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In this research, the Fischer-Tropsch synthesis (FTS) over cobalt catalysts
supported on binary (Co-TiO, and Co-ZrO,) and tertiary (Co-TiO,-ZrO,) support
were studied with various amount of inserted-cobalt and TiO,-to-ZrO, wieght ratio in
range of 5 to 30% and 4:1 to 1:4, respectively. The mixed support was prepared by
flame spray pyrolysis (FSP). Finally, the 20 wt. % Co was impregnated on these
supports. The catalysts were characterized by several technique such as X-ray
diffraction (XRD), N,-physisorption, Temperature programmed reduction (H»-
TPR) and H,-chemisorption. The catalytic properties were tested by FTS. The support
preparation by FSP using mixture liquid precursors can produce the mixture of
metallic phases such as cobalt titanate (CoTiQg), titanium zirconate (Ti,ZrOg) and
zirconium titanate (ZrTiO,). The reduction degree of Co catalysts was decreased with
increasing amount of inserted-Co. Because of the addition of inserted-Co induced to
strong metal-support - interaction —in catalysts. Cobalt metallic sites of
catalysts decreased due to the increasing of metal-support interaction, except the
catalyst supported on zirconia. The addition of 5% inserted-cobalt to TiO,and
ZrO, support improved . heavy hydrocarbon selectivity and rate of reaction,
respectively. Role of small inserted-cobalt in-modified TiO, support disturbed the
dispersion of impregnated-cobalt led to large cobalt oxide size, reflected to
hydrocarbon-chain propagation. On the other hand, cobalt in modified ZrO; support
dispersed on the surface of catalyst that difference from TiO, because of weak metal-
support interaction. Increasing of cobalt dispersion enhanced rate of reaction. The
addition of small inserted-cobalt in mixed TiO,-ZrO, support with 4:1 weight ratio
exhibited the best catalytic activities than other mixed support catalysts.
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CHAPTER' I

INTRODUCTION

1.1 Motivation

In present, the demand of fossil fuel (natural gas, crude oil and coal) in used as
major energy source resulting in this source is decreased continuously. The
combustion of energy source leaves carbon monoxide and carbon dioxide (CO and
CO,) which is important greenhouse gas. One of the possible ways to decreased fossil
fuel is gas to liquids (GTL) process. This process is one of the promising processes to
produce environmentally fuels with lower emission of pollutants. Fischer—Tropsch
synthesis (FTS) is one of maost efficient routes to convert synthesis gas (CO and Hy) to
hydrocarbon products. FTS are usually categorized based on operating conditions;
high temperature Fischer-Tropsch- (HTFT) —operates at 300-350°C and low
temperature Fischer-Tropsch (LTFT) operates at 200-240°C [1].

The following reactions take place during FTS, with alkanes and alkenes are
the desired products.

Alkane production: - (2n + 1) H, + nCO - CHzn42 + NH,0 (1-1)
Alkene production: - 2nH; + nCO. > C,H3, + nH,0 (1-2)

Side reactions such as water-gas shift (WGS) reaction, alcohols production

and Boudouard reaction may occur.
WGS reaction: CO +Hy,0 €-> CO; + Hy (1-3)
Alcohols production: 2nH; + nCO - C,Hzn+20 + (n-1) H,O (1-4)
Boudouard reaction: 2CO - C + CO, (1-5)
Due to the FTS product is very broad, i.e. light gas, gasoline, kerosene, diesel
and lubricant, many researchers interested to improve the catalytic performance which

high catalysts activity and product selectivity. Ru, Ni, Fe and Co are commonly
accepted to be the best catalysts for FTS [2].
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Ru is one of the active catalysts for FTS producing long chain hydrocarbons;
however it is very expensive and not suitable for industrial processes. Ni-based
catalysts have high methane selectivity, which low price and undesired products [3].
Iron-based catalysts, generally operating at HTFT, have high selectivity to heavy
olefins and oxygenate hydrocarbons. But, Fe has a high activity for WGS reaction,
which the undesired reaction in FTS process [4]. The cobalt catalysts are prefer due to
its high selectivity to long chain paraffins, low activity for the WGS reaction and

lower price than noble metals [5].

From the high selectivity for heavy hydrocarbons of catalysts, Fe and Co are
widely use as catalysts in Fischer—Tropsch processes. And they are well known that
the catalysts activity and product selectivity are depending on the chemical and

textural properties of support.

Al;03, SiO; and TiO; are generally use for the support in FTS process. The
influence of the support in FTS has been widely studies in a large number of papers.
Alumina supported catalysts have a strong interaction with active phase which
promote to a highly metal dispersion cause to the small metal particle. However, one
of drawback is poorly reducible active phase, formation of non-reducible species such
as cobalt aluminate, that lead to fewer amounts of metal active sites, low FTS activity
[6-16]. In case of SiO, supported catalysts presents a weak metal-support interaction
leading to a high reducibility of cobalt oxides but low Co dispersion on the silica
support and easy to sintering of Co metal [17-19]. TiO, is the alternative support for
FTS catalyst because it has the strength of metal-support interaction in the middle of
SiO, and Al,O3 that cause to medium metal dispersion and reducibility [20-23].
However, TiO; is the active oxide cause to the formation of non-reducible, which is

inactive phase in FTS.

Many researchers use the noble metals (Pt, Pd and Ru) and transition metal
oxides (ZrO, and MnOy) as a promotor for improve the reducibility of catalysts [24].
Moreover, Enache et al. investigate the performance of catalysts which use ZrO; as a
support and they talk about the catalysts supported on ZrO, have high reducibility
than Al,O3 support and higher CO conversions when operating at low pressure [25].
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The support of binary and tertiary mixed oxides was also investigated. Wu et
al. [14] reported that the mixed support (Ti and Zr mixed with SiO,) increased the
reducibility and dispersion of cobalt and therefore caused to increase the CO
conversion. Many researchers prepared the catalysts by flame spray pyrolysis (FSP) in
single-step. It was found that this method can produce new compounds. Examples
were the formation of LaCoO3; and CoAl,O, reported by Sinchai et al. [26] and the
production of CoTiOz and ZrsTi;O24 reported by Meetipkij et al. [27]. The new
compound, such as ZrsTi;O,4, was proved that improved the catalyst activity for CO

hydrogenation [27].

However, the catalysts were prepared by FSP have a limited reducibility due
to strong metal-support interaction [26, 27]. Some researcher report the addition of
high Co loading (>20 wt. %) in catalyst. They found that it show two advantages;
easy to activate and high resistant to deactivation [28], which facilitate to high activity
in FTS.

In this work, the Co-based catalysts supported on mixed metal oxides were
investigated. The support consisting of three precursors (cobalt, titanium and
zirconium) was focused. ‘It was prepared by flame spray pyrolysis. These catalysts
were characterized by XRD, Na-physisorption, TPR and Hj chemisorption. The
catalytic performances were evaluated by Fischer-Tropsch synthesis in a fixed bed

reactor.

1.2 Objective of research

The aim of this research is to study the effect of FSP-inserted cobalt in

TiO,-ZrO; support on Fischer-Tropsch synthesis over Co-based catalyst.
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1.3 Scope of research

1.3.1 Catalyst preparation

In this research, the supports containing three metal precursors (cobalt,
titanium and zirconium) are prepared by flame spray pyrolysis (FSP) procedure. Both
the cobalt loading and the ratio of TiO, and ZrO; in the support are studied. The
amount of cobalt is varied as 5, 10, 20 and 30 wt. % while the ratio of TiO; and ZrO;
is simultaneously adjusted as 80:20, 60:40, 40:60 and 20:80. The pure TiO, and ZrO,
inserted by cobalt are also prepared. Finally, the 20 wt. % Co was impregnated on

these supports.

Ti Zr
precursor presursor
l |

Im pregnation with
Co{lNO:)

v

Figure 1 Scheme of the Co catalysts supported on TiO,-ZrO; supports in this work
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Figure 2 Scheme of the Co catalysts supported on FSP-inserted cobalt in TiO2-ZrO,
supports in this work

1.3.2 Catalyst characterization

The bulk crystal structure and chemical phase composition are determined by
X-ray diffraction (XRD). The specific surface area and pore characteristics of catalyst
are determined by N, physisorption. Temperature programmed reduction (TPR) is test
to determine the reducibility of catalyst. The cobalt metallic sites on the catalyst

samples are determined by H, chemisorption.
1.3.3 Catalyst performance test

The catalytic properties are test by Fischer-Tropsch synthesis in a fixed-bed
reactor. The reaction conditions are maintained at 230°C and atmospheric pressure.
The reactant and product are analyzed by two GCs connecting with TCD and FID
detectors.
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1.4 Contribution of research

The Co-based catalyst supported with tertiary mixtures (Co-TiO»-ZrO,) can be
possible to improve the FTS activity and the product selectivity to heavy

hydrocarbon.
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CHAPTER Il

FISCHER-TROPSCH SYNTHESIS

2.1 Fischer-Tropsch Synthesis

The promising alternative pathways are clean, sustainable and renewable fuel
is the Fischer-Tropsch synthesis (FTS) process. FTS is the original process by two
German scientists, Franz Fischer and Hans Tropsch, in the 1920s. The FTS is a
cleaning process which converts synthesis gas (CO and H;) to hydrocarbon fuels. This
process can produce a wide range of hydrocarbons: methane, light gas, gasoline,

diesel fuel and wax.

FTS is either high temperature process (HTFT) or low temperature process
(LTFT) depending on the product required. High temperature process operates at
300-350 °C on Fe-based catalysts and is mainly used for the production of Cs. and
linear olefins while the low temperature process operates at 200—240°C on Co-based

catalysts and is applied for the production of waxy material.

The FTS has many reactions take place during the process; alkanes and
alkenes productions are the desired reactions while water-gas shift and Boudouard

reaction are undesired reactions.
2.2 Mechanism of Fischer-Tropsch Synthesis

The three major reaction mechanisms of Fischer-Tropsch synthesis are as

follow.

2.2.1 Surface carbide mechanism

The first accepted mechanism for Fischer-Tropsch synthesis is the carbide
mechanism. This mechanism is involved the formation and hydrogenation of the
metal carbides to give a methylene (CH;) groups on the metal surface. It starts from
CO which adsorbed on the surface of metal and dissociates. The adsorbed oxygen

atom can contract with hydrogen to the formation of water, which rapidly desorbs.
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ed to the formation of methylene

which oligomerized to produce long-chain hydrocarbon.
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Figure 3 Surface carbide mechanism [29]
2.2.2 The oxygenate (enol) mechanism

The oxygenate (enol) mechanism is the chai

oxygen which adsorbed on surface of metal reacts wi

partial hydrogenation to form enolic (HCOH) groups.

alpha olafine

n growth of the carbon and
th adsorbed hydrogen via the

Their results showed that the

added alcohol or aldehydes was able to initiate chain growth.
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Figure 4 The oxygenate (enol) mechanism [29]

2.2.3 CO insertion mechanism

This mechanism is the insertion phenomena of CO into a metal-hydrogen,
metal-methyl or metal-methylene to the formation of alcohol products. Fig. 2.3 shown
the mechanism of CO insertion; after insertion step, the alcohol precursor can

eliminate oxygen atom to produce an alkene.
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Figure 5 CO insertion mechanism [29]

2.3 Fischer-Tropsch Synthesis catalyst

Hinchiranan and her co-worker [13] investigated effect of TiO, promote
Co/SiO, catalyst.. Their SiO, supports. were prepared by incipient wetness

impregnation method and Co was impregnated onto the obtained supports.

Table 1 Properties of Co/SiO, catalysts with different TiO, loading [13]

TIQZ Co particle Reduction  Co dispersion CO conversion
Catalyst loading . o nmy— degree (o) (%) (%)
(wt. %) g (] 0 ()
Q-10 0 14.3 59.7 7.0 50.4
2-TiO; 2 7.1 40.4 13.8 68.7
5-TiO; 5 6.8 29.2 14.6 64.9
10-TiO; 10 6.2 26.8 155 64.5

The activity of cobalt catalyst were depends on the number of active sites on
the surface of cobalt metal. They found the unpromoted catalyst (Q-10) can form

largest Co particle caused to lower Co surface area and dispersion result to less
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catalytic activity. In case of titania promoted catalysts, the small amount of titania
induced to the highest CO conversion, because of titania can promoted the adsorption
of CO. On the other hand, the reduction performance of catalysts was obstructed with
increased titania loading due to the strong interaction between supported cobalt and
added titania leading to lower CO conversion when increase titania more than
2 wt. %.

In 2012, Maria Venezia and her co-worker [8] were studied about effect of
SiO; support modification by TiO,. The supports include SiO, and SiO, modified by
TiO, were prepared by sol-gel procedure. Then the Co catalysts were synthesis by
impregnation method. They found that all most the results; specific surface area,

reducibility and Co particle sizes, has similar to Hinchiranan.

But they reported space time yields of hydrocarbon for the two differently
cobalt catalysts supported on SiO, and Ti-SiO,. At high space velocity the results
showed the modified support by TiO, enhanced CO conversion rate and C5+
selectivity. At low space velocity and constant conversion, higher catalyst time yield

and C5+ selectivity was obtained for titania doped catalysts.

Table 2 Catalytic performances in period A and B [8]

Period A Period B
CTY CTY
Sample St Ses

: c5+ c5+
Conversion_ (mol CO/ (%) GHSV  (mol CO/ (%)

g cat*h) g cat*h)
6Co/SiO, 3.4 0.005 73.4 3100 0.006 77.9
6Co/TiSiO; 8.5 0.013 76.3 4100 0.016 80.8
12Co/SiO;, 8.5 0.013 73.1 4200 0.017 80.4
12Co/TiSiO, 18.7 0.030 79.7 7200 0.031 81.5

Park et al. [30] studied about the effect of titanium over Co supported on
alumina. The modified support was prepared by sol-gel method and Co loading was

prepared by impregnation method. The weight percentage of Ti on Ti-Al,O3 was vary
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as 0, 0.1, 0.2, 0.5 and 1.0 wt. %. The results showed the catalyst which modified by
titanium had high reducibility more than without titanium. The added titanium can

suppress aggregation of cobalt particle that caused to enhance the FTS activity.

In 2013, TiO, supported Co catalysts were investigated by Shimura and his
co-worker [2]. They reasoned for use TiO, as support that due to the low cost and
strength of Co-support interaction on Co/TiO; was in the middle of those on Co/SiO,
and Co/Al,03;. The Co/TiO, catalysts were prepared by the incipient wetness
impregnation method. They found phase of TiO; had effect to reducibility and activity
on Co catalysts in Fischer Tropsch reaction.

Figure 6 TEM images and EDS maps of (A) pure anatase phase and (B) 85% anatase
phase [2]

Anatase phase had weak Co-support interaction leading to easily Co oxide
reduction and poor Co dispersion that cause to low CO conversion rate. The catalyst
which prepared from TiO;, with 15% of rutile phase exhibited higher CO conversion
rate because rutile phase in titania had effect to decrease reducibility of catalyst at low
temperature that leading to low the catalyst activity. But the large Co particle size
catalysts which supported on anatase phase can propagate long chain hydrocarbon

product more than rutile phase.
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Table 3 Catalytic performance of various Co/TiO, samples in FT synthesis [2]

ivi 0,
Conversion rate Product selectivity (%)

Support (mmol/g cat h) C Cp-Ca Cs CcO,
2% anatase 5.8 19 11 68 2
85% anatase 6.1 20 13 66 1
100% anatase 1.5 15 7 72 6

Moradi et al. (2003) [5] were studied about the Co/SiO, promoted by
zirconium catalysts performance. From TPR results, they found the addition of
zirconium can decrease the reduction temperature of cobalt silicate and suppress the
formation of cobalt silicate at high zirconium content. The catalytic test showed, the
addition of zirconium had effect to increase CO conversion and heavy hydrocarbon

product selectivity.
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Figure 7 TPR profiles for the unpromoted and promoted catalysts [5]



29

Xiong et al. (2005) [6] investigated the catalyst performance of zirconium
modified Co supported on alumina. They studied about the amount of zirconium (0.5,
1, 5, 9 and 15 wt. %) that addition to Co/Al,O3. They found the H, consumption from
H,-TPR results showed peak area at 573-723 K increased with increasing zirconium
loading. Moreover, CO conversion and Cs. hydrocarbons selectivity were slightly
increase with increasing zirconium loading. They concluded that the added zirconium
can suppress the formation of cobalt aluminate that caused to increase the cobalt

metal site and cobalt oxide reducibility.

Zirconium promoted Co/SiO; was investigated by Johnson et al. (2016) [31].
They studied about role of ZrO, on activity and selectivity of cobalt catalyst. The
catalyst which modified by zirconium can improve the CO adsorption ability that
caused to high CO on the surface and shift to the formation of heavy hydrocarbons.

They found the suitable atomic ratio of Zr:Co was 1.

Koizumi et al. (2011) [32] studied about the interaction between Co and ZrOy
on the Co/ZrO,/SiO; catalyst. From TPR and Hz-chemisorption results, the modified
catalyst enhanced Co dispersion and maintained high reducibility of Co. They found
the addition of zirconium did not have effect to the selectivity of Cyp.. For the FT
activity, they found the suitable of ZrO; loading was about 4 wt %.

In 2004, Enache et al. [25] studied about catalytic properties of cobalt
supported on zirconia and alumina. From H2-TPD results, they found the hydrogen
atom to metallic Co atom was equal to 2 on- catalyst with zirconium support. They
concluded that the hydrogen was adsorbed by metal center, and then it migrated to the
support via a spillover mechanism. When operated at low temperature, they found the
Co/ZrO, showed high CO conversion and heavy hydrocarbons selectivity than
Co/Al;03. When compared between ZrO, and amorphous ZrO,, they found the cobalt
supported on amorphous ZrO, had low Co metallic reducibility that caused to low

active site.

Wu et al. (2015) [14] investigated about mixed TiO,-ZrO, with varied molar
ratio were incorporated into Co catalysts supported on SiO,. Mixed oxides that added



30

to silica support with weight ratio 1:4 were prepared by impregnation method. They
found only anatase phase appeared on XRD patterns for all support. In case of TiO,-
SiO, support, the results showed the highest Co dispersion and catalyst activity due to

strong interaction between Co and support.
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However, the lowest Co oxide reduction degree was observed on this catalyst
due to high cobalt-support interaction and blockaged of cobalt metallic by TiOx (x <
2) from partial reduction of TiO,. The addition of ZrO; into Co/SiO, enhanced H,
adsorption but suppressed CO adsorption, which increased hydrogen to carbon ratio
cause to increased CQO conversion and methane selectivity. On Co/Ti-Zr-SiO;
catalysts, the results showed ZrO, suppressed the blockaged of Co by TiO4 and

formation of non-reducible cobalt titanate caused to higher reducibility than Co/Ti-
SiO,.
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CHAPTER Il

FLAME SPRAY PYROLYSIS

3.2 Literature reviews about FSP

Li et al. (2013) [33] investigated metallic iron nanoparticles with a core-shell
structure that prepared by FSP method. The TEM image had showed the diameters
ranging from 30 to 80 nm. From XRD pattern, they found the product from this
method had many phases such as CFs4, Fe/C and Fe3O4. The formation mechanism
of solid particles was competition between reduction and oxidation reactions. They
assumed that the formation of product phases depended on the model of droplet to
particle.

Morphology
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Figure 9 Illustration of the evolution of morphology and composition of FSP catalyst
[33]

Bettini et al. (2015) [34] studied TiO, nanostructured powder were prepared
by the flame spray pyrolysis. The catalysts were studied under the conditions of type
of solvent, precursor concentration, precursor flow rate and the flow rate of oxygen.
The XRD results showed many titania phases appeared such as anatest, rutile and
brookite. They found the physical and chemical properties of the catalysts depend on

the FSP synthesis conditions.
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Figure 10 XRD diffractograms of synthesized FSP-made TiO, powder [34]

Boningari et el. (2012) [35] was studied about structure of V/ZrO, which
prepared by FSP. They varied V/Zr atomic ratio (0.05, 0.11, 0.17, 0.25, 0.33 and 0.42)
and they found, the atomic ratio affected the product phase. The increasing of vanadia
content led to the formation of ZrV,0;, because of the migration of ZrO; into V;0s.
They gave the reason of this phenomena that atom of oxygen around V were decrease
and form to the new structure. This results proved that the catalyst which prepared by

FSP can caused the formation of new compound.
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Figure 11 Powder X-ray patterns of the FSP-made vanadia-based catalysts based on
atomic ratio [35]

In 2013, Boningari and co woker [36] studied about V over metal oxide
support (CeO,, TiO,, Al,Os3, ZrO,, CeO,-Zr0,, TiO2-Al, 03 and CeO,-Al,03) that
prepared by FSP. The XRD pattern showed alumina, titania and zirconia support from
FSP had many phases; a, y, anatase, rutile, monoclinic and tetragonal, similar to his
previously research. From their results, the catalyst supported on binary support
showed the physicochemical properties that difference from the primary support.

Chaisuk et al. (2011) [37] investigated Co/ZrO, catalyst which prepared by
one-step FSP under different flame conditions. They found for similar Co loading, the
crystallite size of ZrO; increased (10 to- 19 nm.) with increasing precursor feed rate (3
to 8 ml/min). For varied Co loading (5-10 wt. %), they found XRD results showed
same peak pattern of tetragonal phase. From H,-TPR, they found that the formation of
solid solution; Co,O,-ZrO,, appeared due to the interaction between cobalt and
support. They found the increasing of precursor flow rate affect increase the CO

hydrogenation reaction rate.
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3.1 Flame spray pyrolysis

Flame spray pyrolysis (FSP) process is a rapidly technique for catalyst
synthesis method which gas phase combustion to the formation of nanostructure
materials in metal oxide form; high specific surface area and high catalytic

performance, such as silica, alumina and titania.

Flame spray pyrolysis technique is a single-step preparation method which
based on the exothermic combustion of the precursor. First step, the liquid precursor
was injected by syringe pump into the flame supplied gas (O, and CH,). Then, the
precursor was dispersion and evaporation to generating a small cluster. Finally, the
clusters will growth and coagulation to the nanoparticle powder [38].
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Figure 13 Illustration of flame spray pyrolysis [39]
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CHAPTER IV

RESEARCH METHODOLOGY

4.1 Catalyst preparation

The chemicals used in the catalyst preparation are shown in the table 5

Table 4 The details of chemical used in the catalyst preparation

Chemicals Formula Grade Manufacture

Cobalt (I1) nitrate

Co(NO3)2:6H,0 98% Ajax Finechem
hexahydrate
6 wt. % in
Cobalt naphthenate CoCyH1404 mineral Sigma-Aldrich
spirits
Titanium (IV) butoxide  Ti(OCH,CH,;CH;CHs), 97% Sigma-Aldrich
_ _ { 80 wt. % in
Zirconium (1V) butoxide — Zr(OCH,CH,CH;CH3), TCI
1-butanol
Modern
Xylene CgHio 99.8% .
Chemical

4.1.1 Support preparation

All of supports in this research were prepared by FSP technique. Titanium
(V) butoxide, zirconium (IV) butoxide and cobalt naphthenate was used as Ti, Zr and
Co precursors. The precursors were diluted with xylene to a 0.5 M solution as a liquid
precursor for FSP. The precursor was fed into the center of O, (3 I/min) and CH,4 (1.5
I/min) by syringe pump with 5 ml/min. The dispersed oxygen was fed with 5 I/min
and the pressure drop at nozzle was held constant at 150 kPa. The support powder was
collected on a glass microfiber filter (Whatman) with the aid of a vacuum pump.
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Table 5 The nomenclature of all catalysts

Amount of inserted-Co

Sample (Wt %) Ti-to-Zr ratio
ColTiO, 0 1:0
Co/5Co-TiO; 5 1:0
Co/10Co-TiO, 10 1:0
Co/20Co-TiO, 20 1:0
Co/30Co-TiO, 30 1:0
Co/ZrO, 0 0:1
Co/5Co0-ZrO, 5 0:1
Co/10Co-Zr0O;, 10 0:1
Co/20Co-Zr0O, 20 0:1
Co/30Co-Zr0O, 30 0:1
Co/ATi:1Zr 0 4:1
Co/5Co0-4Ti:1Zr 5 4:1
Co/10Co-4Ti:1Zr 10 4:1
Co/20Co-4Ti:1Zr 20 4:1
Co/30Co-4Ti:1Zr 30 4:1
Co/3Ti:2Zr 0 3:2
Co/5Co-3Ti:2Zr 5 3:2
Co/10Co-3Ti:2Zr 10 3:2
Co/20Co-3Ti:2Zr 20 3:2
Co/30Co-3Ti:2Zr 30 3:2
Co/2Ti:3Zr 0 2:3
Co/5Co-2Ti:3Zr 5 2:3
Co/10Co-2Ti:3Zr 10 2:3
Co/20Co-2Ti:3Zr 20 2:3
Co/30Co-2Ti:3Zr 30 2:3
Col/l1Ti:4Zr 0 1:4
Co/5Co-1Ti:4Zr 5 1:4
Co/10Co-1Ti:4Zr 10 1:4
Co/20Co-1Ti:4Zr 20 1:4
Co/30Co-1Ti:4Zr 30 1:4

4.1.2 Catalyst preparation

Catalysts with 20 wt. % Co content were prepared with impregnation method.
The above synthesized supports were impregnated with cobalt (11) nitrate hexahydrate

solution. Then, the samples were dried at 120°C for overnight and calcined at 500°C

for 4 h.
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Figure 14 The support and catalysts preparation

4.2 Catalyst characterization

4.2.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a primary technique to study the crystal structures of
catalysts sample. XRD measurements are performed using a D8-Discover X-ray
diffractometer with Cu Ka connected with a computer with Diffract ZT version 3.3
for fully control of the XRD analyzer. The scans rate is a 2°/min and record in the

range 260 from 20° to 80°. Scherrer equation is use for estimate the crystallite size.
4.2.2 Nitrogen physisorption

The specific surface areas, average pore size diameter and pore size
distribution of catalysts sample are determine by N3 adsorption-desorption technique
using a BELSORP-minill, Japan. The samples are pretreatment in inert gas with
volumetric flow rate of 50 ml/min at 180°C for 3 h.

4.2.3 Temperature Programmed Reduction (TPR)

H, temperature programmed reduction experiment use to determine the
reducibility of the surface of catalyst samples using a Micromeritics AutoChem 2910
instrument. The sample (0.1 g) are put in a quartz reactor and pretreatment in a N,
flow (30 ml/min) up to 150°C and keep for 30 min to remove the adsorbed water
follow by cooling to ambient temperature. The reducing gas with 10% H; in N3
content (30 ml/min) was passed over the sample with the heating rate of 10°C/min
from ambient to 800°C for 1 h.
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4.2.4 Hydrogen chemisorption

The active surface metal of the catalysts are measure by H, chemisorption
using a Micromeritics AutoChem 2910 instrument. Prior to the adsorption, the
catalysts (0.2 g) are reduced in H, (30 ml/min) at 350°C for 2 h and then cool down to
100°C by N, (30 ml/min). Then the pure H, (80 ul) are inject until the peak area of H,
pluses are constant. The hydrogen uptake data are estimate by the method of Reuel

and Bartholomew.

4.3 Catalyst evaluation

The catalytic performance was tested by Fischer-Tropsch synthesis. The

reacting gases used in this test are shown in table 6.

Table 6 The details of gases used in the catalytic performance testing

Gas Formula Grade
Carbon monoxide CcO 30% in H,
Helium He Ultra-high purity
Hydrogen H, High purity

A flow diagram of the FTS system was shown in Figure 12. An apparatus
consisted of a fixed-bed reactor, electrical furnace, temperature controller, gas

controlling system and gas chromatography.

& b

' ' ' Furnace

Reactor

Figure 15 Illustration of Fischer-Tropsch synthesis system
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Catalytic activity measurements were carried out in a down flow stainless steel
fixed-bed reactor (1.D. 0.71 cm) with a catalyst loading of 0.3 ml. (GHSV = 5400 h™%).
The catalyst sample was placed between two quartz wool layers. The gas flows (30%
CO in Hy, He and H,) were adjusted by metering valves. The catalysts were heat up
and cool down in He (30 ml/min) and the temperature was control by automation
temperature controller (maximum voltage output of 220 V.).

Prior to reaction, the catalyst was reduced in situ in pure Hz (30 ml/min) at
350°C for at atmospheric pressure 2 h (heating rate: 10°C/min). After reduction the
catalyst was cooled at 230°C and switched to 30% CO in H; (30 ml/min).

Reactant and product streams were analyzed on-line using a gas
chromatograph (GC) equipped with sample loop, Thermal Conductivity Detectors
(TCD) used for the analysis of carbon monoxide and Flame lonization Detector (FID)
used for the analysis of hydrocarbon products. The operation conditions for GC
instrument are shown in the Table 7 and 8.

Table 7 The operating conditions of TCD gas chromatographs for the catalytic
activity test

Gas chromatograph Shimadzu GC-14B
Detector TCD
Column Porapack Q

Carrier gas He
Carrier gas flow 30 ml/min
Injector temperature 150°C
Detector temperature 150°C
Column temperature 40°C

Analysis gas CcoO




Table 8 The operating conditions of FID gas chromatographs for the catalytic activity

test

Gas chromatograph

Shimadzu GC-14B

Detector FID
Column DB-1
Carrier gas N>
Split/Splitless 40 ml/min
Purge flow rate 10 ml/min
Carrier pressure 40 kPa
Make up pressure 50 kPa
Injector temperature 200°C
200°C

Detector temperature
Column temperature

Analysis gas

40°C (held 10 min) and then raised
to 250 °C (5°C/min)
Hydrocarbons
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CHAPTER V

RESULTS AND DISCUSSION

In the fifth chapter, the main topic of this research about modification of the
Co-based catalyst by inserting some part of cobalt in TiO,-ZrO, support using the
FSP method was presented. This catalyst was evaluated by the Fischer-Tropsch
synthesis. In this chapter, the results and discussion were divided into two parts. In the
first part, the cobalt catalyst supported on the Co-inserted in both TiO, and ZrO, were
studied. In the second part, the effect of Co-inserted in mixed metal oxide support
(TiO,-ZrOy) was investigated. For both parts, the physical and chemical properties of
cobalt catalysts consisted of the phase analysis analyzed by X-ray diffraction (XRD),
the specific surface area and pore characteristic determined by N»-physisorption, the
reducibility evaluated by temperature programmed reduction (TPR) and the amount of
cobalt metal active sites determined by H,-chemisorption. The catalytic activity and

selectivity were tested by Fischer-Tropsch reaction.
5.1 Effect of FSP-inserted Co in single metal oxide
5.1.1 Co/TiO, and Co/Co-TiO; catalysts
5.1.1.1 Physicochemical properties of catalysts

The phase analysis by X-ray diffraction

The XRD patterns of the Co/TiO, and Co/Co-TiO, catalysts are shown in
Figure 15. The measurements were carried out at the diffraction angles (20) between
20° and 80°. The characteristic peaks of Co304 at 26=36° (major), 31°, 44°, 59°, and
65° [40] were found in all of catalysts. The catalyst without the inserted-cobalt
showed the characteristic peaks of the crystalline phases of TiO, consisting of anatase
phase at 26=25° (major), 37°, 38°, 48°, 53°, 55° and 62° [41] and small peaks of
rutile phase at 20 = 27° (major), 36°, 41°, and 54° [42]. The insertion of cobalt in
TiO, support promoted the formation of rutile phase. These results were consistent
with Teoh and co-workers [43]. They found that the addition of second element in
TiO, by flame spray pyrolysis increased the rutile phase. They proposed that the
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addition of second element established higher number of defects, most likely oxygen
vacancies, inside the TiO; crystals and affected the phase transformation of anatase to
rutile. The support preparation using mixture liquid precursors by flame spray
pyrolysis can produce the mixture of metallic phases or alloy [26, 27]. The alloys that
possibly occur in this research were divided into two types. One was the alloy
consisting of two metallic mixture such as cobalt titanate, titanium zirconate and
zirconium titanate. The other one was the alloy of three metallic components;
Co-Ti-Zr. At high amount of cobalt insertion; 20 and 30%, the XRD pattern of cobalt
titanate appeared at 26=32° (major), 35°, 40°, 49°, 53°, and 61° [44].

The average crystallite sizes of cobalt oxide were calculated by the Scherrer’s
equation from the full width at half maximum of the XRD peak at 26=36°. The
results are summarized in Table 8. The crystallite sizes of Co3O4 were nearly about
24-31 nm.

Table 9 Physical properties of Co/TiO, and Co/Co-TiO; catalysts

Ns-physisorption XRD
Catalyst SpeT” Vpb dpay© dcozos
(m*/g) (cm’/g) (nm) (nm)
Co/TiO, 27.2 0.10 15.0 24.8
Co/5Co-TiO, 30.5 0.13 17.8 27.3
Co/10Co-TiO, 34.0 0.13 16.1 25.6
C0/20Co-TiO, 29.9 0.08 11.0 27.3
Co/30Co-TiO, 28.9 0.08 12.2 31.4

& Specific surface area

® Total pore volume

¢ Average pore diameter

4 Crystallite size of Co30,

Specific surface area and pore characteristic

The results by N-physisorption are shown in Table 8 and Figure 16. The
catalysts showed the BET surface area, total pore volume and average pore diameter
in range of 27-34 nm, 0.08-0.13 cm®/g and 11-18 nm, respectively. The amount of
inserted Co hardly affected the specific surface area and pore characteristics of the Co

catalysts.



44

22 r C0/30Co-TiO, |
182

91 |

L i 1 i 1 " L 1

279

[ Co/20Co-TiO,
186

Co/10Co-TiO,

Co/5Co-TiO,

L L 1 L L

Co/TiO,

1 " 1 " 1 1 " 1

[ ] 00304 [ ] COTIO3
e Anatase e Rutile

“Iﬂht.ﬂ t i Lf1

20 20 40 = 70 80
2 Theta

Figure 16 XRD patterns of Co/TiO, and Co/Co-TiO, catalysts

The adsorption-desorption isotherm of Co/TiO; and Co/Co-TiO, catalysts
showed hysteresis loop that indicated the porous structure. The types of isotherm and
hysteresis loop were type IV and H3, respectively. This was characteristic of the
mesoporous structure within the catalyst consistent with the results of the mean pore
diameter. The pores were associated with slit-shaped pores [45].
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The reduction characteristic by TPR

The reduction behaviors of Co catalysts are shown in Figure 17. The Co/TiO,
catalyst showed the reduction peaks at 333-470°C. It was well known that these peaks
typically assigned to the reduction of weak interaction Co3z0O,4to Co metal [46]. For
Co/5Co-TiO; catalyst, the reduction peaks was narrowed than Co/TiO, catalyst. The
other catalysts showed the reduction peak at high temperature. It was attributed to the
reduction of other cobalt species or strongly interaction cobalt oxide with support
[47]. The further increase inserted-cobalt led to increase amount of H, consumption.
According to this results, the reduction peak at high temperature represents to the
reduction of FSP-inserted Co [27].

Table 9 shows the reducibility of Co/TiO, and Co/Co-TiO, catalysts. There
were two reduction regions at temperature below and above 500°C assigned as the
reduction of impregnated- and inserted-cobalt, respectively. All catalysts showed
reducibility of impregnated-cobalt in range of 79-90%. The Co/5Co-TiO, catalyst did
not show the reduction peak of inserted-cobalt probably due to the strong interaction
of inserted-cobalt and TiO,. For high amount of inserted-cobalt in support (more than
10%), the reducibility of inserted-cobalt showed around 20%. This result was related
to an increase of non-reducible cobalt species confirmed by XRD results. The total
reducibility was calculated by summarizing both reduction regions. The total

reducibility decreased with increasing the amount of inserted-cobalt.

Table 10 Reducibility of Co/T10, and Co/Co-TiO; catalysts

Reducibility (%)

Catalyst

Impregnated Co Inserted Co Total
Co/TiO, 87.5 - 87.5
C0/5C0-TiO2 87.1 0 73.5
Co/10Co-TiO, 79.7 22,5 63.3
Co/20Co-TiO, 82.6 22.0 55.6

Co/30Co-TiO, 89.8 20.5 52.0
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Cobalt metallic sites by H, chemisorption

The relative amount of active Co metal surface on the catalyst samples was
calculated from H, chemisorption based on the assumption that one hydrogen atom
adsorbed on one Co site. It was well known that only surface Co metal atom was
active for the Fischer-Tropsch synthesis. The results of H, chemisorption as shown in
Figure 18 indicated the information of the number of cobalt active sites. Among all
the catalysts, it was found that the Co/TiO, catalyst exhibited the highest cobalt active
sites. The inserted-cobalt accelerated the agglomeration of the impregnated-cobalt.
Then, the number of active sites decreased.
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Figure 19 Metal active sites of Co/TiO, and Co/Co-TiO, catalysts
5.1.1.2 The catalytic activity and product selectivity by FTS

The reaction rate, turnover frequency (TOF) and product distribution of the
Co/TiO; and Co/Co-TiO, catalysts are shown in Figures 19 and 20. It was found that
insertion of cobalt affected both reaction rate and TOF. The Co/TiO; catalyst showed
the highest reaction rate and methane formation. The increase of inserted Co by FSP
showed low reaction rate but long-chain hydrocarbon selectivity increased. Except

10% inserted Co, the catalyst showed low reaction rate and kerosene selectivity.
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Figure 21 shows the speculation of Co/TiO, and Co/Co-TiO, catalysts

structure. For the Co/TiO, catalyst, the cobalt oxide dispersed on titania support that

was in agreement with XRD result. For the Co/5Co-TiO, catalyst, the inserted-cobalt

was divided into two cobalt species consisting of cobalt embedded in the support and

cobalt titanate. It was possible that the cobalt titanate suppressed the dispersion of the

impregnated-cobalt that was confirmed by the H, chemisorption result. The decrease

of metal active sites retarded the rate of reaction but promoted the selectivity to heavy

hydrocarbon. The composition on the catalyst surface was changed when more than
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10% inserted Co was added. Besides two cobalt species, the cobalt oxides formed by
the FSP insertion were pronounced. They were strongly interacted with the TiO,
support confirmed by the TPR results. The high amount of these cobalt oxides
possibly aggomerated and then became larger particle. This was reason to increase the

kerosene selectivity.
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Figure 22 The speculation of the structure of Co/TiO, and Co/Co-TiO; catalysts

The time-on-stream (TQOS) results of cobalt catalysts supported on TiO, with
and without inserted Co are shown in Figures 22 and 23. The time for steady-state
was independent on the amount of inserted-cobalt. The reaction rate and product

distribution of all catalysts hardly changed with time-on-stream.
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5.1.2 Co/ZrO, and Co/Co-ZrO, catalysts
5.1.2.1 Physicochemical properties of catalysts

The phase analysis by X-ray diffraction

Figure 24 shows the XRD results of the Co/ZrO, and Co/Co-ZrO,. All of
catalysts showed the pattern of Co30,4 at 26=36° (major), 31°, 44°, 59°, and 65°. The
Co/ZrO, catalyst showed the characteristic peaks of the ZrO; consisting of monoclinic
phase at 26=27° (major), 24°, 31°, 34°, 35°, 38°, 40°, 49° and 54° [48] and tetragonal
phase at 26=30° (major), 50° and 60° [49]. The insertion of cobalt by FSP in ZrO,
support affected the phase formation of tetragonal. The addition of Co as a second
element by FSP created a defect in ZrO, crystal thus accelerating the monoclinic to
tetragonal transition. For high amount of inserted-cobalt, the characteristic peaks of

monoclinic were disappeared.

The average crystallite sizes of cobalt oxide are shown in Table 10. The
Co/ZrO, catalyst showed the largest Co304 crystallite size. In case of FSP-inserted

Co, the crystallite size was decreased to 17-20 nm.

Table 11 Physical properties of Co/ZrO, and Co/Co-ZrO; catalysts

N,-physisorption XRD

Catalyst SgET Vo dpav dcosos
(m*/g) (cm’/g) (nm) (nm)

Co/ZxO, 20.2 0.07 15.1 31.4
Co/5Co-ZrO, 32.3 0.11 14.8 18.3
Co/10Co-Zr0, 34.8 0.15 17.2 19.6
Co/20Co-ZrO, 27.3 0.08 12.1 19.2

Co/30C0o-ZrO, 29.8 0.13 18.3 17.5
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Figure 25 XRD patterns of Co/ZrO, and Co/Co-ZrO, catalysts
Specific surface area and pore characteristic

The BET surface area, total pore volume and average pore diameter are shown
in Table 10. The Co-based catalysts with inserted cobalt showed higher specific
surface area than the Co/ZrO, catalyst but it did not affect pore characteristics.

The adsorption-desorption isotherm of Co catalysts are shown in Figure 25
with a type IV isotherm, which was characteristic of the mesoporous structure in the

catalyst. The hysteresis loop of Co/ZrO, showed type H3 similar to Co/TiOs.
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Figure 26 Adsorption-desorption isotherm of Co/ZrO, and Co/Co-ZrO, catalysts
The reduction characteristic by TPR

Figure 26 shows the reduction profiles of Co/ZrO, and Co/Co-ZrO, catalysts,
The Co/ZrO; catalyst showed the reduction peaks of cobalt oxide at temperature
below 400°C (LT). The TPR profiles of catalysts with inserted-cobalt in the support
showed the additional reduction peaks at higher temperature (HT). The H,
consumption of the HT peak increased with increasing the amount of inserted-cobalt.
It was possible that the reduction peak at high temperature represented the reduction
of inserted-cobalt. This result attributed to a strong metal-support interaction of
inserted-cobalt and the ZrO, support. The HT peak was the reduction of small particle

of Co304 that interacted with support [50].
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Figure 27 H,-TPR profiles of Co/ZrO, and Co/Co-ZrO, catalysts

Table 11 shows reducibility of cobalt supported on zirconia and modified
zirconia. The reduction regions at temperature below and above 400°C were assigned
to the reduction of impregnated- and inserted-cobalt, respectively. The reducibility of
Co/ZrO, catalyst was around 79%. The reducibility of impregnated-cobalt slightly
decreased when adding inserted-cobalt until 10 wt%. On the other hand, the high
amount of inserted-cobalt enhanced reducibility of impregnated-cobalt. The
reducibility of inserted-cobalt decreased with increasing inserted-cobalt in the

support.

Table 12 Reducibility of Co/ZrQO, and Co/Co-ZrO; catalysts

Reducibility (%)

Catalyst

Impregnated Co Inserted Co Total
Co/ZrO2 79.3 - 79.3
Co/SCo-ZrO2 72.6 87.6 75.1
Co/l 0Co-ZrO, 65.5 54.9 62.5
C0/20C0-Zr02 84.9 35.6 63.0

CO/30C0-ZTO2 91.8 29.6 57.9
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Cobalt metallic site by H, chemisorption

The cobalt metallic active sites of Co/ZrO, and Co/Co-ZrO; are shown in
Figure 27. The Co/ZrO, catalyst showed the lowest cobalt active sites; 7.54x10'®
sites/g cat. A 5 wt. % of inserted-cobalt gave the highest active sites; 1.65x10" sites/g
cat. The insertion of cobalt by FSP can promote the ability of H, chemisorption. It

was possible that the inserted-cobalt dispersed on the catalyst surface due to weak
interaction between metal and support.
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Figure 28 Metal active sites of Co/ZrO, and Co/Co-ZrO; catalysts
5.1.2.2 The catalytic activity and product selectivity by FTS

The catalytic properties of catalysts are shown in Figures 28 and 29. The
reaction rate of all catalysts related to the results by H, chemisorption. Insertion of
cobalt via FSP in ZrO, support hardly affected product distribution in the FTS. The
methane formation of all catalysts exhibited in range of 29 to 41%. The Co/5C0-ZrO;
catalysts showed the highest rate of reaction. TOF decreased when adding inserted

Co. However, at more than 10 wt. % loadings, TOF was rather kept constant.
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Figure 30 The reaction rate and TOF of Co/ZrO, and Co/Co-ZrO, catalysts

The structure of the Co/ZrO, and Co/Co-ZrO, catalysts is speculated as shown
in Figure 30. For the Co/ZrO,, the cobalt oxide was dispersed on zirconia support.
The addition of the inserted-cobalt possibly represented cobalt oxides dispersed on
surface of catalyst and embedded in the support. For the Co/5C0-ZrO,, the inserted-
cobalt might be well dispersed on surface of catalyst. It showed good agreement with
H, chemisorption leading to the highest rate of reaction. For a high amount of inserted
cobalt in the support (more than 10%), CoszO, size was increased that related to a

decrease of reaction rate and simultaneously an increase of kerosene formation.
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Figure 31 The speculation of the structure of Co/ZrO, and Co/Co-ZrO, catalysts

The time-on-stream results of cobalt catalysts are shown in Figures 31 and 32.
Unlike Co/TiO,, the reaction rate and product distribution of all Co/ZrO, catalysts
were clearly changed on time. All of catalysts exhibited high reaction rate and
methane selectivity at initial time but the activity and methane production decreased
with time until steady-state. It was noted that both FTS activity and methanation were
sharply decreased for some of inserted Co catalysts. It might be deactivation of

catalysts.
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5.2 Effect of FSP-inserted Co in mixed metal oxide
5.2.1 Mixed TiO,-ZrO; support with weight ratio 4:1

5.2.1.1 Physicochemical properties of catalysts
The phase analysis by X-ray diffraction

The XRD results of the Co/Co-4Ti:1Zr catalysts are shown in Figure 33. The
Co/Co-4Ti:1Zr catalyst showed phase composition similar to Co/Co-TiO, catalyst.
The Co/4Ti:1Zr catalyst showed the peak of Co30,4 and TiO,. In case of insertion Co,
the characteristic peaks of anatase were disappeared but rutile was obviously
appeared. The insertion of Co by FSP.in TiO, and 4Ti:1Zr support can suppress the
formation of anatase and promoted rutile phase. The further addition of inserted-Co
more than 20% promoted the formation of CoTiOs. The crystallite size of Co30, is

shown in Table 12.

Table 13 Physical properties of Co/4Ti:1Zr and Co/Co-4Ti:1Zr catalysts

Ns-physisorption XRD

Catalyst SBET vV dpay dco304
(mz/ 2) (cm3/ 2) (nm) (nm)

Co/4Ti:1Zr 37.9 0.16 17.6 22.8
Co/5Co-4Ti:1Zr 37.8 0.14 15.5 21.6
Co/10Co-4Ti:1Zr 35.0 0.11 12.9 24.8
Co/20Co-4Ti:1Zr 30.4 0.09 12.0 27.3

Co/30C0-4Ti:1Zr 33.0 0.11 135 18.3




Co/30C0-4Ti:1Zr ]

L " 1 i 1 " L 1

200 - Co0/20C0-4Ti:1Zr ]

Co/10Co-4Ti:1Zr ]

Co/4Ti:1Zr ]

240
120
4]
1 1 1 2 1 1
L] 00304 [ ] COTIO3
® Anatase @ Rutile
BBIAE R
20 30 40 50 80 70 80
2 Theta

Figure 34 XRD patterns of Co/4Ti:1Zr and Co/Co-4Ti:1Zr catalysts
Specific surface area and pore characteristic

Table 12 shows Na-physisorption results. BET surface area, total pore volume
and average pore diameter were slightly decreased with increasing FSP-inserted Co to
20 wt. %. The adsorption-desorption isotherm of catalysts are shown in Figure 34. All
catalysts showed isotherm and hysteresis loop in type VI and H3 respectively. The

cobalt-insertion did not affect the catalyst’s pore structure.
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Figure 35 Adsorption-desorption isotherm of Co/4Ti:1Zr and Co/Co-4Ti:1Zr
catalysts

The reduction characteristic by TPR

TPR profiles and catalysts reducibility are shown in Figure 35 and Table 13.
All catalysts showed three reduction regions of cobalt oxide at below 400°C, 400-
500°C and above 500°C. The catalyst without Co inserted and low Co inserted
showed the similar pattern. It can be described that at without and low cobalt content,
the cobalt particle size was closely corresponding to the XRD result. At 20 and 30 wt.
% of cobalt in mixed support showed the same pattern, the second peak had high H;

consumption that difference from other catalysts.
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Figure 36 H,-TPR profiles of Co/4Ti:1Zr and Co/Co-4Ti:1Zr catalysts

Table 14 Reducibility of Co/4Ti:1Zr and Co/Co-4Ti:1Zr catalysts

Catalyst Reducibility (%)
Col4Ti:1Zr 67.9
Co/5Co-4Ti:1Zr 82.5
Co/10Co-4Ti:1Zr 70.2
Co/20Co-4Ti:1Zr 4.7
Co/30C0o-4Ti:1Zr 55.8

Cobalt metallic site by H, chemisorption

The results of H, chemisorption are shown in Figure 36 indicating the amount

of cobalt metallic on surface. The Co/4Ti:1Zr catalyst exhibited the highest cobalt

actives sites; 4.5x10" sites/g cat. At low inserted-Co, the active sites of catalyst

slightly deceased. The further increase inserted-cobalt to 20 and 30 wt. % led to

clearly decreased of active sites to 2.23x10%® and 0.88x10® sites/g cat respectively.

The Co insertion affected the increasing of strong metal-support interaction.
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Figure 38 Catalytic properties of Co/4Ti:1Zr and Co/Co-4Ti:1Zr catalysts

5.2.1.2 The catalytic activity and product selectivity by FTS

The catalytic properties are shown in Figures 37 and 38. The catalyst without

and with low inserted-Co showed nearly reaction rate at steady-state; 11-15 g CH2/g

cat-h. The catalysts with high Co insertion by FSP showed low reaction rate but they
exhibited high kerosene selectivity. At 20 and 30 wt. % Co inserted showed the

similar reaction rate and product distribution. The TOF and reaction rate of all
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catalysts were similar trend. Except 30% Co inserted, showed the highest TOF with
low cobalt metallic site.
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Figure 39 The reaction rate and TOF of Co/4Ti:1Zr and Co/Co-4Ti:1Zr catalysts
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Figure 41 Time-on-stream profile of reaction rate and product distribution over
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Figure 42 Time-on-stream profile of reaction rate and product distribution over

Co/20C0-4Ti:1Zr catalyst

The time-on-stream (TOS) of catalysts supported on 4Ti:1Zr with and without

Co-inserted are shown in Figures 39, 40 and 41. Product distribution of all catalysts

was constant with time-on-stream result. In term of reaction rate, Co/4Ti:1Zr showed

drastically decreased with increasing the reaction time, while 5 and 10% Co inserted

showed slightly decreased. For high Co inserted, the reaction time did not affect rate

of reaction.
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5.2.2 Mixed TiO,-ZrO, support with weight ratio 3:2

5.2.2.1 Physicochemical properties of catalysts
The phase analysis by X-ray diffraction

The XRD results of Co/3Ti:2Zr and Co/Co-3Ti:2Zr with various amount of
cobalt inserted are shown in Figure 42. The pattern of Co3O,4 appeared in all catalysts.
The peaks of Ti,ZrOg at 26=30° (major), 24°, 35°, 53° and 54° [51] were showed in
Co/3Ti:2Zr and low amount of cobalt inserted. For high cobalt inserted, these peaks
were disappeared, while the peaks of CoTiO3 were appeared. The average crystallite
sizes of cobalt oxide are shown in Table 14. The increasing of FSP-inserted Co, the
crystallite size decreased to 31-21 nm.

Table 15 Physical properties of Co/3Ti:2Zr and Co/Co-3Ti:2Zr catalysts

N,-physisorption XRD

Catalyst SgET Vo dpay dco3os
(m’/g) (cm’/g) (nm) (nm)

Co/3Ti:2Zr 28.1 0.11 16.6 27.3
Co/5Co-3Ti:2Zr 22.2 0.06 11.3 31.4
Co/10Co-3Ti:2Zr 31.6 0.09 11.6 24.8
Co/20Co-3Ti:2Zr 26.7 0.07 11.8 22.8
Co/30Co-3Ti:2Zr 30.3 0.08 11.6 21.6

Specific surface area and pore characteristic

The results by Ny-physisorption are shown in Table 14 and Figure 43. The
Co/Co-3Ti:2Zr catalysts showed the adsorption-desorption isotherm and hysteresis
loop similar to the Co/Co-4Ti:1Zr catalysts. But it was smaller BET surface area than
Co/Co-4Ti:1Zr catalysts due to the low amount of titania. The catalysts showed the
BET surface area in range of 22-31 nm. The increasing of inserted-cobalt in support
from 5 to 30% did not affect pore characteristic of catalysts.
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Figure 44 Adsorption-desorption isotherm of Co/3Ti:2Zr and Co/Co-3Ti:2Zr
catalysts

The reduction characteristic by TPR

The reduction behaviors are shown in Figure 44. The TPR profile of all
catalysts divided two main peaks. Co/3T1:2Zr showed the wide board peak resulting
in the reduction of heterogeneous distribution of cobalt oxide particle [30]. The
increasing amount of inserted-cobalt led to H, consumption and reduction temperature
increased. This result indicated the metal-support interaction increased with
increasing the inserted-Co. The reduction degrees of catalysts are shown in Table 15.
The reducibility slightly decreased with increasing insertion of cobalt in mixed

support.
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Figure 45 H,-TPR profiles of Co/3Ti:2Zr and Co/Co-3Ti:2Zr catalysts

Table 16 Reducibility of Co/3Ti:2Zr and Co/Co-3Ti:2Zr catalysts

Catalyst Reducibility (%)
Co/3Ti:2Zr 80.2
Co/5Co0-3Ti:2Zr 74.9
Co/10Co-3Ti:2Zr 64.9
Co/20C0-3Ti:2Zr 64.7
Co/30C0-3Ti:2Zr 60.1

Cobalt metallic site by H, chemisorption

The cobalt metallic active site of catalyst is shown in Figure 45. Amount of
active site decreased from 7.81x10® to 1.41x10" site/g cat with increasing FSP-
inserted cobalt from 0 to 30%. The decreasing of active sites was in agreement with

the metal-support interaction of TPR profile.
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Figure 46 Metal active sites of Co/3Ti:2Zr and Co/Co-3Ti:2Zr catalysts

5.2.2.2 The catalytic activity and product selectivity by FTS

The Fischer—Tropsch activities are shown in Figure 46. Reaction rate and
methane selectivity decreased from 12 to 2 g CH,/g cath and 67 to 23%,
respectively with ~ increasing . cobalt contain in catalysts that related to
H, chemisorption results. But the amount of cobalt metallic site did not affect light
gas selectivity. TOF of Co catalysts are shown in Figure 47.
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Figure 47 Catalytic properties of Co/3Ti:2Zr and Co/Co-3Ti:2Zr catalysts
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Figure 48 The reaction rate and TOF of Co/3Ti:2Zr and Co/Co-3Ti:2Zr catalysts

Figures 48 and 49 are show time-on-stream results. The Co/3Ti:2Zr showed
drastically decreased of reaction rate and methane selectivity with increasing
reaction time to 270 min; from 67 to 13 g CHy/g cat-h and 98 to 67% respectively.
For catalysts with inserted-cobalt, the differentiations of reaction rate and methane
selectivity decreased with increasing amount of cobalt.
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Figure 49 Time-on-stream profile of reaction rate and product distribution over
Co/3Ti:2Zr catalyst
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Figure 50 Time-on-stream profile of reaction rate and product distribution over
Co0/20C0-3Ti:2Zr catalyst

5.2.3 Mixed TiO,-ZrO, support with weight ratio 2:3

5.2.3.1 Physicochemical properties of catalysts
The phase analysis by X-ray diffraction

The XRD results of Co supported on mixed TiO,-ZrO, support in weight ratio
2:3 with and without Co inserted by FSP are shown in Figure 50. Cobalt oxide was
showed in XRD result of all catalysts. The peaks of ZrTiO, at 26=30° (major), 24°,
32°, 48°, and 53° [52] were observed on Co/2Ti:3Zr. Because of the ZrO, was
increased to 60 wt. %, the peaks of tetragonal were appeared on Co/Co-2Ti:3Zr
catalyst. The insertion of cobalt in mixed support suppressed the formation of
zirconia-titania composite led to the disappearance of ZrTiO4. For high cobalt
loading, peaks of tetragonal were disappeared. At inserted-cobalt more than 10%, the
peaks of CoTiO3 were appeared. The crystallite sizes of CozO,4 are shown in Table 16.
The small amount of cobalt content in support did not affected Co3O, crystallite sizes,
while further increase inserted-cobalt more than 20% resulted in Co30, size slightly

decreased.
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Figure 51 XRD patterns of Co/2Ti:3Zr and Co/Co-2Ti:3Zr catalysts



Table 17 Physical properties of Co/2Ti:3Zr and Co/Co-2Ti:3Zr catalysts

N»-physisorption XRD
Catalyst SBET \A dpay dco3o4
(m’/g) (cm*/g) (nm) (nm)
Co/2Ti:3Zr 30.2 0.11 14.6 26.4
Co/5Co-2Ti:3Zr 31.9 0.09 11.3 26.4
Co/10Co-2Ti:3Zr 29.4 0.08 11.2 26.4
Co/20Co-2Ti:3Zr 29.3 0.08 11.6 22.2
Co/30Co-2Ti:3Zr 31.9 0.11 14.0 23.4
m Co/2Ti:3Zr m Co/5C0-2Ti:3Zr
:zf 60 ;-;' 60
0 : /J
0.0 02 04 0.6 08 1.0 0.0 02 04 0.6 08 10
Relative pressure (p/p0) Relative pressure (p/p0)
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Figure 52 Adsorption-desorption isotherm of Co/2Ti:3Zr and Co/Co-2Ti:3Zr

catalysts
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Specific surface area and pore characteristic

BET surface area, total pore volume, average pore diameter and adsorption
isotherm are shown in Table 16 and Figure 51. The insertion of cobalt did not affect
surface area and porous structure. The isotherm exhibited type IV with hysteresis
loop, corresponding to the characteristic of mesoporous materials with pore diameters
between 2 and 50 nm. The shape characteristics of hysteresis loop for all catalysts

were type H3, which describes a slit-shaped pore.
The reduction characteristic by TPR

The reduction behaviors of the catalysts supported on 2Ti:3Zr mixed support
were studied by H,-TPR technique. The results are shown in Figure 52 and Table 17.
All catalysts showed the reduction peaks of Co0304 to Co metal. Co/2Ti:3Zr and
Co/5Co0-2Ti:3Zr showed the board peak at 389-486°C that indicated cobalt oxide
particles with a wide range of sizes in these catalyst [50]. For increasing amount of Co
inserted from 10 to 30%, the board peak was merged to 425°C and shifted to 461°C.

That indicated the increase of metal-support interaction with increasing inserted-Co.
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Figure 53 H,-TPR profiles of Co/2Ti:3Zr and Co/Co-2Ti:3Zr catalysts



Table 18 Reducibility of Co/2Ti:3Zr and Co/Co-2Ti:3Zr catalysts

Catalyst

Reducibility (%)

Co/2Ti:3Zr
Co/5Co-2Ti:3Zr
Co/10Co-2Ti:3Zr
Co/20Co-2Ti:3Zr
Co/30Co0-2Ti:3Zr

77.5
71.7
62.6
75.1
59.0
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Figure 54 Metal active sites of Co/2Ti:3Zr and Co/Co-2Ti:3Zr catalysts

Cobalt metallic site by H, chemisorption
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The results of H, chemisorption are shown in Figure 53. It provided the

information of active cobalt metals on the catalyst samples. Catalysts with low

inserted-Co showed the amount of active site nearly to Co/2Ti:3Zr catalyst. The

addition of inserted-cobalt more than 20% decreased the ability of H, chemisorption.

5.2.3.2 The catalytic activity and product selectivity by FTS

Figures 54 and 55 show the product distribution, reaction rate and TOF

number for FTS. The insertion of cobalt in mixed metal oxide support suppressed

methanation and promoted the formation of long-chain hydrocarbon product. The

amount of cobalt content in support did not affect rate of reaction. Except 5% Co
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inserted, showed the highest FT reaction rate with low methane selectivity. The trend
of reaction rate of Co/Co-2Ti:3Zr catalysts were similar to Co/Co-ZrO,.
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Figure 55 Catalytic properties of Co/2Ti:3Zr and Co/Co-2Ti:3Zr catalysts
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Figure 56 The reaction rate and TOF of Co/2Ti:3Zr and Co/Co-2Ti:3Zr catalysts

The time-on-stream (TOS) of catalysts are shown in Figures 56 and 57.
Product distribution of Co/Co-2Ti:3Zr catalysts did not depend on the reaction time.
The reaction rate of Co/2Ti:3Zr rapidly decreased with increasing reaction time to 3 h.
On the other hand, the reaction rate of modified catalysts with inserted-Co slightly
decreased from initial time to steady-state.
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5.2.4 Mixed TiO,-ZrO, support with weight ratio 1:4

5.2.4.1 Physicochemical properties of catalysts
The phase analysis by X-ray diffraction

Figure 58 and Table 18 shows the results of XRD analyze of the Co catalysts
supported on mixed 1Ti:4Zr support with various FSP-cobalt inserted. The patterns of
Co30,4 appeared in all catalysts.. The catalysts without and with low amount of cobalt
inserted showed the present of monoclinic and tetragonal zirconia phase. The further
addition inserted-cobalt to 20 and 30% suppressed the formation of monoclinic phase.
Amount of 5% of cobalt inserted did not affected the Co304 size, however CosO, size

decreased with increasing cobalt inserted more than 10%.
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Figure 59 XRD patterns of Co/3Ti:2Zr and Co/Co-1Ti:4Zr catalysts



Specific surface area and pore characteristic
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The specific surface area, total pore volume, average pore diameter and the N,

adsorption-desorption isotherm of the cobalt catalysts are shown in Table 18 and

Figure 59. Figure 59 shows a type-1V isotherm with hysteresis loop, which is

characteristic of the mesoporous structure within the catalyst. This was consistent

with the results of the average pore diameter.

Table 19 Physical properties of Co/1Ti:4Zr and Co/Co-1Ti:4Zr catalysts

N»-physisorption XRD
Catalyst SgET Vo dpav dcosos
(m’/g) (em’/g) (nm) (nm)
Co/1Ti:4Zr 25.9 0.08 12.5 27.3
Co/5Co-1Ti:4Zr 31.2 0.11 15.2 29.2
Co/10Co-1Ti:4Zr 275 0.08 11.9 22.2
Co/20Co-1Ti:4Zr 31.7 0.09 11.9 19.2
Co/30Co-1Ti:4Zr 404 0.14 14.6 20.0
Co/1Ti:4Zr " ColSCo-1Ti:dZr
';E-«" 60 ‘/’J ;’g 60
o = Rclll(i)\'l' pmsur: ’;pv’pl)) = = L : Rcllt‘i)\'lc pr\*s\ur: ’;pv’pﬂ) o 3
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Figure 60 Adsorption-desorption isotherm of Co/l1Ti:4Zr

catalysts
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Figure 61 H,-TPR profiles of Co/1Ti:4Zr and Co/Co-1Ti:4Zr catalysts
The reduction characteristic by TPR

The TPR profiles are shown in Figure 60 and Table 19. As can be seen,
Co/1Ti:4Zr showed a wide broad reduction peak of CosO4 and shifted to higher
temperature than Co/ZrO, catalyst. 1t was indicated that the wide range of Co030,
particle size on the surface catalyst due to the increasing of metal-support interaction.
This was probably due to the presence of titanium in mixed oxide support. For FSP-
Co inserted, the third reduction peak showed the amount of H; for reduction increased
with increasing inserted-Co. This result indicated that the inserted-cobalt by FSP in
mixed support was able to transform to cobalt oxide and used high temperature (437-
473°C) for reduction to cobalt metallic. The reducibility of Co catalysts was slightly
decreased from 78% to 63% with increasing Co content in catalyst. This was
indicated that the addition of cobalt increased the interaction between cobalt and

support.



Table 20 Reducibility of Co/1Ti:4Zr and Co/Co-1Ti:4Zr catalysts

Catalyst

Reducibility (%)

Co/1Ti:4Zr
Co/5Co-1Ti:4Zr
Co/10Co-1Ti:4Zr
Co/20Co-1Ti:4Zr
Co/30Co-1Ti:4Zr

78.5
71.7
60.5
64.1
63.6

Cobalt metallic site by H, chemisorption
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The results from H; chemisorption are shown in Figure 61. Co/1Ti:4Zr
exhibited the highest active site about 9.69x10'® site/g cat. The increasing of cobalt

content by FSP affected decreasing of active site on surface catalyst; 5.50x10% to

2.46x10" site/g cat for 5 to 30% Co inserted. It showed relating to TPR results, the

strong metal-support interaction in catalyst led to hydrogen adsorption was poorly.
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Figure 62 Metal active sites of Co/1Ti:4Zr and Co/Co-1Ti:4Zr catalysts

5.2.4.2. The catalytic activity and product selectivity by FTS

The FT activities of catalysts are shown in Figures 62 and 63. The catalyst

without cobalt insertion showed the methane selectivity up to 98%, while the rate of

reaction was approaching 6.5 g CH,/g cat-h. The addition of cobalt in mixed support
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affected products distribution of all catalysts. It suppressed methanation reaction and
increased kerosene selectivity. On the other hand, the rate of reaction did not change
for increasing amount of Co. The further increase inserted-cobalt up to 30% resulted
in TOF increased to 31 s™.
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Figure 63 Catalytic properties of Co/1Ti:4Zr and Co/Co-1Ti:4Zr catalysts
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Figure 64 The reaction rate and TOF of Co/1Ti:4Zr and Co/Co-1Ti:4Zr catalysts

The time-on-stream profiles of products distribution and reaction rate
for Co/Co-1Ti:4Zr catalysts are shown in Figures 64, 65 and 66. The Co/1Ti:4Zr and
Co/5Co-1Ti:4Zr catalysts showed high reaction rate at initial time and rapidly
decreased to ~ 10 g CHy/g cat-h after 180 min on stream. However, Co/5Co-1Ti:4Zr
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improve product distribution by decreasing methane formation. The products
selectivity with TOS of the other catalysts was different to Co/1Ti:4Zr and Co/5Co-

1Ti:4Zr catalyst. The initial rate of reaction over these catalysts showed in range of 8
to 11 g CH,/g cat-h. and slightly decreased with TOS. The product distribution did not

depend on time-on-stream.

Product distribution (%)
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Figure 65 Time-on-stream profile of reaction rate and product distribution over
Co/1Ti:4Zr catalyst
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Figure 66 Time-on-stream profile of reaction rate and product distribution over

Co/5C

0-1Ti:4Zr catalyst
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Figure 67 Time-on-stream profile of reaction rate and product distribution over
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

6.1.1 Effect of FSP-inserted Co in single metal oxide

The roles of inserted-cobalt in TiO, support were divided to three functions as

following;
- Embedded in support
- Dispersed on surface of catalyst
- Transform to other cobalt species

While the addition of 5% Co insertion did not present the inserted-cobalt
dispersed on surface of catalyst. The increasing of inserted-cobalt related to increased
cobalt on surface of catalyst that induced to poorly dispersion of impregnated-Co. The
large particle of coblat oxide decreased number of active sites, reflected to decrease of

reaction rate and selective to kerosene production.

For the zirconia support, roles of inserted-cobalt was difference with titania
support due to the weak interaction between zirconia and cobalt, therefore did not
form to cobalt zirconate species. The increasing of inserted-cobalt in zirconia support
led to Co3O, particle growth, reflected to decrease of cobalt metallic sites and
promotion of kerosene. Rate of reaction and methane formation decreased for long
time because deactivation of catalyst which was significant due to weak interaction

between metal-support.
6.1.2 Effect of FSP-inserted Co in mixed metal oxide
The effects of FSP-inserted Co were folloing;
- Suppress the formation of Ti-Zr alloy
- Promote the phase transformation of anatase and monoclinic phase
- Enhance the strong metal-support interaction

- Inhibit the methanation on mixed support with high Zr loading
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The modified catalysts supported on mixed TiO,-ZrO, support with 4:1 and
3:2 weight ratio showed the catalytic properties similar to Co/Co-TiO, catalysts. The

high Co insertion affect decreased rate of reaction and methane selectivity.

On the other hand, the catalysts supported on mixed TiO,-ZrO, support with
2:3 and 1:4 weight ratio showed the trend of reaction rate similar to Co/Co-ZrO;
catalysts. The addition of 5% inserted-Co showed the highest reaction rate, while the

other amount of inserted-Co exhibited closely reaction rate.

The Co/5Co0-4Ti:1Zr catalyst exhibited the highest yield of kerosene than
other mixed support catalysts.

6.2 Recommendations

Using X-ray photoelectron spectroscopy (XPS) and scanning electron
microscope (SEM-EDX) were determined the dispersion of inserted-cobalt on surface
catalyst.
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APPENDIX A
CALCULATION FOR CATALYST PREPARATION

Chemical properties

Table 21 Chemical properties of catalyst precursors

. ) MW of Density
Chemicals MW Chemical precursor Grade s
precursor (g/cm?)
Co 58.9 Co(NO3),6H,0 291.03 98% -
6 wt. % in
Co 58.9 CoC,H1404 407.25 . . 0.92
mineral spirits
TiO, 79.86  Ti(OCH,CH,CH,CH3)4 340.32 97% 1.00
80 wt. % in
ZrO; 123.22  Zr(OCH,CH,CH,CHj3), 383.68 1.05
1-butanol

Calculation of mixed metal oxide support prepared by flame spray pyrolysis
For example:
The calculation for the preparation of 20Co-4Ti:1Zr support, cobalt
naphthenate,
Titanum (1V) butoxide and 80 wt% of zirconium (V) butoxide in butanol were used

as precursor and diluted with xylene to a 0.5 M solution.

The composition of the catalyst will be as follows:

Co = 209
4

TiO, = (100-20) x E = 64 g
1

Zro, = (100-20) x E = 16 9



Conversion to mole fraction

1 mol Co
Co = 20gCox———— = 0.339 mol Co
58.9gCo
. . 1TiO .
Tio, =  64gTiOpx —2"92  — (801 mol TiO,
79.86 g TiO,
1ZrO
Zro, = 16 g Zro, x —222202 - _ 0.129 mol ZrO,

123.22 g Zr0,
-~ Total mole fraction = 0.339+0.801 + 0.129 = 1.269 mol

Basis on 500 ml of liquid precursor with 0.5 M

0.5 mol % 0.339 mol Co

Co = 500 ml x
1000 ml 1.269 mol

0.5 mol 0.801 mol TiO,

TiO, = 500 ml x =
1000 ml 1.269.mol
0.5 mol 0.129 mol ZrO
Zr0, = 500 ml x 2 =
1000 ml 1.269 mol

Calculation of usage chemical precursor

58.9 g Co precursor 1 ml 1
Co precursor = 0.0668 mol Cox 2
1 mol Co 092g 0.06
53.45 ml
340.32 TiO,precursor 1

TiO, precursor = 0.1576 mol TiO;x 1 mol TiO, 0.97

55.31 ml

383.7 ZrO,precursor 1ml
ZrO, precursor = 0.0255 mol ZrO,x

0.0668 mol Co

1

1 mol ZrO, 0.80g
11.67 ml

1.05

90

0.1576 mol TiO,

0.0255 mol ZrO,
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Calculation of cobalt catalyst prepared by impregnation method
For example:
Calculation for the preparation of 20Co/4Ti:1Zr catalyst with cobalt nitrate

hexahydrate as Co precursor

Based on 100 g of catalyst used, the composition of the catalyst will be as follows:

Cobalt =20¢g

Mixed support =100-20 =80¢g
For 2 g of mixed support

Cobalt required =2x(20/80) =05¢

Thus, Cobalt 0.5 g was prepared from cobalt nitrate hexahydrate

291.03 g Co precursor

1
It ni ired = (0 X = 25197
Cobalt nitrate required = (0.5 g Co x 58.9 g Co 0.98 S1979
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APPENDIX B

CALCULATION OF THE CRYSTALLITE SIZE BY XRD

Calculation of the crystallite size by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the diffraction

peak of XRD pattern using the Debye-Scherrer equation.

Scherrer equation:

Where

Warren’s formula;

Where Bm

Bs

N KA
~ BcosH

= Crystallite size, nm

= Crystallite-shape factor = 0.9

3 X-ray wavelength, 1.5418 A for CuKa
= X-ray diffraction broadening, radian

= Observed peak angle, degree

B=,/BM2 —Bs”

The measured peak width in radians at half peak height

The corresponding width of the standard material
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Figure 68 The plot indicating the value of line broadening due to the equipment. The
data were obtained by using o-alumina as a standard

For example:

Calculation of the Co30;4 crystallite size of Co/4Ti:1Zr

r—
450 ) 36.92
400 I
350 jﬂ
300 \
)
= 250
£ \
£ 200
150
100 -

Figure 69 Calculation of the Co30, crystallite size
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The half-height width of diffraction peak = 37.08°-36.71°

=0.37°

=0.37 x
180

= 0.00646 radian

The corresponding width of the standard material (Bs) at the 36.92° = 0.000745

radian

Warren’s formula:

B =+0.006462 — 0.000745 2

= 0.006417 radian

20 = 36.92°
0 = 18.46°
=~ The crystallite size = 22.79 nm



APPENDIX C
CALCULATION FOR REDUCIBILITY

Calculation of the catalyst reducibility

The reduction of Co304 to Co® was calculated as follows:
Molecular weight of Co = 58.93

Molecular weight of Co3z04 = 240.79

Integral area of hydrogen used to reduce Co3O4 standard 0.1g = 122.19 unit

Mole of Co304 = 018 €0304 mole C030,

240.79/mol Co30,

The reduction of cobalt oxide was follow by equation;

Co0304 +4H, = 3Co + 4H,0

Mole of H, consumption 4 x-Mole of Co3z04 consumption

4 x4.15 x 10™ mole H;

1.661x 10 mole H,

For example:
Calculation of the reducibility of Co/4Ti:1Zr catalyst

Integral area of the calcined catalyst A unit
Let the weight of calcined catalyst used 01 g
Concentration of Co 20 wit%

0.1 tx(20wt%/100
Mole of Co = geatx(20wt%/100) mole
58.93 g/mol Co

0.1 tx(20wt%/100
Mole of Co30, = geatx(20wt%/100) mole
3 % 58.93 g/mol Co

. 0.1 txX(20wt%/100) x4
Amount of H, from theoretical = geatx(20wt%/100) mole
3 X 58.93 g/mol Co

4525 x 10™ mole of H,

95



Total reducibility (%) of Co catalyst

Amount of H, uptake to reduce 0.1 g of catalyst

H, uptake to reduce Co304 to Co? for 0.1 g catalyst

1.661x 107 3x A
4,525 x 10~% mole of H,

x 100

X

100

96
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APPENDIX D
CALCULATON OF REACTION RATE AND SELECTIVITY

Calculation of reaction rate

The catalyst performance for the CO hydrogenation was evaluated in terms of

activity for CO conversion reaction rate and selectivity.

Activity of the catalyst performed in term of carbon monoxide conversion and
reaction rate. Carbon monoxide conversion is defined as moles of CO converted with

respect to CO in feed:

(%) _ areaof COin feed—area of CO in product

CO coversion x 100

areaof CO in feed

Which area of CO peak obtained from computer program based plot on TCD
(GC-14B).

Reaction rate was calculated from CO conversion that is as follows:

Let the weight of catalyst used = W g

Flow rate of feed = 30 ml/min
Volume of 1 mole of gas at 1 atm = 25270 ml
Concentration of Co in catalyst = C %wt

%Conversion X 30 X60 X14
W x25270

Reaction rate (g CH,/g of catalyst x h)

A g CHy/g of catalyst x h
Turnover frequencies (TOF)

Turnover frequencies (TOF) were calculated based on the number of Co active

site from H2-Chemisorption.

TOF = rate/site. Time
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Product Selectivity

Selectivity of product is defined as weight of product (B) form with respect to

total area of product:
Selectivity of B (wt%) = 100 x [area of B form / total area of product]

Which area of product obtained from computer program based plot FID (GC-8A)
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Figure 70 Time-on-stream profile of reaction rate and product distribution over

Co/5Co-TiO, catalyst
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Figure 71 Time-on-stream profile of reaction rate and product distribution over

Co/10Co-TiO,, catalyst
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Figure 72 Time-on-stream profile of reaction rate and product distribution over
Co/20Co-TiO, catalyst
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Figure 73 Time-on-stream profile of reaction rate and product distribution over
Co/5Co-Zr0O, catalyst
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Figure 74 Time-on-stream profile of reaction rate and product distribution over
Co/10Co-ZrO; catalyst
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Figure 75 Time-on-stream profile of reaction rate and product distribution over
Co/20Co0-ZrO; catalyst
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Figure 76 Time-on-stream profile of reaction rate and product distribution over
Co/5Co-4Ti:1Zr catalyst
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Figure 77 Time-on-stream profile of reaction rate and product distribution over
Co/30C0-4Ti:1Zr catalyst
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Figure 78 Time-on-stream profile of reaction rate and product distribution over
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Figure 79 Time-on-stream profile of reaction rate and product distribution over
Co/10C0-3Ti:2Zr catalyst
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Figure 80 Time-on-stream profile of reaction rate and product distribution over
Co/30C0-3Ti:2Zr catalyst
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Figure 81 Time-on-stream profile of reaction rate and product distribution over
Co/5C0-2Ti:3Zr catalyst
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Figure 82 Time-on-stream profile of reaction rate and product distribution over
Co/10Co0-2Ti:3Zr catalyst
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Figure 83 Time-on-stream profile of reaction rate and product distribution over
Co/20Co0-2Ti:3Zr catalyst
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Figure 84 Time-on-stream profile of reaction rate and product distribution over
Co/10Co-1Ti:4Zr catalyst
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