-15 catalyst as can becatdd by the increase in the
steepness of DS6C0/SBA-15 isotherm atyP0.7-0.85 while the steep increase of
DS7.5Co/SBA-15 isotherm was occurred atoPdP 0.7-0.95 (Figure 34). It was
clearly seen that the cobalt content due to pH shdfjant directly affected the
structural order of the obtained Co/SBA-15 cataly3the DS6C0/SBA-15 catalyst
containing only 0.17 % Co loading had high ordema&soporous structure, while the
DS7.5Co/SBA-15 catalyst containing up to 9.88 %ld&zaaling exhibited the relatively
low structural order. This finding was similar tbe previous research done by
Srinivasuet al. (2008) since the amount of incorporated metal ligigtifected the
morphology of supported SBA-15. With larger amouwnit cobalt species, the
structural order was greatly decreased.



67

2,500 —o— DS9Co0/SBA-15
—a— DS7.5Co/SBA-15
2,250+
—a— DS6C0/SBA-15
—e— DS3Co0/SBA-15
2,000+
— DSO0Co0/SBA-15
1,750
1,500+
=)
ks
o
£
S 1,250
o
>
1,000
750
500 - - /
- = “
v
250 Y
0 T T T T
0 0.2 0.4 0.6 0.8 1

Relative pressure (P/Py)

Figure 34 Nitrogen adsorption-desorption isotherms of SBAsilica and Co loaded
SBA-15 catalysts prepared bydinect synthesis method at various pH

values of synthesis mixture.
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The N adsorption-desorption isotherm of DS9Co/SBA-1%lyat (Figure
34) is clearly evident that DS9Co/SBA-15 catalystl chot form as a typical
mesoporous structure. It can be seen that the BBAtructure was not obtained
under synthesis condition of pH 9. The large anhafnOH could inhibit silica
network formation of which would lead to disordenedre structure and lower the
specific surface area (297y) of catalyst (Jermst al., 2008).

Figure 35 shows the pore size distribution ofdhrect-synthesis Co/SBA-
15 catalysts. The DS3Co/SBA-15, DS6C0/SBA-15 ai®¥ BCo/SBA-15 catalysts
clearly exhibited mesoporous structure with a neddy narrow pore size distribution.
DS6C0/SBA-15 and DS7.5Co/SBA-15 catalysts haventlean pore size of 8 nm
while DS3Co0/SBA-15 catalysts exhibit the mean mze of 6.5 nm. The increase in
pore size of the Co/SBA-15 catalysts prepared uhigrer pH conditions (pH 6 and
7.5) is in agreement with the previous results iokth from nitrogen-adsorption
analysis (as shown in Table 2); it was found thatrmean pore size shifted to larger
pore sizes. It can be clearly seen from FigurelZZB5)Co/SBA-15 and DS3Co/SBA-
15 prepared under strong acidic condition have lempbre diameters compared to
DS6C0/SBA-15 and DS7.5Co/SBA-15 catalysts.

However, the peak intensity of DS7.5Co/SBA-15 lgatawas obviously
decreased compared to the peak of DS6Co/SBA-15lysgtaindicating less
uniformity of DS7.5Co/SBA-15 mesostructure. Ford@®/SBA-15 catalyst, its pore
size distribution curve was greatly broad due te liss uniformity of hexagonal
structure of Co-loaded silica catalyst when thetlsgsis condition was adjusted to pH
9. At pH 9, the larger pores of wide pore sizdridigtion were obtained as clearly

indicated by the broaden curve in Figure 35.

According to the results of chemical and physmalperties of the direct-
synthesis catalysts previously discussed from Tabded Figures 33, 34, and 35, it
can be concluded that the pH condition of synthesigure not only had an effect on
the degree of cobalt incorporation in silica fransevbut also directly influenced the
morphology of the obtained catalysts.
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Figure 35 Pore size distribution for calcined Co/SBA-15atytts prepared by the
direct synthesis method with wasd pH values of synthesis solution.

2.4 Morphologies of the Direct-synthesis Co/SBAd#talysts

Figures 36, 37, 38, and 39 show TEM images of dhkeined direct-
synthesis Co/SBA15 catalysts prepared at pH 3,.%, ahd 9, respectively. The
DS3Co/SBA-15, DS6C0/SBA-15 and DS7.5Co/SBA-15 gatal exhibited well-
ordered hexagonal arrangement of SBA-15 mesoposdicss with homogeneous

distribution of incorporated cobalt particles (aswn in Figures 36, 37, and 38).
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Figure36 TEM images of calcined DS3Co/SBA-15 catalystifahe direction of
the pore axis and (b) in the direction partpeular to the pore axis.

T T
T | "y

Figure 37 TEM images of calcined DS6Co/SBA-15 catalystifahe direction of
the pore axis and (b) at highagnification.
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Figure38 TEM images of calcined DS7.5Co/SBA-15 catalytirfahe direction of
the pore axis and (b) at highagmification.

Figure39 TEM images of calcined DS9Co0/SBA-15 catalystsr{d@he direction

perpendicular to the pore axis and (b) endirection of the pore axis.

The morphologies of the direct-synthesis catalyate significantly
different from the indirect-synthesis catalystsg(ifes 28 and 29). Well-distributed
small particles of cobalt species in silica framdwwere clearly observed for the
direct-synthesis catalysts, while the large sizealjalt aggregates on silica surface
was observed in the indirect-synthesis cataly$t*@o/SBA-15 and SOVCo/SBA-
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15). The differences in morphologies of Co/SBAeHalysts were directly attributed
to the different preparation methods. As previpudiscussed, the characteristic
structure of the direct-synthesis catalysts wassiclemed to be formed through the
concurrence of dissolution—reprecipitation of siliand the deposition of cobalt
species into the silica framework (Tomiyastal., 2003). The increase of pH values
promoted the precipitation of cobalt hydroxide segn the synthesis mixture during
the hydrothermal aging process. Figures 37 ande&8ly show the differences in the
position of cobalt oxide species incorporated licasiframework. The cobalt species
obtained from the direct-synthesis method wereappid in silica wall with high

metal dispersion, while those obtained from thereud-synthesis method deposited

on the surface of SBA-15 silica (as shown in Figz8 and 29).

From the results, it was clearly indicated that gH value of synthesis
solution had an effect on the structural order ioéal-synthesis catalysts. With the
increase in an amount of incorporated cobalt spedige uniformity of SBA-15
mesostructure was decreased. It was clearly $eg#rDIS6Co/SBA-15 catalyst with
0.17 wt. % cobalt loading (Figure 37) showed higlsénucture regularity than
DS7.5Co/SBA-15 catalyst with 9.88 wt. % cobalt lmgd Srinivasuet al. (2008)
similarly reported that the incorporation of a simanount of metal in SBA-15
induced gentle curvatures in the rod-like structame decreased the structural order
of SBA-15 silica.

In the case of the synthesis of a pure SBA-15silibe formation of
hexagonal phase through the surfactant-silica ddgebridged by anionic species
through the 8H*XI* pathway (nonionic polymer surfactant’Shalide anions (X
and the protonated inorganic Si€pecies (). The change in the morphology of the
polymeric surfactant micelles was directly relatedhe spontaneous curvature of the
polymeric surfactant layer (Regev, 1996). Whendbkalt species were added, the
adsorption and condensation of the silica speaesddcbe disturbed because of the
difference in the size and the valency number @fattoatoms. This process resulted
in the increase of the spontaneous curvature aedréduction of long range
mesoporous channels increased with the increasinguit of cobalt loading
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(Srinivasuet al., 2008). This finding is quite consistent to TEMuks (Figures 37

and 38) which noticeably show the decrease in teraf hexagonal arrangement.

TEM images of DS9Co/SBA-15 catalyst (Figure 3%acly show the
formation of non-uniform amorphous phase of colmdtled silica catalyst at pH 9.
The precipitation of cobalt species and the diggmitreprecipitation of silica species
were rapidly occurred and strongly affected thengeain the silica structure from
SBA-15 framework to a particle-like structure (Thkahiet al., 2005). In this case,
SBA-15 structure was not obtained, this can alsodmdirmed by the previous results
of N, adsorption-desorption isotherm (Figure 34) and lil@adening of pore size
distribution curve (Figure 35). The size of cobjpérticles incorporated in silica
structure was larger than those obtained from D$&6BA-15 and DS7.5Co/SBA-15
catalysts and the homogeneity of cobalt distributieas decreased. However, the
distribution of incorporated cobalt particles in @3/SBA-15 catalyst was still much

better than those of the indirect-synthesis catslfggures 28 and 29).

It can be considered that, by using pH-adjustingthmd, the direct-
synthesis catalyst with highly distributed cobaltarporated in SBA-15 framework
was successfully obtained. At pH 7.5, the catalsh high cobalt loading
(approximately 10 wt. % cobalt loading) was effeely prepared while the
uniformity of SBA-15 hexagonal structure was conglle retained. The pH-
adjusting method can overcome the formation of Ggregates obtained from the

indirect-synthesis method.

Investigation of Catalytic FT S Performance

The testing of FTS catalytic performance was cdraet in order to study the
influence of cobalt loading methods on the catelytehavior of cobalt loaded
catalysts. Each catalyst obtained from the previeynthesis stage was reduced
before the activity test for 12 h at 400 °C for teggnthesis catalysts and at 650 °C for
direct-synthesis catalysts. The catalytic FTS véets of different Co/SBA-15
catalysts were studied in a fixed-bed reactor atHliCO molar ratio of 2, the total
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flow rate of 50 ml/min (NTP) and total pressurel@fatm. The reaction temperature
was fixed at 230 °C. Before the FTS reaction, tae#icgases temperature was slowly
increased from room temperature to 230 °C usingh#teging rate of 5 °C/min and
this temperature rising program was applied throughthis study to avoid the
deactivation of catalysts (Afongbal., 1997).

In this section, in order to study the influencenudtal loading technigques on
the catalyst performances and catalytic behavithies, activity and selectivity over
Co/SBA-15 catalysts prepared by post-synthesis dirett-synthesis methods were
determined. The results of the FTS catalytic tasr cobalt catalysts prepared by
these two methods exhibited significant differencesatalytic behaviors as shown
below.

1. Catalyst Activity

The results of syngas conversion and product ilbigton of Co/SBA-15

catalysts prepared from various metal loading teghes are presented in Table 3.

Table3 CO conversion and product distribution of Co/SB&\catalysts prepared

from various metal loading technigjue

(6{0) Product distribution (%)
Catalysts* conversion
%) CO, CHs CyrCs GC5-Co CigCoo Cors
IMPCo/SBA-15 83.8 16,5 59.1 3.2 0.2 21.0 -
'SOVCo/SBA-15 238 - 38 08 93 780 81
'DS3Co/SBA-15 146 - 17 36 27 876 4.4
DS6C0/SBA-15 16.9 03 438 5.9 5.8 61.1 22.0
DS7.5Co/SBA-15 17.7 - 0.3 0.4 0.2 72.8 26.3
DS9Co0/SBA-15 3.7 - 8.8 4.1 - 87.1 -

" Reaction conditions: P= 10 atm, T= 230 °G/GO= 2, flow rate= 50 ml/min (NTP)
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As shown in Table 3, the Co/SBA-15 catalysts areg via post-synthesis
methods, especially IMPCo/SBA-15, was more activant Co/SBA-15 catalysts
prepared via the direct-synthesis method (DSxCo/BBA The IMPCo/SBA-15
catalyst exhibited the highest CO conversion (88)8&mong all the catalysts. With
the SOVCo0/SBA-15 catalyst, significant reduction@D conversion (23.8 %) was
found when compared to that of the IMPCo/SBA-13lyat, however the higher CO
conversion than that of the DSxCo/SBA-15 catalyss still observed. Moreover, it
was clearly found that even though the DSxCo/SBAcatalysts had less reactivity
than IMPCo/SBA-15 and SOVCo0/SBA-15 catalysts, tipeaduct selectivity towards
heavy hydrocarbons §Q were outstandingly increased. The differenceSafSBA-

15 catalyst performances and catalytic behaviore weplained as follows:

1.1 Post-synthesis Catalysts

The IMPCo/SBA-15 catalyst exhibited the highediivity (83.8 % CO
conversion) in FTS reaction (as shown in Table IBould be due to the deposition
of cobalt particles in IMPCo/SBA-15 mesostructurhich located on the external
surface of SBA-15 silica support. The depositibrcabalt active sites on the silica

surface could strongly promote the accessibiltie§O and H (Aguadoet al., 2008).

Indeed, the mechanism of FTS reaction was regaated surface-
catalyzed polymerization process. The reactioB©fhydrogenation was taken place
over the Co/SBA-15 catalyst surface. The mechatisgan with the adsorption of
CO and H molecules on cobalt active sites (Equation 4) @neddissociation of K
(Equation 5) and CO (Equation 6) were further ommir The hydrogenation of
adsorbed C species was then performed, resultitigeilCH monomers which were
further polymerized to larger hydrocarbon produgtgesia, 1997; Davis, 2001 and
Burton, 2001). These mentioned mechanism was slasviollows:

CO+&Gy —= CO-&, 4)

H2 + &0 — 2H'SC0 (5)
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CO'S:O + &:o — C'SCO + O‘&:o (6)

Where %, is cobalt active site.
C-X, is adsorbed carbon on cobalt active site.
O-, is adsorbed oxygen on cobalt active site.
H-Sc, is adsorbed hydrogen on cobalt active site.

R-S, is adsorbed hydrocarbon products on cobalt asttee

The reaction between adsorbed carbon species aodbad hydrogen species

were occurred and followed by the chain propagamihe following equations:

C-SotH-S —= CH-Sp (7)

CH-So+ CH-So —= R-Sco (8)

Finally, the chain termination is occurred as shawBquation 9:

R-& —= R+ & (9)

It is well-known that the FTS activity of supportedbalt catalyst strongly
depends on the number of cobalt active sites edtirction and directly related to the
reduction degree (Ligt al., 2007). In addition, cobalt particle size is a Kagtor
affecting the cobalt reducibility. According to WEimages of IMPCo/SBA-15
catalyst (Figure 28), it was clearly shown thatalblspecies agglomerated to form
large cobalt particles on the silica surface. &agglomeration of cobalt metal was
attributed to the weak interaction between silical @obalt precursor (Liet al.,
2007). Therefore, IMPCo0/SBA-15 catalyst with largebalt particles had higher
extent of cobalt reduction (Girardehal., 2007).

In general, for cobalt catalysts supported onailievo-stage reduction was
observed; C¢D, was reduced to CoO and then to metallic Co. Wlccbe ascribed to

the successive reduction of £Lnto CoO at the step temperature around 300 °C and
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the subsequent reduction of CoO to metallic Caatrad 550 °C (Steed al., 1996)

as shown in Equations (10) and (11), respectively:

Cos0s + H, ——= 3C00 + HO (10)

CoO +,H——= Co +HO (11)

Furthermore, the FTS activity of cobalt supportathlyst was also related
to the particular surface property of catalystrdeacobalt particles provided large flat
metallic surface, favoring bridge-type adsorbed Z@anget al., 2007). The large
cobalt particles of IMPCo/SBA-15 catalyst were messily to form the bridge-type
CO during the FTS reaction compared to the smdlhltgarticles which promoted
the formation of linear-type CO on active metaldaet al., 2007). Accordingly,
IMPCo/SBA-15 catalyst with large cobalt particlegatly promoted the bridge-type
CO formation than the linear-type CO of which prafdy obtained from the smaller
cobalt particles. The bridge-type CO had a we&ked bond and thus can be more
easily dissociated to carbon and oxygen, whicmes af the crucial processes in FTS
reaction (Xionget al., 2008)

Considering the SOVCo0/SBA-15 catalyst prepared savothermal
technique, even though it was prepared by postisgig method, the result of CO
conversion (23.8 %) was significant different froimat of the IMPCo/SBA-15
catalyst (as shown in Table 3). From TEM imagegufe 29), it can be observed that
SOVCo0/SBA-15 catalyst exhibited the smaller sizésabalt particles with better
cobalt distribution compared with IMPCo/SBA-15 dgsh The smaller cobalt
particles of SOVCo/SBA-15 catalyst promoted thersger interaction between silica
and cobalt species compared to IMPCo/SBA-15 catdKien et al., 2005). These
smaller cobalt particles of SOVCo0/SBA-15 catalydrevalso evident by the XRD
patterns of the post-synthesis catalysts as showkppendix C. Similar fingerprint
of XRD patterns was observed for calcined cobatilgats by both IMPCo/SBA-15
and SOVCo/SBA-15 catalysts. The diffraction peak0 at 31°, 37°, 45°, 59.58nd
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65.5°, indicating the presence of {0g (Panpranogt al., 2005). The intensities of
XRD peaks of SOVCo0/SBA-15 catalyst were signifitamtecreased and the peaks
were also broader compared to IMPCo/SBA-15 cataly3this implied that the
crystalline sizes of GO, prepared from solvothermal technique were smakhant

those prepared from impregnation method.

For solvothermal technique, tetrahydrofuran (THFaswused as an
alternative solvent. Changing impregnating solviemn water to THF modified the
surface polarity of SBA-15 porous silica. Roggertoet al., 2008 reported that using
THF instead of water increased the wettability dBASL5 silica during the
impregnation process according to a solvent of Ipstar than water. An
enhancement of wettability of SBA-15 silica could tonfirmed by the decrease in
specific surface area of SOVCo/SBA-15 catalystaf%3%, while a 48% reduction
was observed when water was used as the impregrsdluent for IMPCo/SBA-15
catalyst (Table 1). It was clearly indicated ttia polarity of impregnating solvent
played an important role on the structure of impe¢gd catalyst. Furthermore, the
difference in chemical property of impregnatingveoits strongly affected the shapes
and sizes of cobalt-loaded patrticles. As a regulias found that using THF instead
of water could change the vaporization rate of elyresulting in smaller particles
size of the suspended cobalt species.

Consequently, the lower activity of SOVCo/SBA-1mtalyst was
attributed to the smaller cobalt particles. Thergger interaction of cobalt species
and the silica support resulted in the lower relility of cobalt metal resulted in the

lower amount of Clactive sites (Girardoet al., 2007).

1.2 Direct-synthesis Catalysts

It was clearly observed that the direct-syntheatalysts (DSxCo/SBA-15)
exhibited lower activity compared to those of psgtthesis catalyst. The CO
conversion for DS3Co/SBA-15, DS6Co/SBA-15, DS7.8MBA-15, and
DS9Co0/SBA-15 catalyst were 14.6 %, 16.9 %, 17.7rb &7 %, respectively. The
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lower activity was attributed to the smaller sibésobalt particles which resulting in

the decrease of the extent of reduction (Iglesi., 1992). As observed from TEM

images (Figures 36, 37 and 38), DSxCo/SBA-15 cstslgxhibited homogeneous
distribution of incorporated smaller-size cobalttigées compared to those obtained
from post-synthesis catalysts. The small cobatigdas with high dispersion strongly

interacted with silica and were difficult to reduc&ome amount of incompletely

reduced cobalt phases were inactive for CO hydmatymm and thus decreased the
catalyst activity (Ernsgt al., 1999).

Comparatively, as observed from Table 3, IMPCo/SBA€eatalyst was
much more active (83.8 % CO conversion) than DSG/ISBA-15 catalyst (17.7 %
CO conversion) at similar cobalt loading amount dawt. %). Not only the cobalt
particle size that effected on the reducibilitycattalyst, but the FTS activity of Co-
based catalysts also strongly depends on theictates It was observed that the
differences in the reduction behaviors betweenr@uotiand direct synthesis catalysts
can be attributed to the different structure ofabatts. The different metal loading

techniques significantly affected the cobalt stuet

In comparison, most of the cobalt oxides prepdredh post-synthesis
method were deposited as aggregates on silicacsyrféhile those prepared from
direct-synthesis method were entrapped in theasiiiamework (Tomiyamat al.,
2003). Cobalt particles in DSxCo/SBA-15 catalystuld partially remain in non-
accessible positions inside the silica wall (Aguatial., 2008). Hence, the lower
FTS activities would due to the encapsulation dbatbactive phase in the silica
framework, resulting in a reduction of the activetat sites. It also implied that the
potential benefit to the catalyst activity of a mgeneous cobalt distribution obtained
through the direct-synthesis method was not sicguifily observed because of their

poor reducibility.

Among the DSxCo/SBA-15 catalysts, DS7.5Co/SBA-atalkyst exhibited
the best performance, for which 17.7 % conversfotadbon monoxide was achieved.
The increase in FTS activity of DS7.5C0/SBA-15 betiacould be attributed to the
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higher amount of incorporated cobalt species whiels seen as an advantage as it
enhanced the catalytic activity.

Figure 40 shows the FTS activity of DSxCo/SBA-1%abssts prepared
under pH 3, 6, 7.5, and 9. The CO conversion giiyluecreased and reached the
steady state during the first 2 h. It was cleatbgerved that the FTS activities of
DSxCo/SBA-15 catalysts were quite stable for tis¢ Tah. It could be due to the high
dispersion of cobalt metal located in silica waillhich would have resistance to

sintering of Co species during the reduction (Tamyget al., 2003).
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Figure40 CO conversion toward FTS reaction over Co-sugocatalysts prepared
by direct synthesis method wisious pH conditions.

As mentioned above, the stronger interaction betweighly dispersed
cobalt oxides and silica and the position of colsgdecies in silica framework
obtained from direct-synthesis catalysts decredisediegree of reduction. For post-
synthesis catalyst, cobalt oxides located on theassurface and they were easily
reduced at low temperature (< 500 °C) (Mateal., 1998). However, in the case of

DSxCo/SBA-15 catalyst, the reduction temperaturdu®r post-synthesis catalysts
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(400 °C) was not suitably applied. The reductiemperature of direct-synthesis
catalysts would be expected at higher temperatuobtain cobalt active sites. In this
present work, the reduction temperature for disgtithesis catalysts was changed to

650 °C to overcome the stronger cobalt-silica axtgon.

Unfortunately, at higher reduction temperaturanscamounts of cobalt
silicate could also be formed during the reducpoocess (as shown in Equation 12).
The formation of cobalt silicate can also supptéssreduction degree of supported
cobalt (Soleckt al., 1995).

2C00 +SiQ —>  CaSiO, (12)

2. Product Selectivity

Significant differences can be observed in the Bi&luct distribution over
Co/SBA-15 catalysts prepared by different metal diog techniques. The
selectivities of Co/SBA-15 catalysts during the $yhthesis are strongly affected by
their pore structures and the structural propemiesnetallic cobalts (Zhanet al.,
2007). The different catalytic behaviors for e@b/SBA-15 catalyst are reported as

follows:

2.1 Post-synthesis Catalysts

Concerning the series of Co/SBA-15 catalysts pexpéy post-synthesis
methods, it can be seen that IMPCo/SBA-15 cataiytt ca. 10 wt. % Co loading
presented a high selectivity towards light hydrboar products (62 %) and low
selectivity towards heavy hydrocarbon productg+jCof approximately 21 % (as
shown in Table 3). The selectivity towards methawer IMPCo/SBA-15 catalyst,

which is undesired product, was significantly h{§B %).
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The present investigation indicated that the proddistribution was
strongly affected by the particle size of cobakk@ps. Comparing to IMPCo/SBA-15
catalyst, the SOVCo/SBA-15 catalyst with the smadiege of cobalt particles clearly
exhibited higher selectivity of long-chain hydrdoans. The selectivity towards &
product was increased from 21 % for IMPCo/SBA-13alyst to 86 % for
SOVCo/SBA-15 catalyst. Figure 41 clearly showst ttiee hydrocarbon product
distribution of SOVC0/SBA-15 catalyst was shiftedvards the formation of heavy
hydrocarbons, especially 8 hydrocarbons, compared with the IMPCo/SBA-15
catalyst. The SOVCo0/SBA-15 catalyst with Bettebalo dispersion had influence on
the FTS product selectivity. High dispersion ofadincobalt particles increased the
active metal surface area which promoted the cheath of hydrocarbon chains
during FTS reaction (Toralket al., 2004).
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Figure 4l Hydrocarbon distributions (based on carbon atmm)MPCo/SBA-15
and SOVCo/SBA-15 catalysts (T9 28, P= 10 atm andJ{CO = 2).

High methane selectivity over IMPCo/SBA-15 casalgould be attributed
to the surface property of cobalt catalyst. Lacgbalt particles located on the silica
support as mention earlier provided sites of we&k &lisorption in FTS. It was

known that heavier hydrocarbon products were favorghen CO and the
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intermediates are strongly adsorbed by metal el and Barthomolo, 1984;
Khodakovet al., 2002).

Additionally, the differences in the selectivity tveen each catalysts
strongly depended on their pore structures. Tlre ptockage of cobalt clusters in
IMPCo0/SBA-15 catalyst decreased pore volume ane piiameter of catalyst (as
previously discussed on the results gfddsoprtion analysis). The decrease in pore
size caused the hydrocarbons diffusion limit anaddemsation of heavy hydrocarbons
in IMPCo/SBA-15 catalyst pores (Khodaketval., 2002). It can also be considered
that the limitation of carbon monoxide diffusion the pores of IMPCo/SBA-15
catalyst could increase ,iCO ratio on the surface of catalyst, leading t@ich
termination and lower the chain growth probabilifijhus light hydrocarbon products
were produced (Kraum and Baerns, 1999) since thiacgu CH fragments were
easily hydrogenated to terminate chain growth almds tincrease the methane

selectivity.

During the FTS, the higher /O surface ratio could also enhance the

water-gas shift reaction as shown in Equation 18(Rnd Barthomolo, 1984).

CO+HO —= CQ+Hp (13)

The enhancement of water-gas shift reaction caedlypy IMPCo/SBA-15
catalyst was evidenced by the emission of measarablount of carbon dioxide
(16.5 % selectivity) in the FTS catalytic resuls (shown in Table 3). The GO
selectivity implied quite high activity for the cqmetitive water gas shift reaction
typically observed for Co-based FTS catalysts (Mamtet al., 2003).

2.2 Direct-synthesis Catalysts

The hydrocarbon distributions were changed frachecatalysts prepared

by the direct synthesis and the unique selectiwig observed for the DSxCo/SBA-
15 catalysts. The DSxCo/SBA-15 catalysts were $e$sctive towards methanation,



84

while their selectivity towards the;@ fraction was very high. The great amounts of
long-chain hydrocarbon products, especially in éigange hydrocarbons {£C,)

were produced.

As observed in Table 3, the hydrocarbon sele@witof Got+
hydrocarbons among the group of DSxCo/SBA-15 catalywere very high.
Increasing the cobalt contents by increasing piesdid not significantly affect the
FTS product distribution since all the DSxCo/SBAcHzalysts were selective tqd
products. Selectivity to heavy hydrocarbon proguegs noticeably high for the
DS7.5Co/SBA-15 catalyst (99 % selective tg®). Comparing to IMPCo/SBA-15
catalyst, the very low selectivities to methane @ were clearly observed among
all the DSxCo/SBA-15 catalysts.

Figure 42 shows the distribution of hydrocarboodorcts on a carbon
basis of DSxCo/SBA-15 catalysts prepared under pH6,37.5, and 9. The
hydrocarbon product distributions of DSxCo/SBA-Hatysts were obviously shifted
towards the formation of heavy hydrocarbons, esigciCio+ hydrocarbons,
compared to the IMPCo/SBA-15 catalyst.
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Figure 42 Hydrocarbon distributions (based on carbon atemPSxCo/SBA-15
catalysts prepared via directsgsais using pH adjusting method
(T=230 °C, P= 10 atm anglGD = 2).

It was clearly observed that the hydrocarbon pecodiistributions of
DSxCo/SBA-15 catalysts were strongly influenced High dispersion of cobalt
species in silica framework. A homogeneous distidn of cobalt species in silica
framework promoted high dispersion of cobalt acites which exhibited as large
area of active metal in DSxCo/SBA-15 catalysts.giHdispersion of metal active
sites significantly increased the catalytic polyination ability in the FTS reaction,

resulting in higher selectivity to long-chain hydasbons (Iglesiat al., 1992).

Considering the pore structure of DSxCo/SBA-15 lgata, the pore
blocking from cobalt aggregates were hardly obskrveEherefore, the larger pore size
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of catalyst, compared to IMPCo/SBA-15, could oveneomass transfer limitation of
reactant and hydrocarbon products (Khodakbwl., 2001; Tsubakiet al., 2001;
Ohtsukaet al., 2004). As a result, the DSxCo/SBA-15 catalyst wélatively larger
pore size enhanced the diffusion of syngas anddogdbon products in mesoporous
channels, and thus long-chain hydrocarbons werduped (Lapszewicet al., 1993).

It can be concluded that a simple modificationsol-gel process using pH
adjusting approach could be potentially appliegrepare the FTS catalyst with high
metal dispersion. The undesired methane prodwutnally occurred over cobalt
catalysts prepared by the conventional impregnatioethod, was distinguishly
reduced while the long-chain hydrocarbon produptsticularly the diesel-range,
were remarkably promoted over the DS7.5Co/SBA-1falgst. The selectivity of
diesel products was relatively increased from 20.8r IMPCo/SBA-15 catalyst to
72.6 % over DS7.5C0o/SBA-15 catalyst (as shown guig 43).
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Figure43 Variation of FTS products including GQuel gas (&C,), LPG (G-C,),
gasoline (6Ci2), naphtha (&C;y), diesel (Gz-Czo) and soft wax (&i-
Gs) over ca. 10 wt. % cobalt loaded SBA-15 catalpsepared by direct
(IMPCo/SBA-15) and indirect (DS7.5Co/SBA-Eynthesis methods.
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CONCLUSION

The Co/SBA-15 catalysts were prepared by the post-synthesis method and the
direct synthesis method using cobalt nitrate as a cobalt precursor. The physical
characteristics and catalytic properties for the Fischer-Tropsch synthesis (FTS)
reaction were investigated as a function of metal loading techniques. The results can

be concluded as follows:

1. It was found that IMPCo/SBA-15 catalyst was much more active (83.8 %
CO conversion) than DS7.5Co/SBA-15 catalyst (17.7 % CO conversion) at similar
cobalt loading amount (ca. 10 wt. %). The lower FTS activity of the direct-synthesis
catalyst was attributed to the encapsulation of cobalt active phase in the silica
framework, resulting in areduction degree of the active metal sites, while most of the
cobalt particles prepared from post-synthesis method were deposited on the silica

surface.

2. The FTS product selectivity towards methane over IMPCo/SBA-15 catalyst
was very high (59 %) while the selectivity towards heavy hydrocarbon products (Cio+)
was relatively low (21 %) compared to DS7.5Co/SBA-15 catalyst (99 %).

3. A simple modification of sol-gel process by pH-adjusting approach was
applied and Co/SBA-15 catalyst with highly distributed cobalt species within the
SBA-15 mesostructure was successfully prepared.

4. At pH 7.5, the highly-ordered SBA-15 hexagonal structure with high cobalt
loading (approximately 10 wt. % cobalt loading) was effectively prepared.

5. The pH-adjusting method can overcome the formation of cobalt aggregates
obtained from the indirect-synthesis method. High dispersion of cobalt active phase
over direct-synthesis catalyst significantly promoted the production of long-chain
hydrocarbons, especially diesel-range products (76 %), and greatly decreased the

methanation.
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Appendix A
Qualitative and Quantitative Results from Gas Clatmgraphy
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Quantitative and Qualitative Results from Gas Chromatography

Gas chromatography was performed in a speciakbygded instrument. The
major instrumental components consisted of a flgwmobile phase, an injector port,
a separation column containing the stationary pheasketector, and a data recording
system as shown in Appendix Figure Al. Certain@amof gaseous mixture, 0.5 mL
in this research, was injected into gas chromapgygrat the injector port and was
volatilized in a hot injection chamber before it smaansported to the head of the
chromatic column. Then, a flow of inert carriersgas a mobile phase) swept the
injected mixture through a heated column which ametd the stationary phase. The
gaseous sample moved along the packing column a$éte component gas moved
with different flow rates and thus separated intomepcomponent. Before each
component exited the instrument, it passed thraugletector. The detector sent an

electronic signal to the recorder and the analyesdlts were printed out.

[njectar
Flowy J

controller port
. & M A
. Fecorder

| >

Colurmn Detector

Column oven

Carrier gas

Appendix Figure A1 Schematic diagram of gas chromatograph.

In this work, the quantitative and qualitativealaf product composition was
obtained from 2 types of gas chromatography indgdifCD-GC and FID-GC as
mention in the experimental chapter. Before amglyke condition of operation was
set and kept on running for about an hour to stbthe based line. Certain volume
of sample mixture (0.5 mL in this case) was injdciao the injection port by gas

syringe. After the mixture of sample gas was amdy the qualitative and
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guantitative data were interpreted from the peala abtained from the recorder. The
component of injected gas mixture can be identiigdusing the value of retention
time data compared with the retention time receivenh injected standard gas. The
chromatogram of standard gases and liquids usdtlisnresearch were shown as

following figures:

Intensity
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Appendix Figure A2 Chromatogram of standard gases for CO ang CO

Appendix Figure A3 Chromatogram of standard gases foiGz hydrocarbons.
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Appendix Figure A4 Chromatogram of standard liquids foy-C;s hydrocarbons.

The quantitative analysis of gas and liquid sasplere obtained from the
calibration curves where the correlation betweenammount of injected gas or liquid
sample (mole) and the peak area of gas chromatsgnaere proposed. The
correlation between these parameters (mole and avea analyzed by a linear
regression equation. All the calibration curvessdach single standard gas and liquid

used in this research were shown in Appendix TAlile
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Appendix Table A Equation of calibration curves for standard gz laquid

Substance Equation ‘R
coO mol = 4.46x 10" x area 0.999
CO; mol = 4.38 18" x area 0.999
CH, mol = 2.0x 10 x area 0.999
CoHs mol = 7.0x 13°x area 0.996
CoHs mol = 8.0x 10° x area 0.998
CsHe mol = 6.0x 10:° x area 0.999
CaHg mol = 6.0x 10° x area 0.998

C4H1o mol = 2.0x 10 x area 0.999

CsH1o mol = 3.05 x 133 x area 0.997
CeH1a mol = 1.39 x 13° x area 0.997
C/Hise mol = 1.39 x 13°x area 0.997
CgH1s mol = 1.97 x 133 x area 0.997
CoH2o mol = 1.13 x 13°x area 0.997
CioH22 mol = 1.97 x 13°x area 0.988
Ci1Ha4 mol = 7.36 x 13“ x area 0.995
C1zHo6 mol = 6.85 x 13“ x area 0.996
CisHos mol = 6.67 x 13* x area 0.997
CiHzo mol = 6.15 x 13* x area 0.992
CisHao mol = 6.25 x 13* x area 0.993

The calculation for the amount of each componera standard-gas mixture

can be calculated as follows:

Amount of componenfmol) = M x T (Al)
100 x 22,400

where \{ = % volume of componenfcm’/cn’)

T = volume of standard gases mixture (mL)
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The calculation for the amount of each componentistandard liquids
mixture that can be calculated as follows:

Amount of componen{mol) =V, x Tx D x P x 10 (A2)
MW

where V = % volume of componefent/cm?)
T = volume of liquid mixture(L)
D = density (g/cm)
P = purity (%)

MW = molecular weight (g/mol)
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Appendix B
Conversion and Selectivity Results
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Conversion and Selectivity Results

The calculation for the conversion of carbon modexito hydrocarbon
products in Fischer-Tropsch synthesis (FTS) readie shown as follows:

Percent of CO conversion:

CO conversion (%) = (C& COy)/CO x 100

Percent of effluent composition for FTS products:

Effluent composition of produd@e) = moles of prodyct 100
> moles of FTS products

Percent of hydrocarbon selectivity for hydrocaripooducts:

Selectivity of hydrocarbqif%) = moles of hydrocarhox 100
p° moles of hydrocarbon products) x n

where CQ is a mole number of inlet carbon monoxide
CQ,,tis a mole number of outlet carbon monoxide

n is a number of carbon atoms in hydrocarbon

The examples of calculation for the CO conversiamd ehydrocarbon

selectivity can be shown as following tables:
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Appendix TableB1 Calculation of CO conversion and selectivity gfiftocarbons
over 10IMPCo/SBA-15 catalyst

Description Calculation
FTS reaction at T = 23T, P = 10 atm
Inlet: CO amount (PV = nRT) 0.000006489 mol
Outlet: Peak areas of CO, €0 21772, 85024
CO amount (4.46x It x area) 9.71908%10-7 mol
CO, amount (4.38 16" x area) 3.7283x1dmol
CO conversion 85.73 %
Peak areas of CHC,Hg, CsHg, C4H10 6696023, 415510, 409523, 358906
CH, amount (2.0x 18 x area) 1.3395x10mol
C,Hs amount (8.0x 18° x area) 3.52408x1tmol
CsHg amount (6.0x 1&° x area) 2.65714x10mol
CsHioamount (2.0x 10 x area) 9.47813x18 mol
CeH1samount 4.89141x18 mol
Ci0H22 amount 3.46195x18 mol
C11H24 amount 1.02451x10° mol
C12H26 amount 3.88064x10 mol
Ci3H28 amount 9.17209x10 mol
C14H30 amount 3.22953x10 mol
CisH32 amount 2.53954x10 mol
Total hydrocarbons amount 2.27x1mol
C; hydrocarbon selectivity 14.6 %
C, hydrocarbon selectivity 0.8%
Cs hydrocarbon selectivity 0.9%

C,4 hydrocarbon selectivity 0.4%
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Appendix C
X-ray Diffraction of Co/SBA-15 Catalysts
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Appendix Figure C1 X-ray diffraction of IMPCo/SBA-15 catalys?, : Co;0,4 phase.
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Appendix Figure C2 X-ray diffraction of SOVCo/SBA-15 catalysX;: Ca;0,4 phase.
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Appendix Figure C3 X-ray diffraction of DS3Co0/SBA-15 catalyst.
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Appendix Figure C4 X-ray diffraction of DS6Co0/SBA-15 catalyst.
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Appendix Figure C5 X-ray diffraction of DS7.5Co/SBA-15 catalyst.
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Appendix Figure C6 X-ray diffraction of DS9Co0/SBA-15 catalyst.
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Appendix D
Inductively coupled plasma atomic emission spectipg (ICP-AES)
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Basic overview of |CP-AES

Inductively coupled plasma atomic emission spectipg (ICP-AES), also
referred to as inductively coupled plasma opticalssion spectrometry (ICP-OES),
is an analytical technique used for the detectibrirace metals. It is a type of
emission spectroscopy that uses the inductivelypleauplasma to produce excited
atoms and ions that emit electromagnetic radiagtowavelengths characteristic of a
particular element. The intensity of this emiss®imdicative of the concentration of
the element within the sample. The image of ICBcgss is shown in Appendix
Figure D1.

spectrometer Muld-element
Fasma detector

Sample AN
*-aJ) )

Appendix FigureD1 The schematic photo of ICP process.

1. Mechanism

The ICP-AES is composed of two parts, the ICP thiedoptical spectrometer.
The ICP torch consists of 3 concentric quartz gtabgs that is water cooled and a
coil of the radio frequency (RF) generator whichreunds part of this torch. Argon
gas is typically used to create the plasma. Whentarch is turned on, an intense
magnetic field from the RF generator is turned dine argon gas flowing through is
ignited with a Tesla unit (typically a copper stop the outside of the tube). The
argon gas is ionized in this field and flows in atgular rotationally symmetrical
pattern towards the magnetic field of the RF cdilstable, high temperature plasma
of about 7000K is then generated as the resulthefimelastic collisions created

between the neutral argon atoms and the chargédlesr
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A peristaltic pump delivers an aqueous or orgamic@e into a nebulizer
where it is atomized and introduced directly insitle plasma flame. The sample
immediately collides with the electrons and othlearged ions in the plasma and is
broken down into charged ions. The various moksblreak up into their respective
atoms which then lose electrons and recombine teggain the plasma, giving off
the characteristic wavelengths of the elements ltaeb A shear gas, typically
nitrogen or dry compressed air is used to 'cutptaema flame at a specific spot. 1 or
2 transfer lenses are then used to focus the ehtigiet on a diffraction grating where
it is separated into its component radiation in dptical spectrometer. The light
intensity is then measured with a photomultiplidoe at the specific wavelength for
each element line involvedThe intensity of each line is then compared ®vijmus
measured intensities of known concentrations ofeleenent and its concentration is

then computed by extrapolation along the calibraliie.

2. Advantages and Disadvantages

Advantages of using an ICP include its ability t®ntify and quantify all
elements with the exception of Argon; since manyelengths of varied sensitivity
are available for determination of any one elemén¢ ICP is suitable for all
concentrations from ultratrace levels to major conemts; detection limits are
generally low for most elements with a typical rargf 1 - 100 g / L. Probably the
largest advantage of employing an ICP when perfagnguantitative analysis is the
fact that multielemental analysis can be accometisland quite rapidly. A complete
multielement analysis can be undertaken in a peasdshort as 30 seconds,
consuming only 0.5 ml of sample solution. Althoughtheory, all elements except
Argon can be determined using and ICP, certainabietelements require special
facilities for handling the radioactive fume of thiasma. Also, an ICP has difficulty
handling halogens--special optics for the transimissf the very short wavelengths

become necessary.
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