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Abstract

In the Fischer-Tropsch (FT) synthesis, CO and H» (synthesis gas) are
converted into hydrocarbons that can be further upgraded to high-quality
fuels and chemicals. Different carbon sources such as natural gas, coal and
biomass can be used as feed-stocks for the synthesis gas. In commercial
applications, supported cobalt catalysts are commonly used in the Fischer-
Tropsch synthesis, especially when the synthesis gas emanates from natural
gas and when the desired final product is diesel. The activity and selectivity
of a cobalt catalyst is dependent on several parameters, one of them being
the support.

The present thesis is focused on the design, synthesis and
characterization of alumina and silica materials with non-conventional
morphology, and evaluation of their feasibility as cobalt supports in the FT
synthesis. Nanoparticles of alumina and mesoporous silica have been
synthesized by non-conventional techniques, i.e water-in-oil microemulsion
and the atrane route. The effects of incorporating promoters, such as Ce
and Zr, have also been studied.

Ce- and Zr-alumina nanoparticles were synthesized by co-
precipitation in water-in-oil microemulsion are demonstrated. The obtained
product is amorphous alumina with highly dispersed promoters, resulting in
strong cobalt-support interactions and low cobalt reducibility. By increasing
the calcination temperature of the Ce-promoted support, crystalline CeO is
obtained which apparently increases the cobalt reducibility and thereby the
catalytic activity (per gram catalyst). The small pore size of the materials may
induce diffusion limitations on the reactants atrival and/or result in very
small cobalt particles, which favour methane over long-chain hydrocarbons.

Successful preparations of pore expanded mesoporous silicas with
1D, 2D and 3D pore structures via the atrane route, combined with the
addition of swelling agents, at mild conditions have been demonstrated. The
advantage of this method is that pore expansion can be achieved at mild
conditions and there is no need for a post-synthesis process using an

autoclave system.
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In larger silica support pores, larger cobalt particles will be formed and
the weaker the cobalt-support interactions will be. This generally results in a
higher cobalt reducibility for larger-pore supports and thereby a higher
catalytic activity. However, for 1D and 2D silica materials, also the pore
length is an important parameter governing the catalytic performance as
diffusion limitations on reactant arrival may be present at shorter diffusion

distances than in materials with 3D porous structures.

Keywords: Silica, alumina, zirconium, cerium, mesoporous materials,
nanoparticles, microemulsion, atrane route, cobalt catalyst, Fischer-Tropsch

synthesis.
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Sammanfattning

Titel: Barare for kobaltkatalysator 1 Fischer-Tropsch-syntes

I Fischer-Tropsch-reaktionen omvandlas CO och H: (syntesgas) till
kolviten som kan uppgraderas till brinslen och kemikalier av hég kvalitet.
Olika kolkillor sisom naturgas, kol eller biomassa kan anvindas som
rivaror till syntesgasen. 1 industriell skala anvinds vanligen
koboltkatalysatorer i Fischer-Tropsch-reaktionen, speciellt om syntesgasen
framstillts frin naturgas och nidr diesel dr Onskad slutprodukt.
Koboltkatalysatorns aktivitet och selektivitet 4r beroende av minga
parametrar varav en ir birarmaterialet som kobolten dr dispergerad Gver.

Denna avhandling beskriver design, tillverkning och karakterisering
av material bestdende av aluminium- eller kiseloxid med icke-konventionella
strukturer, och utvirdering av deras limplighet som birarmaterial till
koboltkatalysatorer 1  Fischer-Tropsch-reaktionen. Nanopartiklar —av
aluminiumoxid samt mesopords kiseldioxid har tillverkats med icke-
konventionella tekniker (i mikroemulsion samt genom “’the atrane route”).
Effekterna av att inkludera promotorer sisom Ce och Zr har ocksi
studerats.

Nanopartiklar av aluminiumoxid promoterade med Ce eller Zr
syntetiserades genom samutfillning i en vatten-i-olja”-mikroemulsion
demonstreras. De erhdllna materialen bestir av amorf aluminiumoxid i
vilken promotorn dr vil dispergerad, vilket resulterar i en stark interaktion
mellan kobolt och birarmaterialen och didrmed i en ldg reducerbathet av
kobolten. Genom att 6ka kalcineringstemperaturen fér det Ce-promoterade
birarmaterialet kristalliseras storre partiklar av ceriumoxid ut. Detta leder till
att koboltens reducerbarhet 6kas och dirmed dven den katalytiska
aktiviteten (raknat per gram katalysator). Birarmaterialen har relativt sma
pordiametrar vilket kan leda till masstransportbegrinsningar eller till vildigt
sma koboltpartiklar, vilket i sin tur resulterar i att metan favoriseras framfor
lingre kolviten.

Porexpanderade mesoporésa kiseloxider med 1D-, 2D- och 3D-
porstrukturer  syntetiserades  via  “the  atrane  route”.  Denna
tillverkningsprocess mojliggér porexpansion (genom tillsats av svillmedel)



vid milda betingelser och eliminerar behovet av en separat
porexpansionsprocess 1 autoklav.

Ju stérre porerna i kiseloxidmaterialen 4r, desto storre blir
koboltpartiklarna i katalysatorn och desto svagare blir interaktionen mellan
kobolt och birarmaterial. Detta resulterar i en hogre reducerbarhet av
kobolten for bararmaterial med storre porer, och dven i en hogre katalytisk
aktivitet. Dock bor beaktas att for kiseloxidmaterial med 1D- och 2D-
porstrukturer sa ir dven porlingden en viktig reglerparameter fér den
katalytiska aktiviteten och selektiviteten eftersom
masstransportbegrinsningar  kan  foreligga  vid  mycket  kortare
diffusionsavstand dn i material med 3D-struktur.



Resumen

Titulo: Soportes de catalizadores de cobalto para la sintesis de
Fischer-Tropsch

En la sintesis de Fischer-Tropsch (FT), CO y Ha (gas de sintesis) se
convierten en hidrocarburos que a su vez pueden ser convertidos a
combustibles liquidos y productos quimicos de alta calidad. Diferentes
fuentes de carbono como el gas natural, el carbén y la biomasa pueden
utilizarse como reservas de alimentacién para la obtencién del gas de
sintesis. En aplicaciones comerciales, los catalizadores de cobalto
soportados se usan comunmente en la sintesis de Fischer-Tropsch,
especialmente cuando el gas de sintesis emana del gas natural y cuando el
producto final deseado es diesel. La actividad y selectividad de un
catalizador de cobalto depende de varios parametros, siendo uno de ellos el
soporte.

La presente tesis estd centrada en el diseflo, sintesis y caractetizacién
de materiales de alimina y silice con morfologia no convencional y
evaluacién de su viabilidad como soportes de cobalto en la sintesis de FT.
Se han sintetizado nanoparticulas de alimina y silice mesoporosa mediante
técnicas no convencionales, es decir, microemulsién de agua en aceite y por
la ruta de atranos. También se han estudiado los efectos que pueda tener la
incorporacién de promotores, tales como Ce y Zr.

Los resultados muestran que ha sido posible la obtencién de
nanoparticulas de alumina con Ce- y con Zt, sintetizadas por el método de
co-precipitacién en microemulsiéon de agua-en-aceite. El producto obtenido
es alimina amorfa con promotores altamente dispersos, lo que resulta
resulta en fuertes interacciones de cobalto con el soporte y una baja
reducibilidad de cobalto. Al aumentar la temperatura de calcinacion del
soporte promovido con Ce, se obtiene CeO> cristalino que aparentemente
aumenta la capacidad de reduccién del cobalto y por tanto la actividad
catalitica (por gramo de catalizador). Los materiales poseen tamafios de poro
pequeno y pueden inducir a la limitada difusién de los gases reactantes al
sitio activo del catalizador y/o dar lugar a particulas de cobalto muy



pequenias, lo que favorece la produccién de metano sobre los hidrocarburos
de cadena larga.

Esta tesis también presenta una sintesis generalizada de silices
mesoporosas con poros expandidos y estructuras de poros 1D, 2D y 3D
(Dimensiones) a través de la ruta de atranos. La ventaja de este método es
que la expansién de poros se obtiene condiciones moderadas.

Naturalmente, cuanto mas grandes sean los poros de los soportes de
silice, mas grandes seran las particulas de cobalto formadas y mas débiles
seran las interacciones de cobalto-soporte. Esto generalmente da lugar a una
mayor capacidad de reduccién de cobalto para soportes de poros mas
grandes y por lo tanto una actividad catalitica mas alta. Las silices con
estructuras porosas 3D presentaron los resultados cataliticos mas exitosos,

resultado atribuido a su estructura.
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Part I: Introduction






Chapter 1

Setting the scene

This thesis is a result of a joint project between the department of
Chemical Engineering at KTH Royal Institute of technology, Stockholm,
Sweden and the Institute of Natural Gas at UMSA Universidad Mayor de
San Andrés, La Paz, Bolivia. The project was financially supported by the
Swedish International Development Cooperation Agency, SIDA. The
mission of SIDA is to reinforce research capacity through education and
funding research projects in developing countries. This project was aimed at
increasing technology expertise at Bolivian universities.

Bolivia is rich in natural resources, such as minerals, natural gas, and
forests. Still, the country is one of the poorest on the South American
continent. The lack of technical knowledge and specialized education
therefore hinder the domestic industry from adding value to the natural
resources. Bolivia has the second largest natural gas reserve in Latin
America and its economy relies mostly on the export of this raw material to
the neighbouring countries. Paradoxically, while the country is a huge energy
exporter of natural gas (>80% of its total production), the energy import of
diesel is increasing every year as the country develops. Additionally, the
diesel is subsidized since 1997 with 0.53 US cents per liter to the final
consumer, making it a large expense for the government. To reduce the
diesel import dependence, make use the available natural gas as well as
develop the country, the government, industries, and academia are focusing
their resources on the development of local technical knowledge and
implementation of this knowledge for converting natural gas to diesel, i.e.
the gas-to-liquid (GTL) process. In the GTL process natural gas is
converted to heavy hydrocarbons which can be used as fuel, i.e. diesel or
gasoline or chemicals among others. The GTL process implies the
conversion of natural gas to synthesis gas (Ho + CO), thereafter the
synthesis gas is converted to long-chain liquid hydrocarbons via Fischer-
Tropsch synthesis, and subsequently the FT products are upgraded to



obtain the final products. Commercial Fischer-Tropsch synthesis in a GTL
plant is performed with cobalt-based catalysts.

1.1 Scope of the work

New explorations of catalyst design aim to make an affordable, highly
active and selective, as well as stable catalyst. Some of the most important
variables include the selection of the metal precursor, metal loading, support
characteristics, promoters, preparation and catalyst activation method. The
cobalt-support characteristics and/or promoters may influence the
physicochemical properties of the deposited cobalt particle such as: particle
size, degree of reduction, dispersion, metal-support interaction among
others; and as a consequence the performance of the final catalyst in the
Fischer-Tropsch reaction.

The general aim of this work was to study, on one hand, the
relationship between the synthesis method and the structure of cobalt
supports with non-conventional morphology; and on the other hand, the
relationship of the support structure and composition with the final cobalt
catalysts and their influence on the Fischer-Tropsch reaction at low
temperature. In addition, two kinds of promoters modified the support:
one, structural promoter, which is obtained by changing the structure of the
support and two, chemical promoter, obtained by the addition of Zr or Ce
to the alumina or silica support. In particular, concerning the structural
promoter, the morphology of the supportts, ie. AlbO; nanoparticles and
ordered mesoporous SiO, were investigated in order to evaluate their
influence on the final cobalt catalyst. Concerning the incorporation of
chemical, ie. Ce and Zr, two methods of promoter incorporation were
evaluated: one, impregnation of the promoter on commercial alumina and
two, co-precipitation of promoter and the support precursor. The effect of
promoter and method of incorporation was investigated in the performance
of the final cobalt catalyst.

The work included in this thesis was mainly conducted at the Division
of Chemical Technology at KTH Royal Institute of Technology, Stockholm,



Sweden while some of the data analysis and writing was done at the Natural
Gas Institute at Universidad Mayor de San Andrés (UMSA), La Paz, Bolivia.
In addition, two research stays were included: one at the department of
Organic Chemistry at Cordoba University, Spain, where part of the
characterization of the mesoporous silica was performed; and another at the
Research Center for Advanced Materials (CIMAV) in Monterrey, Mexico,
where I prepared nanoparticles using the water-in-oil microemulsion
method.

1.2 Thesis outline

Following this introduction, chapter 2 presents the synthesis of fuels
through the Gas-to-Liquid (GTL) process, with focus on Fischer-Tropsch
synthesis. Chapter 3 provides a background on the Fischer-Tropsch
catalysts with a particular focus on cobalt catalysts, especially on the alumina
and silica supports and promoters with non-conventional morphology and
synthesis methods. The second part of this thesis explains how supports
were synthesized and structurally characterized. The physicochemical
characterization of the cobalt catalyst on those supportts is also presented.
The Fischer-Tropsch reactor set-up and catalytic tests are also explained in
this section. The third part of the thesis corresponds to the results,
discussion and conclusions of the investigation.






Chapter 2

Conversion to synthetic fuels (Paper I)

Clean Synthesis
Gas-to-Liquids (GTL) gas CO +H, Wax
Natural Gas (syngas) Low T FTS Hydroprocessing
T (Diesel)
1) Steam/
Coal-to-Liquids || gaw autothermal Fischer-Tropsch || product
(cT) material £ A Syngas . t
Coal reforming/ (RS IS conversion synthesis (FTS) upgrading
syngas or Partial
production oxidation o
e . lefins
or Gasification . A
Biomass-to-Liquids a . Ollgome'ma‘tlon
1Y) 2) Synthesis gas High Temperature FTS Isomerization
Biomass cleaning and t (Gasonne;
condictioning

Figure 2.1: Main steps for producing Fischer-Tropsch products: syngas
generation, gas purification, Fischer-Tropsch synthesis and product
upgrading.

Different feedstocks can be converted into synthetic fuels, where
liquid fuels are the preferred ones. The process is named according to the
feedstock: gas-to liquid (GTL), biomass-to-liquid (BTL) and coal-to-liquid
(CTL)."-3 If the conversion is performed via Fischer-Tropsch synthesis (FT),
the raw material is first converted into synthesis gas which is a mixture of
CO and Hj, and the synthesis gas is subsequently reacted to form
hydrocarbons*®.

The general process is divided into three main steps: synthesis gas
manufacturing; Fischer-Tropsch synthesis; and product upgrading (see
Figure 2.1). The first step is dependent on the feedstock. The second step
the synthesis gas is converted into a variety of hydrocarbons with different
chain lengths, which will depend on the catalyst and the process
parameters’ 8. Some of the FT products can be directly used for food,
cosmetics and medical applications. If high quality fuels are required,
Fischer-Tropsch wax is hydrocracked. Hydrocracking is a selective process,



in which heavy hydrocarbons are broken down to lighter products, such as
naphtha, kerosene and diesel oil, in the presence of Ho% .

2.1 Gas-to-liquid (GTL)

H,0
Local hatugal 1 Blend into crude
! Ll
Steam methane Fischer-Tropsch Wax and light
or autothermal / . Products .
CO/H, synthesis oil
reforming 1
(SMR/ART)
1 | Hydrocracking
Air (SMR) Gas: recycle or 1
or O, (ATR) fuel

Diesel or jet fuel

Figure 2.2: Diagram of the GTL process

The GTL process is shown in Figure 2.2. It is a very attractive option
for making natural gas reserves more economically feasible. The chemical or
cryogenic conversion of this natural gas into an easily transportable liquid is
usually chosen when the reserves are localized in remote areas (>3000 km)
and the costs of a gas pipeline is too high. The cryogenic process is a
condensation of natural gas into liquid (LNG). A chemical conversion of
the natural gas produces methanol, dimethyl ether (DME) or hydrocarbons
via the Fischer-Tropsch reaction’.



2.2 Synthesis gas production for Fischer-Tropsch
applications

The natural gas which mainly contains methane may be transformed to
synthesis gas through several processes; however the predominant
commercial technology is steam methane reforming (SMR). SMR catalyses
the reaction between methane and steam to obtain hydrogen and carbon
monoxide. Partial oxidation (POX) is an alternative technology which
combines methane and oxygen exothermally to obtain synthesis gas. The
two technologies produce synthesis gas with different H,/CO ratios, about
3-5 with the SMR process (which can be lowered with the addition of CO»)
and about 1.6-1.9 with the POX process. Partial oxidation can be performed
both catalytically and non-catalytically. A third alternative is autothermal
reforming (ATR) which is seen as a hybrid between the two previous
processes in a single reactor!0.

2.3 Fischer-Tropsch synthesis

The Fischer-Tropsch synthesis is an exothermic reaction between H»
and CO (syngas) which produces water and a wide variety of hydrocarbons
(gas, liquid and waxes). The FT products are mainly n-paraffins and o-
olefins and, to a lesser extent, branched hydrocarbons and oxygenates. The
reaction is described as follows:

CO + 2Hz — (—CHZ —) +H20 AHOZQSK - —165 kj/mol

The product selectivity depends on the employed catalysts and the
operating parameters of the reaction, such as reaction temperature, pressute
and feed composition!!. The FT industry mainly uses iron-based catalysts
for coal-to-liquids (CTL) and cobalt-based catalysts for GTL application.
The Fischer-Tropsch reaction is operated at high pressures (usually P=20-45
bar) and there are currently two operated modes: high-temperature FT
(HTFT) and low-temperature FT' (LTFT). The HTFT process operates at
temperatures of about 320-350 °C using Fe-based catalysts'2. The main
products are olefins with short-chain length, oxygenates and hydrocarbons



in the gasoline range. The LTFT process operates at temperatures of about
200-250 °C, both Fe- and Co-based catalysts can be employed!2 The main
products are linear long-chain paraffins (middle distillates and waxes). The
FT waxes are later hydrocracked to maximize the yield to middle distillates
(et fuel and diesel cut)!> 14 The performance of FT technology is highly
dependent on the catalyst design and reactor engineering. The LTFT
process is commercialized in slurry bubble column reactor and multi-tubular
fixed bed reactor (see Fig. 2.3).

Low-temperature FT (LTFT) reactors

fixed bed
6.000 b/d

-Temperature: 200-250 °C
-Three phase system: gas-liquid-
solid Slurry bubble

: column,
-Products: wax diesel, naphta itk

-Catalyst: supported cobalt or 24.000b/d
precipitated iron

High-temperature FT (HTFT)

-Temperature: 320-350 °C

-Two phase system: gas-solid
-Products: gasoline, chemicals
-Catalyst: fused iron, K-promoted

Circulating Fixed fluidized bed

fluidized bed 20.000b/d
7.000 b/d

Figure 2.3: Overview of the Fischer-Tropsch reactor types presently in use
(Adapted from™).

Generally the FT reaction is defined as a polymerization reaction in
which a hydrocarbon chain increases its length by the insertion of
monomers containing one carbon atom. The mechanism can be divided in
three steps: chain initiation (monomer formation), chain growth and
termination. Two routes can be identified in the FT mechanisms: in the
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first, the -CHo»- is the monomer incorporated into the chain growth; and in
the second one, CO and/or enols are the monomers. However, it is
commonly accepted that parallel mechanisms can occur on the catalyst
surface during FTS'. Nevertheless, the mechanistic details concerning CH»
monomer formation are not agreed upon. Two pathways are proposed for
the -CHz- monomer formation: the first, known as the direct CO
dissociation, CO adsotbs and directly dissociates into C and O atoms.
Thereafter, the adsorbed C atoms are hydrogenated and -CH»- is formed; in
the other pathway called H-assisted CO dissociation, H is bound to CO

before it dissociates!s.

The Fischer-Tropsch products are mainly straight-chain saturated
hydrocarbons from methane up to heavy waxes. Independently of the
reaction mechanism the FT product distribution can be faitly well
approximated by the Anderson-Schulz-Flory (ASF) model. This model has
only one assumption: the probability of chain growth (x) is independent of
the hydrocarbon chain length (n)!'7. With this assumption the following
equations are derived:

Xp,=a"1-(1-a) 2.1
% =a™1-(1-a)? (2.2)

Equation 2.1 relates the probability of chain growth (x) and the molar
fraction (X#) of hydrocarbons with the same carbon number (n) 7. An
equivalent expression (equation 2.2) can also be derived in terms of mass
fraction (IWn)'8. In Figure 2.4, the mass fraction of different hydrocarbon
groups is plotted against “a’” according to equation 2.2. Two main regions
of the products are typical from HTFT and LTFT operational conditions as
shown in Figure 2.4°. The operation parameters for the Fischer-Tropsch
test of the cobalt catalysts studied in this thesis are based on the LTFT

process.
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Figure 2.4: Anderson-Schulz-Flory FT product distribution as function of
the chain growth probability (adapted from!?)
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Chapter 3
Fischer-Tropsch catalysts (Paper I)

As mentioned in the previous chapter, the Fischer-Tropsch (FT)
process converts synthesis gas or syngas (CO + Hb») to hydrocarbons with
several different molecular weights. The FT reactions include the CO and
H, dissociation, hydrogenation and chain growth (carbon coupling) on the
surface of the active sites of the catalyst?. The active phase consists of
metals which can promote CO dissociation with a balanced degree of
surface carbon hydrogenation and carbon coupling in order to produce long
chain hydrocarbon products. Ni, Fe, Co and Ru are active for CO
hydrogenation?!. The selection of the metal is very important in terms of
cost and the desired product. Nickel is very active for hydrogenation, which
provokes high selectivity to methane?2. It also easily forms carbonyls at FTS
operating conditions which facilitates atom migration and in this way
favours sintering?. Ruthenium is the most active metal for FT' reactions
which produce long-chain hydrocarbons, however it is very expensive and
its availability is limited for large scale applications. This leaves the catalyst
competition to Fe and Co, which are actually used industrially for producing
middle distillate products?3. Iron catalysts are used for syngas coming from
coal or biomass which has a low H/CO ratio. Since, iron is highly active
for water-gas-shift (WGS) reaction, which can increase the H2/COratio
inside the reactor.?: 5. The products from Fe catalysts tend to produce
mainly linear alpha olefins and a mixture of oxygenates such as alcohols,
aldehydes and ketones?. The cobalt catalyst is discussed in more detail

above.

3.1 Cobalt catalysts

Cobalt-based catalysts are chosen by several companies (see Table 3.1)
such as Shell, Qatar Petroleum, Sasol, Chevron among others in the Gas-to-
Liquid process community for the production of middle distillate fuels via
the Low-Temperature Fischer-Tropsch (LTFT) reaction® 27. 28,
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Table 3.1: Cobalt FT catalysts used and/or patented by FT synthesis
companies (Adapted from Paper I and!®- 27, 29.30),

Reduction Structural
Company Support
promoter  promoter

Sasol Y-ALOs; Pt Si
Shell TiO, - Mn, V
GTL (Statoil) NiALOs Re -
Nippon Oil SiO; Ru Zr
Syntroleum Y-ALOs Ru Si, La
BP ZnO - -
Exxon Mobil  TiO; Re Y-AlL,O3
Conoco Y-AlLOs; Ru,Pt,Re B
Phillips

Compact ALO; Ry, Pt,Re -
GTL

Cobalt-based catalysts are very suitable for wax formation in slurry
bubble columns and can operate at high conversion per pass. The advantage
of cobalt catalysts is the low activity for the water-gas shift reaction and, the
high activity and selectivity to linear paratfins®'. In addition, it has low
activity to oxygenated by-products and finally, has a good availability and

relatively low price compared with Ru32.

Commercial FT reactors use large amounts of cobalt catalyst and
reduce the catalyst cost by dispersing the cobalt on stable high surface area
oxides (the support) see Table 3.13. The method of deposition is usually by
impregnation of an aqueous cobalt solution on the support?. In order to
increase metal dispersion, reducibility, activity and stability of cobalt-based

catalysts, several promoters can be incorporated!2.
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3.2 Cobalt catalyst preparation

Incipient wetness impregnation is the most common technique for
preparing supported cobalt catalysts. It is based on filling the pore volume
of the support with the appropriate concentration of the cobalt salt solution.
The impregnation step is followed by drying, calcining in order to
decompose the nitrate and obtain supported cobalt oxide. 7 situ reduction
transforms the inactive cobalt oxide to active metallic cobalt prior to
Fischer-Tropsch synthesis (see Figure 3.1).

Support
calcination

— Impregnation‘%‘ Drying ‘

Fischer-Tropsch Catalyst Catalyst
synthesis Reduction calcination

Figure 3.1: Catalyst preparation steps.

Each of these steps needs to be optimized in order to prepare a
catalyst with high activity and dispersion. The conditions during calcination
of the deposited cobalt have a significant influence on the physicochemical
characteristics of the final catalyst. For instance, it was found that the
catalyst performance is highly dependent on the space velocity of the air and
the heating rate’ 3>. After calcination, the Co3Oy4 crystallites are present in
aggregates with sizes between 30-700 nm3* 36. "The reduction step in the
catalyst preparation is also very important, since it was reported that the Ho
flow rate during cobalt oxide reduction should be kept high to avoid high
partial pressures of the water produced which may induce metallic cobalt
sintering®. Reduction temperatures higher than 350 °C result in the
diffusion of cobalt ions into the support, forming cobalt aluminate
compounds, which are difficult to reduce at low temperature. In addition,
sintering of cobalt metal particles has been reported?.
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3.3 Effects of cobalt catalyst parameters on the activity and
selectivity in Fischer-Tropsch synthesis

‘ Catalyst activity ‘ ‘ Cs, selectivity

|
|
Number of active
sites available

!

Degree of reduction &
Shape and size of Co®

I
Dispersion,
particle size and
reducibility
J l‘ y
The type and -Cobalt precursor
structure of the ‘ Promoter ‘ -Cobalt loading
support -Preparation method
-Pretreatment

Figure 3.2: Factors that influence the activity and selectivity in a cobalt
catalyst for Fischer-Tropsch synthesis.

Figure 3.2 shows a summary of the effect on the performance of the
catalyst depending on the catalyst preparation. The catalytic performance,
concerning the catalyst activity and selectivity, will be very dependent on
number of cobalt active sites, which will be determined by the
physicochemical characteristics of the cobalt catalyst, such as: cobalt particle
size, degree of reduction and dispersion, among the most important.
Indirectly those characteristics are very dependent on several parameters
that concern the catalyst preparation, such as chemical composition, support
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structure, porosity, promoters, precursors and operating conditions. This
thesis is focused on the influence of the support on the cobalt
physicochemical characteristics and final performance in Fischer-Tropsch
synthesis. Thus, this chapter is focused on the support and oxide promoters
of Ce and Zr. In addition, the non-conventional methods of synthesis

(microemulsion and atrane route) for the supports are discussed.

3.4 Cobalt supports

Conventional supports such as alumina, silica and titania are the most used
industrially for cobalt-based FT catalysts (Table 3.1). The main advantage of
these supports is their retention of high surface area after high calcination
temperatures (especially in the case of alumina and titania)?.
The properties of the support are also an important factor for producing a
feasible catalyst. Much work has been done in order to determine the
optimal characteristics of the support. Bartholomew and Farrauto have
presented some ideal properties 37:

e moderately high surface area (100-150 m?2/g)

e low acid-site concentration

e Jow reactivity with Co to limit metal-support interactions
e  high thermal stability during catalyst regeneration

e high strength and attrition resistance

Non-conventional supports have been studied in FTS, such as ZrOa,
carbon-based supports, metallic supports, zeolites, mesoporous oxides,
CeO; among others!2 3839,

ALO; support
Gamma alumina, y-AlO3, is mechanically strong and has high surface
area which is easily hydrated, in addition it has many acid sites which is not

favourable in Fischer-Tropsch synthesis 4. The decrease in acid sites was
reported to increase activity and selectivity to long-chain hydrocarbons due
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to an increase in reducibility and bridged type CO adsorption. Therefore,
promoters are used in order to increase the stability of the support, and
avoid inactive CoAl,O4 formation?’: 4.

S0, support

Silica has low hydrothermal stability and can break down in the
presence of steam to form cobalt-silicate species that are inactive in the
FTS. Similar to alumina, silica supports are also often modified, with
stabilizers or promoters such as ZrO», K, TiO,, CeO,, among others or by
organic solvents to increase the hydrothermal stability*!- 2. Also, it has been
shown that calcination of the support prior to Co deposition can be
beneficial?0. 43-47,

3.5 Promoters

Small cobalt particles usually have strong interaction with the supports
SiO2, ALOs and TiO,. The formed species are reduced at very high
temperature. In order to overcome this problem, a number of additives have
been investigated for this studied reaction®. In general, the additives can be
divided into two categories:

e Oxide promoters (stabilize or alter the properties of the support
and/or promote the Co)
e Metal promoters (increase reducibility of CoOx and induce

favourable interactions with Co).

Metal oxides have been used favourably as promoters for cobalt
catalysts; alkali metal oxides, early and late transition metals, noble metals, as
well as lanthanide and actinide series oxides. These are used because they
may control the surface H/CO ratio through electronic interaction with the
metal, increase and facilitate CO dissociation at the promoter-metal
interface, and/or lower support acidity (prevents side reactions). There are
several reviews that specify the behaviour of these promotors, here we will
focus on Zr and Ce promoters, since they have shown good performance in
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FIS and no investigation on the proposed synthesis has been done
previously36. 42 49,

3.5.1 Metal oxide promoters

These metal oxides can facilitate the dissociation of CO at the
promoter-metal interfaces (adlineation sites) and the formation of inactive
mixed oxides (between promoter and support) can resist carbon deposition.
In addition the CO activity, Cs+ selectivity and the olefin/paraffin ratio
increase. The most frequently used promoters are: ZrO,, ZnO, Cr20s,
MnOs,, TiO,. Furthermore, these promoters can control the surface H:CO
ratio by decoration of, and electronic interaction with, the Co metal surface
which leads to hydrogen-poor olefinic products0-52,

Zirconium promoter

Zirconium is known for increasing the performance of cobalt catalysts
when alumina is used as support. The promotion effect is attributed to the
increase of active intermediates (-CH2-) which enhance the catalyst activity
and selectivity to long-chain hydrocarbons. It has also been reported that Zr
enhances the cobalt reducibility and consequently the catalyst activity>3-58,

Cerium promoter

In the process of CO hydrogenation, CeO, can increase the
reducibility of the cobalt catalyst. This behaviour is attributed to the defect
sites of Ce*" and Ce?* in the final cerium oxide formed. CeO3 is beneficial
for the Co/SiO; or Co/AlO; systems, since it seems to increase the
selectivity to long-chain hydrocarbons. It was also reported that ceria may
favour the dispersion and reducibility of the cobalt catalyst supported on
pillared montmorillonite, which resulted in an increase of FTS activity>® .
Additionally, the ceria surface affinity for both Hz and CO molecules might
contribute to the reactivity in FTS when Co/CeO; catalyst is used®!. It was
also reported that the addition of cerium to Co/y-ALO; could significantly
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decrease the generation rate of COz, CH4 and Co—Cy4 while increasing Cs+
selectivity©2.

3.6 Effect of the support in Fischer-Tropsch synthesis

The support effects in FT reactions concerning the rate and
hydrocarbon selectivity are not entirely understood yet. Iglesia et al. 63
reported that the supports SiOz, AlLOs;, TiO,, ZrO; and their modified
versions have no influence on the specific FT activity, in contrast a good
performance is attributed to the metal dispersion. However, the differences
in selectivity were mainly ascribed to diffusion effects of reactants and
products on secondary reactions (olefin readsorption). Studies reported that
the chemical nature and porosity of the support play a crucial role the
intrinsic selectivity in the FT' reactions, i.e. explaining different selectivities
ratter as differences in the intrinsic chain growth probability than in
differences in diffusional effects®.

It is considered that the support effect has an indirect influence on the
FT performance. In fact, the physicochemical characteristics of the support,
such as the porosity can strongly influence the particle size of the deposited
cobalt catalyst and its reducibility especially when the method of the cobalt
deposition is impregnation®. Even if the conventional supports ALOs, SiO»
and TiO; have performed satisfactorily as cobalt-FT catalysts, there is still
room for exploring the synthesis of new support materials with enhanced
properties. During the past few years, novel carriers such as nanoparticles,
ordered mesoporous supports, carbon nanotubes, silicon carbide and
zeolites with new chemical compositions have attracted considerable

attention for several applications®6 ¢,

3.7 Strong metal-support interaction

As mentioned before, active metals are dispersed on oxides in order to
increase their surface area, and consequently the number of active sites.
However, the interaction between the metal and support must be balanced
to achieve a highly active metal dispersion but not too strong metal-support
interaction. A strong metal-support interaction may result in the formation
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of mixed oxides between the support and the active metal® . These
undesired species are reduced at temperatures higher than 500 °C, which
causes severe sintering of the catalysts that thereafter are considered
irreducible or inactive for FT processing. Therefore, the catalyst support can

play a major role in the catalyst’s behaviour?. 7.
Four major effects of metal-support interactions have been identified:

1. Electronic and geometric modification properties of the metal
surface by support-derived species deposited on the metal during
preparation or during reaction. These modifications may promote or inhibit
new catalytic sites. The electronic properties of metal atoms can be modified
through a localized charge transfer at the promoter-metal interface.

2. The motphology, electronic and adsorption properties of small
metal clusters (<2nm diameter) can change by contact with the support.

3. Inhibition by unreduced metal oxide or metal-support species
located near or at metal crystallite surfaces.

4. New reaction pathways catalysed by acid sites in the support.

In summary, very strong metal-support interactions in Co-based
Fischer-Tropsch catalysts promote inactive mixed metal oxides, lower the
metal activity, and the support may become decorated by metal crystals.

It has been stated that if the Co metal dispersion is lower than 15%
then contamination by the support can be avoided and a high extent of
reduction (or reducibility, ability to reduce CoOx) can be maintained, about
70-80%. Therefore, the support is central to the productivity of the catalyst
in the Fischer-Tropsch synthesisé2 63,

3.8 New materials as Fischer-Tropsch catalyst supports

In previous sections, the most common cobalt catalysts were
summarized. However, researchers are still developing new methods for
synthesis and pre-treatment in order to have a designed material with
enhanced properties. During the last decade, novel supports such as ordered
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mesoporous oxides, carbon nanotubes, silicon carbide and zeolites have
attracted considerable attention.

Comprehensive summaries in this area can be found in Paper I and
other publications?> 27. 2% 31, 3%, 46_ In this thesis, nanoparticles and ordered

mesoporous material structures will have our attention.

3.8.1 Nanoparticle oxides as supports

The use of nanoparticle oxides as supports for cobalt catalysts used in
Fischer-Tropsch synthesis is a relatively new topic and any published paper
was found. The nanoparticles prepared and considered in this study have
diameters of less than 10 nm and are interesting due to their high surface
area per unit mass. In addition, the novel incorporation of highly dispersed
promoters ie. Ce or Zr in Al;O3; makes the material very attractive. Since
the nanoparticles are very small it is very probable that they have a high
density of edge and corner sites with low coordination on which the
interactions with the active metal can increase. To avoid formation of
inactive mixed cobalt oxides a promoter can be added in order to stabilize
the support oxide. In addition, it is thought that the nanoparticle oxides will
maintain a high surface area while a promoter is added. Following this
introduction, our main goal is to investigate the effects of the nanoparticle
oxide support without and with a promoter on cobalt catalysts and compare
the activity and selectivity of the nanoparticle-supported catalysts to cobalt
catalysts with more conventional supports.

3.8.2 Mesoporous materials in Fischer=Tropsch synthesis

Otrdered mesoporous materials have rapidly developed since 1990 due
to their tuneable, large and uniform pore size (1.5 — 50 nm), and large
surface area. In the past decades, the methods and techniques of synthesis
have been explored. As a consequence, novel mesoporous materials (mostly
silica) are emerging together with novel applications in various fields, where
the study is particularly based on the relationship between synthesis,
structure and application.
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Ordered Mesoporous Silica (OMS) has unique properties such as
highly ordered pore structures, high specific surface area, as well as tuneable
pore size and volume. OMS is of great interest, when used as catalyst
support in reactions involving bulky molecules. Its morphology avoids
agglomeration of the supported catalyst particles, which results in higher
dispersion of the final catalyst’” 7. 72, In the Fischer-Tropsch reaction,
several mesoporous silicas have been used for cobalt catalyst preparation,
the reported results showed that small pores might accumulate the water
product from FTS and could oxidize the small metallic cobalt particles (<2
nm)%3 7377 Concerning this topic, numerous studies have been performed
on the pore size effect of the support on the cobalt catalyst. The reported
results claim that wide pore supports are favourable for FT productivity
and higher selectivity to hydrocarbons with more than five carbon atoms
(Scs+) in the hydrocarbon chain 71, 78-82,

The pore size of the support will govern the Co3O4 particle size. If the
support has narrow pores, the deposited cobalt might result in very small
particles and their reducibility might be harder and thus it is reflected on the
catalytic performance. In contrast, large particles are formed in wider pores
80, It has also been reported that the selectivity to methane increases when
the pore size is small due to mass transport phenomena. The cobalt oxide
phases capable of catalysing water—gas shift reaction (increasing the H,/CO
ratio); and CO diffusion limitation in the catalyst pores results in an increase
of the H,/CO ratio with and increased fraction of methane as a result. Pore
length might also affect the FT performance. Long pores can lead not only
to high CO and H» concentration gradients inside the catalyst particle, but
also to an increase in the Hz/CO ratio, which results in a higher selectivity
to short-chain hydrocarbons. However, internal mass transfer limitations
can be present when using new materials with significantly superior activity
or when using catalysts with considerably higher selectivity to wax
production, which could result in lower diffusion rates. Mesostructured
materials based on silica have been synthesized in order to facilitate the
diffusion of reactants and products. However, these structures can result in
large pore lengths, as in the case of MCM-41 and SBA-15, even when using
catalyst pellet sizes which are not expected to present mass-transfer
restrictions®.
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Synthests of ordered mesoporous silicas

Ordered Mesoporous Silica (OMS) are synthesized with surfactant-
template agents to form different structure arrays. The most studied
structures are MCM-41 (Mobil composition matter No 41), SBA-15 (Santa
Barbara Amorphous type material) and MCM-48 (Mobil composition
matter No 48) characterized by their structure: 1-Dimensional (1D) (parallel
channels, accessible in one direction), 2-Dimensional (2D) array (parallel
and perpendicular channels interconnected between themselves),
3-Dimensional (3D) cubic array (interconnected pores) (see Figure 3.2)72 83,
The constant research on increasing the pore size of biodegradable silica due
to new application in nanomedice research such as protein or drug delivery,
allowed to expand the pores of MCM-41 and SBA-15 silicas by a micelle
expander agent®*. This subject will be discuss in more detail in chapter 8.
Furthermore, new researchers found a different kind of silica called
Mesoporous cellular silica foams (MCFs)$. This type of silica have a
different 3D structure pores than MCM-48. It is formed by uniformly large
spherical cell pores interconnected with uniform small window pores (see
Figure 3.3). The average pore size of MCF can be adjusted in the range of
5-50 nm, and the specific surface area of MCF could reach 1000 m2/g. The
characteristic of this material is the more open porous networks compared
with other conventional porous supports. Recently, MCFs have been used
as suppotts in catalysis and it was found that these catalysts exhibited high

performance in several catalytic reactionss57.
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1D pore channel | 2D pore channel 3D pore channel
i.e. MCM-41 i.e. SBA-15 i.e. MCM-48

Figure 3.3: Schematic representation of silicas with 1D, 2D and 3D pore
channel structures (adapted from?s. 88).

The OMS is formed by a silicon oxide network through
polycondensation reactions of a molecular precursor in liquid media; this is
the conventional sol-gel synthesis method. Alkoxides are ideal chemical
precursors for sol-gel synthesis because they react readily with water (see
Figure 3.4). The reaction is called hydrolysis, because a hydroxyl ion
becomes attached to the silicon atom. Depending on the amount of water
and catalyst present, hydrolysis may proceed to completion to silica.
Complete hydrolysis often requites an excess of water and/or the use of a
hydrolysis catalyst such as acetic acid or hydrochloric acid. Intermediate
species including may result as products of partial hydrolysis reactions. Farly
intermediates result from two partially hydrolysed monomers linked via a
siloxane [Si—O-Si] bond. Thus, polymerization is associated with the
formation of a 1-, 2-, or 3-dimensional network of siloxane [Si—O-Si] bonds
accompanied by the production of H-O-H and R-O-H species.
Condensation liberates water or alcohol. This type of reaction can continue
to build larger and larger silicon-containing molecules by the process of
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polymerization (see Figure 3.3). However, a modified version of this
technique is the atrane route method developed by Cabrera et al. 8% 90

Step 1: hydrolysis

(l)R ?R
RO—S.;»i—OR + H,0 =—= RO—SIi—OH + R-OH
OR OR

Step 2: condensation
a) water condensation

(I)R (l)R (I)R (I)R
RO—SIi—OH 75 OH—SIi—OR -_— RO—SI~i—O—SIi—OR b H,0
OR OR OR OR

b) alcohol condensation

?R ?R CI)R Cl)R
RO—SIi—OH t RO—'SIi—OR -_— RO—SIi—O—Sli—OR + R-OH
OR OR OR OR

where R is an alkyl chain. For TEOS, R = -CH,CHj;

Figure 3.4: Sol-gel reactions
The atrane route

This method is based on the use of a simple structural directing agent,
Le., cetyltrimethylammonium bromide (CTAB) and a complexing
polyalcohol triethanolamine (TEAH;). This TEAH; forms chelated
complexes called atranes, i.e., complexes which include triethanolamine-like
ligand species (Figure 3.5) with a wide variety of metals (M). The atrane
complex is less reactive than a normal organometallic precursor in aqueous
solution. Therefore, the hydrolysis and condensation reaction rate of the
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inorganic components is slowed down when a metal-atrane complex is
used®??l. The advantage of synthetizing OMS by this method is that the
product results in a more homogeneous ordered material than conventional
sol-gel method. In addition, the best advantage was found when mixed

ordered mesoporous oxides are desired”.
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Figure 3.5 Silatrane oligomer molecular structures: a) Triethylortosilicate
precursor (TEOS), b) Triethanolamine TEAH; complexing agent c)
monomers [Si(TEA),H|, d) dimer [Si2(TEA);H], ¢) trimer [Sis(TEA)4]. For
a better understanding of the structures, the hydrogen atoms were

eliminated.

As shown previously, the use of mesoporous materials for cobalt
catalyst supports have been more studied than nanoparticles, when applied
in FTS. However, there is still room for more research on this topic. Based
on the studies reported previously, it was found that the pore size of the
support is important not only for the cobalt particle size but also for the
diffusion limitation on the reactants and products. Herein, it seems very

interesting to synthesize silicas with 3D structure by the atrane route.
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Part II: Experimental
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Chapter 4

Support and catalyst preparation (Papers 1I-V)

4.1 Support synthesis

This section is divided into conventional and non-conventional
supports. The first one corresponds to a commercial alumina and its
corresponding promoted alumina. The second one refers to alumina

synthesized in the form of nanoparticles and ordered mesoporous silicas.

4.2 Conventional supports

A commercial gamma alumina Y-ALOj; (Versal alumina 250) was dried
for 5h at 80 °C and calcined at 550 °C at a heating rate of 10 °C/min for 6
h in air. This was the support for preparing the Co/AlOs catalyst. The same
alumina was used to prepare the promoted supports. Ce-AlO3(IM) and Zt-
ALOs;(IM) were prepared by incipient wetness impregnation with
Ce(NO3)4*6 H,O and ZrO(NOs3), aqueous solutions, respectively, (molar
ratio Al:promoter = 8) added dropwise to the alumina. IM denotes the
impregnation method. The materials were dried at 80 °C for 5 h and
calcined at 550 °C.

4.3 Non-conventional supports

The non-conventional supports are referred to the synthesis of
alumina nanoparticles and ordered mesoporous silicas. The support was
modified by two kinds of promoters: one, structural promoter, which is
obtained by changing the pore structure of the support and two, chemical
promoter, obtained by the addition of Zr or Ce to the alumina or silica
support. In particular, concerning the structural promoter, the morphology
of the supports, i.e. Al O3 nanoparticles and ordered mesoporous SiOz (with
various pore size diameter) were investigated in order to evaluate their

influence on the final cobalt catalyst. Concerning the incorporation of
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chemical promoters, i.e. Ce and Zr, two methods of promoter incorporation
were evaluated: one, impregnation of the promoter on commercial alumina
and two, co-precipitation of promoter and the support precursor (Al- or Si-

precursor).

4.3.1 Nanoparticle supports Ce-Al,O3 and Zr-Al,0O3 synthesis

Two types of nanoparticles were prepared, one pure AlLLO3;(ME) and
the second one promoted alumina nanoparticles (Ce-ALO3;(ME) and Zt-
ALO3;(ME)). ME denotes the synthesis by microemulsion.

Aqueous phase: dropets
with metal precursors
(A=Ce, Ce-Al, or Zr-Al) Qil phase - Coprocipiatation
(Hexane) Collisions between
droplets

inside the droplets

ME1

Nucleation

Surfactant
(Brij©) Particle
growth

ME2

Product obtained as
nanoparticles

Aqueous phase with
the precipitaing agent
(B=NH,OH)

Figure 4.1: Main steps for the synthesis of nanoparticles co-precipitated in

water-in-oil microemulsion.

In order to synthesize these materials, two water-in-oil microemulsion
solutions (microemulsion 1 ME1 and microemulsion 2 ME2) (Table 4.1)
were mixed. ME1 contained the metal precursor(s) (Al, Zr and Al or Ce and
Al with a molar ratio Al : promoter = 8) while ME2 contained the
precipitating agent NH4OH. ME2 was added to ME1 dropwise under
continuous stirring at 30 °C until pH 9 was reached. The solution was kept
at constant conditions for 12 h to complete the reaction. The final solution
was destabilized with acetone and the solid product was separated by
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centrifugation and washed with acetone and water. The product was freeze-
dried in order to avoid particle agglomeration. Afterwards, the product was
calcined in air for 6 h at 550 °C (heating rate 10°C/min). The obtained
materials were labelled Zr-ALO3;(ME) and Ce-ALO3;(ME).

Table 4.1. Composition of the water-in-oil W/O microemulsion system.

C iti
ME Phase Compound(s) 0?3321) ton
Oil Hexane 65.7
Surfactant Brij© 26.4
(1 Molar
ME1 AlCl3-6H,O-
Aqueous  promoter nitrate
. . 7.9
solution molar ratio of
Promoter/Al =
1:8)
Oil Hexane 65.7
ME2 Surfactant Btij© 26.4
Aqueous
H4OH 38 wt’ 7.9
solution (NH. W)

4.3.2 Ordered mesoporous silicas

Synthesis of MCM-41 and pore-expanded MCM-41

The “Atrane Route” was used to prepare mesoporous silica
MCM-41%. This method uses cetyltrimethylammonium bromide (CTAB) as
a structural directing agent, tetracthyortosilicate (TEOS) as a metal
precursor, and 2,2'2"-nitriletriethanol (triethanolamine, TEAH;) as a
complexing polyalcohol which regulates the hydrolysis rates? 8% 9. The
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synthesis of PE-MCM-41 is developed in the same maner as MCM-41, with
the difference of adding triisopropylbenze as a surfactant micelle expander.
The main steps for the preparation of MCM-41 and PE-MCM-41 are shown
in Figure 4.2.

Tetraethyl orthosilicate - :
Triethanolamine

TEOS
( ) (TEA)
- NaOH
-130°C
SILATRANE
-60°C
- Surfactant CTAB TIPB
——— Added fOI‘
-H20 PE—MCM—41
- Aging

(48h at 20°C)
- Washing/filtration

- Calcination
(6h at 550°C)

MCM-41

Figure 4.2: Main steps for the preparation of MCM-41 and PE-MCM-41

via the “Atrane Route” Elaborated from references83 8% %,

The molar ratios were 4 TEA: 1 TEOS : 1 NaOH: 0.1 CTAB: 90 H,O and
0.05 TIPB for PE-MCM-41 silica.

Synthesis of SBA-15 and pore-expanded SBA-15 silicas

The SBA-15 was synthesized by dissolving the surfactant P123 (Mav =
5800, EO20-PO70-EO20) in 2 M HCI solution. A homogeneous solution
was obtained after stirring at 40 °C for 3 h. Afterwards, the silatrane
complex (similar to the one used previously for MCM 41 synthesis), was
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added to the solution under vigorous stirring and kept for 12 h at the same
conditions. The final product was kept aging for 24 h at room temperature.
The pore-expanded SBA-15 (PE-SBA-15) was prepared in the same way as
the SBA-15 with the single exception that the swelling agent
1,3,5-trimethylbenzene (TMB) was added to the synthesis solution prior to
the addition of the silatrane complex. TMB works as a micelle expander.
The final solution was aged at 70 °C for 24 h. The employed molar ratios
were: 0.017 P123: 0.0054 TMB: 4.35 HCI: 183 H,O: 1 TEOS.

In all the cases, the precipitated solid was separated from the liquid
waste by filtration and washed repeatedly with water and ethanol. The
materials were dried for 12 h at 70 °C and the organic compounds were
removed from the solid by calcination (5 h at 120 °C, then 3 h at 350 °C and
5 h at 550 °C) with a temperature ramp of 5 °C/min in air.

Synthesis of MCF and Zr-MCF silica synthesized by the atrane route

First, the atrane complexes were prepared as follows: TEOS (tetraethyl
orthosilicate Si(OCyHs)4) was added to TEAHj; (triethanolamine, N(CHx—
CH>-OH)3) and heated at 140 °C for 20 min under stirring in order to form
silatrane complexes (Zr was also added from Zirconium(IV) tert-butoxide
98 % when required).

The MCF silica was prepared in the same way as SBA-15 with the
difference that prior to the addition of the metal-atrane complex the
swelling agent 1,3,5-trimethylbenzene (TMB) was added to the synthesis
solution as a micelle expander %2 In order to expand the window pore
diameter, NH4F was added when requiered. The final solution was kept at
70 °C for 24 h without agitation.

The employed molar ratios of the reactants in the synthesis were:
0.017P123: 0.0054TMB: 4.35HCI: 0.029NH,F: 183H,O: 1 TEOS. The

molar ratio when Zr and Si were used was Si/Zr=8.
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In all the cases, the precipitated solid was separated from the liquid
waste by filtration and washed repeatedly with water and ethanol. The
material was dried for 12 h at 70 °C and the organic compounds were
removed from the solid through calcination (5 h at 120 °C, then 3 h at 350
°Cand 5 h at 550 °C).

4.4 Catalyst preparation

All the described materials were used as supports for preparation of cobalt
catalysts. An aqueous solution of Co(NO3)26H2O was impregnated on the
supports by the incipient wetness method. After impregnation, the catalysts
were dried at 120 °C for 6 h and then calcined at 350°C for 10 h. The total
metal loading was 12 wt.% Co.
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Chapter 5

Catalyst characterization
5.1 N, physisorption

N2 physisorption analyses were carried out using a Micromeritics
ASAP 2000 instrument and the Brunauer-Emmett-Teller (BET) method
was used to calculate the surface areas. The Barrett-Joyner-Halenda (BJH)
method was used to calculate the pore size and pore volume from the
desorption isotherm.

5.2. X-ray Diffraction (XRD)

X-ray diffraction (XRD) of the fresh samples was performed on a
Siemens D5000 X-ray diffractometer with Cu Ko radiation (40 kV, 30 mA).
The measurements were recorded from 10° to 90° in the 20 range using a
step size of 0.020° and a step time of 12 s for all the samples. The phases
were identified by Eva software (version 13.0.0.2, 2007). Crystallite sizes of
Co304 and CeO; were calculated by using the Scherrer equation and by
assuming spherical particles 3. The Co® crystallite size was estimated from
Co304 using the formula d(Co®) = 0.75 * d(Co304) 9.

5.3 H, chemisorption

H> chemisorption was carried out on a Micromeritics ASAP 2020
instrument. Prior to the analysis, the catalyst sample was reduced with
hydrogen. Repeated analyses were made in order to discriminate between
the amounts of hydrogen adsorbed via physisorption and chemisorption.
The cobalt dispersion (D, %) and the cobalt crystallite size (d(Co"), nm), was
calculated by static hydrogen chemisorption on the reduced catalysts. The
measurements were performed on a Micromeritics ASAP 2020 unit at 35
°C, after reducing about 0.15 g of the fresh catalysts using the same
conditions as in TPR analysis (H, flow at 350 °C (heating rate: 1 °C/min)
for 16 h).
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5.4 Transmission and scanning electron microscopy (TEM)

Transmission electron microscopy (TEM) analysis was performed
using a Philips CM300UT-FEG electron microscope with a point resolution
of 0.17 nm, information limit of 0.1 nm, which was operated at 200 kV, in
which images were acquired with a TVIPS CCD camera. The samples were
prepared by immersing a Quantifoil R copper microgrid in fresh catalyst
dispersed in ethanol. The morphology of the supports and final catalysts
were studied by high resolution-scanning electron microscopy (HR-SEM)
using an XHR-SEM Magellan 400 instrument supplied by the FEI
Company. The samples were investigated using a low accelerating voltage
and no conductive coating.

5.5 Temperature programmed reduction (TPR)

The reducibility of the catalysts was investigated by hydrogen
temperature-programmed reduction (TPR) . The calcined catalysts (0.15 g)
were studied in a Micromeritics Autochem 2910 flowing 5 vol% Hs in Ar in
a range of temperatures from 30 °C to 930 °C (heating rate: 10 °C/min).
The H: consumption was monitored during the experiment by the
difference in thermal conductivity between the inlet and outlet gases. The
degree of reduction (DOR, %) was calculated using H> TPR of the in situ
reduced catalysts. Fresh catalyst, 0.15 g, was reduced at 350 °C (1 °C /min)
for 16 h in flowing Ho, then flushed with helium for 30 min. Afterwards, the
helium was changed to 5 vol % Hs in Ar and the temperature was increased
from 350 to 930 °C (10 °C /min) and the H, consumption was monitored.
The TCD was calibrated with AgyO as standard. The DOR was calculated
assuming that unreduced cobalt after the reduction pre-treatment was in the
form of Co?* according to:

ATCD X f

DOR =1 =< = awco

where Arcp is the integration of the TCD signal, normalized per mass
catalyst; AWc, is the atomic weight of Co (58.9 g/mol), f is a calibration
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factor correlating the area of the TCD signal and the H> consumed; Xc, is
the cobalt loading (12% Co).

The Col particle size was calculated using the formula (Co’) =
(96/D)*DOR.
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Chapter 6

6. Fischer-Tropsch experiments

In this chapter, the equipment and procedures used in the high-
pressure catalytic tests are presented (Papers 1I-1V).

6.1 Set-up and experimental procedure

The FT synthesis was carried out in a down-flow stainless-steel fixed-
bed reactor (i.d. 9 mm). The reactor tube was heated by a furnace, regulated
by a cascade temperature controller with one sliding thermocouple in the
catalyst bed and another one placed in the furnace. This system, together
with an aluminum jacket placed outside the reactor, allowed for an even
temperature profile along the catalyst bed (£1 °C). The gases wete putified
from residual contaminants that could poison the catalysts by means of
traps upstream the reactor. The reaction products were separated by means
of two consecutive traps. The heavy hydrocarbons and most of the water
were condensed in the first one kept at 393 K, while lighter HCs were
collected in the second one at room temperature. The product gases leaving
the traps were depressurized and analysed on-line by means of a gas
chromatograph (GC) Agilent 6890. A detailed description of the
experimental rig is given in Figure 6.1. Usually a catalyst loading between
0.7-2 g (pellet size: 53-90 um) diluted with SiC (average pellet size: 75 pm)
was used. The weight ratio between the catalyst and the SiC was 1:5.
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Figure 6.1: Simplified scheme of the Fischer-Tropsch reactor

The reference case process conditions were: T=483 K, pressure
syngas=20 bar, H,/CO=2.1. Prior to catalytic testing, the reactor was
pressurized with He and tested for leaks. Subsequently, the system was
depressurized to atmospheric pressure and the catalyst was reduced. After
reduction, the catalyst was cooled to 453 K and the gas lines were flushed
with He for 30 minutes. Then the system was pressurized to 20 bar (or 30
bar, in some cases) in He flow. When the system pressure was stabilized, the
flow was switched to the reactant mixture. The syngas contained 3 mol% N
as internal standard. Subsequently, the temperature was slowly increased to
483 K (0.15 K/min). In the experimental campaigns of Papers 11-V, a first
petiod at higher gas houtly space velocity (GHSV= 2,000-6,000 Ncm3/g
Coca, h) was held for 24 h followed by a second period where the space
velocity was lowered to reach a higher CO conversion (30£3%, for Papers

11-V).
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6.2 Product analysis and data treatment

The heavy hydrocarbons and most of the water were condensed in two
traps kept at 120 °C and room temperature, respectively. The product gases
leaving the traps were depressurized and analysed on-line with a gas
chromatograph (GC), Agilent 6890, equipped with a thermal conductivity
detector (TCD) and a flame ionization detector (FID). Ha, N2, CO, CHa,
and CO; were separated by a Carbosieve II packed column and analysed on
the TCD. The percentage of CO conversion was calculated by:

CO;, — CO
COconv(mol%) = mTout x 100
in

Ci—Cs products were separated by an alumina-plot column and
quantified on the FID detector, from which it was possible to determine the
Cs+ selectivity (Scs+). The COo-free Scs+ (i.e., Scs+ if excluding CO; from the

C-atom balance) is defined as follows®7- %8:

Scs+=100—(Sc1+Sca+Sc3+Scq)coz free
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Part III: Results and discussions
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Chapter 7

Co/Al,O; catalysts promoted with Ce and Zr for
Fischer-Tropsch synthesis (Papers Il and lll)

This chapter summarizes the results from papers Il and I1I. Some of
the results presented have not been published, but are discussed here in
order to give a general context of the study. The effect of zirconium and
cetium promotion on the petformance of the Co/AlLO; catalyst was
evaluated in the Fischer-Tropsch synthesis (FTS). The cobalt supports:
ALOs, Ce-AbOs and Zr-AlO; were prepared by two different methods:
precipitation of the metal precursor(s) in water-in-oil microemulsion
(denoted by ME) and aqueous impregnation of the promoters on
commercial alumina (denoted by IM), as explained in chapter 4. The focus
of this study was on the support effect on the physicochemical and catalytic
properties of the final cobalt catalyst. The cobalt supports variations were:

e Commercial alumina with structural porosity vs. synthetized alumina
nanoparticles with textural porosity.

e Cerium vs. zirconium promoter on alumina.

e Method of promoter incorporation (impregnation vs. co-
precipitation)

These supports were impregnated with cobalt, calcined and activated in
hydrogen to be tested in Fischer-Tropsch synthesis at close to industrial

conditions, as explained in chapters 4 and 6.

7.1 Microemulsion vs. impregnation method

In general, the most common method for incorporating promoters on
a catalyst support is by impregnation of the aqueous metal promoter on the
support. However, this method favours a heterogeneous deposition of the
promoter and too little study of the dispersion effect on the cobalt catalyst
has been reported. The synthesis of promoted alumina by the
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microemulsion method has not been investigated before. Thus it seems
attractive to explore its development and application. This method is
attractive for the synthesis of nanoparticles with more than one component,
in our case, the synthesis of bimetallic oxides such as Ce-Al and Zr-Al
oxides. The advantage is that the water droplets in the microemulsion work
as nanoreactors where the formation of new materials can take place. In this
way, the formation of homogeneously mixed oxide particles in the nano-size
range can be produced. The advantages of using nanoparticles and
promoters for cobalt catalysts have been discussed previously.

7.2 Synthesis of Al,Os, Zr-Al,0; and Ce-Al,O; by water-in-oil
microemulsion method

As was explained before, a microemulsion is a system composed of
watet, oil and surfactant. In order to use it as a confined reactor for the
synthesis of materials, it needs to be stable, before, during and after the
reaction. Therefore, the proper concentration of the salts, system
composition (water, oil and surfactant) and temperature need to be
investigated. A stable microemulsion was found at 30 °C with specific
water/Brtij©/hexane weight ratio of 7.9/26.4/65.7 (see Table 4.1). The
material synthesized by this method is formed by collision and coalescence
of water droplets from ME1 (containing the reactant salts) and ME2
(containing the precipitating agent) (see Figure 4.1). In the case of the
promoted alumina, the chemical reaction produces oxo-hydroxo metal
complexes of the promoter and aluminium. The concentration of these
complexes reaches a critical supersaturation which favors the nucleation and
formation of very small particles inside the water droplets. These particles
will grow by monomer addition of oxo-hydroxo complexes and
coalescence.”

The main interest of synthesizing these materials by the ME method
was to have a good dispersion of the promoter into the alumina support.
Since the co-precipitation of the two metals is simultaneous, the purpose is
achieved and additionally the particles grow uniformly.
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The synthesized materials were compared with commercial alumina
Versal 250 impregnated with Ce and Zr promoters. The differences in the
physicochemical characteristics from these materials are explained in the
following sections.

7.3 Characterization of the nanoparticle supports

Qualitatively, the materials prepared by the microemulsion (ME) have
more homogeneous morphology and particle sizes than the corresponding
impregnated samples as can be seen in Figures 7.1 and 7.2. The nature of
the preparation route can be responsible for this difference. In the case of
the impregnated supports, i.e. Zr-AlLO3(IM) and Ce-Al,O3;(IM), particles of
several sizes are agglomerated and form pellets of different sizes. However,
neither impregnation nor ME supports show any visible changes in the
SEM pictures after cobalt impregnation.
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a) Zr-AL,04(ME) ¢ Zr-éliés(lM)
¢

it

Figure 7.1: SEM pictures for a) Ztr-ALO3(ME), b) Co/Zt-ALOs;(ME),
¢) Zt-ALO3;(IM), d) Co/Zr-AlLOs(IM).
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Figure 7.2: SEM pictures for a) Ce-ALO3(IM), b) Ce-ALO3(ME),
) Co/Ce-AlLO3(IM) and d) Co/Ce-ALO3(ME).

TEM pictures of Co/ALOs(IM) and Ce-AlLO3(ME)550 are shown in
Figure 7.3. These pictures exemplify the different morphologies of the
commercial alumina and of the ME materials. The commercial alumina
appears to be composed of needle-like alumina crystallites in random
directions (see Figure 7.3a), while the ME material shows a more repetitive
pattern of agglomerated nanoparticles (see Figure 7.3b). The average
nanoparticle size of the ME material is around 4-7 nm, while that of the
commercial alumina is around 3 nm according to the manufacturer.

51



Figures 7.4 and 7.5 show the results from X-ray diffraction technique

and leads to the following conclusions:

First of all, Y-ALOj3 starts to be form at 550 °C by the ME method.
These data are interesting since the gamma alumina structure is normally
formed at temperatures between 720 °C and 1050 °C. Second, the
promoters in the Zr-ALO3;(ME) and Ce-AlLO3(ME) materials are very well
dispersed since no peaks corresponding to CeO» and ZrO; are present when
the materials are calcined at 550 °C. Furthermore, the promoters seemingly
hinder the formation of crystalline Y-AlLOj;, possibly by forming
amorphous mixed oxides. Third, when the ME material Ce-ALO3;(ME) is
calcined at 800 °C, crystalline CeOy is formed. This result is very interesting
since the ME method permits particle growth control of the promoter with
an easily adjustable parameter such as the temperature. Fourth, crystalline
CeOs is present in the Ce-promoted IM material, while a less crystalline
metastable ZrO; is formed in the Zr-promoted counterpart. Fifth,
crystalline Co3O4 is formed in all of the samples except for in
Co/ALO3(ME). The crystallite sizes of Co3O4 depend on the nature of the
support, which will be discussed later on. Possibly, the introduction of
promoters in the ME materials decreases the cobalt-support interaction,
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prevents the formation of cobalt aluminate and, hence, brings about the
formation of Co30..
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Figure 7.4: X-ray diffractograms for the impregnated and co-precipitated
supports a) Y—Ale3, b) Zr—AhOg(IM), C) CC—A1203(H\/D, d) A1203(ME),
e) Zr-AlLO3(ME), ) Ce-ALO3;(ME)550, and g) Ce-ALO3;(ME)800.
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Figure 7.5: X-ray diffractograms for the cobalt catalysts.
a) Co/Y-ALO3;(IM), b)Co/Zt-ALOsIM), c¢) Co/Ce-ALOs(IM), d)
Co/ALOs(ME), e) Co/Zt ALO3(ME), f) Co/Ce-ALO3;(ME)550, and g)
Co/Ce-AlO3 (ME)800.
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Figure 7.6: EDX clemental mapping for Co/Ce-AlLOs;(IM) and
Co/Ce-AlO3(ME)550 samples (a) bright field image; (b) Ce mapping;
(c) Co mapping.

The EDX spectra for Al and Ce or Zr show an Al/Ce/Co atomic ratio
similar to the initial values of Al/Ce and Al/”Zr close to 8. Furthermore, the
distribution of the promoters on AlLOj; analysed by EDX elemental
mapping in Figure 7.6 is heterogeneous for the impregnated material and
very homogeneous for the microemulsion materials. The mapping for Zr
and Ce look similar, thus just Ce is taken as an example. Cerium seems to
form large islands rich in CeO; in the Co/Ce-AlLO3(IM) which is expected,
due to the used preparation method. On the other hand, the microemulsion
method disperses the cerium promoter very well. This is the reason why it
was not detected by XRD when the material was calcined at 550 °C.

The Nz physisorption results are presented in Table 7.1. The most
obvious difference between the samples prepared from commercial alumina
and the ME materials are the significantly smaller pore diameters and lower
pore volumes of the latter. This, together with the TEM picture (Figure
7.3b), suggests that in the ME samples, the primary oxide nanoparticles are

54



tightly packed together into larger aggregates, and the porosity is probably
caused by the interstices between these aggregates (textural porosity).
According to the manufacturer, the commercial alumina consists of 3 nm
crystallites fused together to a secondary porous structure (structural
porosity). The incorporation of a promoter on commercial alumina (by
impregnation) leads to a decrease in BET surface area and pore volume
(Table 7.1), due to partial pore blockage with metal oxides inside the small
pores!®. 101 while the BET and pore volumes are rather increased in the ME
materials. For all supports, incorporation of Co reduces the BET and pore

volume.
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Figure 7.7: H, TPR profiles of the cobalt catalysts calcined at 350 °C for
10 h) a) supports prepared by impregnation and b) supports prepared by

microemulsion.
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A comparison of the reduction temperature profiles for the final
catalysts is shown in Figure 7.7. It is generally accepted that CosOy is
reduced in two steps: the first one (CosO4 + Hz — 3CoO + H,O)
corresponds to the peak near 300°C, which is not affected by external
factors such as morphology, Co3O4 particle size and surface area of the
catalyst!?2, The second step at temperatures higher than ~400 °C (3CoO +
3H, — 3Co" + 3HO) is more sensitive to the support, particle size,
particle-support interaction, reductant flow (rate and composition) and
heating rate'03 104, It may extend up to around 800 °C for small CoO
particles strongly interacting with the support, e.g. when using traditional Y-
ALOj; supports!®3 104, However, hydrogen uptake above 500 - 600 °C may
also be attributed to the presence of Co?* ions in crystallites with a probable
stoichiometry of Co3AlOs (Co304-AlO3) or non-stoichiometric spinel
structures like CoO-ALO:s or spinel structure CoAl,Oy4 105107,

The main conclusions derived from Figure 7.7 are:

e The IM catalysts have reduction profiles typical of Co-based
catalysts with conventional supports!'®® 104 where the hydrogen
uptakes marked with I and II represent the two-step reduction of
C0304.

e The addition of promoters by the impregnation method to the
commercial alumina decreases the reduction temperature of the
first step by more than 50 °C. This is believed to be caused by a
spill-over effect!08, 109,

e This is not observed with the ME catalysts calcined at 550 °C, and
it is therefore speculated that crystalline phases of CeO, and
metastable ZrO; are responsible for the effect.

e Also, in the IM catalysts the promoters shift the second step to
lower temperatures. This is attributed to the promoter being
mostly deposited on the alumina surface. In this way, cobalt has
limited interaction with alumina which led to the formation of

larger Co3Oy4 crystallites as shown by XRD measurements (Table
7.2).

58



It appears as if the first reduction step (Co3Os = CoO) in the ME
materials takes place at somewhat higher temperatures than in the
IM counterparts. Also, the hydrogen uptake above 600 °C is
significantly higher in the former. The lower reducibility of the ME
catalysts is attributed to the support nanoparticles being
amorphous and the diffusion of cobalt ions into amorphous
structures being higher.

An alternative interpretation of the TPR profiles of the ME
catalysts is that both step 1 and 2 of Co304 reduction are
completed by 500 °C. In fact, two distinct peaks are visible in this
temperature range for the Ce-promoted materials. This
interpretation implies that the complete hydrogen uptake up to 500
°C is due to reduction of Co3O4 to Co, while the hydrogen uptake
above 500 °C is due to reduction of cobalt-suppott species present
in the calcined catalyst. The relative ease of reduction of Co3O4 to
Col is explained by large CosO4 particles on the external surface of
the support “pellets” as seen in Figure 7.8 (see also Table 7.2,
discussed below), while the low overall reducibility (see DOR in
Table 7.2) is explained by a large amount of the cobalt in the
calcined catalysts being present in compounds others than CosO4
(e.g. cobalt aluminates inside the “pellets”).

The presence of crystalline CeO, micro-domains seems more
important than high cerium dispersion for avoiding the formation
of cobalt-aluminate species in ME materials. This is seen from the
significantly larger hydrogen uptake at temperatures below 500 °C
for the Co/Ce-ALO3;(ME)800 compared with the Co/Ce-
AlLO3(ME)550. Furthermore, the first peak is shifted to lower
temperatures when crystalline CeO, is present, possibly due to a
spill-over effect!®.
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Figure 7.8: TEM pictutes for a) Co/Ce-ALO3(ME)550, b) reduced and
passivated Co/Ce-AlO3(ME)550.

Table 7.2 Physicochemical characteristics of the cobalt catalysts.

XRD Chemisorption TPR
Catalyst Particle . .
i Particle Particle Metal
size
size Co® size Co? Dispersion DORe
CosO4mpp  (am) %Dd
(nm)e ’
Co/Zt-ALO3(ME) 11.3 8.5 14 0.8 11
Co/Ce-ALO3500(ME) 16.2 12 32 0.3 10
Co/Ce-ALO3800(ME) 233 17.5 33 1.0 34
Co/ALOs(IM) 9.9 7.4 10 3.2 33
Co/Zt-ALOs(IM) 113 8.5 12 3.8 47
Co/Ce-AlO3 (IM) 24 18 25 2.3 59

2 Co30y4 particle size calculated by the Scherrer equation from the X-ray
data. » According to: d(Co%)= 0.75:d(Co3O4). < Calculated from
chemisorption and DOR data after reduction at 350 °C for 16h in Hp

according to: d(Co%)py= %6 * DOR. 4 Metal dispersion, after reduction at 350
°C for 16h in Hz. ¢ DOR from TPR of reduced catalysts.
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The estimated degrees of reduction (DOR) and cobalt dispersion after
16 h at 350 °C in pure Ha flow are presented in Table 7.2. The catalysts
using the impregnated promoter presented the highest DOR (59% for
Co/Ce-ALO3(IM) and 47% for Co/Zt-ALO;(IM)) which was expected
since the TPR profiles pointed out that the presence of promoters decreased
the Co30O4 reduction temperatures. The ME catalysts presented the lowest
DOR results supported by the TPR results. These results were improved
when the CeO, patticle size increased as is the case of Co/Ce-
AO3;(ME)800. The dispersion of Co® calculated from H, chemisorption in
Table 7.2 is very low for all three ME catalysts due to low DOR and
relatively large average cobalt particle size compared to the IM counterparts.
The large cobalt particles should logically be located at the external surface
of the “pellets” made up of lumped-together support nanoparticle-
aggregates, as the pores are very small (4 nm). This preferential deposition
of cobalt on the external surface might be the result of an excess amount of
aqueous cobalt salt solution used during impregnation. This was necessary
since the pore volumes of the supports were smaller than what was required

for dissolution of the cobalt precursor.

7.4 Catalytic activity in the Fischer-Tropsch reaction

The Co/ALO3;(ME) catalyst results have been excluded from the
reported data due to very poor activity and selectivity. These poor results are
believed to be due to the absence of Co3Oy4 in the calcined catalyst and,
hence, to the absence of Co® in the reduced catalyst. The CO conversion,
selectivity to methane (Schs), selectivity to hydrocarbons with five or more
carbon atoms (Scs+) and selectivity to carbon dioxide (Scoz) for the
remaining investigated cobalt catalysts are presented in Table 7.3. The
catalytic experiments involved two periods. First, the catalysts were tested at
a gas houtly space velocity (GHSV) of 6000 cm3/h,g catalyst in order to
compare the CO conversion between all the catalysts. The second petiod
the GHSV was adjusted in order to reach 30 4% CO conversion.
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Table 7.3 Conversion levels and selectivity data for the various catalysts

GHSV Catalvsts Xco Scha Sacs+ Scoz
cm3/h,g 4 ) (%) (%) (%)
6000 Co/ ALOSIM) 54 122 763 1.4
(0] k
1500 2 273 86 83.5 1.0
6000 Co/CeALOLIM) 217 104 80.0 0.7
(] c-
4900 e 291 87 84.6 0.4
6000 Co/ e ALO 12 10 81 1.0
r_
2350 © 2051 31 7.6 86.0 0.4
6000 23 181 623 2.2
Co/Ce-ALO; (ME)550
1000 280 136 744 18
6000 65 111 736 12
Co/Ce-ALO; (ME)800
1800 285 92 85.2 0.8
6000 40 200 610 3.0
Co/Zt-ALOA(ME)
1000 27, 17 67 1.0

aSelectivities are CO2_free

The CO conversions at 6000 GHSV decrease in the following order:
CO/CG—AIzO3(H\/D > CO/ZI—A1203<IM) > CO/CC—A1203(ME>800 >
Co/ALOs(IM) > Co/Zt-ALOs;(ME) > Co/Ce-ALO3(ME)550. From these
data the following conclusions can be derived:

e Promoted catalysts prepared by impregnation of the promoter, show
a better catalytic performance than the unpromoted Co/AlLOs(IM)
catalyst. This behaviour is mainly related to the enhanced DOR,
possibly due to the surface deposition of the promoters resulting in
crystalline (or metastable) promoter oxides enabling spill-over of
hydrogen.

e The catalysts that used supports prepared by microemulsion have
the lowest CO conversion. This is mainly related to the lower DOR
as a result of higher cobalt-support interaction and of the lack of
crystalline phases of promoter oxides. However, the presence of
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promoters improved the FT performance of the ME catalysts, as the
Co/ALO;(ME) was completely inactive.

e The increase of crystalline micro-domains of CeO: in
Co/Ce-ALO3(ME)800 increased the CO conversion of the catalyst.
This result is attributed to the improved DOR as a result of
stabilization of the alumina matrix by calcining at higher
temperature, ie. 800 °C, which results in less cobalt-aluminate

formation, and of the improved spill-over effect.

The selectivity of the main products from the FT reaction at around 30
% CO conversion is shown in Table 7.3. From these results it can be
concluded that the Scs+ increases when the CO conversion increases. This is
mainly ascribed to a-olefin re-adsorption known as a secondary reaction in
the FT reaction. It might also be due to the water formation in the FT
reaction which is reported to be beneficial for the Scs+. This effect is also
related to the decrease of methane selectivity, Schs, which suggests that
there is a common intermediate for the FT' products formation such as (-
CH»-). In addition, the selectivity to methane appears higher for the ME-
catalysts. This might be attributed to part of the cobalt being present inside
the small pores. Previous studies have shown that small pores may provoke
the increase of the initial H2/CO ratio, i.e. 2.1, due to faster diffusion of
H»"0. It could also be explained by the tininess of such Co particles (smaller
than 6 nm), as it has been shown that such particles have a higher surface

coverage of hydrogen!!!.

It is also observed that Co/Zt-ALO3;(ME) forms more products with
lower molecular weight. This result is attributed to the fact that highly
dispersed Zr favours the Hy dissociation, which might favour the easier H
insertion into the product intermediates.

A lower selectivity to COz is observed when CeO; is present in the
catalyst support (see Table 7.3). This is explained by the cerium capacity of
storing oxygen. In other words, the CO dissociation on the metallic cobalt
will lead to active oxygens atoms (O*) on the surface ready to react, which
might react with CO and form COa. In the presence of Ce, the CO> might
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be caught by the oxygen vacancies in the CeOs and form CeO; and the

CO:z concentration might decrease.!!?

7.5 Conclusions

The main conclusions of this work can be summarized in the

following points:

About the supports:

To our knowledge, this is the first time Ce- and Zr-alumina
nanoparticles have been successfully synthesized by co-precipitation
in water-in-oil microemulsion.

The ME supports have more homogeneous morphology and particle
sizes than the IM supports. In addition, STEM-EDX mapping prove
good dispersions of the promoters in the ME supports.

By using the ME preparation technique, Y-ALO; apparently is
formed at lower temperatures than normally required.

The promoted ME materials calcined at 550 °C seemingly consist of
amorphous mixed oxides, while the IM supports have segregated
phases of crystalline CeO» and metastable ZrOo.

The ME method permits promoter particle size control with the
calcination temperature as adjustable parameter.

The ME supports present a textural porosity formed by the
interstices between nanoparticle aggregates. They have low pore
volumes and small pores compared with the IM supports.

About the cobalt catalysts:

In general, the ME catalysts have stronger cobalt-support
interactions than their IM counterparts, possibly due to their low-
crystalline/amorphous supports, which result in low DOR and low
catalytic activities compared to their IM counterparts.

The presence of promoters in the IM materials decreases the
reduction temperature of Co3;04 = CoO due to a spill-over effect.
In addition, the presence of promoter on the surface of the alumina
(as opposed to inside the alumina structure) decreases the cobalt-
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support interaction and therefore favours the formation of larger
Co304 particles which are easier to reduce. The improved DOR
enhances the catalytic activity and selectivity (Scs+).

The presence of crystalline CeO3 in the ME material calcined at 800
°C decreases the formation of cobalt-aluminate, possibly by the
segregated CeO: phase being present on the surface of the alumina
(as opposed to inside the alumina structure), and introduces a spill-
over effect. The improved DOR, as compared to Co/Ce-
ALO3(ME)550, is reflected in the increased catalytic activity and
Scs+.

ME catalysts present low dispersion of Co? due to low DOR and
relatively large average cobalt particle size compared to the IM
counterparts. These large cobalt particles are located at the external
surface of the support “pellets”. The internal of the “pellets” are
believed to be occupied by cobalt-aluminate and, possibly, by very
small cobalt particles. The latter is concluded from the high relative
Schs for the ME catalysts®, indicating either a higher H,/CO ratio in
the gas phase in the pores (due to diffusion limitations) or a
preferential adsorption of Haz on the cobalt surface (e.g. due to Co
particles smaller than 6 nm).
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Chapter 8

Ordered mesoporous silicas as support for
cobalt Fischer-Tropsch catalyst (Paper 1V)

This chapter summarizes the results from paper IV. As explained in
chapter 3, mesoporous materials have been reported as promising
candidates for cobalt supports in Fischer-Tropsch synthesis. This chapter
focuses on the effect of the silica pore structure in the cobalt catalyst and its
application in the Fischer-Tropsch synthesis. Four supports were prepared
by a relatively new synthesis method referred to as “the atrane route”, as
explained in chapters 3 and 4. Two of the supports were typical ordered
mesoporous silicas (MCM-41 and SBA-15), and the other two supports
were pore-expanded (PE) versions of the same. The modification consisted
in expanding the pores in MCM-41 and SBA-15 from 2.6 and 7.5 nm, to 6.3
and 29 nm, respectively. This was possible by the help of a swelling agent
added at mild conditions. The final products, i.e. MCM-41, SBA-15, PE-
MCM-41 and PE-SBA-15 silicas, were impregnated with cobalt, calcined
and activated in hydrogen to be tested in Fischer-Tropsch synthesis at close
to industrial conditions, as explained in chapters 4 and 0.

8.1 Synthesis approach

A generalized synthesis strategy for the preparation of mesoporous
silicas with 1D, 2D and 3D structures using the atrane route is presented for
the first time. The atrane route, which was explained in chapters 3 and 4, is
the formation of atrane complex precursors for the preparation of ordered
mesoporous silicas. The main advantage is the delay of the hydrolysis and
condensation processes of the silica which results in a homogeneously
ordered mesoporous material.

This route uses a complex reactant, i.e. triethanolamine N(CH,-CHs-
OH)3, which reacts with tetraortosilicate Si(OC2Hs)4) and replaces its four
alcohols in order to form a stable silatrane complex (see Figure 3.6)113-115,
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Thereafter, the silatrane species react with water and hydrolyse in order
to form the oxo-hydroxo silica polymers with negative charge. The
hydrolysis can take place in a basic or acidic medium. This will depend on
the used surfactant, i.e. CTAB for MCM-41 and P123 for SBA-15.

In the synthesis of MCM-41 silica, the CTAT ions (from the surfactant)
form hexagonal micellar aggregations (see Figure 8.1). The silica polymers
with negative charge previously formed will be attracted by strong
electrostatic interaction to the surfactant micelles that are positively charged.
Afterwards, the final product is silica coating the surfactant micelles. The
surfactant is eliminated by thermal decomposition and thereafter a ordered
mesoporous silica is formed!!®. A more detailed explanation of the synthesis
process can be found in the appended Paper IV. However, the interesting
part is related to the increase of the silica pore size which was achieved by
the CTA* micelle expansion. In the case of PE-MCM-41, the addition of a
swelling agent, TIPB, self-organizes inside the CTA* micelles and expands
its diameter!!7, 118,

(MCM-41)

Figure 8.1: CTAB cetyltrimethyl ammonium bromide and MCM-41
formation (adapted from!!?)

In the case of the synthesis of silica type SBA-15, the surfactant is P123
which is a mixture of a triblock copolymer: polyethylene
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oxide/polypropylene oxide / polyethylene oxide (EO/PO/EO). The
micellization of the polymers is driven by the hydrophobic polyethylene
oxide (PO) block with a core consisting of PO blocks and a corona of EO
blocks!20-123, The hydrophilic part EO will attract the anionic oxo-hydroxo-
Si oligomers forming the inorganic siliceous condensation on the micelles.
When the TMB is added to the synthesis, it prefers to be self-assembled in
the hydrophobic core of PO and thereafter the micelles swell.

In both silica types, MCM-41 and SBA-15, the pore expansion caused
by the swelling agent, either TIPB or TMB may affect the equilibrium of the
surfactant micelles and disorganize their structure, which might produce
non-ordered mesoporous silica. For this reason it is suggested to use the
atrane route. In addition, the silica synthesis was performed at soft
conditions, while other methods make use of an autoclave in a post-
synthesis process in order to expand the pores.

8.2 Characterization of the materials

The textural properties of the supports and cobalt catalysts are listed
in Table 8.1. Both MCM-41 and SBA-15 silicas (see Figure 8.2) present
narrow pore size distributions. SBA-15 has almost twice the average pore
size diameter of MCM-41. PE-MCM-41 presents a physisorption isotherm
with two hystereses, the first one related to the structural pores of the silica
similar to MCM-41 and the second one ascribed to Nz condensation in the
inter-particle pores with a pore size distribution around 30 nm.
Consequently it is assumed that this material has structural and textural
porosity. PE-SBA-15, in Figure 8.3, presents a hysteresis loop type
corresponding to a 3D spherical cell structure with interconnected pores
(windows)124, as schematically illustrated in Figure 8.4.
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Figure 8.2: N sorption isotherms and pore size distribution curves for Co-

mesoporous silica catalysts.
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Figure 8.3: N sorption isotherms and pore size distribution curves for
pore-expanded Co-mesoporous silica catalysts.

The diameter of the cell and window structure is obtained from the
isotherm adsorption and desorption branches, (see Figure 8.3 and
Table 8.1). Figure 8.5 shows SEM pictures of the supports. MCM-41
shows a perfect hexagonal structure extrapolated from its nano-scale
structure. The SBA-15 morphology is fiber-like with different sizes!?. These
hexagonal and cylindrical morphologies changed to agglomerated spherical
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particles after the pore size expansion. This suggests that the swelling agent
is located inside and outside the surfactant micelles (CTAB and P123),
which might prevent the formation of large and long particles.

Windows

Figure 8.4: Mesocellular foam silica representation (adapted 126)

Table 8.1 N physisorption results for the supports and catalysts.

BET M
r

Sutrface Total pore volume? .esop ore

Sample diameter®
area (cm3/g)
(nm)
(m*/g)

MCM-41 1200 0.9 2.6
PE-MCM-41 900 1.8 6.3
SBA-15 940 1.1 7.5
PE-SBA-15 860 1.9 *29.3/5.0
Co/MCM-41 990 0.8 3.1
Co/PE-MCM-41 633 1.4 0.8
Co/SBA-15 721 0.8 7.9
Co/PE-SBA-15 576 1.8 *29.0/7.1

s Determined from a single point of adsorption at P/Py=0.998.

b Estimated by BJH formalism (desorption branch).

*The two values represent the cell diameter and window diameter of the cell
from BJH adsorption and desorption
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Figure 8.5: Representative SEM images of a) MCM-41, b) PE-MCM-41, c)
SBA-15 and d) PE-SBA-15 calcined at 550 °C for 6 h.

TEM pictures (Figure 8.6) show that the channel structure is kept in
PE-MCM-41 but the parallel channels changed in the perpendicular
direction (from 1D to 2D). The mesostructuted 2D formation in SBA-15
changed to 3D in PE-SBA-15, which is consistent with N2 physisorption
results. The network was formed for pore cells with a main pore diameter of
30 nm and interconnected windows of 7 nm (see the schematic
representation in Figure 8.4).
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Figure 8.6: Representative TEM images of A) Co/MCM-41, B) Co/PE-
MCM-41, C) Co/SBA-15, D) Co/PE-SBA-15 after cobalt deposition,
calcined at 350 °C for 10 h. The right column shows higher resolution of
the catalysts.
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After cobalt deposition on the silicas, Co3O4 species are identified in
all the catalysts by X-ray diffractograms. The average particle size using
Scherret's equation is presented in Table 8.2. Also, the Co® patticle sizes as
estimated from chemisorption and DOR are presented and increase with

the pore diameter of the supports.

Table 8.2 Physicochemical characteristics

H; Chemisorption
XRD
Sample
d(Co304)* dCo%"> d(Co%c DM DOR:
(nm) (nm) (nm) (%) (%)

Co/MCM-41 7.0 53 4.7 7.2 35
Co/PEMCM-41 9.4 7.0 6.1 6.8 43
Co/SBA-15 15.1 11.3 7.2 8.0 60
Co/PESBA-15 14.7 11.1 7.5 7.4 58

a Calculated from Scherrer equation

b According to: d(Co%)= 0.75:d(Co3O4)

¢ Particle size calculated after reduction at 350 °C for 16 h in H»
d Metal dispersion, after reduction at 350 °C for 16 h in H»

¢ Degree of reduction from TPR of reduced catalysts

The temperature programmed reduction profiles of the catalysts are
shown in Figure 8.7. The profile of Co/SBA-15 is most similar to those of
cobalt catalysts with conventional supports!?® 104 where the first peak
around 330 °C probably tepresents the reduction of Co3O4 to CoO
(theoretically 25% of total hydrogen uptake if all cobalt is present as CozO4
in the calcined catalyst), and the second peak with maximum at 360 °C
probably represents the reduction of CoO to Co" (theoretically 75% of total
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hydrogen uptake). The hydrogen uptake above 600 °C is very small for this
catalyst and indicates that the cobalt-support interactions are weak. This
explains why this catalyst has the highest DOR (see Table 8.2).

The TPR profiles of the other catalysts are more difficult to interpret,
probably due to ovetlapping peaks of the first (CosO4 = CoO) and second
(CoO = Co" reduction steps of Co30s4, and possibly due to that patt of the
formed CoO during TPR is interacting strongly with the support and not
reduced to Co until temperatures above 600 °C. It is, however, easily
understood that they all have strong cobalt-support interactions. Especially
Co/MCM-41, which has the highest hydrogen uptake above 600 °C. This is
ascribed to the very small Co3O4 particles in this catalyst (see Table 8.2), as
a result of the high surface area and small pore size (see Table 8.1). The
small particles interact strongly with surface —OH species from MCM-41
silica and results in the lowest DOR of all catalysts.

It is seen that the cobalt-support interactions in Co/PE-SBA-15 are
stronger than in Co/SBA-15, at least during TPR, even though the former
has larger average pores. This could maybe be related to the cobalt present
in the narrower window pores interacting with the silanol groups. However,
the DOR of Co/PE-SBA-15 is almost as high as that of Co/SBA-15 (see
Table 8.2). This is ascribed to the large 3D spherical pores, in combination
with the reduced pore length (as evidenced from Figure 8.5). The large
pores have many advantages in this application. For example, when Co3O4
is reduced with Ha, water is produced and might oxidize the formed Co®.
This is especially pronounced when the support has long and small pores. In
contrast, the Co/PE-SBA-15 catalysts might not have this problem.

It should be mentioned here that cobalt-support interactions in
ordered mesoporous silicas have also been attributed to the difference in the
arrangement of surface —OH groups between different silicas'?’. For
instance, it has been reported that in MCM-41, isolated —OH groups exist in
an ordered way without much interactions with other —OH groups. On the
contrary, the inner surface of SBA-15 contains both isolated and interacting
—OH groups able to form hydrogen bonds with other —OH groups'?’.
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Therefore it is reasonable to think that due to the inner surface of the SBA-

15 support, there is less interaction of cobalt with the surface -OH groups.

Co,0, > CoO > Co’ Co/PE-SBA-15 Co,0, > CoO > Co” Co/SBA-15
—~ msI
: M
=
@©
N—"
_-é\ 0 260 460 660 860 1000 260 460 660 860 1000
®
S | C00,>Co0>C’  CoPE-MCM-41 Co,0, > CoO > Co” Co/MCM-41
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Figure 8.7: H, TPR profiles of the cobalt catalysts calcined at 350 °C for 10

h. (MSI = metal-support interaction)
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8.3 Catalytic activity

Table 8.3 Conversion levels and selectivity data for the different catalysts

GHSV Scug4? Scs+? Sco2
Catalyst X %
cm3/h,g aralysts o) wy ) )
6000 44 122 7653 14
MCM-41
1500  CO/MCM-4 27.0 8.6 835 1.0
6000 57 101 80.0 0.7
Co/PE-MCM-41
1600 o/ 291 8.7 84.6 0.4
6000 10.0 183 62.1 22
Co/SBA-15
2550 o/ 28.0 135 745 1.8
6000 185 1.1 736 12
Co/PE-SBA-15
4800 285 72 85.2 1.8

aSelectivities are COx_free

The experiments were performed in the same manner as for the
catalysts supported on nanoparticles. The first experiment concerns the
comparison between the catalysts’ activity at GHSV 6000 cm3/h,g (see
Table 8.3).

The activity decreases in the following order: Co/PE-SBA-15 >
Co/SBA-15 > Co/PE-MCM-41 > Co/MCM-41. The lower activities of the
Co/MCM-41 and Co/PE-MCM-41 are mainly explained by low DOR, and
most probably not by diffusional limitations on reactant arrival (deduced
from their high Scs+). It was deducted from the physicochemical
characteristics that the best candidates for the Fischer-Tropsch reaction
were Co/SBA-15 and Co/PE-SBA-15. These catalysts were compatable
since both had similar Co? particle size, degree of reduction and dispersion.
However, the catalyst Co/PE-SBA-15 had the best catalytic results showing
almost double CO conversion (Table 8.3). The difference between these
two catalysts is attributed to the existence of a 3D pore structure and large
pore diameter in Co /PE-SBA-15. The open network of this support favours
the reactants and products diffusion, while in the long (as evidenced from
the SEM picture (Figure 8.5)) and small pores in Co/SBA-15 the diffusion
becomes rate limiting.
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At CO conversion around 30%, the selectivity to Cs+ decreases in the
order: Co/PE-SBA-15 > Co/PE-MCM-41 > Co/MCM-41 > Co/SBA-15.
Again, this might be attributed to the support pore characteristics. The
Co/PE-SBA-15 catalyst has cell spheres structures where the growth of

longer hydrocarbons chains are favoured, maybe due to the steric effect of

the chains are less pronounced and can grow more freely. This last

comment could be interesting to study in further investigations. The very
poot Scs+ of Co/SBA-15 is most probably caused by diffusion limitations

increasing the H,/CO ratio inside the pores. This, in turn, is caused by long

length of the mesopores, in agreement with literature!2s,

8.4 Conclusions

The following conclusions can be drawn from this study:

To our knowledge, this is the first time the atrane route has
been used as a generalized synthesis strategy for the
preparation of mesoporous materials with 1D, 2D and 3D
structures.

On the micro-meter scale, MCM-41 has hexagonal structure,
while SBA-15 presents a fiber-like morphology with various
sizes and widths of the particles. These morphologies change
to agglomerated spherical particles in the pore-expanded
materials.

MCM-41 and SBA-15 silicas present narrow pore size
distributions (2.6 and 7.5 nm, respectively) and structural
porosity (ID and 2D, respectively). PE-MCM-41 presents
structural and textural porosity, with the main mesopores
having increased to 6 nm due to the pore expansion.
PE-SBA-15 presents a 3D cell structure pore (29 nm in
diameter) with interconnected pores (windows, 5 nm).

In all cases, Co3Oy4 particles are formed on both the external
and internal surface of the materials.

The cobalt-support interaction is highest in Co/MCM-41, due
to the smallest pore size and the smallest CosO4 particles. Also
Co/PE-MCM-41 has a strong cobalt-support interaction and
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both catalysts show relatively low DOR and possess the lowest
catalytic activities.

Despite their small pore diameters and their 1D and 2D for
Co/MCM-41 and Co/PE-MCM-41, respectively,  these
catalysts show normal relative Scrs”® and actually rather high
Scs+, which indicates that they are not under the influence of
diffusion limitations on reactant arrival. This is probably due to
relatively short pore lengths!2s.

Co/SBA-15 and Co/PE-SBA-15 have higher DOR, mainly
due to larger CosOy4 particles. In the case of Co/PE-SBA-15,
also its large 3D spherical pores might help in the reduction
process, as the TPR profile of this catalyst actually suggested a
strong cobalt-support interaction.

The Co/PE-SBA-15 catalyst shows the highest catalytic activity
and Scs+. This is ascribed to its high DOR and its large 3D
potre structure. The Co/SBA-15 has poor Scs+ and a high
relative Sc4?®, which suggests that it is under the influence of
diffusion limitations on teactant atrival. This is ascribed to its
fiber-like morphology with seemingly long pores, in
combination with the lack of a 3D porous structure!?s,
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Chapter 9

Mesoporous silicas promoted with Zr as
potential support for cobalt Fischer-Tropsch
catalysts (Paper V)

This chapter summarizes the results from paper V. In the previous
chapter, the synthesis of the pore size expansion of SBA-15 silica type has
been discussed. The structure of this silica was interesting since a cellular
structure of approx. 30 nm and interconnected window pores of 5 nm was
obtained. The cobalt catalyst using this silica had the best catalytic behaviour
among the studied catalysts in that catalyst series. Those results were
ascribed to the silica 3D pore structure and to the relatively high degree of
reduction of the cobalt. However, TPR indicated the presence of cobalt-
silicate species, possibly due to the small window pore. In order to further
increase the DOR and, accordingly, the catalyst activity, we suggested to
increase the window pore diameter of the PE-SBA-15 by the addition of a
NH4F salt during the silica synthesis. This modified silica was named
mesocellular foam MCF in order to differentiate it from the previous
PE-SBA-15 silica. Also, the addition of Zr during the synthesis of the
support was studied as a measure to prevent the cobalt-silicate formation.
The results are compared with those of SBA-15 and those of a Zr-promoted
SBA-15.

The supports were impregnated with cobalt. However, evaluation in
the Fischer-Tropsch synthesis remains to be done.
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9.1 Characterization of the materials

First of all, a test experiment was performed in order to understand
the differences between the synthesis methods of the silica MCF and
SBA-15. A comparison of two pars of silica was first performed, one MCF
and SBA-15 synthesized by the atrane route denoted (A) and the second one
synthesized by a conventional sol-gel synthesis denoted (D). Figure 9.1
shows that the materials obtained by the atrane route MCF(A) have
homogeneous particles in the range of 1-3 pm. On the contrary MCF(D)
forms heterogeneous agglomerations of particles with several sizes. In
Figure 9.2, SEM pictures of SBA-15 with and without Zr are shown. The
support SBA-15 has fibrous-like structure morphology. However, the
incorporation of Zr during the synthesis changed the typical SBA-15
morphology to spherical particles of smaller size. This effect is ascribed to
the fact that Zr tends to agglomerate during the hydrolysis and
condensation process. Since the materials (MCF and SBA-15 with and
without Zr) synthetized by the atrane route (A) seems novel and more
attractive it was the chosen form for further studies, while the silicas
synthetized by sol-gel were excluded. TEM images of MCF(A), from now
on just named MCF, are shown in Figure 9.3.
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Figure 9.1: SEM pictures for cobalt catalysts in MCF silicas.
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Figure 9.2: Representative SEM images for the supports SBA-15, Zr-SBA-
15 (calcined at 550 °C for 6 h) and for the catalysts Co/SBA-15 and Co/”Zt-
SBA-15 (calcined at 350°C for 10 h)
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Figure 9.3: TEM images for the supports MCF, Zr-MCF and catalysts
Co/MCF and Co/Zt-MCF synthesized by the atrane route.

The MCEF silica shows spherical pores with an average pore diameter
of 30 nm, these spheres are interconnected in 3D directions. The case of
Zr-MCF is different; the material shows a disordered and distorted foamy
amorphous material with thicker walls in comparison to MCF silica without
Zr. SBA-15 and Zr-SBA15 have tubular channels structure in 1D direction
with pores of 7-8 nm. The picture is not shown here since it was presented
in the previous chapter. The textural properties of the supports are listed
in Table 9.1. However, just the N> adsorption-desorption isotherms and
pore size distribution of MCF silica types are presented in Figure 9.4.
According to the ITUPAC nomenclature, all the silicas have type IV(a)
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isotherms correspondent to mesoporous materials with pore diameter in the

range of 2-50 nm124 129,
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Figure 9.4: N, physisorption for the the supports MCF, Zr-MCF and
catalysts Co/MCF and Co/”Zt-MCF synthesized by the atrane route

The hysteresis for Co/MCF presents a characteristic hysteresis loop

for 3D structure, i.e. mesocellular silica foam!?4. A typical mesocellular foam

structure is a 3D cell with interconnected window pores. The diameters of

the cell and the window atre obtained from the adsorption and desorption

branches of the isotherms, (see Figure 9.4 and Table 9.1). Zr is seen to
reduce the pore diameter of both SBA-15 and MCF.
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Table 9.1 N physisorption results for the supports and catalysts.

BET Total Av.

S Surface pore pore BJH BJH
ample Area? volumeP diam.c Ads.? Des.c
m/g) (mi/p) (@m) @ O
SBA-15 940 1.1 7.5 - -
Zr-SBA-15 674 0.7 7.3 - -
MCF 689 25 - 29.2 13.8
Ztr-MCF 726 1.6 - 17.2 7.2
Co/SBA-15 721 0.8 7.9 - -
Co/Zt-SBA-15 536 0.6 7.1 - -
Co/MCF 550 1.8 - 29.8 12.9
Co/Zt-MCF 563 0.7 - 9.2 3.8

s Determined from a single point of adsorption at P/Py=0.998.

b Estimated by BJH formalism (desorption branch)

¢ Estimated by BJH formalism (adsorption branch)

4 Cell pore size determined from the adsorption branches of the isotherms

¢ Window pore size determined from the desorption branches of the
isotherms

Table 9.2 and Figure 9.5 show the results from XRD diffractograms.
Co30y4 is identified for all the catalysts. The particle size for Co3O4 was
calculated with Scherret's equation. Within each group of supports (SBA
and MCF), the Co3O4 particle size increases with the support pore diameter
(see Table 9.1). The Co® particle size and dispersion are calculated from H»
chemisorption after catalyst activation and reported in Table 9.2. The
dispersion is quite similar for all the cases; however Co/Zt-SBA-15 shows
the highest value. The DOR is highest for Co/MCF.
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Table 9.2 Physicochemical characteristics

XRD H; Chemisorption
Sample d(Co304)* d(Co%" d(Co% I  DOR:
(om)  (am) (am) (%) (%)
Co/SBA-15 15.1 11.3 7.2 8.0 60
Co/Zr-SBA-15 8.8 6.6 3.8 84 33
Co/MCF 13.5 10.1 9.2 7.1 68
Co/Zt-MCF 11.9 8.9 5.9 7.8 48

2 Calculated from Scherrer equation

b According to: d(Co%= 0.75:d(CosOy)

¢ Particle size calculated after reduction at 350 °C for 16 h in H»
dMetal dispersion, after reduction at 350 °C for 16 h in H;

¢ Degree of reduction from TPR of reduced catalysts
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Figure 9.5: X-Ray patterns for the studied catalysts calcined at 350 °C for
10 h.
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A comparison of the temperature programmed reduction profiles for
the final catalysts is shown in Figure 9.6. Two main regions of Hy uptakes
are considered, one at temperatures lower than 500 °C corresponding to the
reduction of Co3;O4 and CoO and the second one at temperatures higher
than 500-600 °C corresponding to the reduction of cobalt-silicates species.
The most interesting TPR profile comes from Co/MCF, when comparing
this result with Co/PE-SBA-15 from the previous chaptet. Apparently, the
amount of Co-silicate species has been reduced, which was one of the goals.
This reduction is attributed to the increase of the window pore diameter of
the silica support from 5 to 13.8 nm. The Zr addition seemingly increases
the cobalt-support interaction in both MCF and SBA-15. This might be the
result of the small pore sizes and, accordingly, smaller cobalt particles.
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Figure 9.6: H, Temperature profile for the catalysts Co/MCF, Co/Zt-
MCF, Co/SBA-15 and Co/Zt-SBA-15
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9.2 Conclusions

The addition of the NH4F salt during the MCEF silica synthesis resulted
in a material that has a window pore diameter of 13.8 nm, compared to 5.0
nm in the PE-SBA-15 material (see chapter 8), while the cell pore size was
more or less identical in the two materials. The Co® particle size in Co/MCF
(9.2 nm) is somewhat larger than in Co/PE-SBA-15 (7.5 nm), and the DOR
is 68 and 58%, respectively. Hence, it is concluded that the addition of the
NH,F salt during the silica synthesis had the expected effect. However, as
the cobalt dispersion is slightly lower in Co/MCF (7.1%) due to the larger
cobalt particles compared with Co/PE-SBA-15 (7.4%), the catalysts need to
be evaluated in the Fischer-Tropsch in order to find out which one has the
highest activity.

The addition of Zr reduces the pore size of the SBA-15 and MCF
silicas and, accordingly, also the Co3;O4 particle size. This results in strong
cobalt-support interactions and low DOR. However, the cobalt dispersions
reach higher values than the Zr-free counterparts due to the tiny Co particle
sizes. The Zr addition to the SBA-15 and MCF is believed not to hinder the
original 2D and 3D structures. However, some distortion of the 3D
structure in MCF is seen, and both the cell pore size and the window pore

size are almost halved compared to the Zr-free MCF.
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Chapter 10

Final conclusions

Natural gas is an energy resource used for the conversion of gas-to-
liquid "GTL" through the Fischer-Tropsch reaction. Cobalt Fischer-
Tropsch catalysts are commonly used for the production of long-chain
hydrocarbons in GTL process. The support for the cobalt catalyst has a
large influence on the physicochemical properties of the catalyst. For this
reason, the design of the support, its chemical composition and method of
synthesis are important for obtaining a highly active and selective catalyst. In
this respect, the objective of the thesis is the evaluation of the synthesis and
characterization of Si and Al oxides with non-conventional morphology
(alumina nanoparticles and mesoporous silica) and their modification with
Ce and Zr promoters. Additionally, non-conventional synthesis methods
have been used for this purpose, such as water-in-oil microemulsion for the
preparation of alumina nanoparticles, and the atrane route for ordered

mesoporous silicas.
The main conclusions of this work are summarized as follows:

In relation to the use of alumina nanoparticles as cobalt catalyst

supports, the following can be concluded:

To our knowledge, for the first time it has been shown that Ce- and
Zr-alumina nanoparticles can be successfully synthesized by co-precipitation
in water-in-oil microemulsion (ME). It has been found that by using the ME
preparation technique, Y-ALOj starts to form at lower temperatures than
normally required. However, upon introduction of the Ce and Zr
promoters, the material becomes amorphous. The ME materials are
composed of non-porous amorphous nanoparticles lumped together to
larger aggregates. They possess textural porosities created by the voids
between these aggregates, with pore sizes of around 4-7 nm.
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The interaction of cobalt with these ME materials was significantly
higher in compatison to commercial alumina that presents a similar surface
area but has structural porosity with an average pore diameter of 15 nm. Ce
and Zr promoters were added to the alumina supports in order to reduce
the interactions of the support with the cobalt. The deposition of the
promoters was performed by two methods: co-precipitation of the
promoter and aluminium oxides in water-in-oil microemulsion system; and
impregnation of the commercial alumina with the promoter salts. The ME
method allowed the formation of mixed oxide nanoparticles with highly
homogeneous distribution. An interesting point of view of this method was
that the particle size of the promoter in the alumina support can be tuned by

changing the calcination temperature.

The presence of the promoters increased the reducibility of the cobalt
catalysts, and decreased the strong cobalt-support interactions. However,
after calcination of the support materials at 550 °C, the promoted ME
catalysts still had very much lower degrees of reduction compared to the
promoted commercial alumina catalysts. This was attributed to the non-

crystalline well dispersed CeO2 and ZrOs.

It is believed that the promoters added to the commercial alumina by
impregnation decreased the reduction temperature of Co3O4 = CoO due to
a spill-over effect. In addition, the presence of promoter on the surface of
the alumina (as opposed to inside the alumina structure as observed with the
ME materials) decreased the cobalt-support interaction and therefore
favoured the formation of larger CosO4 particles which are easier to reduce.
The improved reducibility enhanced the catalytic activity and selectivity to
long-chain hydrocarbons.

By calcining the Ce-promoted ME material at 800 °C, crystalline CeO2
was formed and the reducibility of the corresponding cobalt catalyst was
significantly increased, as well as the catalytic activity and selectivity to long-
chain hydrocarbons. The presence of crystalline CeOz decreased the
formation of cobalt-aluminate, possibly by the segregated CeO: phase being
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present on the surface of the alumina (as opposed to inside the alumina

structure), and introduced a spill-over effect.

The selectivities of the ME catalysts in the Fischer-Tropsch reaction
indicated either a higher H,/CO ratio in the gas phase in the potes (due to
diffusion limitations) or a preferential adsorption of H» on the cobalt
surface (e.g. due to Co particles smaller than 6 nm). This is explained by part
of the cobalt being present inside the small (4-7 nm) pores, while a great
part of the cobalt was also deposited on the external surface of the ME-
support “pellets”.

A highly dispersed Zr favours the H» dissociation which might
promote the easier H atom insertion into the intermediates product. As a
consequence, the Zr-promoted ME catalyst showed the highest selectivity to

products with lower molecular weight.

In relation to the use of mesoporous silicas as cobalt catalyst supports

for Fisher-Tropsch reaction, the following can be concluded:

To our knowledge, for the first time it has been shown that it is
possible to synthetize pore expanded mesoporous silicas with 1D, 2D and
3D pore structures via the atrane route combined with the addition of
swelling agents. The advantage of this method is that due to the slowed-
down hydrolysis and condensation reactions, pore expansion can be
achieved by the addition of swelling agents at mild conditions and there is
therefore no need to perform the pore expansion in a post-synthesis process

using an autoclave system.

In the Fischer-Tropsch synthesis, the support materials with the
smallest pore sizes (MCM-41 and its pore expanded counterpart) resulted in
small cobalt particles interacting strongly with the support. This led to low
reducibility of the cobalt and therefore poor catalytic activities. The SBA-15
had larger pores and the cobalt on this support was more easily reduced.
However, the morphology of this support (long fibre-like particles) induced
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diffusion limitations on reactant arrival, thereby resulting in a very poor

selectivity to long-chain hydrocarbons.

The 3D spherical structure silica, obtained by pore expansion of the
SBA-15, had cell pore diameters up to 30 nm and interconnected window
pores of 5 nm. The cobalt catalyst with this support showed the highest
Fischer-Tropsch activity and selectivity to long-chain hydrocarbons, where
the results were attributed to the higher reducibility of cobalt, the 3D pore
structure and the shorter pore lengths (as compared with SBA-15).

This 3D spherical structure silica showed a relatively high interaction
degree of the cobalt and silica. It was found that by widening of the pore
window from 5 nm to 14 nm, by the addition of a NH4F salt during the
silica synthesis, the cobalt-silica interaction was decreased and the degree of
reduction was further increased. The catalytic performance of this catalyst

remains to be evaluated.

Finally, it has been shown that it is possible to obtain silicas promoted
with Zr with high 3D porosity and, thus avoiding the separation of phases.

Positive side effects of this thesis work have been the introduction to
the Bolivian academia of the following topics: Gas-to-liquids, Fischer-
Tropsch synthesis, cobalt catalysts for Fischer-Tropsch reaction,
nanoparticles and mesocellular foam silica types. As a result, projects on
these topics involving bachelor and master students in Bolivia, have
followed. In this way this thesis work has contributed to widen the academic

research in Bolivia.
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Nomenclature

1D

2D

3D

a.u.
ASF
BET
CTAB
FID
FT
FTS
GC
GHSV
GTL
HTFT
LTFT
Mav
MCF
MCM-41
MEFEC
SBA-15
SNG
TCD
TEA
TEM
TEOS
TPR
WGS
WGSR
wt.%

XRD

1-dimensional

2-dimensional

3-dimensional

Arbitrary unit
Anderson-Schulz-Flory
Brunauer-Emmett-Teller
Cetyltrimethylammonium bromide
Flame ionization detector
Fischer-Tropsch

Fischer-Tropsch Synthesis

Gas chromatograph

Gas houtly space velocity

Gas to Liquids

High Temperature Fischer-Tropsch
Low Temperature Fischer-Tropsch
Molecular average weight
Mesocellular foam

Mobil Composition of Matter No. 41
Mass flow controller

Santa Barbara Amorphous type material
Synthetic natural gas

Thermal conductivity detector
Triethanolamine

Transmission electron microscopy
Tetraethyl orthosilicate
Temperature programmed reduction
Water-gas shift

Water-gas shift reaction

Percentage in terms of mass

X-ray diffraction
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