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CHAPTER |

INTRODUCTION

1.1 Statement of problem

Currently, energy demand is higher from human consumption. But fossil energy
source like coal, natural gas and crude oil will be disappeared in the near future.
Biofuel is an interesting for an alternative energy. Agriculture wastes such as rice straw,
fiber, palm bunch which are low cost and easy to find material are biomass. Biogas
can be produced from biomass by gasification process and it will be transformed to
be syngas (CO+H,) by reforming process. Syngas can be changed to be hydrocarbon
fuel by Fischer-Tropsch synthesis (FTS) [1, 2]. The FTS is an industrial process to
synthesis of liquid hydrocarbons from hydrogenation of carbon monoxide. In FTS
process, catalytic surface polymerization is applied to transform CO and H, to be Long-
chain hydrocarbon as main product form reaction. Furthermore, small amount of
branched hydrocarbon, unsaturated hydrocarbon and primary alcohol are also
produced from reaction. Therefore, FTS is a good technique to produce gasoline
(Cs.11) and diesel (Cy,.5) ranges to instead petroleum fuel for transportation. Traditional
FTS catalyst (such as Co, Fe, and Ni-based catalysts) is preferred to use cobalt as an
efficiency catalyst with silica support because the cobalt based catalyst gives the
highest yields, longest lifetime and produces supremely linear alkanes. Also, silicon
oxide support has high surface area and good stability. Moreover, it shows less metal-
support interaction compare to aluminum oxide and titanium oxide. Weaker metal-
support interaction helps to get easily of Co species reduction [3, 4]. However, long
chain hydrocarbon distribution through Anderson-Schulz-Flory (ASF) statistic can
describe us on how level of secondary reaction of alpha-olefin cracking, reinsertion,
readsorption and isomerizing to initiating hydrocarbon chain. The ASF distribution
always shows broad peak and low selectivity which is depended on catalyst type and
catalytic process. Heavy hydrocarbon deposition usually plugs at pore inside which
causes catalyst deactivation. Most study observed hybrid between conventional

catalyst and zeolite to get specific fuel with a narrow hydrocarbon distribution.



However, zeolite still gives catalyst deactivation. Furthermore, there are some
disadvantage such as heat and mass transfer limitation for a fixed-bed reactor. Sheng
et al. [5] presented on an effect of micro fibrous entrapped catalyst to avoid hot or
cold spots in the catalyst bed and an increasing in product selectivity. Kanthana et al.
[6] studied the FTS over Co supported on silica fiber catalyst which shows many
advantages such as thermal stability, high surface area and efficient mass transport.
Moreover, currently research are interested in many supports about hollow and
mesoporous structures such as carbon nanotube [7, 8], multi-walled carbon nanotubes
(MWCNTSs) [8], carbon spheres (CSs) [9], SBA-15 [10, 11], MCM-41 [11], MCM-48 [12] and
silica spheres [13, 14] for using in the FTS. There are many advantages of using the FTS
including high accessibility of gas and hydrocarbon chains to an active phase, and an
absence of micropore which leads to elimination of interparticle mass transferring.
Xiong et al. [7] investigated an incipient wetness impregnation to prepare Co catalyst
supported on carbon nanotube that showed the highest activity. Additionally, the Cs,
hydrocarbon selectivity showed no observed change between inner and outer of pore
confined carbon nanotube. Therefore, we are interested in mesoporous molecular
sieve for using as catalyst support which is silica hollow sphere (SHS) called silica micro
capsule. We select silica hollow sphere because it is synthesized by simple and
inexpensive method. Moreover, the hollow sphere shape of SHS catalyst shows a silica
wall at catalyst core which has steric restriction that can control chain length

distribution in FTS reaction, avoiding catalyst deactivation.

The SHSs, developed by the National Institute of Advanced Industrial Science
and Technology (AIST) [15], were produced by the reaction of sodium silicate as a silica
source and NH4HCOs as a silica precipitant in a water/oil/water (W/O/W) emulsion
interface. The impregnated cobalt catalyst supported on SHSs that can satisfy all the
requirements of a specific application has many advantages such as high surface to
volume ratio, enhancing effective thermal conductivity and improving the chemical
diffusion performances. That why we study on using cobalt-based SHS catalyst for the

FTS to compare with commercial catalyst.



1.2 Studies of the thesis

The research schemes were carried out as follows:

1.2.1 Literature review.

1.2.2 Study of Fischer-Tropsch synthesis process in laboratory scale and analysis
instruments.

1.2.3 Study of the characteristics of the silica hollow spheres.

1.2.4 Study the effect of physical and chemical properties of the catalyst based
on the supports between commercial and silica hollow sphere supports in Fischer-
Tropsch synthesis.

1.2.5 Study the combination of silica hollow sphere catalysts with zeolite and

the catalytic performance in Fischer-Tropsch synthesis.

1.3 Objectives

1.3.1 Preparation of the cobalt based over silica hollow sphere catalyst.

1.3.2 Study of the catalytic activity of the cobalt based over silica hollow sphere
catalyst in Fischer-Tropsch synthesis.

1.3.3 Study of the catalytic activity of the modified cobalt based over silica
hollow sphere catalyst with ZSM-5 in Fischer-Tropsch synthesis.



CHAPTER I

THEORY AND LITERATURE REVIEWS

2.1 Overview of the Fischer-Tropsch synthesis

Recently, the interested in Fischer-Tropsch synthesis (FTS) [16, 17] that has
grown up due to new alternative energy source replaced fossil energy source and
green energy is a polymerization process on the surfaces of active phase catalyst. The
FTS stream can produce several fuels that compose of various fuel types as listed in
Table 1. The substrates in FTS consist of carbon monoxide (CO) and hydrogen (H,) as
known as syngas which is produced from coal, natural gas or biomass with reforming
reaction. The syngas is formed by hydrogenation of adsorbed CO. The initiated CH,
monomers propagate to long chain length with continued adsorbed alkyl groups; the
3 -hydrogen of alkyl species can enter with abstraction to an olefin or hydrogen
addition to generating n-paraffins until chain termination step or desorption of chain
length hydrocarbon as shown in Figure 1. The readsorption of « -olefins start to
reinitiation of hydrocarbon chain to the larger molecules or isomerization to the
branched hydrocarbon which are secondary reaction. Molecular weight and kind of the
hydrocarbon products are affected from secondary reactions which are possibly occur

as olefin hydrogenation, hydrogenolysis and hydroformylation as shown in Figure 2.
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Figure 1 Schematic of the propagation to long-chain length [17]
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Table 1 Conventions of fuel names composition [4]

Name Synonyms Components
Fuel gas C-G
LPG GG
Gasoline Cs-Cy5
Naphtha CeCqs
Kerosene Jet fuel Ci1-Cys
Diesel Fuel oil Ci5-Cy7
Middle distillates Light gas oil Ci0Cyo
Soft wax Cio-Cy3
Medium wax CaaCss

Hard wax Casy

Therefore, the demand of the FTS products as hydrocarbon compound which
have carbon atoms around 10-23 atoms. Main products are linear paraffins and « -
olefin. Mostly reactions in FTS are summarized in Table 2. The generated products

depend on type of catalyst, molar ratio of syngas, reaction condition, and so on.

Table 2 Most of all reaction in the FTS [4]

Main Paraffins (2n+1)H, + nCO —> CHypyo+nH,0O
reactions Olefins 2nH, + nCO —> C.H, + nH,0
Water gas shift reaction | o , H,0 €> CO, + H,
(WGS)
Side reactions | Alcohols 2nH, + NCO —> C,Hyn o0 + (N-1H,0
Boudouard reaction 2C0 —> C + CO,
Catalyst Catalyst oxidation/reduction | MO, + yH, €2 yH,0 + xM
modification MOy + yCO €2 yCO, + xM
Bulk carbide formation yC +xM €> M,C,




2.2 Effect factors of activity and selectivity for the FTS
The influence of the different catalyst types, size of particles and supports on

the shape, appearance and, as well as on reducibility which affect to the performance

in FTS.

2.2.1 Active sites
2.2.1.1 Types of active sites

The FTS reaction was designed to high activity, ¢ood selectivity and stability.
Mostly common catalysts in FTS are group VIII metals as cobalt (Co), ruthenium (Ru),
iron (Fe) and nickel (Ni) [18, 19]. However, the industrial factories prefer to use the
cobalt and iron catalysts because the ruthenium catalyst is an expensive price and the

nickel catalyst is low activity.

The cobalt catalyst gives the highest yields that means highest activity, the
lifetime is longer than the others and it can produce predominantly linear alkanes. In
a case of cobalt catalyst is widely applied in the homogeneous FTS process because
of high activity and low cost. The iron catalyst, the FTS activity is lower than the cobalt
catalyst, but there are many advantages such as the low cost, small byproduct as CHy,
low molecular weight hydrocarbon of paraffin and olefin products which can change
to more alcohol and high water gas shift reaction. Moreover, the hydrocarbon chain of
the iron catalyst is converted from syngas with a H,/CO ratio. However, the cobalt
catalyst gives a good straight long chain hydrocarbon which is transportation fuels such

as gasoline, diesel, jet fuel, etc and more resistant to deactivation.

2.2.1.2 Cobalt catalyst particle sizes

The cobalt particle size in the range 3 to 18 nm on the FTS has influence to
congenital activity and product distribution. Co metal is discovered to exist as CosO,
on the calcined catalysts. Several research groups have reported about TOF decreasing
for smaller cobalt particle sizes than 6-8 nm due to strong interaction between metal
and oxide support, making higher catalyst dispersion result in difficult for reduction [20,
21], so the activity in FTS is almost independent on cobalt particle size with enough

its large size in Figure 3. Moreover, the smaller cobalt particle size [22] is related to the


https://dict.longdo.com/search/congenital

Cs, selectivity as shown in Figure 3. The selectivity was persistent for particles larger
than 9-10 nm. Also, the C5+ selectivity directly relates with the CH; and C,-Cq4
selectivity. Thus, the least CH, and C,—C, selectivity was also recorded at 8 nm in Figure

3 [20, 23].
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Figure 3 Influence of cobalt particle size on (a) the TOF at 35 bar and 210° C (b) the
methane selectivity at 1 bar and 210° C, and (c) the Cs, selectivity at 35 bar with
data markers in black at 210° C and in gray at 250° C [20]

2.2.1.3 Cobalt catalyst synthesis

The supported cobalt catalysts for FTS [22, 24] have several preparations such
as impregnation, precipitation and co-precipitation, sol-gel preparations, etc. Each
method may be applied and chosen for catalyst preparation about different chemical
composition, so that allowing optimal dispersion and agglomeration of active sites,

changed surface area and morphology after metal adding, etc.

The impregnation technique which is most common and simplest method is
deposited cobalt on dried porous supports which is contacted with a cobalt precursor
solution. There are two types of distinguish impregnation; incipient wetness
impregnation (if not excess water in the pore volume) and wet impregnation (excess
water more than pore volume). The wet impregnation is easier than the other because
the solution is easily adjusted for suitable salt solubility, but it has some drawback
such as solvent drying, making some metal holding on container, volume of solvent,
stirring and so on. The incipient wetness impregnation is the most common method

to prepare cobalt-supported catalysts which usually uses solutions of cobalt salt,



typically cobalt nitrate. When the cobalt precursor solution is drop on dry support
after that the solution is transferred by the capillary forces to inner the pores of the
support. Because the quantity of liquid is used equal the porous volume of support,
leading full liquid and no excess moisture over that result in filling the pores. However,
the incipient wetness impregnation is simple, requiring careful control of all
impregnation parameters [24]: temperature and time of support drying, rate of addition

of impregnating solution, temperature and time of drying, etc.

2.2.2 Texture of supports
The type and structure of the support for Co-supported catalysts influence the
dispersion, particle size and reducibility, affecting the activity and Cs, selectivity [25].

2.2.2.1 Types of catalyst supports

In case of the cobalt catalyst is widely applied in homogeneous process in the
FTS reaction due to its high activity. The homogenous catalyst has many drawbacks.
Example, the catalysts need to be separated after reaction, it makes to increase
pressure in during FTS reaction, and catalyst recovery may be difficult due to destroyed
catalyst. Thus, recently many researches are interested in supported cobalt catalyst
with increasing catalytic activity and selectivity. The catalyst supports as Al,Os, SiO,,
TiO, and ZrO, are used in the FTS because there are high surface area and strong
mechanical strength [19, 22, 25]. There is some study on CO hydrogenation over Co
catalysts supported on different supports that the specific activity of CO hydrogenation
decreased in the order of Co/TiO,>Co/SiO,>Co/Al,03>Co/C>Co/MgO. Moreover, the
metal-support interactions affected the reduction of Co species, and the strength of

such interactions decreased in the order Al,O;>TiO,> SiO,.

Silica support as a common support catalyst is used in FTS, presenting the
characteristics of a higher surface area, porosity, stability and weaker metal-support
interaction than the others as above mentioned. But, the weak interaction between
cobalt and silica support favors to agglomerate of supported cobalt particles, reducing

the dispersion of cobalt based on silica support.
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Alumina support is an employed support for cobalt FTS catalysts due to
favorable mechanical properties and adjustable surface properties. However, unlike
the cobalt silica catalyst, the cobalt alumina catalysts have more acidity, leading to
cracking and isomerizing, lower chain growth probability, and higher selectivity to
lishter hydrocarbons, but limited reducibility and diffusion of the cobalt metal on
support [19, 25].

If the target of production is gasoline product, using the cobalt supported on
zeolite support catalysts is to be preferred as a lighter, more highly branched. The
ZSM-5 is a good support for cobalt catalyst for desired high octane gasoline product
[25]. But the activity of the catalyst over zeolite is decreased with time on stream

because of the poisoning of the acid sites by coke deposition [4].

2.2.2.2 Pore size of catalyst support

The Co;0, particle size, Co? particle size, and reducibility can increase with an
increasing an average pore diameter of the support as shown relation of them in Figure
4 [22, 26, 27]. Khodakov et al. [27] found the smaller particles in the narrow pores (2-
5 nm) are more difficult to reduce Co;04 to Co metal species than larger particles
situated in the broad pores (>5 nm) of mesoporous silicas. Also, the larger diameter of

pores led to significantly higher Cs, selectivity [28].

3 30
¢ FT rate o]
- O Particle size
.m D
Lo 20 £
b o
2 o N
w
< o - ©
S o £
o1 10
2’| o :
“ |8
D QB L] L) L] 0
0 10 20 30 40

Pore Diameter, nm

Figure 4 Relation between pore diameters, sizes of supported Co;04 particles, and

FTS reaction rates over cobalt catalysts supported by mesoporous silicas [22]
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2.2.2.3 Hybrid catalyst

The development of catalysts in the FTS has been studied for the increase
amount of transportation fuels as gasoline, diesel and jet fuels. Currently, the FTS
catalysts are improved by a combination of the catalyst and other metals or the
catalysts with acidic zeolites. For the extend isoparaffin products in the gasoline range,
which the hybrid catalysts can produce [4]. The hybrid FTS catalyst is physical
combination of two components together, has been improved to be applied to the
FTS and hydrocracking reactions simultaneously within a single reactor because the
common FTS catalyst has function about chain polymerization and termination during
reaction as the first step, and the zeolites have acid sites for hydrocracking and
isomerization in the second step. Conclusion, the use zeolites as support catalyst has
deactivation as above mentioned; however, there is proper temperature for zeolite
catalyst working [29] or addition of the promoters which can suppress the deactivation
[4]. Then, the mixing of FTS catalyst and zeolite as hybrid catalyst that can improve
the target product. Nevertheless, the hybrid catalyst has the drawback; a two-stage
reactor is designed for normal FTS reaction and the second reaction. For decrease
investment, the encapsulated H-ZSM-5 zeolite coated Co/SiO, catalyst [29] is proposed
that shows lower C,4, hydrocarbons in Figure 5, while physical-mixed catalyst still has
a lot of C;;—C,5 products [30]. Moreover, the developed zeolite membrane coating was
prepared by using steam-assisted crystallization (SAC) process as shown in Figure 6.
The SAC process as the coated zeolite for improvement zeolite coating because the
hydrothermal synthesis has problem producing a lot of waste water and limitation
design of the shell-coated core catalysts. In case of the physical adhesive method had
not independent the core catalysts were directly contacted with zeolite powders and

very low gasoline selectivity [30].
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Figure 5 Schematic image of the capsule catalyst role in the FTS reaction [29]
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Figure 6 Synthesis schematic route of iron-based micro-capsule catalyst in SAC

process [30]

2.2.2.4 Mesoporous materials

Currently, many researches are interested about the mesoporous material is a
material containing pores with diameters between 2 and 50 nm due to the
characteristic of the mesoporous structure in reducing the mass transfer limitation of
heavy reactants. In the FTS reaction has natural problems of the wax deposition on
the active phases and changing activity due to the deposited liquid-phase heavy
hydrocarbons, causing to diffusion rate of syngas through the nonpolar heavy
hydrocarbon layers. Therefore, these materials can solve these problems in FTS,
including the high accessibility of gasses and hydrocarbon chain to the active phase;

moreover, the absence of any micropore, thus eliminating of mass transferring
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interparticle [9, 31, 32]. For examples, Carbon nanotube [7, 8], multi-walled carbon
nanotubes (MWCNTSs) [33] and carbon spheres (CSs) [9] and mesoporous silica such as
SBA-15 [10, 11], MCM-41[11], MCM-48 [12] and silica spheres [13, 14] which the silica
hollow spheres actually were prepared with the surfactants for template to be core-

shell via the emulsion process which were simple and inexpensive method.

2.2.3 Reaction conditions; Temperature, Gas Hourly Space Velocity, Syngas

ratio and Total pressure
2.2.3.1 Temperature

The temperature increases as stated in thermodynamics makes more light
products. However, very few studies are interested in different temperatures during
the FTS reaction, there is one example of a patent has been regenerated in Figure 7
that shows the temperature effect is expected to be a constant CO conversion, but it
increases. At the same time, the Cs, selectivity decreases that probably a water vapor
pressure increases due to the generated byproduct as water that suppresses the

hydrogenation rate during the FTS reaction [34].
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Figure 7 Effect of temperature on Cs,selectivity for a Co/Ru/alumina catalyst

operated in a slurry reactor [34]
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2.2.3.2 Syngas ratio and Total pressure

Supposedly, when the H,/CO ratio increases, making more the adsorbed
hydrogen atoms on the cobalt surface catalyst and lower *CH, radical than the less
H,/CO ratio. Thus, the higher H,/CO ratio affects to hydrogen addition, more methane
and saturated chains as the shorter chain hydrocarbons. The commercial operations
use the H,/CO ratio below 2 about 1.95-1.98. Additionally, when the pressure is
increased from 10-30 bar, only the methane selectivity slightly reduce so enhanced
pressure can improve the selectivity. However, the effect of pressure with conversion
is discussed by Yang et al. [35] that found an effect of pressure from 20 to 40 bar in
microreactor experiments at 210°C, but no effect at 225°C. Conclusion, there is no
common trend of pressure, but it will be needed to explain the pressure effect of the
system within reach. In case of the iron catalysts can also use syngas with the H,/CO
ratio below 2, because of the WGS activity. A lot of carbon monoxide is changed with

water to carbon dioxide and hydrogen.

2.2.3.3 Gas Hourly Space Velocity

Gas Hourly Space Velocity (GHSV) is usually used on constant in many reports,
meaning constant conversion [34, 36]. Besides, studying about comparing of different
catalysts has been indicated comparative studies on FT selectivity. If decreasing GHSV
as increasing the residence time, there is longer interaction between active sites on
catalysts and the gas molecules leading to higher carbon monoxide conversion, also
long chain products due to further hydrogenation and olisomerization of short—chain
hydrocarbons. Therefore, the GHSV should keeping for same effect and the conversion

can be varied by changing about the catalysts.
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2.2.4 Reactors

Many reactor types have been suggested in the FTS process [37, 38]. The
common reactors in for industrial factory use fixed-bed and slurry bubble reactors for
low temperature FTS but each of them suffers from some drawbacks which are

challenging engineering problems.

2.2.4.1 Slurry-phase reactor

Slurry-phase reactor in Figure 8 which shows advanced reactor technology for
gas-to-liquid process is one type of the commercial reactor for the middle distillates
production [37, 39]. Syngas is bubbled through the slurry of catalyst particles and heavy
liquid products in the reactor. Unreacted syngas and light products leave the reactor
in the gas phase, while the liquid products are contained in a part of the slurry. Its
advantages include simple construction, superior heat transfer performance and good
temperature control which make it very suitable for gas-to-liquid processes [39]. But,
its complexity about multiphase flow behaviors under industrial conditions affects to
limitations in gas-liquid-solid slurry systems which consist of the high temperature,
pressure, and solid concentration may cause a decrease conversion due to the bubble
behaviors, gas holdup, liquid velocity, mass and heat transfer behaviors. Moreover, the
separation of spent catalyst particles from the viscous wax in FTS is a problem.
Therefore, the fixed-bed reactor is interested for an alternative in the commercial FTS

reactor

2.2.4.2 Fixed-bed reactor

The fixed-bed reactor is easier and cheaper than the slurry-phase reactor, so it
is usually chosen for the FTS process. The catalyst pellets in the fixed-bed reactor are
held in place and do not move at the core part of the packed-beds reactor where the
reaction takes place [25, 37, 40]. Heat removing has been the major issue in these
technologies, causing low productivities. The hydrocarbon selectivity is dependent on
the reaction temperature, leading the developing of the fixed-bed reactor as the
multitubular fixed-bed reactor as shown in Figure 8 for solving the heat removing

problems, but an increasing complexity of system leads to higher cost. Moreover, there
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is the limitation in the fixed-bed technology about using too small catalyst particle
size that results in a high pressure drop over the reactor and, the distribution of gas
and liquid over a lot of parallel tubes is not direct due to catalyst packing and flow
resistance which essentially relate to catalytic activity, selectivity, and stability.
Therefore, the presenting of the slurry column has considerable solving this problem.
However, the slurry reactor has a higher cost than the fixed-bed reactor, and the
catalyst in the slurry process cannot be calcined and reduced with hydrogen in situ. It
needs to pretreat about H, reduction ex-situ and passivation after that can bring in the

reactor. Therefore, period of organizations of the slurry reactor is more than fixed-bed
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— Gas Liquid Gas
Coolant out q',«,' s e feils
64 i 1 ] B coolant out
L B A A 1
bed I 1R R
el Ikl
»‘.". il I»: 02
7 sle el
Coolantin Ediantn :: s
>k B LK
N \
Gas Liquid  Gag Liquid

Figure 8 Schematic of FTS reactor type used commercially between slurry-phase

reactor (left) and multitubular fixed-bed reactor (right) [37]

Relationship of the catalysts in fixed-bed reactors shows some limitations as
plug flow hydrodynamics, mass transfer: intraparticle and external, heat transfer and
hot spot [21]. There is plug flow hydrodynamic in fixed-bed reactor, but no
concentration gradients should be showed inner the catalyst particle. In case of
intraparticle mass transfer limitation about transportation of reactants or products in
the catalyst particle is not enough fast for chemical reaction, leading to lower CO
conversion and affect hydrocarbon selectivity. The mass transport inside the pore
catalyst which is known that diffusion of gas and liquid depend on temperature,
pressure and composition of reactants. Additionally, the geometry, porosity and
tortuosity of the catalyst, also the diffusion ability of the reactants and products effect

of mass transport inside the porous catalyst. Moreover, the various catalyst particle
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sizes have an influence of intraparticle mass transfer and pressure drop. Many
experiment and computation recommend that using the particle size between 50-200
pum, indicating no internal limitations. The intraparticle diffusion influences
hydrocarbon selectivity more than CO conversion because a higher H,/CO ratio inside
the particle, a higher probability of methanation. Moreover, the WGS enhances rate
reaction due to generated water during FTS reaction and larger pellet size, making
difficult in being removed from the center to the outer surface of the catalyst.

The mass transfer limitations for external catalyst particles or between gaseous
and liquid phases may affect to the activity and selectivity in the FTS. Also, the mixed
catalyst and inert material in the fixed bed reactor for keeping plug flow may lead to
bypassing and decrease the catalytic activity.

The heat transfer can influence in the fixed bed reactor due to highly
exothermic from the FTS. The gaseous phase is lower heat conductivity, leading to
axial and radial temperature gradients in the reactor. The different temperatures on
the outer surface and inside the catalyst particles can be shown, so somewhere has
high heat in the catalyst layers where mostly syngases can be converted, but in other
part that is significantly less heat of the fixed bed reactor can produce lower. The inert

materials can reduce the temperature gradient in the catalyst bed.

2.2.5 Other deactivation parameters

Causes of catalyst deactivation in Fischer-Tropsch synthesis, such as
contamination of alkali and alkaline earth metals, sintering of cobalt crystallites, re-
oxidation, metal-support solid state reactions and so on, leading the decrease catalytic

activity [21].
2.2.5.1 Alkali and alkaline earth metals

The alkali and alkaline earth metals, i.e. Na, K, Li affect to the FTS catalyst
behavior. When alkali metal is added, adversely influencing the catalytic activity, but
the chain growth probability increases significantly. Therefore, the alkali metal is

offered that should have optimum concentration level for balancing of activity and
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selectivity. At any rate, the poisoning of alkali metals cannot obviously operate about

deactivation mechanism.

2.2.5.2 Sintering of cobalt crystallites

The active surface area is reduced by sintering effect which s
thermodynamically moved due to energy minimization interaction between support
and metal, leading the different size due to dependent mobility of the crystals on
various supports significantly. However, there is dispersion again (redispersion) through
reduction-oxidation-reduction treatment causes the catalytic activity like beginning

activity, so the deactivation in the FTS can occur by other effects, not always sintering.

2.2.5.3 Re-oxidation

The catalyst deactivation is the possible re-oxidation of cobalt metal during the
reaction, and becoming inactive sites. There are many oxidizing agents from the
byproducts and water of the FTS. The water is produced from common FTS reaction
and side reaction of surface oxygen and hydroxyl species by hydrogenation on the

surface.

2.3 Literature reviews

Tessonnier et al. [32] studied deposition of metal nanoparticles on MW-CNTs
between inside and outside supports which prepared by two-step biphasic
impregnation of the organic and aqueous solvents with capillary force, when a dry
porous support is contacted with a filled solution of metal in salt solution and after
that the solution is desired to enter inside the pores with no moisture in these pores
by vacuum

Xiong et al. [7] studied the shape of carbon material such as carbon nanofibers
(CNFs), carbon nanotubes (CNTs) and carbon micro-coils (CMCs). The cobalt catalysts
were prepared by incipient wetness impregnation on these supports sited both in and
out of porous catalyst which are influenced different appearance, size and dispersion

of cobalt particles. The FTS performance of Co/CNT-in catalyst was showed higher
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catalytic activity than the Co/CNT-out due to higher reducibility and dispersion.
However, the Cs, selectivity is not different both Co/CNT-in and Co/CNT-out catalysts.

Zhu et al. [33] observed the cobalt catalysts were located on the internal or
external surface of multiwall carbon nanotube (MW-CNTs) which are no significant
difference in the catalytic Cs, selectivity through the FTS reaction, pretreated at 400°C.
Also, suggesting both internal and external surface are different electronic density
which do not significantly affect the selectivity hydrocarbons on cobalt supported

catalysts.

Xiong et al. [9] studied the cobalt catalysts on carbon nanotubes (CNT) and
carbon spheres (CS). The reduction catalysts for FTS activity, if using pure H, is proper
at 400°C, using under N, is better at 480°C. And, the CSs preparation was easier than

CNTs. The TOF of both catalysts was constant when cobalt particles size above 10 nm.

Xiong et al. [10] studied the role of different pore size for Co/SBA-15 by incipient
wetness impregnation. In the TPR analysis indicated the second stage reduction of
CoO > Co’ that was much easier on the larger pore of catalysts. The larger pore of
catalysts led to larger cobalt cluster size, lower dispersion, and higher reducibility.
However, the larger pore gave higher CO conversion and then lower when decreased
pore size in the range studied. The Cs, selectivity was increased with larger cobalt

cluster size.

Gonzalez et al. [11] studied the cobalt catalysts based on mesoporous silica,
SBA-15, A-MCM-41, INT-MM1 and commercial amorphous silica. The catalyst with
larger cobalt oxide phases located in wide pore silica showed that to be easily
reducible, more active and higher diesel selectivity. The Co/SBA-15 showed the most
activity, more Cs, selectivity and less CHy selectivity while ALMCM-41 and INT-MM1
were used as the support, gave lower CO conversion, Cs, selectivity, but high CH,

selectivity because of reduced pore size, leading to smaller cobalt cluster size.

Hualan et al. [12] studied MCM-48 as support of the cobalt catalyst for FTS that
prepared by incipient wetness impregnation with various cobalt loading 5, 10 and

15wt%. The Co loading 5wt% is less CO conversion and Cs, selectivity than others due
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to lower reducibility of smaller cobalt particles, while the cobalt was loaded exceeding

10 wt%, showing no significant effect on FTS properties of the catalysts.

Li et al. [13] studied the cobalt based on hollow mesoporous silica spheres
with bimodal pore distribution were prepared by the two-solvent method which
showed the cobalt particles located inside the pore of silica spheres. The small cobalt
loading showed small cobalt particles, leading to easily reoxidized by water and other
byproducts and higher methane selectivity while increasing cobalt loading represented
bigger cobalt crystallite sizes that causes to good catalytic activity and high Cs,

selectivity. Therefore, the hollow structure simplifies reactants to enter the active sites.

Subramanian et al. [14] studied the encapsulation cobalt nanoparticles in
nanosized porous silica spheres because the FTS hydrocarbon products were the
broad distribution in the cobalt catalysts. So, the improved catalyst resolves this

problem by the limitation of chain growth in the core of the catalyst capsules.

He et al. [29] improved the isoparaffin selectivity in the FTS with the capsule
catalyst by coating H-ZSM5 membrane on commercial Co/SiO, with hydrothermal

synthesis due to acid sites on the zeolite for hydrocracking and isomerizing.

Xing et al. [30] developed zeolite membrane coating was prepared by using
steam-assisted crystallization (SAC) process. Usually, the coated zeolite was prepared
by hydrothermal synthesis or physical adhesive method, but the hydrothermal
synthesis has the problem producing a lot of waste water and limitation design of the
shell-coated core catalysts. In case of the physical adhesive method had not
independent the core catalysts were directly contacted with zeolite powders and very
low gasoline selectivity. Therefore, the SAC process was the new method for coating

zeolite and good catalytic performance for high selectivity of isoparaffin synthesis.
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EXPERIMENTAL

3.1 Materials and reagents
1. Silica (Cariact Q-10), Fuiji silysia chemical
2. Cobalt nitrate hexahydrate, Wako pure chemical
3. ZSM-5, Sud-Chemie catalyst
4. Nitrogen gas (99.99% purity), Praxair
5. Hydrogen gas (99.99% purity), Praxair
6. Hydrogen gas/Carbon monoxide gas (H,/CO) 2:1, BOC Scientific
7. Argon gas (99.99% purity), Praxair
8. Standard gas; 20% of CO, 20% of CH4 and 20%H,balanced He, BOC Scientific

9. Standard gas 100 % of CO,, Praxair

3.2 Catalyst preparation
3.2.1 Silica hollow sphere (SHS) preparation

The SHS supports with different surface areas which were produced by the
National Institute of Advanced Industrial Science and Technology (AIST) [15]. In a
typical procedure, the aqueous solution of sodium silicate (Water glass No.3 purchased
from Kishida Chemical) was added to n-hexane solution with Tween 85, and the
resulting two phase solution was emulsified at by a homogenizer (IKA-T25 digital
ULTRA-TURRAX). This W/O emulsion was immediately poured into the aqueous
solution of NH4HCO; with stirring at 400 rpm. After 10 min stirring, the precipitated solid
was filtered, washed with deionized water three times and methanol, and dried at

120° C for 12 h. The prepared SHS supports were denoted as H-1, H-2, and H-3 which
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represented different surface area as 430, 453, and 506 mz/g, respectively as shown in

Table 3.

3.2.2 Preparation of supported cobalt catalysts

The series of cobalt over SHS support catalysts were prepared by incipient
wetness impregnation method as followed. Firstly, Co(NO3).6H,O was dissolved in
distilled water. Then, the prepared precursor was impregnated on supports after that
vacuum for 2 h. And the prepared catalysts were dried at 120 ° C overnight and calcined
at 400° C for 2 h at a heating rate of 2° C/min. The samples are labeled as Co/H-1,
Co/H-2, and Co/H-3. Moreover, comparison with a commercial catalyst as silica support
Q-10 (size of 0.075-0.15 mm) denoted as Co/Q-10. The Co amounts of the catalysts
were loaded of 10%wt.

3.2.3 Preparation of zeolite membrane coating on SHS

The SHS catalyst which was improved the specific selectivity of gasoline range
(Cs.41) was coated with ZSM-5 on the Co/SHS catalyst as provided a good activity in
FTS reaction because the first step of the reaction had propagation of long chain
hydrocarbon on active sites and the second step had hydrocracking and isomerizing
on acid sites of zeolite. This research was interested about ZSM-5 coating with two

methods which were hydrothermal method and steam-assisted crystallization process.

3.2.3.1 Hydrothermal method

The coated H-ZSM-5 zeolite over the cobalt on silica hollow catalyst was
prepared by hydrothermal synthesis and denoted as Co/H-3/Z-coated. Firstly, 0.5 g of
Co/H-3 was added to zeolite precursor solution (molar ratio of TEQS: 0.25TPAOH:
60H,0:4EtOH:0.0125A,05) were mixed and sealed in a Teflon lined autoclave at
180° C for 48 h. The sample was washed with distilled water for several times, filtrated
and dried at 120° C overnight. Lastly, the dried sample was calcined at 500° C in air for
5 h that obtained the Co/H-3/Z-coated.
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3.2.3.2 Steam-assisted crystallization (SAC) process

The cobalt on silica hollow catalyst as core and H-ZSM-5 zeolite as shell were
prepared by using an in-situ crystallization route via steam-assisted crystallization (SAC)
process and denoted as Co/H-3/Z-sac. Firstly, 1 ¢ of Co/H-3 was added to a mixture of
aluminum isopropoxide, distilled water, and TEOS under vigorous stirring until getting
a sol. Then, tetrapropyl ammonium hydroxide (TPAOH, 10%) was added dropwise into
the sol. The wet gel was aged at 60°C for 8 h after that dried at 90°C for 12 h. Next,
the as-prepared gel was crystallized by hydrothermal synthesis method at 160°C for
18 h. The sample was washed with water for several times, filtrated and dried at 120°C
overnight. Lastly, the dried sample was calcined at 500° C in air for 5 h that obtained
the Co/H-3/Z-sac with the final molar ratio Of Al,O4:Si0,:H,0O: TPAOH of 0.008: 1: 38:
0.01.

3.4 Catalyst characterization

3.4.1 N, physisorption

The structures of catalysts such as surface area, pore diameter, and
pore volume were characterized by N,-sorption analysis with 3 Flex analyzer
(Micromeritics Instrument Co.) Before analysis, the samples were degassed at 200°C for
2 h. The surface area of samples was calculated by the BET method. The pore size
distribution in the mesoporous region was obtained by BJH method from the
desorption branch of the isotherms, and the microporous region was analyzed by the
HK method. Also, the surface area and volume of micropore were measured by the t-

plot method.
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3.4.2 X-ray diffraction (XRD)

The chemical structures of catalysts were characterized by XRD with a Rigaku
RINT 2200 X-ray powder diffractometer using monochromatized Cu-K& radiation and
scanned at 40 kV and 40 mA. The average Cos0,4 particle sizes were estimated by

Sherrer equation using a Co;04 peak at 20 = 36.8°.

3.4.3 Scanning electron microscopy and energy dispersive spectroscopy (SEM-
EDS)

The morphology of supports was characterized by SEM (JEOL, JSM-6360LV). The
determination of the amount of metal content in each catalyst was performed using
EDS.

3.4.5 Transmission electron microscopy (TEM)

The structures of supports and the component of cobalt particles on supports
were examined by TEM (TOPCON 002B with the acceleration voltage of 120kV). The
sample for TEM analysis was prepared in ethanol with sonication for 10 min. The

prepared sample was dropped onto a copper grid and dried at room temperature.

3.4.6 H,-Temperature-programmed reduction (H,-TPR)

The reducibility of the supported metal oxide phases was studied by H,-TPR in
a BELCAT-B-TT instrument. About 50 mg of a sample using 5% H, diluted by Ar at an
atmospheric pressure. The pretreated catalyst sample was heated to 200°C in flowing
Ar for 1 h. Subsequently, the 5% H, (30 ml/min) was introduced into the catalyst
sample, and then linearly raised the temperature from 40°C to 850°C at a rate of
5.0°C /min. The H, consumption was monitored by a thermal conductivity detector

(TCD).

3.5 FTS reaction performance

The FTS performance of catalysts was tested in the fixed-bed reactor with
H,/CO molar ratio of 2, reaction temperature of 240° C, W/F of 10 cghmol_1 and a
reaction pressure of 1.0 MPa for 6 h. The effluent gas from a reactor was analyzed by

two online gas chromatographs. The Ar, CO, CHg, and CO, were analyzed by thermal
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conductivity detector (TCD) with an active charcoal column and the C;-Cg
hydrocarbons were analyzed by flame ionized detector (FID) with the Porapak-Q
column. The liquid products were collected in ice trap and then analyzed by an off-
line FID in a Shimadzu GC-2014 gas chromatograph (Inertcap 5 capillary column). Before
the FTS reaction was carried out, the cobalt metal oxide was reduced in pure hydrogen

gas with a temperature of 400° C for 10 h.

Data

Flow rate

Figure 9 Schematic of FTS system



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Comparisons between Co based commercial silica and SHSs.

4.1.1 Structural and textural of catalysts.
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Figure 10 Nitrogen sorption isotherms of samples (a) and pore size distribution of

samples in mesoporous region (b)
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The nitrogen adsorption and desorption isotherm are represented in Figure 10
(a). All cobalt-based SHS catalysts exhibit type-IV isotherms with H1 hysteresis loops,
suggesting tubular mesopore structures which are like the commercial silica support.
Nevertheless, the adsorption capacity of nitrogen in SHS pores is lower than
commercial catalyst, indicating smaller pores [41]. The pore size distribution (PSD) of
all catalysts obtained by using the BJH method is shown in Figure 10 (b). The SHS
catalysts have bimodal pore distribution around 5 and 7 nm in mesoporous region.
Moreover, the specific surface area, pore volume, and pore size are summarized in
Table 3. The surface area and pore volume of impregnated cobalt catalysts on
supports are decreased while the pore size of impregnated supports are the same size
as fresh supports, suggesting the access of cobalt species inside the support pores.
Also, the cobalt oxide particles possibly locate inside the core of SHS support.
Tessonnier et al. Tessonnier, Ersen [ 3 2] believed that the incipient wetness
impregnation process could conduct Ni precursor aqueous solution into the channel
by capillary force. Therefore, a porous silica support contacted with a solution of
cobalt nitrate, leading to entering of the solution to the pores [22, 28, 42, 43].
Moreover, the Co/H-3 catalyst has less micropore in silica support. Small amount of
micropore results in the elimination of diffusion and plugging of products inside the

micropore that is one part of the deactivation effect [10].
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Table 3 Summary of the chemical and textural properties of catalysts.

S (m? /g) Pore Average Cos04
Catalysts volume pore size  particle size
. a b
Total Micropore® Mesopore (Cm3/g)c (hm) (hm)?
Q-10 326 31 295 1.20 14.8 -
H-1 430 36 394 0.85 7.9 -
H-2 453 21 432 0.73 6.5 -
H-3 506 17 489 0.88 7.0 -
Co/Q-10 295 29 266 1.07 14.5 13.2
Co/H-1 366 26 340 0.69 75 9.7
Co/H-2 392 19 373 0.59 6.0 8.8
Co/H-3 420 10 410 0.75 7.1 9.2

*Microporous surface area evaluated by the t-plot method.
ID!\/\es.oporous surface evaluated by the t-plot method.
“Pore volume calculated by the single point method at P/P, = 0.99.

dCo3O4 particle size calculated by the Scherrer’s equation.
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Figure 11 XRD patterns of the catalysts

The XRD patterns of the Co/SHS catalysts demonstrate the located peak of Co30q4
crystalline phase at 26 of 19.0°,31.3°,36.8°,44.7°,59.4° and 65.2° (Figure 11). Also,
the broad peak at 22.5° is attributed by amorphous silica [6]. The Cos0O,4 crystallite
sizes of the Co/Q-10, Co/H-1, Co/H-2 and Co/H-3 catalysts are calculated by widths of
the most intense diffraction peak at 20 = 36.8° using the Scherrer’s equation, which
are 13.2, 9.7, 8.8 and 9.2 nm, respectively. Table 3 represents the size of Co304
crystallites, which depend on the average pore diameters in mesoporses; wider pores
in silica supports are observed the larger Co;0,. So, the Cos0, crystallite size of Co/Q-
10 catalyst is the biggest size due to the largest pore diameter [28, 44, 45]. The cobalt
cluster size is an important factor in part of catalytic activity [21], but their sizes of
cobalt catalysts are similarly large enough to exhibit an insignificant effect on catalytic

performance in FTS reaction [22, 43].
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Figure 12 SEM images of samples: (a) Co/Q-10, (b) Co/H-1, (c) Co/H-2 and (d) Co/H-3
and EDS mapping of Co/Q-10 and Co/H-3 catalysts

The SEM images of SHS catalysts are shown in Figure 12 (b-d). The SEM images
shows that spherical shape and core-shell structure of the Co/SHS compared with the
Co/Q-10. The EDS mapping images in Figure 12 report the result of the elemental
dispersion of the doped silica support. The Co dispersion on the Co/Q-10 and Co/H-3
is similar pattern. The element mapping images represent the cobalt catalysts which

are prepared by wetness impregnation method dispersed on surface of supports.



31

Table 4 Cobalt metal content and sodium contaminant in the catalysts.

Co content Na content
Catalysts
(%owt)® (%wt)?
Co/Q-10 12.5 0.11
Co/H-1 11.7 0.09
Co/H-2 10.0 0.06
Co/H-3 12.3 0.07

“analyzed from EDS

The metal amount is analyzed by EDS analysis as shown in Table 4. These
catalysts were prepared by the incipient wetness impregnation, which cobalt loading
was 10%wt. The SHS support were prepared using the water-in-oil-in-water (W/O/W)
multiple emulsions method, which were employed to synthesize using sodium silicate
as silica source. The contamination of sodium in catalysts tends to decrease catalytic
activity during the FTS reaction. EDS analysis (Table 4) shows almost the absence of
sodium in the catalyst. Therefore, the observed sodium content is not significant

effects during FTS reaction.
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Figure 13 TEM images of Co/Q-10, Co/H-3 and a zoom-in on the cobalt catalysts over
SHS surface

Figure 13 shows TEM images of the calcined Co/Q-10 and Co/H-3 catalysts. The
dark spots indicate the cobalt species dispersing on the silica support. The TEM image
of Co/Q-10 represents a nonuniform distribution of the metal nanoparticles (Figure 13).
The Co;04 particle size of Co/Q-10 accordance with the XRD analysis was larger with
the average size about 13.2 nm while the average size of cobalt oxide crystalline of

Co/H-3 was 9.2 nm.
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Figure 14 H,-TPR spectra of the Co/Q-10 and Co/SHS catalysts

Table 5 Amount of hydrogen uptake in the catalysts.
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H, uptake (mmol/g.,]

Catalysts Total amount
1* peak 2" peak (mmol/g.,)
Co/Q-10 29.2 113.2 142.4
Co/H-1 19.3 81.1 100.4
Co/H-2 16.8 64.3 81.1
Co/H-3 27.1 84.6 111.7

°H, uptake evaluated by H,-TPR

H,-TPR profiles of cobalt based SHSs and Q-10 catalysts were shown in

Figure 14. The H,-TPR profile of Co/Q-10 shows two reduction steps. The first reduction

step belongs to the reduction of Cos04 to CoO phase and the second step displays

CoO to Co°[45]. Co/Q-10 and Co/SHSs exhibit a similar reduction peak in the first range

of 220-320°C. For the Co/Q-10 shows clearly the second peak in the range of

320-550° C. The first reduction step represents a sharp low-temperature peak because
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the Co30,4 to Co phase is fast while the CoO reduction step is slow, resulting a broad
profile in the second range [10]. The broad reduction peak depends on the interaction
between CoO and support, which relies on CoO cluster size. The smaller CoO particles
have the interaction with the support, which is stronger than larger ones. In the present
study, Cos0, particle size on Co/Q-10 catalyst is bigger than Co/SHS catalyst because
it has larger pore sizes, leading to the second reduction peak that shows lower
temperature and narrower peak. Also, the Co/Q-10 is the highest amount of hydrogen
uptake at 142.4 mmol/g. (Table 5). All the three Co/SHS catalysts show the same
pattern of reduction peaks. Wei et al. [43] observed the TPR profiles. When the cobalt
oxide particles were located inside the CNT pores, the two reduction peaks overlapped
to large extent. Therefore, the second reduction peaks of SHS catalysts are broad
because Cos0, particles of SHS catalysts are probably dispersed on the silica outer

wall, inside the pore, and catalyst core.

The XRD patterns of the reduced Co/Q-10 and Co/H-3 at 400" C under hydrogen
are presented in Figure 15, representing the characteristic peak of CoO phase and cubic
Co structure overlapped at 42-44° [14, 46, 47]. The Co species in the Co/H-3 catalyst
is smaller than the Co/Q-10, probably small fragments of Co;0, crystallites. The Co/H-
3 catalyst has a large amount of the CoO phase more than the Co/Q-10, indicating
difficult to reduce for smaller Co;0,4 particles. Moreover, this indicates the difficulties
of Cos04 being reduced to Co’ because of the significant diffusion limitations in the

silica shell.
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Figure 15 XRD patterns of the Co/Q-10 and Co/H-3 catalysts after reduction at 400°C.

Table 6 Summary of the chemical and textural properties of catalysts.

Average
SgeT Pore volume Cos0q4 particle H, uptake

Catalysts pore size .

(m?/g) (cm?/¢)P size (nm) (Mmol/gq,,)
(nm)

Co/Q-10 388 1.37 14.2 13.2 141.7
Co/H-1 366 0.69 7.5 9.7 100.4
Co/H-2 392 0.59 6.0 8.8 81.1
Co/H-3 420 0.75 7.1 9.2 111.7

*Pore volume calculated by single point method at P/P, = 0.99
IDCO3O4 particle size calculated by Scherrer equation

H, uptake evaluated by H,-TPR
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4.1.2 FTS performance of the SHS catalysts
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Figure 16 Catalytic performances for FTS on the Co/Q-10, Co/H-1, Co/H-2 and Co/H-3

catalysts

The reactant conversion and turn-oven frequency (TOF) are used to determine
the FTS catalytic activity over all cobalt catalysts during the 6 h (Figure 16 and Table7).
The best results of CO conversion were obtained for Co/H-3, which consisted of larger
surface area, dispersing of small cobalt nanoparticles on the silica spheres, and small
amount of micropore. The CO conversion on Co/H-3 initially increases and it is stable
during 6 h, which are discovered to be 98.1% while the stability of Co/H-1 and Co/H-2
decreases significantly with an increase of the micropores due to plugging of heavy

hydrocarbon inside the pores.



37

Table 7 The FTS performance and distribution of products from the CO and H,.

0 % Selectivity
Samples % CO Cieo/Co2 TOF
i 107
conversion co, CH, c,, Cous C, (10™s™)
Co/Q-10 87.4 4.5 8.0 6.1 52.9 32.9 0.16 0.65
Co/H-1 72.5 8.9 10.3 10.9 514 27.4 0.25 0.63
Co/H-2 84.8 13.1 11.5 10.4 51.6 26.5 0.19 1.07
Co/H-3 97.4 27.5 11.9 12.3 54.8 21.0 0.14 1.03

Reaction conditions: catalyst 0.5 g, W/F = 10 ghmol _1, H,/CO = 2, temperature of 240° C, pressure
of 1.0 MPa and reaction time of 6 h.

“iso-paraffin to n-paraffin mole ratio with chain length 4+

25 25
Co/Q-10 [0 iso-parrafin Co/H-3 [ iso-parrafin
20 [0 paraffin 20 [ paraffin
M olefin = I olefin

2\15 § § 15
E —LI‘%T? ks
o] A
L 10 - St = 10

5 5

0 A 0

1 3 5 7 9 11 13 15 17 19 21 23 25 1 3 5 7 9 11 13 15 17 19 21 23 25
carbon number carbon number

Figure 17 Product distributions over Co/Q-10 (left) and Co/H-3 (right) and the small

models of the FTS reaction on the catalysts
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In terms of product selectivity on the Co/H-3 and Co/Q-10, lower selectivity to
the Cy,, hydrocarbons is observed on the Co/H-3 with a value of 21.0% compared with
Co/Q-10 with a value of 32.9% (Table 7). Additionally, the increased C,.4 and Cs_q;
selectivity on the Co/H-3 with value of 12.3% and 54.8%, respectively because CO
diffusion was well-known relating to methane and hydrocarbon chain selectivity [14,
47, 48]. Additionally, the steric restrictions of the SHS catalyst for the hydrocarbon
propagation results in the higher selectivity to short-chain hydrocarbons. For the
paraffin distribution of the impregnated Co/Q-10 catalyst is broader than Co/H-3
catalyst with a notable tail of the distribution graph during heavier hydrocarbons.
Moreover, amount of CO, in Co/H-3 is higher than the others (Table 7) that is caused
by an increasing of the water gas shift (WGS) reaction (CO+H,0<«>CO,+H,). The
remaining of CoO species on the reduced Co/H-3 catalyst could be initiated the WGS
[30].

4.1.3 Study of both with and without sonication during catalyst preparation.
4.1.3.1 Structural and textural of catalysts.

The influence of both with and without sonication was used during the catalyst
preparation. The catalyst preparation with sonication influences physicochemical and
catalytic performance because sonication is commonly used to clean or erode the
solid surface [49, 50]. Also, the penetration of the active metals move inside the pore
of the support. Therefore, the commercial catalyst in FTS is always prepared by
impregnation method with sonication. However, the silica hollow spheres had smaller
particles. If the SHS catalyst is prepared by wetness impregnation with sonication, it
would be possibly induced breakage and aggregation of the silicon oxide particles due

to an increased collision frequency [51].
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Figure 18 XRD patterns of the prepared catalysts between using and without

sonication

The XRD patterns of the Co/SHS catalysts demonstrate the located peak of
Co304 crystalline phase at 20 of 19.0°, 31.3°, 36.8°, 44.7°, 59.4° and 65.2° (Figure 18).
The Cos04 crystallite sizes of prepared Co/Q-10 catalyst with and without sonication
are calculated by Scherrer’s equation, which show 13.2 and 13.7 nm, respectively
(Table 8). Moreover, the observing with N,-sorption results shows similar characteristic
of prepared Co/Q-10 with and without sonication because all catalysts are prepared
using the excess water in following the wet absorption method in vacuum, leading to

the moving of metal precursors into the pores.
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Table 8 Summary of the chemical and textural properties of catalysts.

S (m? /g) Average Co304
Pore
pore particle
Catalysts volume . .
; a b size size
Total Micropore® Mesopore (cm?/g) )
(nm) (nm)
Q-10 326 31 295 1.20 14.8 -
Co/Q-10/s0onic 295 29 266 1.07 14.5 13.2
Co/Q-10/without
292 28 264 1.05 14.5 13.7

sonic

*Microporous surface area evaluated by the t-plot method.
°Mesoporous surface evaluated by the t-plot method.
“Pore volume calculated by the single point method at P/P, = 0.99

dCO3O4 particle size calculated by the Scherrer’s equation.

4.1.3.2 FTS performance of the catalysts

Co/Q-10 catalysts are prepared by incipient wetness impregnation with
sonication and without sonication, which give no observed change catalytic activity
and product selectivity. (Table 9 and Figure 19). Bianchi et al. [52] represented the
catalysts with a high amount of metal (>1 %wt), which was inessential about proving
of metal dispersion on the support with sonication because %metal dispersion was
analyzed by hydrogen chemisorption that indicated not different between catalyst

prepared with sonication and without sonication at high amount metal e.g. 5 %wt.
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Table 9 The FTS performance and distribution of products from the CO and H,.

% CO % Selectivity
Samples ° Cioo/Cr® Cae/Cy

CONVErsioN o, CHy, Coq  Coyy Coo

Co/Q-10/sonic 87.4 45 80 6.1 529 329 0.16 0.08

Co/Q-10/without
87.2 7.2 87 57 50.1 35,5 0.16 0.08

sonic

Reaction conditions: catalyst 0.5 g, W/F = 10 shmol _1, H,/CO = 2, temperature of 240°C, pressure
of 1.0 MPa and reaction time 6 h.
“iso-paraffin to n-paraffin mole ratio with chain length 4+

Polefin to n-paraffin mole ratio with chain length 2+

25 25
Co/Q-10/sonic Co/Q-10/without sonic
20 4 [ iso-parrafin 20 [ iso-parrafin
> i arrafin
215 . [ paraffin ? ) Orp
9 [ olefin B [ olefin
210 gv\'; 10 -
5 = 5
O I T T T O =
1 3 5 7 9 11 13 15 17 19 21 23 25 1 3 5 7 9 11 13 1517 19 21 23 25
carbon number carbon number

Figure 19 Product distributions over Co/Q-10 catalysts: sonication (left) and without

sonication (right)



4.2 The improved catalyst with zeolite

a2

Co/H-3 is developed by zeolite coating for increasing of the light isoparaffin

selectivity because the zeolite has acid sites for improved hydrocracking and

isomerization in the second step during the FTS reaction.

dVv/Dlog(D ) / cm®g?!

4.2.1 Structural and textural of catalysts.
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Figure 20 Nitrogen sorption isotherms of samples (a), pore size distribution of

samples in mesoporous region (b) and micropore region (c)
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The textual properties of zeolite coating over SHS (H-3) catalyst are prepared
by hydrothermal method and SAC process, which are characterized by the N,-sorption
analysis. The N, adsorption—-desorption isotherms and pore size distributions show in
Figure 20. Specific surface area, pore size, and pore volume are summarized in
Table 10. The Co/H-3 catalyst shows type-IV isotherms with H1 hysteresis loops,
suggesting tubular mesopore structures. Then, the Co/H-3 catalyst is coated by ZSM-5
via hydrothermal synthesis and SAC process. Both coating methods represent type-I
and type-IV isotherms which compose of micropore in catalysts. Also, the zeolite
coating of both methods shows about 0.2-0.9 of relative pressure (P/Py), containing the
broad distribution of mesopores. Moreover, P/Py at 0.95-1.0 is observed that Co/H-3/Z
catalyst was coated by hydrothermal synthesis, which has macropore more than Co/H-
3/Z-SAC due to aggregation of zeolite particles. Moreover, the micropore of Co/H-3/Z
coating of hydrothermal method is less than SAC process. However, mesopores in
catalyst of both coating methods disappear (Figure 20 (b)) while micropores of both
coating methods are more than Co/H-3 due to zeolite as microporous material. The
micropores in catalyst cause to the difficult mass diffusion, leading to lower carbon
monoxide conversion. Also, the zeolite coating possibly affects to destroy the silica
sphere due to increased pH and the zeolite can nucleate inside the SHS, leading to

decrease hollow characteristic.
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Figure 21 XRD patterns of the Co/H-3 catalyst and the coated ZSM-5 over Co/H-3

catalysts of both coated methods

The XRD patterns show the located peak of Co/H-3, Co/H-3/Z-coated, and
Co/H-3/Z-sac catalysts (Figure 21). The Cos04 crystallite size of the Co/H-3 is calculated
from XRD patterns by the Scherrer’s equation with a value of 9.2 nm. When the
Co/H-3 is coated by ZSM-5, the diffraction peaks show the range of 2= 7-9° and
23-25", which represent the characteristic feature of ZSM-5 structure. Nevertheless,

the Cos;04 phases of zeolite coating disappear in XRD patterns.



Table 10 Summary of the chemical and textural properties of catalysts.

a5

S (m?/g) Pore Average Cos04
Catalysts volume pore size particle
: a b
Total Micropore® Mesopore (cm3/g)c (hm) size (nm)?
Co/H-3 420 10 410 0.75 7.1 9.2
Co/H-3/Z 438 286 152 0.31 2.8 n.d.©
Co/H-3/Z-sac 368 163 205 0.19 2.0 n.d.
*Microporous surface area evaluated by the t-plot method.
°Mesoporous surface evaluated by the t-plot method.
“Pore volume calculated by the single point method at P/P, = 0.99
dCo3O4 particle size calculated by Scherrer equation
°n.d.= not determined
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Figure 22 SEM images of samples: (a) Co/H-3/Z-coated and (b) Co/H-3/Z-SAC and EDS

spectrum of () Co/H-3/Z-coated and (Il) Co/H-3/Z-SAC catalysts
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SEM images and EDS spectrums of the ZSM-5-coated Co/H-3 catalysts,
synthesized with different coating methods, are presented in Figure 22. The Co/H-3/Z
catalysts are observed in the SEM images that some SHS catalyst is destroyed of SAC
process while sphere structure of coated catalyst by hydrothermal method disappear.
Moreover, % cobalt amount of Co/H-3/Z-coated and the Co/H-3/Z-SAC are 5.06 %wt
and 0.49 %wt, respectively which are analyzed by EDS. Cobalt oxide is possibly

dissolved in the base solution by coated zeolite preparation.

4.2.2 FTS performance of the SHS catalysts
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Figure 23 CO conversion of catalytic performance in FTS on the catalysts

The catalytic performance for FTS on zeolite coated cobalt catalyst compares
Co/H-3 with ZSM-5-coated Co/H-3 catalysts (Figure 23). For the Co/H-3 catalyst’s CO
conversion is 97.4% which is the highest CO conversion. The zeolite coating exhibits a
decrease in CO conversion for the hydrothermal method and SAC process at 9.6% and
3.9%, respectively. The ratio of isoparaffin to paraffin product increases to 1.27 and
1.14 of hydrothermal synthesis and SAC processes, respectively as shown in Table 11.
Also, the products distribution of zeolite coating catalysts show light hydrocarbon more

than Co/H-3 (Figure 24), resulting from acid sites of zeolite characteristic through
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hydrocracking and isomerization [19]. However, the silicon oxide was dissolved in high

pH and some zeolite particle coating around the SHS catalysts, leading to without any

catalytic activity.

Table 11 The FTS performance and distribution of products from the CO and H..

Samples % CO o oelectvty Cio/Cr’ Coe/Cy”
conversion O, CH, C,, GCyy C,.
Co/H-3 97.4 275 119 123 548 210 014  0.04
Co/H-3/Z-coated 9.6 0 214 267 518 0 127 061
Co/H-3/Z-sac 3.9 0 220 228 552 0 114 1.09

Reaction conditions: catalyst 0.5 ¢, W/F = 10 ghmot’l, H,/CO = 2, temperature of 240° C, pressure
of 1.0 MPa and reaction time 6 h.
“iso-paraffin to n-paraffin mole ratio with chain length 4+

Polefin to n-paraffin mole ratio with chain length 2+
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Figure 24 Product distributions over the catalysts; (a) Co/H-3, (b) Co/H-3-coated, and
(c) Co/H-3-sac



CHAPTER V

CONCLUSION AND RECOMMENDATION

5.1 Conclusion
5.1.1 Preparation of the cobalt based over silica hollow sphere catalyst

The new support as SHS was successfully prepared by W/O/W multiple
emulsions. The prepared SHS used sodium silicate as a silica source and NH4HCO; as
a silica precipitant for the mesopore generating in the SHS support. The cobalt catalysts
based on SHS was impregnated by the cobalt nitrate precursor of 10%wt. The core-
shell in SHS structure was confirmed by SEM images. The textural and chemical
properties of the SHS catalysts compared with the commercial catalyst (Q-10) which
showed the cobalt metals transfer inside the pores of support in all catalysts. The
Co/H-3 showed the highest specific surface area more than 400 m?/g and small amount
of micropore. Additionally, the cobalt oxide particles size of SHS catalyst was smaller
than the commercial catalyst. Moreover, the reducibility on cobalt-based SHS was the
difficult reduction of Cos;0, to Co metal because of small cluster size and diffusion

limitations of hydrogen gas in the core-shell catalyst.

5.1.2 Study of the catalytic activity of the cobalt based over silica hollow
sphere catalyst in FTS

The observation in the FTS reaction with the temperature of 240°C, W/F of
10 ghmol* and pressure at 1 MPa compared the SHS catalyst with commercial catalyst.
The SHS as a suitable support (Co/H-3) in FTS reaction showed good catalytic activity
as higher CO conversion more than 90 percent, and good selectivity with lower Cy,,
(the narrower products) because the Co/H-3 showed the high specific surface area,
small cobalt cluster size, and small amount of micropore. The small amount of
micropore in the catalyst assisted to decrease the plugging of heavy hydrocarbon.

Moreover, the hollow sphere shape of SHS catalyst has wall of the catalyst core for
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steric restriction of hydrocarbon propagation. This reason helped to decrease the

catalyst deactivation, which were also an important factor in the FTS.

5.1.3 Study of the catalytic activity of the modified cobalt based over silica
hollow sphere catalyst with ZSM-5 in FTS

The coated zeolite on the SHS catalyst that was ZSM-5 type was studied by
two methods. There were hydrothermal synthesis and steam-assisted crystallization
(SAC) process. The N,-adsorption and desorption analysis represented much micropore
in the catalysts. The XRD pattern showed the zeolite crystal of both preparation
methods. And, the SEM images showed the coating of zeolite but the hydrothermal
synthesis disappear the SHS shapes while the SAC process represented zeolite to cover
on the SHS catalyst. The EDS spectrum exhibited the lower amount of cobalt loading
on the SHS support. Thus, the problems affected to lower carbon monoxide

conversion less than uncoated SHS catalyst.

5.2 Recommendation

The natural problems in FTS were wax deposition on the active phases, leading
to changing activity. Therefore, the SHS support as alternative support was high surface
area and there was silica wall at catalyst core which has steric restriction for controlling
of chain length distribution in FTS reaction, avoiding catalyst deactivation. Moreover, it
should be developed for increase selectivity and stability. For example, the SHS
support was added by various amount of cobalt loading. Also, the physicochemical
characteristic of located cobalt catalysts should observe the different Co species
location between inner and outer surface of the SHS. Furthermore, the modification
of zeolite coating should study various conditions such as pH, temperature, the time

during aging and so on.
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APENDIX

1. Calculation
1.1 Calculation for preparation of cobalt loading, 10%wt on supports
10%wt Co/SiO; catalyst was prepared by wetness impregnation method

Using the cobalt nitrate hexahydrate (Co(NOs),6H,0) as a precursor
Co (MW = 58.93 ¢/mol)
Co(NO3),6H,0 (MW = 291.31 ¢/mol)

10%wt Co/SiO,: Si0, =90 gand Co =10 ¢

. 10x5
If the support was weighted 5 g, Co = 430 = 0.5556 ¢

Co 5893 g from Co(NO,),6H,0 29131 g
291.31x0.
Therefore, Co 0.5556 g, weight Co(NO3), 6H,0 J 358><9035556 = 2.7463g

Amount of water
Volume of support about 1 ml/g

Using support = 5 g, Volume of water = 5x1=5ml
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1.2 Calculation for preparation of coated zeolite over the SHS catalyst

1.2.1  Hydrothermal synthesis
Molar ratio of TEOS/TPAOH/H,O/EtOH/A(NO3); = 1:0.25:60:4:0.0125

58

Chemicals MW (g/mol) Density (g/cm?)
Silica (SiO,) 60.09 2.20
TEOS 208.33 0.93
10% TPAOH 203.36 1.00
H,O 18.00 1.00
EtOH, 99.5% 46.07 0.79
AUNO3)5H,0, 99.5% 264.10 1.72

Starting of TEOS = 0.0161 mol

1 TEOS: 0.25 TPAOH: 60 H,O: 4 EtOH: 0.00125 AUNOs)s
1(0.0161) 0.25(0.0161) 60(0.0161)  4(0.0161) 0.00125(0.0161)
0.0161 0.00402 0.966 0.0644 0.0000201  mol
Therefore, the chemicals were weight by,

TEOS = 0.0161x208.33= 3.6 ¢

TPACH = 100x0.00411(c))2>< 203.36 824

H,O = 0.966x18=17.4 ¢

ELOH = 100 x 0.0644 x 46.07 _30g

99.5
ANO,),= 100 % 0.0000201 x 264.1 _ 0.0053

99.5
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1.2.2  SAC process
The micro-capsule catalyst with Co/H-3 core and H-ZSM-5 zeolite shell was

prepared by using via SAC process

Chemicals MW (g/mol) Density (g/cm?) Used (g)
Co/H-3 catalyst - - 1.00
TEOS 208.33 0.93 3.26
10% TPACH 203.36 1.00 3.03
H,O 18.00 1.00 10.72
Al(i-propoxide), >98% 204.25 1.035 0.026

Calculation to molar ratio

a TEOS: b TPAOH: c H,O: d Al(i-propoxide)
3.26 3.03x10 10.72 0.026
208.33 100 x 203.36 18.00 204.25
0.016 0.0015 0.60 0.000125 mol
1 0.01 38 0.008 mol

Therefore, molar ratio of Al,05:Si0,:H,0: TPAOH of 0.008: 1: 38: 0.01



2. Turn over frequency (TOF)

mol converted substratex %conversion
mol of catalyst

TOF = ( :
time

- Mol converted substrate (CO conversion, mol/g.,:h)

I:{\'I{ x %COgas x %COconv

g cat

- Mol of Co catalysts

From Cos04 + 4H, = 3Co + 4H,0

_ H,uptake(mol /g, ) x3
_ 4

- Time =1h =3600s

Example of the Co/Q-10

0.0284molg 'x0.874
0.1068molg ™
3600s

TOF =

Therefore,
TOF of Q-10 = 0.65 (10™s™)
TOF of H-1 = 0.63 (10%s™)
TOF of H-2 = 1.07 (10%s™)

TOF of H-3 = 1.03 (10%s™)
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3. Calculation of CO conversion and hydrocarbon product selectivity

Reaction conditions: catalyst 0.5 g, W/F = 10 ghmol ™, H,/CO = 2, temperature of

240°C, pressure of 1.0 MPa and reaction time 6 h.

co co
W) (%)
co
W

moles of CO,, produced >
moles of CO conversion

%CO conversion = outlet « 100

CO, selectivity (%) = 100

moles of CH, produced

CH, selectivity (%) = - X
moles of CO conversion—moles of CO, produced

100

C,,. selectivity (%) =100—(CH , selectivity) — (C,_,, selectivity)

_moles of isoparaffin in produced
moles of paraffin in produced

C,/C

1SO

x100

cICc - moles of olefin in produced <100

~ molesof paraffinin produced
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For example,

Effluent gas composition
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Time on stream (h) 1 2 3 q 5 6
Ar 16847 22515 43785 64486 77484 80836
co 136810 133579 117032 104607 103159 104081
Area CHq4 2338 6010 21042 34835 42759 45941
CO, 0 3840 18652 31655 37499 38750
Syngas

Syngas Composition (%) TCD(Area)

Ar 4.1 13014
co 32.5 141276
(CO/Ar) 793 10.86

Standard gas

Standard gas Composition (%)

TCD (Area) FID (Area)

co 5.03
CH4 4.96
cOo2 5.12

23320

18953.67 585436

22478.33




Time at 6 h

(141276] _(104081)
%CO conversion = 13014 i\ 80836 outlet 100 = 88.1%

(141276}
13014 inlet
CO, selectivity (%) = 0.001281 x100 = 4.47%
0.02864
CH, selectivity (%) = 0.001745 x100 = 6.38%

0.02864 —0.001281

C, selectivity (%) =1.1820+0.01769 + 0 = 1.20%

C, selectivity (%) = 0.6283+0.5270+0 =1.15%

C, selectivity (%) = 2.4221+0.4793+0.3943 = 3.30%

C, selectivity (%) = 4.2159+0.4315+0.7887 =5.44%

_C,, selectivity (%) =5.3276 +0.3993+0.6258 = 6.35%

~. C,,. selectivity (%) =100—(6.38+1.20+1.15+3.30+5.44+...+ 6.35) = 33.5%
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Determination of CO conversion and gas product selectivity

Details: Co/Q-10, Flow rate = 19.8 mlU/min, T = 240°C, P = 1 MPa, W/F = 10 ghmol'1,

catalyst weight 0.507 ¢

Time (h) 1 2 3 a4 5 6

Ar 16847 | 22515 | 43785 64486 | 77484 | 80836

CcoO 136810 | 133579 | 117032 | 104607 | 103159 | 104081
frea CHy 2338 6010 21042 | 34835 | 42759 | 45941

CO, 0 3840 18652 | 31655 | 37499 | 38750
CO conversion (%) 25.2 45.3 75.4 85.1 87.7 88.1
Flowrate (s/10ml) 210.587 | 204.807 | 217.767 | 175.927 | 206.767 | 208.780
Gas produced (mol/h) | 0.007 0.008 0.007 0.009 0.007 0.007
CHy produced 0.006 0.016 0.055 0.091 0.112 0.120
CO, produced 0.000 0.009 0.042 0.072 0.085 0.088
CH4C-mol (mol/g-h) | 0.000 0.000 0.001 0.002 0.002 0.002
CO,C-mol (mol/g-h) | 0.000 0.000 0.001 0.001 0.001 0.001
CO (mol/g-h) 0.008 0.015 0.024 0.028 0.029 0.029
CHg sel (mol%) 1.075 1-593 3.205 5.948 6.015 6.377
CO, sel (mol%) 0.000 0.878 2.413 4.493 4.390 4.472
Cy, sel (mol%) 98.925 198393 |96.716 |93.773 |93.708 |93.325
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Determination of CO conversion and gas product selectivity
Details: Co/H-1, Flow rate = 19.68 ml/min, T = 240°C, P = 1 MPa, W/F = 10 ghmol'l,

catalyst weight 0.504 ¢

Time (h) 1 2 3 4 5 6
Ar 15469 33357 46467 42723 38346 35827
Cco 135806 | 107319 | 93417 106883 | 116789 | 121152
frea CHq 906 13041 21147 19474 17181 15943
CO, 23355 38094 30177 22244 18100

CO conversion (%) 19.1 70.4 81.5 77.0 71.9 68.8

Flowrate (s/10ml) 62.793 | 49.220 | 60947 |60.133 | 54.053 | 52.287
Gas produced (mol/h) | 0.024 0.031 0.025 0.026 0.028 0.029
CH,4 produced 0.013 0.026 0.027 0.032 0.027 0.025
CO, produced 0.015 0.027 0.025 0.031 0.025 0.021
CH4C-mol (mol/g- h) 0.001 0.002 0.001 0.002 0.002 0.001
CO,C-mol (mol/g-h) 0.001 0.002 0.001 0.002 0.001 0.001

CO (mol/g-h) 0.013 0.019 0.018 0.019 0.018 0.017
CHg sel (mol%) 4.994 9.349 8.169 9.140 9.413 9.276
CO, sel (mol%) 5.483 9.031 6.995 8.133 7.947 7.230

Cy, sel (mol%) 94.716 | 89.723 |91.216 |90.050 |89.775 | 90.001




Determination of CO conversion and gas product selectivity
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Details: Co/H-2, Flow rate = 19.72 mU/min, T = 240° C, P = 1 MPa, W/F = 10 ghmol'l,

catalyst weight 0.505 ¢

Time (h) 1 2 3 a4 5 6

Ar 15815 | 25360 | 49570 | 58674 | 51543 | 46348

CcO 138072 | 121652 | 73212 | 65264 | 87565 100301
frea CHy 759 8641 28933 | 35098 | 29867 | 25565

CO, 12911 53788 | 65004 | 48528 | 36281
CO conversion (%) 19.6 55.8 86.4 89.8 84.3 80.1
Flowrate (s/10ml) 178.650 | 152.427 | 118.687 | 103.180 | 93.253 | 86.960
Gas produced (mol/h) | 0.009 0.010 0.013 0.015 0.016 0.018
CHy produced 0.002 0.023 0.076 0.092 0.078 0.067
CO, produced 0.000 0.029 0.123 0.148 0.111 0.083
CH4C-mol (mol/g-h) | 0.000 0.000 0.002 0.003 0.003 0.002
CO,C-mol (mol/g-h) | 0.000 0.001 0.003 0.004 0.004 0.003
CO (mol/g-h) 0.006 0.018 0.028 0.029 0.027 0.026
CHg sel (mol%) 0.532 2.572 7.783 10.918 | 10.710 | 10.119
CO, sel (mol%) 0.000 3.236 11.185 | 14967 | 13.154 | 11.111
C,, sel (mol%) 99.468 | 97.3d2 |91.237 |87.160 |87.667 |88.616
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Determination of CO conversion and gas product selectivity

Details: Co/H-3, Flow rate = 19.49 mlU/min, T = 240°C, P = 1 MPa, W/F = 10 ghmol’l,

catalyst weight 0.499 ¢

Time (h) 1 2 3 a4 5 6
Ar 21768 35938 39456 40470 40143 39788
CcOo 115714 | 37180 15422 10937 11027 11619
frea CHq 17137 59852 66704 6578 63998 62426
Cco, 17169 84610 107438 | 114017 | 115122 | 114343
CO conversion (%) 51.0 90.5 96.4 97.5 97.5 97.3
Flowrate (s/10ml) 96.453 | 90.880 | 96.653 | 92.207 | 86.787 | 89.167

Gas produced (mol/h) | 0.016 0.017 0.016 0.017 0.018 0.017
CH,4 produced 0.045 0.157 0.175 0.017 0.167 0.163
CO, produced 0.039 0.193 0.245 0.260 0.262 0.260
CH4C-mol (mol/g- h) 0.001 0.005 0.006 0.001 0.006 0.006
CO,C-mol (mol/g-h) 0.001 0.007 0.008 0.009 0.009 0.009

CO (mol/g-h) 0.017 0.029 0.031 0.032 0.032 0.032
CHg sel (mol%) 9.334 23.199 | 23.628 | 2.497 26.555 | 24.924
CO, sel (mol%) 7.527 22.206 | 24.882 | 27.364 |29.367 | 28.436

Cy, sel (mol%) 89.906 | 70.179 | 68.546 |96.562 |62.405 | 65.173




Determination of CO conversion and gas product selectivity

Details: Co/Q-10 without sonication, Flow rate = 19.72 mU/min, T = 240°C, P = 1 MPa,

W/F = 10 ghmol™, catalyst weight 0.505 g

Time (h) 1 2 3 q 5 6

Ar 20690 | 26477 | 46611 62196 | 72614 | 74902

CcoO 134708 | 118946 | 93909 | 92409 | 99592 106918
frea CHy 5114 21154 | 44524 | 48566 | 47236 | 45657

CO, 6021 16771 40402 | 47838 | 47632 | 44870
CO conversion (%) 40.0 58.6 81.4 86.3 87.4 86.9
Flowrate (s/10ml) 207.180 | 180.747 | 175.667 | 159.607 | 159.747 | 160.300
Gas produced (mol/h) | 0.007 0.009 0.009 0.010 0.010 0.010
CHy4 produced 0.013 0.055 0.117 0.127 0.124 0.119
CO, produced 0.014 0.038 0.092 0.109 0.108 0.102
CH4C-mol (mol/g-h) | 0.000 0.001 0.002 0.002 0.002 0.002
CO,C-mol (mol/g-h) | 0.000 0.001 0.002 0.002 0.002 0.002
CO (mol/g-h) 0.013 0.019 0.026 0.028 0.028 0.028
CHg sel (mol%) 1.535 5.062 8.112 9.327 8.942 8.626
CO, sel (mol%) 1.548 3.375 6.021 7.404 7.277 6.872
Co, sel (mol%) 98.441 | 94.761 | 91.368 |89.928 |90.356 | 90.737




Determination of CO conversion and gas product selectivity

Details: Co/H-3/Z-coated, Flow rate = 19.72 ml/min, T = 240°C, P = 1 MPa, W/F = 10

ghmol, catalyst weight 0.505 g

Time (h) 1 2 3 a4 5 6

Ar 14065 14052 14052 14059 14118 14011

Cco 136141 | 137246 | 137246 | 138056 | 138040 | 138405
frea CHq 1857 2015 2015 1886 1837 1804

Co,
CO conversion (%) 10.8 10.0 10.0 9.5 9.9 9.0
Flowrate (s/10ml) 32.220 | 32.047 | 31.033 | 27.327 |30.713 | 28.113
Gas produced (mol/h) | 0.048 0.048 0.050 0.056 0.050 0.055
CHg4 produced 0.005 0.005 0.005 0.005 0.005 0.005
CO, produced 0.000 0.000 0.000 0.000 0.000 0.000
CH4C-mol (mol/g-h) 0.000 0.001 0.001 0.001 0.000 0.001
CO,C-mol (mol/g-h) 0.000 0.000 0.000 0.000 0.000 0.000
CO (mol/g-h) 0.004 0.003 0.003 0.003 0.003 0.003
CHy sel (mol%) 13.033 15.363 15.864 17.722 14.757 17.464
CO, sel (mol%) 0.000 0.000 0.000 0.000 0.000 0.000
C,, sel (mol%) 86.967 | 84.637 | 84.136 |82.278 | 85243 | 82536




Determination of CO conversion and gas product selectivity

Details: Co/H-3/Z-sac, Flow rate = 19.60 ml/min, T =240°C, P = 1 MPa, W/F = 10

ghmol, catalyst weight 0.502 g

Time (h) 1 2 3 q 5 6

Ar 13322 13205 13368 13138 13235 13280

CcoO 138352 | 138325 | 138395 | 138386 | 138130 | 137856
frea CHy 860 894 871 863 861 856

CO,
CO conversion (%) 4.3 3.5 4.6 3.0 3.9 4.4
Flowrate (s/10ml) 29.020 | 28.193 |28.233 |28553 |27.927 |28.760
Gas produced (mol/h) | 0.053 0.054 0.054 0.054 0.055 0.053
CHy4 produced 0.002 0.002 0.002 0.002 0.002 0.002
CO, produced 0.000 0.000 0.000 0.000 0.000 0.000
CH4C-mol (mol/g-h) | 0.000 0.000 0.000 0.000 0.000 0.000
CO,C-mol (mol/g-h) | 0.000 0.000 0.000 0.000 0.000 0.000
CO (mol/g-h) 0.001 0.001 0.002 0.001 0.001 0.001
CHg sel (mol%) 16.862 | 22.312 | 16.418 | 25.100 | 19.700 | 16.774
CO, sel (mol%) 0.000 0.000 0.000 0.000 0.000 0.000
Co, sel (mol%) 83.138 | 77.688 |83.582 |74.900 |80.300 |83.226
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