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Summary

Due to the rising concerns regarding global warming and climate
change, new laws and regulations have been proposed in the European
Union to promote the development of clean energy technologies, in
order to reduce the dependency on fossil fuels.

Synthesis gas (syngas) can be obtained from the gasification of
biomass. This mixture of carbon monoxide and hydrogen offers great
versatility, and several reaction processes can be used to obtain a
variety of liquid fuels and oxygenated products.

Fischer-Tropsch Synthesis (FTS) is the most extensively used process
for the synthesis of linear hydrocarbons from syngas. Lighter products
can be used a diesel fuel, and heavier ones can be used as waxes. The
most commonly used metals for FTS are Iron and Cobalt. Iron offers high
levels of conversion, and the capacity to alter the H/CO ration of the
syngas feed. Cobalt has improved selectivity towards long chain
paraffins, and low selectivity towards oxygenated products.

Higher Alcohols Synthesis (HAS) is a reaction process to obtain
alcohols containing two or more carbon atoms. These alcohols can be
used as intermediates for the synthesis of lubricants, detergents and
cosmetics. This process uses a combination of FTS catalysts and
methanol synthesis (MS) catalysts (mainly Copper and Chromium), as it
involves a combination of both reaction mechanisms (FTS and MS).
Common HAS catalysts usually contain a combination of Iron, Cobalt,
Chromium and Copper, in order to have both active sites required for
the synthesis of higher alcohols.

The objective of this thesis is the study of CO hydrogenation using
different types of supported catalysts to obtain fuel-range
hydrocarbons via FTS, or to produce higher alcohols via HAS. These
experiments were performed in a laboratory-scale reactor, and the
catalysts and reaction products were characterized using a variety of
techniques.

The first block of the thesis studies the effect of zeolite acidity and
mesoporosity in FeCuMgK catalysts supported on ZSM-40 and ZSM-240.

Wl
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The results show that zeolite acidity is responsible for the cracking of
heavy hydrocarbons and the formation of aromatic products through
oligomerization, cyclization and dehydrogenation of primary short
olefins. The Si/Al ratio induced changes in the composition of the
aromatic products, with increased acidity resulting in increased
complexity of aromatic products. The formation of mesoporosity
resulted in a slight increase in C,-C4 paraffins due to an improved access
to the acidic sites through the mesopores, due to the overcracking of
heavier molecules. The defining factor towards improved gasoline-
range products was acidity, with higher Si/Al ratios offering the best
selectivity, with mesoporosity having little to no influence.

The second block evaluates the influence of metal loading on binary
and ternary FeCoCu catalysts supported on mesoporous silica SBA-15
for the production of higher alcohols. The results pointed out that
ternary catalysts offered improved selectivity towards higher alcohols
without compromising CO conversion values. Further analysis of
different ternary catalysts showed that catalyst FeCoCu 9/9/18 had the
best selectivity towards higher alcohols, with the best chain growth
probability towards them. The final part evaluated several reaction
conditions, and it was found that moderate temperatures were key to
facilitate alcohol selectivity. High contact times and stoichiometric
ratios of syngas feed were also beneficial towards alcohols selectivity.
Alkaline doping showed an improvement of selectivity towards higher
alcohols, but reduced overall CO conversion.

Xl
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1.1. Introduction

Nowadays, rising concerns about climate change and global warming are
inducing changes in environmental laws, exhorting the use of renewable energy

sources, as well as a decrease in the dependency on fossil fuels [1].

Among the many renewable energy sources (solar, wind, geothermal) the use
of biomass as a font of energy is showing an increased interest, due to the
possibility of transforming it to synthesis gas (syngas), a mixture of carbon
monoxide and hydrogen using a process of gasification.

Biomass is usually obtained from byproducts or waste products of other
processes, such as crop cultivation (switchgrass, straw), and livestock production

(animal waste).

Due to its biogenic origin biomass is usually considered to be neutral
concerning CO; emissions, since photosynthesis fixes atmospheric carbon
dioxide. However, biomass is also considered as a resource with low energetic

density and unstable availability due to its dependence on seasonal farming.

Syngas obtained from biomass can be purified and used as building blocks for
reactions of synthesis of liquid fuels. Chief among these reactions are Fischer-
Tropsch synthesis, for the production of hydrocarbons in the gasoline or diesel
range, and higher alcohols synthesis, to produce higher alcohols (ethanol and

heavier).
1.2. Fischer-Tropsch Synthesis (FTS)

Fischer-Tropsch synthesis was discovered by Franz Fischer and Hans Tropsch
in 1925 [2]. Since then, it has been used extensively for the production of
hydrocarbons throughout the world. This process renders mostly linear

hydrocarbons, which can be used as diesel fuel, as well as heavier products, such
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as waxes [3]. Since its discovery, a great number of papers and patents have
been published [4,5].

The two metals commonly used for FTS catalysts are Fe and Co, since they
provide the best process economics [6]. Cobalt has shown an improved synthesis
of long-chain linear hydrocarbons, whereas Fe offers higher levels of conversion
as well as the capacity to alter the H,/CO ratio of the syngas via the Water-Gas-
Shift (WGS) reaction.

Cobalt-based catalysts are used at low temperatures of reaction in order to
avoid excessive methane selectivity. They usually produce long chain paraffins,
with low selectivity towards oxygenate products due to its high hydrogenation
capacity [7,8]. Iron is more advantageous to produce other types of
hydrocarbons, such as olefins and aromatic products. It also has higher
selectivity towards branched hydrocarbons. These properties can be adjusted
with the use of various promoters, which can alter the distribution of products
obtained [9.10].

1.3. Reaction mechanism of Fischer-Tropsch synthesis

FTS is a surface polymerisation reaction (Fig. 1.1a), and even if the exact
mechanism of reaction is not clear, there are two mechanisms of reaction which
are mostly accepted: the carbide reaction scheme, where CO is dissociated and
hydrogenated to alkyl monomers, which can be further coupled to form heavier
hydrocarbons; and the CO insertion mechanism, where CO is not dissociated
and, instead, a series of hydrogenation, CO insertion and dehydration steps are
involved in chain propagation [11]. Both processes involve a reaction initiation,

followed by one or more chain propagation steps, and chain termination.

The carbide mechanism reaction initiation comprises a CO dissociation, with
the corresponding formation of CHx species. These species can combine to

increase the chain length, and the hydrogenation of the chain leads to its
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termination, and the formation of the final product. The formation of
oxygenated products stems from the insertion of CO into a growing chain, which
leads to the chain termination [12].

The CO insertion mechanism involves the initial hydrogenation of a CO
monomer, followed by its dehydration to form the alkyl monomer. Chain
propagation involves a series of steps of CO insertion, CO hydrogenation, and CO
dehydration to continue the chain growth. Chain termination involves a
hydrogenation step after the dehydration. In this mechanism, the formation of
oxygenates involves a hydrogenation process after CO insertion and before its
dehydration [13].

a) CH, CH,CH,
| 1

CH,* ’ H*"
c? mm) CH, == (l:H ~CIH

b) CH,OH
I
H* &!
e Qw0
co = cl:Ho =4 C|:H2 = (l:Hs v
H* H*
c) CH,CO -?H,,CHO —bcl:zH,ou
I I I
co* CH/
A ’ G 4
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|l

Figure 1.1. Surface reactions of a) FTS, b) MS, and c) HAS [14].
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1.4. Methanol Synthesis (MS)

Methanol synthesis from syngas was developed by BASF researchers Alwin
Mittasch and Mathias Pier [15]. Due to the extreme conditions necessary for
their Cr/MnO catalyst to work (220 bar and 450°C), it was not until 1963 when a
new catalyst was patented by Forster Snowdon Frederick and Phineas Davies.
[16] This Cu-ZnO-Al;0s3 catalyst, that could be used in lower reaction conditions
(50-100 bar, and 220-300°C), sparkled interest in the process, and was
extensively studied and optimised. Despite this, the exact mechanism of reaction
is not yet understood completely.

1.5. Reaction mechanism of methanol synthesis

MS is also a surface polymerisation reaction (Fig. 1.1b), where CO is
hydrogenated to CHO and subsequently to methanol. However, it has also been
considered that CO; obtained from Water-Gas Shift (WGS) reaction might be the
main carbon source due to its faster rate of hydrogenation [17]. This mechanism
involves the initial oxidation of CO to CO; via the WGS reaction, followed by
additional hydrogenation steps until the formation of a formate monomer,
which is further hydrogenated to a methoxy monomer. A final hydrogenation

yields the final product, methanol [18].
1.6. Higher Alcohols Synthesis (HAS)

Higher alcohols are usually defined as alcohols containing two or more carbon
atoms. They are considered as valuable products due to their wide range of
industrial uses. They are intermediate products for the synthesis of lubricants,
detergents and cosmetics, among other high-value products [19-22]. Another
application of significant importance is their use as additives for gasoline in order
to increase the combustion efficiency and raise the octane number [23,24].
Ethanol and isobutanol are seen as future replacements of methyl tert-butyl

ether (MTBE) due to the environmental issues of the latter. Another potential
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use for ethanol is that of a hydrogen carrier as a safer, more energy-dense
alternative to methanol in fuel cells [25].

Currently, the fermentation of sugars is the most widely used method for the
production of ethanol and isobutanol [26,27], while heavier alcohols are
obtained by the hydration of alkenes obtained from the petrochemical industry
[28]. Both processes have important drawbacks: the first process uses several
distillation steps, with the required energetic demand, and the second has very

low conversion (ca. 5%) per pass.

Syngas has been considered as a precursor for higher alcohol synthesis (HAS)
since the 1930s, using a combination of FTS catalysts and methanol synthesis
(MS) catalysts to combine carbon chain growth and carbon monoxide
hydrogenation capabilities. This research has been heavily related to oil prices,
with the last decade showing an increasing number of publications. Despite this
increased interest in HAS from syngas, the advances achieved are not enough to
warrant full-scale industrial implementation, with few pilot plants built around

the world, and a total annual capacity of 12 kt [29].
1.7. Reaction mechanism of higher alcohols synthesis

HAS involves the conversion of CO to ethanol or heavier alcohols (Fig 1.1c). It
shows similarities with FTS and MS, and their products usually appear as by-
products in FTS and MS. In this reaction the adsorbed CO can experience two
types of O dissociation: unassisted or via hydrogenation. In the first case a lone
Cis obtained, which is then hydrogenated to obtain an alkyl group. In the second
case, a formyl group is obtained, and a further hydrogenation leads to the
formation of another alkyl group. CO or formyl is then inserted into the alkyl
group to obtain an oxygenate product, which can be hydrogenated to terminate
the chain, or additional alkyl groups can be integrated into the chain to obtain

heavier products, which will then be hydrogenated.
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1.8. HAS catalyst families

Heterogeneous catalysts for the production of HA are typically classified in
four categories: Rh-based, Mo-based, modified FTS and modified MS catalysts.

Rh-based catalysts for the conversion of syngas to HA were developed by
Union Carbide Corporation in the 1980s [30] using catalysts supported on SiO>
and alkaline metals. However, in order to obtain improved selectivity towards
oxygenate products and decrease selectivity towards hydrocarbons, doping with
alkali or transition metals is required [31,32].

Mo-based catalysts comprise MoS,, MoP, MoOy, and Mo;C. The first patents
for MoS; catalysts for HA were developed by Dow in the 1980s [33,34], and are
the most widely used Mo-based catalysts. Like Rh-based catalysts, the addition
of promoters has profound influence in the range of products obtained. In
addition to that, the nature of the catalyst support has a noticeable effect in the
catalytic performance [35-37].

Modified MS catalysts have been extensively researched since the 1930s,
when it was discovered that alkaline impurities in MS catalysts favored the
formation of heavy oxygenates during methanol synthesis [38]. Currently there
are two major types of modified MS catalysts: high-temperature Cr-based
catalysts, and low-temperature Cu-based catalysts. Cr-based catalysts have long
catalyst life, but show high HC selectivity, and are not as studied as Cu-based
catalysts, which have been found to be some of the most active systems for the
formation of branched alcohols. These catalysts, promoted with Co, show an
increase in higher alcohol selectivity, specially ethanol [39,40]. The doping effect
of alkaline metals (specially Cs), as well as the use of Zn- and Zr-based supports
(ZnO and Zr0O;) have been found to greatly improve selectivity towards higher
alcohols [41-43].
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Modified FTS catalysts have been proposed as HAS catalysts since the late
1970s, using catalysts containing Co and Cu. It was found that Co favored CO
dissociation and Cu enabled CO adsorption and insertion, as predicted by the
dual site model for HAS [44]. Research on Fe-based catalysts began around the
same time but were not widely studied until the beginning of the 2000s, where
Fe was used as a promoter for Cu-based systems. Similarly to Co, Fe is considered
to promote the dissociative adsorption of CO as well as to offer a carbon chain
growth site, which in combination with Cu contained the two active sites
required for HAS. Doping with alkaline metals is commonly used to improve the
catalytic yield towards higher alcohols [45,46]. Many types of supports have
been found to improve CO conversion and selectivity towards HA upon alkali
doping [47-49].

1.9. Catalyst supports

The use of an adequate support material offers advantages in terms of
performance and durability of FTS catalysts. The synthesis of a supported
catalyst offers structural advantages, such as a dispersion of the active metals,
increased stability, and improved thermal diffusion. Regarding catalytic
performance, the effects of the support can be significant, producing changes in
CO conversion and selectivity towards hydrocarbons. These effects are due to
changes in porosity, acidity, support-active metal interactions, and changes in
the distribution of the metal particles [50,51]. The most common supports for

FTS catalysts are silica, alumina, titania, magnesia, zirconia, and zeolites [52-55].
1.9.1. Zeolite supports

Zeolites belong to the crystalline aluminosilicate family, and exhibit many
beneficial properties, such as high surface area, intrinsic acidity, well-defined
microporosity and high hydrothermal stability. Their porous structure also
allows the confinement of metal particles in their interior. There are also many

different types of zeolites, with varying structures and pore sizes [56]. These
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properties make them good supports for improved CO hydrogenation towards
specific ranges of products. The combination of acidity and specific pore sizes
favors selectivity towards molecules smaller than the volume of the pore
channel [57]. This enables shifting of the product range to paraffins, olefins, or
aromatics due to the additional effect of the acidic sites [58]. Acidic sites can
enable secondary reactions of isomerization, aromatization or cracking.
Increased acidity results in higher activity of secondary cracking reactions, which
reduce the amounts of heavier hydrocarbons. High acidity also destabilizes long
aliphatic molecules, which are cracked into lighter olefins and paraffins. [59,60]
Despite these properties, zeolites have several disadvantages, the most
important related to the limitations to molecular transport inside the porous
structure, as well as the eventual migration of active metals to the external
surface of the particles where pore size restriction effects do not exist [61].

Some of the most active supports in FTS are ZSM zeolites, especially ZSM-5
and ZSM-12, which were found to be supports highly active for secondary
hydrocarbon conversion reactions in iron-containing catalysts. [62] Those
zeolites have a 3-dimensional MFI pore structure, with elliptical straight

channels and circular zig-zag channels [56].
1.9.2. Mesoporous silica

Mesoporous silicas have many properties that make them interesting
materials in the fields of nanotechnology and biomedicine [63,64]. They have
highly ordered pore structures and very high surface areas, due to the nano-
templating applied during their synthesis. One of the most known types of
mesoporous silicas is the Santa Barbara Amorphous (SBA-15) [65]. This silica has
large pore sizes (50 to 300 Angstrom) and unidimensional hexagonal pores.
These properties make SBA-15 an advantageous material to use as a support for
metallic catalysts. The ordered channel structure can confine the active metal

particles and it can also restrict the access of heavier molecules.

10
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Figure 1.2. ZSM-5 structure. Obtained from [57].

1.10. Bifunctional FTS catalysts

A common approach to drive the products towards hydrocarbons in the
gasoline or diesel ranges has been to use multifunctional catalysts [66-68]. These
materials contain different types of active sites (acidic, metallic, etc.) with
complementary functionalities. In the case of FTS, the use of acidic co-catalysts
has been a sound choice since it narrows the distribution of products into the
gasoline/diesel range by combining reactions of hydrocracking, olefin
oligomerization, alkylation, branching and aromatization [69].

Many examples of this approach are available in recent literature, dealing

11
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with the use of a FTS metal catalyst combined with zeolites [70-75]. A common
outcome of these studies has been to establish the importance of zeolite
porosity and acidity in the performance of such multifunctional catalysts. The
Brgnsted acidity of the zeolite, due to the presence of Al in its structure,
promotes secondary reactions, and therefore the formation of lighter
hydrocarbons, both aromatic and branched [76].

Concerning pore structure, it may restrict the chain-growth process thus
yielding lighter products, depending on the type of zeolite. Bessell found that
cobalt supported on zeolite Y, mordenite and ZSM-5 gave active FTS catalysts,
and that the acidity of the support determined the nature of the higher
hydrocarbons being produced; the most acidic ZSM-5 supported catalyst
produced branched products, while the mordenite channel system was
responsible for linear-products [77]. The same author found that product
selectivity was governed by the accessibility to the acidic sites within the pore
structure rather than the overall acid strength when Co was supported in ZSM-
5, ZSM-11, ZSM-12 or ZSM-34 [78]. Botes and Bohringer discovered that a
catalyst containing iron and a highly acidic ZSM-5 zeolite (Si/Al ratio of 15) had a
higher activity and selectivity towards aromatics and light paraffins, but a faster
deactivation than a lower acidity zeolite (Si/Al ratio of 140) [59]. Martinez and
Lépez reasserted these findings using a FeCoK catalyst physically mixed with
ZSM-5 [58].

Both aspects, pore structure and acidity, seem to be intimately related in FTS.
However, the presence of micropores in zeolites often imposes strong diffusion
limitations since it restricts the access to the active sites, and therefore it may
limit the activity, selectivity and useful lifetime of the catalyst [79]. To overcome
this issue, several studies on the effects of mesoporosity generation have been
recently published for FTS catalysts based on cobalt/zeolite systems [80-83]. The
use of these hierarchical zeolites produced an increase in CO conversion and

selectivity towards Cs-C11 compared to the untreated zeolites, due to the

12
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optimized hydrocracking and isomerization reactions occurring inside the newly-

formed mesopores.
1.11. Supported HAS catalysts

The use of supporting materials to improve HAS catalysts has sparked interest
as a way to modify the characteristics of the active metals, and a wide variety of
materials have been used by different research groups over the world.

Work from Zhang et al. [84,85] studied the effect of various types of carbon
nanotubes (CNT) on CoCu catalysts and found that their presence improved
selectivity towards butanol and DME, while keeping good levels of conversion.
The improved capability of CNTs to adsorb H, was key to achieve increased levels
of conversion and selectivity towards alcohols. Pei et al. [86,87] used alumina
and silica supports on Co/AC catalysts, with alumina supported catalysts
achieving moderate improvements on CO conversion and alcohols selectivity
over unsupported catalysts. Silica supported catalysts showed similar
improvements on alcohols selectivity, with a decrease in CO conversion values.
An investigation performed by Wang et al. [88] compared alumina, silicaand CNT
supports on CoCu catalysts, and also showed alumina as the most favoring
support for improved alcohols selectivity, with all three supports showing similar
levels of CO conversion. A work by Lee et al. [89] used magnesia, alumina and
zirconia as supports for CoCu catalysts, with zirconia achieving the highest CO
conversion, with a low selectivity towards higher alcohols. The use of AC was
also tested by Pei el al. [45], using a CoCuMn catalyst, obtaining the best results
of CO conversion and HA selectivity with equal amounts of all three elements. A
work from Liu et al. [90,91] involved the formation of bimetallic core-shell
nanoparticles using silica and zirconia as supports, with catalysts having more
exposed Cu sites having improved conversion and selectivity towards alcohols.
A study from Yeon et al. [92] studied the effect of titania and AC on Cu-based
catalysts, with titania having increased selectivity towards liquid products

(oxygenated and hydrocarbons), and AC showing improved selectivity towards

13
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ethanol. These studies show an ongoing search for improved supports to use
along HAS catalysts.

1.12. Objectives and structure of the thesis

The main goal of this work is the study of CO hydrogenation using different
types of supported catalysts to obtain fuel-range hydrocarbons via FTS, or to
produce higher alcohols via HAS. Therefore the thesis has two specific
objectives:

Study the effect of zeolite acidity and mesoporosity in FeCuMgK catalysts
supported on ZSM-40 and ZSM-240. Evaluate the effect on CO conversion
and selectivity towards hydrocarbons, and improvements on selectivity

towards fuel-range hydrocarbons.

Evaluate the influence of metal loading on binary and ternary FeCoCu
catalysts supported on mesoporous silica SBA-15 for the production of
higher alcohols. Understand the effect of the different active metals, the
best ratio between metals, and the best reaction conditions for the

production of higher alcohols.
This dissertation is divided in 5 chapters:
Chapter 1 provides a brief background and the motivation for this thesis.

The second chapter presents the characterization techniques as well as

the reaction systems used in the following chapters.

The third chapter covers the study of the effect of zeolite acidity and
mesoporosity on CO conversion and selectivity towards fuel-range
hydrocarbons.

The fourth chapter is divided in three parts. The first part studies the

effect of each metal on conversion and selectivity towards alcohols. The

14
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second part seeks the best metal ratio of Fe, Co, and Cu for the production
of higher alcohols. The third and final part analyses the effects of varying
reaction conditions on conversion and selectivity towards higher alcohols,
using the best catalyst from part 2. Alkaline doping is also studied.

The fifth chapter summarizes the conclusions obtained in this work and
briefly outlines possible future work in this field.

15
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In this chapter the characterization techniques applied along the thesis
project are described. The reaction system used in the different experiments is
also presented. The preparation methods of the different catalysts, as well as
the different reaction conditions for each section, will be described in their
respective chapters.

2.1. Characterization techniques

The following characterization techniques were used to characterize fresh,
calcined, H;-activated, and used catalysts:

Inductively coupled plasma-optical emission spectroscopy (ICP-OES).
X-ray diffraction (XRD).
N, adsorption
Transmission electron microscopy (TEM).
Diffuse Reflectance Fourier Transform Infrared Spectroscopy (DRIFTS).
H,-Temperature programmed reduction (H2-TPR).

2.1.1. Inductively Coupled Plasma-Optical Emission Spectroscopy

The chemical composition of the materials was analyzed by inductively
coupled plasma-optical emission spectroscopy (ICP-OES). This equipment has
two parts: the ICP and the optical spectrometer. The ICP generates a stable
ionized plasma of Ar gas, where the nebulized sample is introduced. The
resulting ions emit radiation at characteristic wavelengths for each element. This
radiation is detected in the optical chamber, where the intensity of each
wavelength is measured. The intensity of each element is compared to known
concentrations of each element, and their concentration can be interpolated

from the resulting calibration lines.
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Before analysis by ICP, the solid samples had to be dissolved. The procedure
was adapted to the characteristics of each material:

Iron-containing materials were dissolved in a 1% solution of HNOs.

Zeolite samples were digested in 50 mL of 1% H,S04 and 1% HF mixture in
a Berghof microwave oven at 200°C.

SBA-15 samples were digested in 50 mL of 1% H,S04 and 1% HF mixture
in a Berghof microwave oven at 200°C.

Concentration of the resulting solutions was adjusted by dilution with milliQ-
grade water, and their chemical composition was analyzed by ICP in a Spectro
Arcos 165 spectrophotometer.

2.1.2. X-Ray Diffraction

X-ray diffraction (XRD) was used to identify the crystalline phases present in
the fresh, calcined, and used catalysts, and to estimate their crystallite sizes.
Crystallite size was estimated using the Debye-Scherrer equation [1,2]:

_ ka
" b-cosB

(2.1)

Where d corresponds to crystallite size, K is a constant value, A is the X-ray
wavelength, ¢ is the incident Bragg diffraction angle in radians, and b is the
corrected full width at half maximum (FWHM) of the peak, which is calculated
with the following equation 2.2, where B is the observed FWHM of the peak, and

B is the instrumental broadening [3]:

b= (B?—-p?) (2.2)

In this work, X-ray diffractograms were acquired by a Siemens EM-10110BU
D5000 diffractometer in the Servei de Recursos Cientifics i Técnics of the
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Universitat Rovira i Virgili. Cu-Kq radiation was obtained from a copper X-ray tube
operated at 40 kV and 30 mA.

The angular 28 diffraction range was between 5 and 70° for the iron-based
catalyst, with an angular step of 0.05° at 3 s per step.

The angular 280 diffraction range was between 5 and 40° for zeolite samples,
with an angular step of 0.05° at 3 s per step.

2.1.3. N2 Adsorption

Physisorption with Nz is a common method to evaluate the specific surface
area of porous materials. N, adsorption was performed at -196°C in a
Quantachrome Quadrasorb-Sl gas-adsorption analyzer. Before measurement,
samples were outgassed under vacuum at 300°C for 10 h.

The Brunauer-Emmett-Teller (BET) method is used to evaluate total surface
area according to equation 2.3, where p is the equilibrium pressure of adsorbed
gas, p? is the saturation vapour pressure at the adsorption temperature, p/p° is
the relative pressure, v is the volume of the adsorbed gas at relative pressure
p/p°, vm is the volume of the gas adsorbed when a monolayer is formed, and cis
a constant (exponentially related to the energy of monolayer adsorption). [4]

p___ 1 LD (2.3)

v-(p°-p) h Vm'€ Vm'C P

Specific BET surface area (Sser) is obtained from equations 2.4 and 2.5, where
Om is the area of the molecular cross-section, ny, is the moles of gas adsorbed in
a monolayer, N4 is the Avogadro number, p is the density of N2, My, is the

molecular mass of the adsorbate, and m is the mass of the adsorbent [5],

Om MmNy

Sper = ———— (2.4)

Ny, = 222 (2.5)
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Mesopore size distribution was obtained using the method of Barret, Joyner
and Halenda (BJH) [6], and the t-plot method was used to discriminate between
micro- and mesoporosity [7].

2.1.4. Transmission Electron Microscopy

The fresh and used samples were analyzed by transmission electron
microscopy (TEM), which was performed in a JEOL JEM-1011 transmission
electron microscope operated at 100 kV with point-to-point resolution of
0.2 nm. A few droplets of sample suspended in acetone were deposited on
carbon-coated copper grids followed by evaporation at ambient conditions.

2.1.5. Diffuse Reflectance Fourier Transform Infrared Spectroscopy

DRIFTS (diffuse reflectance Fourier transform infrared spectroscopy) is a
characterization technique useful to analyze the amount of acidic types present
on the surface of a catalyst, as well as their type. Fourier transform infrared
spectroscopy was carried out at 200°C in a Vertex 7 spectrometer from Bruker
using a diffuse reflectance (DRIFTS) accessory equipped with a Praying Mantis
high-temperature reaction chamber (Harrick), ZnSe windows, and a MCT
detector. The sample holder was filled with powdered catalyst samples (~3 mg)
mixed with KBr, and carefully leveled off to reduce reflections of the sample
surface and to ensure reproducible results. The sample was pretreated in Nz (5
Nml/min) at 400°C for 60 min, using a heating ramp of 10°C/min. Spectra were
recorded in the range 1800-4000 cm™ by co-addition of 64 scans and a nominal

resolution of 4 cm.
2.1.6. H>-Temperature Programmed Reduction

H,-Temperature programmed reduction (TPR) is a method used to evaluate
the reduction efficiency of oxidized catalysts. A U-tube is filled with the catalyst

sample, which is then pretreated to reaction conditions, and finally analyzed
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using H, to completely reduce the metal oxides contained within. The variation
in Hz concentration in the gas is quantified using a thermal conductivity detector.

Zeolite-supported catalysts were measured in a ChemBet Pulsar TPR/TPD unit
equipped with a thermal conductivity detector. Samples of ca. 50 mg of the
oxides obtained by calcination of the precursors at 400°C were loaded in the U-
quartz microreactor, pretreated in air (20 NmL/min) at 300°C for 1 h, and
subsequently cooled to 50°C in the same atmosphere. The analysis was carried
out in a mixture of 5 vol.% H; in N2 (20 NmL/min), ramping the temperature from
50 to 900°C at 10°C/min. SBA-15 supported catalysts were measured in a
Micromeritics Autochem HP 2950 unit equipped with a thermal conductivity
detector, using the same analysis conditions as the zeolite-supported catalysts.

2.2. Catalyst preparation
2.2.1. Fe/ZSM-5 catalysts

FTS catalysts were prepared by coprecipitation at constant pH. Aqueous
solutions of the metal nitrates (Fe(NO3)3-9H,0, Cu(NOs3);:3H,0, Mg(NQO3),:6H,0,
Ca(NOs3)2:4H,0, KNOs3, 1 M of each) and the precipitating agent (Na2COs, 4 wt.%)
were simultaneously fed into a polypropylene vessel with a 905 Titrando
automated titrator (Metrohm AG) equipped with two 800 Dosino® dosing
systems. The pH during precipitation in the stirred reactor vessel was maintained
at a constant value of 8. After the addition of the appropriate ratio of reactants,
the slurry was aged at 60°C for 1 h under vigorous stirring. The precipitate
obtained was filtered and washed thoroughly with deionized water and dried
overnight at 80°C to yield the catalyst precursor (Fe-P). This sample was calcined
in static air at 300°C for 4 h using a heating rate of 5°C/min (labeled as Fe). The
addition of copper was intended to facilitate the reduction of iron oxides [8],
while potassium enhances the surface basicity and the production of olefins [9].

The addition of magnesium increases the BET surface area of the catalyst and
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leads to the formation of relatively smaller a-Fe;Os3 crystallites in the catalysts,
facilitating the reduction and carburization [10].

Fe-zeolite bifunctional catalysts were prepared by physically mixing the Fe
oxide with the same amount of a commercially ZSM-5 zeolite: Z40 (CBV 8014,
Zeolyst International) and Z240 (Siid Chemie AG). Prior to any treatment, the as-
received powders were calcined in static air at 550°C for 6 h at 5°C/min. Zeolites
were subjected to alkaline treatments to create mesoporosity, following the
procedure reported elsewhere [11,12]. Briefly, a 0.2 M NaOH aqueous solution
was stirred at 500 rpm and heated at 65°C, after which the zeolite was added
(3.3 g of zeolite per 100 mL of alkaline solution), and maintained for 30 min.
Afterwards, the zeolite suspension was cooled down in an ice-water mixture,
and centrifuged. The resulting solid was washed with distilled water until pH
neutral and dried at 100°C. The solids were separated into two portions. The first
ones were directly calcined in static air following the program described for the
commercial zeolites, while the second portions were brought into the
ammonium form via three successive exchanges in 0.1 M NHsNOs aqueous
solution (1 g of zeolite per 100 mL of solution) and calcined in static air. All
bifunctional catalysts were ground in the 100-300 um particle size. Along the
manuscript, the alkali-treated samples are generally identified by the code Zx-
AT and Zx-AT-H, where x refers to the Si/Al ratio according to the manufacturer,
AT refers to the alkali-treated zeolites, and H identifies the alkali-treated samples

subjected to ulterior Na* exchange.
2.2.2. SBA-15/FeCoCu catalysts

Catalysts were prepared by impregnation of mesoporous silica SBA-15
(Glantreo Ltd.) in a rotary evaporator at 65°C with an ethanol solution containing
adequate amounts of the nitrate salts of each metal (Fe, Co and Cu). After
evaporation of ethanol, the resulting products were further dried at 100°C
overnight, heated at 5°C/min until 400°C and calcined under air at this

temperature for 6 hours. The catalysts were labeled FeCoCu X/Y/Z, where X, Y
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and Z refer to the mass percent of iron, cobalt and copper, respectively. Catalysts
doped with Na and K were prepared by a second impregnation of the FeCoCu
calcined catalyst, using salts of sodium (NaNQOs) and potassium (KNOs). Doped
catalysts were named FeCoCu-Na, and FeCoCu-K, and contained 1% wt. of their
respective doping agent. Used catalysts had the added suffix “-U”.

2.3. Catalytic reaction system
2.3.1. FTS reaction system

The activity and selectivity of the catalysts were tested in a fully automated
laboratory-scale fixed-bed catalytic reactor (Microactivity Reference, PID
Eng&Tech, Spain).

Experiments using zeolite catalysts were conducted using 1.0 g of Fe catalyst
and 1.0 g of zeolite, sieved to 100-300 um, and mixed with 500 mg of quartz
chips sieved to the same particle size. A blank experiment was also performed
by mixing the Fe base catalyst (1 g) with quartz chips (1.5 g) as reference. The
catalysts were loaded into the reactor tube and heated at 10°C/min to 300°C
under N2 (20 NmL/min), and reduced with syngas (H2/CO molar ratio = 2) at the
same temperature and 10 bar while starting to monitor product formation. The
reaction was prolonged for 48 h at constant conditions of T and P using a weight-
hourly space velocity (WHSV) of 0.05 molco/gcat-h. The reactor effluent passed
through a cold trap kept at 2°C and 10 bar to collect all liquid products and waxes

if present.

The composition of the gaseous products (permanent gases and light
hydrocarbons) was determined with an inline 3-channel gas micro-
chromatograph equipped with a TCD detector (490 microGC, Agilent
Technologies). The sensitivity of the detector to each analyzed compound
(response factor) was determined periodically by their calibration against

standards of certified gas mixtures using N; as internal standard.
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Figure 2.1. Catalytic reaction system.

Liquid products collected at low temperature during the FT tests with zeolite
catalysts were analyzed in a two-dimensional GCxGC system coupled to a mass
spectrometer (Agilent 7890A), equipped with a flame ionization detector (FID)
and mass spectrometry (MSD 5975C) using a differential flow modulator. The
system consisted in two columns, a 30 m non-polar column (DB-5MS) anda 5 m

polar column (HP-INNOWAX), giving rise to the orthogonal two-dimensional
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separation. The modulator isolates the eluent of the first column into a large
number of adjacent small fractions, which are reinjected into the second
column, resulting in a fast separation on this column (1.5 s). Detector signals
were monitored with Agilent Chemstation software (Agilent). Data were
converted with the GC-lmage software (Zoex) for data processing. This
technique has been considered to be superior to one-dimensional gas
chromatography to analyze the selectivity of the catalyst since it elucidates
compounds with similar boiling points but different functionality, which tend to
co-elute [13]. Besides, minor compounds present in low concentrations in the
Fischer-Tropsch sample matrices can be separated, detected and quantified.
This technique has been very useful to determine differences between all
products obtained herein.

Figure 2.2 exemplifies a typical two-dimensional contour plot of the liquid
products obtained with the FeZ240-AT bifunctional catalyst. As a general trend
the products had a wide range of elution times in the polar column (Y-axis),
which correspond to linear or branched paraffinic compounds at the bottom,

whereas minor products located at the top are aromatics.

aromatics

) 1) R TR

paraffins

Figure 2.2. Contour plot of the analysis of the FTS liquid products by GCxGC/MS over the
FeZ240-AT catalyst. Horizontal axis is retention time in the DB-5MS column (proportional
to the carbon number of the product), while the vertical axis is retention time in the
Innowax column (proportional to the polarity of the product).
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2.3.2. HAS reaction system

The activity and selectivity of the catalysts were tested in a fully automated
laboratory-scale fixed-bed catalytic reactor (Microactivity Reference, PID
Eng&Tech, Spain).

Experiments using SBA-15 catalysts were conducted using 300 mg of catalyst
particles sieved to 100-300 pum. Due to the low bulk density of SBA-15
(0.067g/cm3), the catalysts were loaded inside the reactor undiluted above a bed
of quartz wool, heated at 10°C/min to 300°C under N2 (20.0 NmL/min), and then
reduced at the same temperature for 3 h by adding 20.0 NmL/min of H..
Preliminary reaction tests showed a lack of catalytic activity at temperatures
below 280°C and pressures below 25 bar. Therefore, all catalysts were screened
at 300°C and 30 bar. Reaction tests were conducted during 24 h at a H,/CO molar
ratio of 2.00, a pressure of 30.0 bar(g) and a space velocity (WHSV) of 0.30
molco/(gcat-h). A constant flow rate of 5.00 NmL/min of N, was also added to the
feed gas as internal standard for the GC analysis of the product gas. The product

stream was cooled down to 10°C in a high-pressure gas-liquid separator.

The liquid products collected in the HAS tests using SBA-15 were measured
and analyzed offline using a gas chromatograph (Agilent 6850 Network GC
System) equipped with a FID detector. A CP-Wax 57 CB capillary column was
used, and the instrument was calibrated routinely with certified standards
containing Ci1 to C; alcohols (Agilent Technologies Certified Reference Material

18801-60700A). Analysis of the liquid samples was performed by triplicate.
2.4. Conversion, selectivity, and mass balance

Carbon balance and global mass balance during the FT and HAS experiments
were above 95% in all the reported experiments, indicating that there were no
major losses of products during the experiments and that most products were

accounted for.
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Carbon monoxide conversion (Xco) and selectivity to the different products
(Sj) were calculated according to equations (2.6) and (2.7), where Fco,0 is the feed
molar flow rate of CO, F;is the molar flow rate of product j at the reactor outlet,
and nj is the number of carbon atoms in compound j. Hydrocarbon and alcohol
chain growth probability (a) was calculated using the Anderson-Schulz-Flory
(ASF) model. Equation (2.8) shows the ASF distribution equation in terms of
selectivity [14]. Reported uncertainties for all quantities represent confidence
intervals at a 95% probability level, unless otherwise stated. Preliminary tests
using similar catalysts showed good reproducibility of catalytic activity.

X = Fcoo=Fco (2.6)
Fcoo
__Fmn

Sj " Fcoo—Fco (2.7)

S =n;(1—a)?a™ " (2.8)
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In this chapter the effect of zeolite acidity and mesoporosity development in
bifunctional Fe/ZSM-5-based catalysts has been investigated. Since the
desilication method used to create mesoporosity is prone to alter acidic
properties in the zeolite, changes in product selectivity were systematically
evaluated over non-acidic hierarchical Fe/ZSM-5 catalysts. To check effects
specific for the zeolite, a comparison with a blank experiment containing no
zeolite was also performed. A detailed study of the composition of liquid
products has been fulfilled with the use of comprehensive two-dimensional gas
chromatography mass spectroscopy (GCxGC/MS).

3.1. Characterization of the catalysts

The metallic catalyst, containing 39% wt. Fe, 2% wt. Cu, and 59% wt. Mg, had
molar Fe/Cu and Fe/Mg ratios of 16.7 and 0.82, which closely matched the
nominal ratios of 20 and 0.67, respectively. Concerning commercial zeolites,
their bulk molar Si/Al ratio was 38.9 for Z40 and 224 for Z240. The amount of
alkaline metals (Na and K) was also analyzed for the various catalysts. No
samples contained potassium above the detection limit. Both non-treated
catalysts (240 and Z240) contained amounts sodium below the detection limit.
In the case of sodic zeolites, Z40-Na and Z240-Na contained 2.75% wt. and 1.11%
wt., respectively. Alkaline treated zeolites (Z40-AT and Z240-AT) also had sodium
below the limit of detection. These results indicate that sodium was correctly
introduced in the sodic catalysts, and that it was removed successfully from the

alkaline treated ones.

Figure 3.1 shows the XRD patterns of the coprecipitated material (Fe-P), and
its product after calcination. The as-prepared sample displayed a low-
crystallinity pattern ascribed to the presence of iron-copper hydroxide species.
The solid calcined at 300°C showed characteristic reflections of the magnetite
Fes04 structure (75-1609 ICDD pattern). No diffraction lines associated with any
other iron oxide were detected. The characteristic X-ray diffraction pattern of

the MFI structure was also confirmed in all commercial ZSM-5 samples,
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evidencing the typical high crystallinity of this structure, regardless of their Si/Al
molar ratio. Alkaline-treated zeolites without (Zx-AT) or with subsequent ion
exchange (Zx-AT-H) retained their crystalline structure, although gave less
intense signals in the diffractogram. This change is due to the silicon extraction
process occurring during alkaline treatment [5].

FeCu

Intensity / a.u.

FeCu-P

10 20 30 40 50 60 | 70

260 / degrees

Z240-AT-H
3
]
=
2 M Z40-ATH
= Z40-AT

Z40

5 10 15 20 25 30 35 40
20 /degrees

Figure 3.1. XRD patterns of the Fe-P precursor and the Fe catalyst (top), and MFI
zeolites (bottom).
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Table 3.1: Chemical composition and textural properties of the FTS catalyst and the
commercial and alkaline-treated zeolites.

Sample Vmicro Vpore Sicro Smeso Sger
(ml/g) (ml/g) (m*/g) (m*/g) (m*/g)
Fe-P - 0.321 - - 151.9
Fe - 0.330 - - 144.9
740 0.165 0.272 383.9 73.3 457.2
Z40-AT 0.117 0.437 277.1 98.5 375.6
Z40-AT-H 0.080 0.611 208.5 281.6 490.1
7240 0.147 0.271 313.1 57.3 370.4
7240-AT 0.140 0.445 301.8 84.7 386.5
7240-AT-H 0.130 0.485 307.8 128.8 436.6

The main physico-chemical properties of both the Fe-based catalyst and the
treated zeolites are summarized in Table 3.1. The N, adsorption isotherms at -
196°C of the Fe catalyst and its precursor in Figure 3.2 exhibit a type llb isotherm
with H3 hysteresis, which are characteristic of mesoporous materials with slit-
shaped pores between aggregates of particles with fiber-like morphology. The
BET surface area (ca. 150 m?/g) and pore volume (0.3 mL/g) of the iron catalyst
and its precursor were very similar, indicating that calcination did not exert any

important effect on the porosity of the derived oxide.

The N; isotherms of the commercial zeolites exhibited the IUPAC type |
behavior with a high uptake at low relative pressure, confirming their
microporous character (Figure 3.2). Both commercial zeolite samples showed
typical BET surface areas (370-460 m?/g) irrespective of the Si/Al ratio. The
micropore volume (Vmicro) (0.15-0.17 mL/g) was also characteristic of the MFI
framework. The mesopore surface area (Smeso) (55-75 m?/g) responded to the
crystal external surface, surface roughness of the crystals and the intercrystalline

porosity derived from the aggregation of nanocrystals of less than 1 um.
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Figure 3.2. N, adsorption isotherms (left) and BJH adsorption pore size distributions
(right) of the Fe catalyst and the native and treated zeolites.
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Absence of hysteresis in the isotherm indicates that the high values of Smeso
are caused by external surface area rather than intracrystalline mesoporosity.

The two commercial zeolites were subjected to alkaline treatment in 0.2 M
NaOH at 65°C for 30 min (Zx-AT in Table 3.1), which are the optimal conditions
for MFI zeolites [6]. The N3 isotherms of Z40-AT and Z40-AT-H were similar, and
characteristic of hierarchical porous zeolites combining micro- and
mesoporosity. They displayed an enhanced uptake at intermediate and high
pressures (0.4-0.8) with H3 hysteresis. The largely parallel progression of the
adsorption and desorption branches of the hysteresis loops, and the absence of
a forced closure of the desorption branch at p/po ~ 0.45, give indication of the
presence of accessible mesopores connected to the outer surface. The N;
isotherms of Z240-AT and Z240-AT-H showed adsorption at relative pressures
above 0.7, indicating the formation of larger pores. The degree of silicon
extraction and mesoporosity development were lower in Z240-AT compared to
Z40-AT, as expected for the higher framework Si/Al ratio [6]. Indeed, the
mesopore surface area in Z240-AT-H was twice that of its parent sample (129
m2/g vs 57 m?/g). The increase of mesopore surface area was from 73 m?/g in
Z40 to 282 m?/g in Z40-AT-H. In parallel, the total pore volume of the treated
materials increased at the expense of a reduction in the micropore volume.
Alkali-treated materials without final ion exchange (samples Z40-AT, and Z240-
AT) displayed intermediate Smeso and Vnmicro Values, probably due to some degree

of blockage by Na cations inside the porous structures.

Development of mesoporosity was also confirmed by the BJH adsorption pore
size distributions (Figure 3.2, right), showing the formation of mesopores
centered around 20 nm in Z40-AT, and 10 nm in Z40-AT-H. The blockage by Na*
ions in the pore channels of the alkaline-treated sample is responsible for the
shift in PSD to higher values (pores centered at 20 nm). A much broader pore
size distribution was found on Z240-AT and Z240-AT-H, in agreement with the

lower degree of mesoporosity attained over the 27240 sample.
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Figure 3.3. Transmission electron micrographs of the Fe catalyst and the native and
treated zeolites.
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This broadening is likely consequence of the formation of larger pores (>20
nm), which because of the diminishing surface to volume ratio at larger
diameters make pore volume to grow faster than pore surface. Desilication of
the zeolite to a Si/Al ratio of 25 to 50 has been considered to be the optimal
range for silicon extraction while preserving acidity [6]. Excessive Si dissolution
occurs in Z240-AT leading to larger pores, as evidenced in this sample and its
corresponding ion-exchanged zeolite (Z240-AT-H). As expected, the desilication
produced by NaOH treatment led to a decreased Si/Al ratio from 39 to 24 in Z40
and from 224 to 66 in Z240. The original crystallinity of the zeolites was not
altered based on X-ray diffraction (Figure 3.1, right).

Transmission electron microscopy (TEM) in Figure 3.3 shows the presence of
perforated crystals in Z40-AT and Z40-AT-H compared to the dense appearance
of the microporous Z40 sample. A similar behavior was observed in the Z240-AT
and Z240-AT-H samples, together with a more damaged structure than in Z240,

which exhibited well-defined crystals.

Infrared spectroscopy in the OH-stretching region was carried out at 200°C
after treating the samples at 400°C in N3, to qualitatively evaluate the acidity of
the calcined and alkaline-treated zeolites. As shown in Figure 3.4, the zeolite
samples show characteristic absorption bands at 3740 cm, 3660 cm™, and 3600
cm, assigned to terminal silanol groups (Si-OH) on the external surface,
hydroxyl groups connected to extra-framework Al species (EFAL, Lewis acidity),
and bridging hydroxyl groups associated with Brgnsted acidity, respectively
[7,8]. A priori, it is expected that the number of Brgnsted sites increases with
increasing the Al content, that is, when decreasing the Si/Al ratio [9]. This
correlation was verified when the Si/Al ratio increased from 40 to 240, showing
a qualitative decrease in intensity of the band at 3600 cm™. This latter absorption
band completely vanished after alkaline treatment in both zeolites, due to the
ion exchange with Na*. The spectrum of alkaline-treated samples treated by ion
exchange in NHisNOs3 and calcined subsequently (Z40-AT-H and Z240-AT-H)
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showed a recovery of their Brgnsted sites, albeit with a lower intensity compared
to the non-treated samples, in agreement with the loss of micropore volume. A
progressive development of isolated silanol groups (band at 3740 cm™) was
visible in the same samples, due to the formation of intracrystalline
mesoporosity [4]; a slight increase in the amount of Lewis acid sites was
discerned in alkaline-treated samples compared to non-treated zeolites.

3740
BE0

3
3600

Z240-AT-H

ZOAT A

E2Z R N

Z40-AT-H
Z40-AT

Z40

Absorbance / a.u.

4000 3800 3600 3400 3200
Wavenumber /cm™

Figure 3.4. FTIR spectra in the OH-stretching region of the native and treated zeolites.
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3.2. Fischer-Tropsch performance
3.2.1. Influence of Si/Al ratio of the untreated zeolite

An initial CO conversion of about 85% was found over the base Fe catalyst,
which diminished to about 75% after 48 hours (Figure 3.5), thus showing a
moderate deactivation during this period. After the addition of the zeolites, no
influence of the Si/Al ratio on CO conversion was observed. In fact, the initial CO
conversion was around 90% when using the FeZ40 catalyst, with a similar decay
than in the Fe base catalyst, and only 75% with FeZ240. Despite its lower initial
activity, the latter catalyst exhibited a more stable behavior upon time on
stream.

Selectivity to main products is shown in Table 3.2. CO; selectivity was very
similar in all cases, ca. 70%, indicating that the addition of zeolite was not
affecting the WGS reaction, in which iron is known to be an active catalyst [10].
Due to the large amount of CO;, selectivity results in the following figures were
expressed as selectivity to hydrocarbons (without CO3). Most of the paraffins

guantified in Table 3.2 are related to branched compounds (i.e. iso-paraffins).

Table 3.2: Mass selectivity and olefin to paraffin ratio of the Fe catalyst alone and
mixed with commercial and alkaline-treated zeolites.

Selectivity / -
Catalyst O/P ratio
CO; Paraffin Olefin Aromatic
Fe 7.03-10% 2.71-101 1.94-102 6.60-103 7.16-1072
Fez40 6.98-101 1.69-101 2.77-1072 1.05-101 1.64-10"
FeZ40-AT 6.92-101 2.73-101 3.50-107 0.00 1.28-10
Fez40-AT-H 6.95-101 1.87-101 3.41-107 8.39-107 1.82-10%
FezZ240 6.77-101 1.88-10* 2.65-107 1.09-10 1.41-10%
FeZ240-AT 6.91-101 2.66-101 4.30-107 0.00 1.62-10%
FeZ240-AT-H 7.11-101 1.62-10* 2.87-107 9.83-107 1.77-10%
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Figure 3.5. CO conversion vs. time during FTS over the Fe catalyst and mixed with the
different zeolites. Reaction conditions: Hy/CO ratio = 2, T = 300°C, WHSV =
0.05 molco/(gcat-h), and P = 10 bar.

The Fe base catalyst exhibited a high selectivity towards paraffins in the range
C1-Cyo (Figure 3.6), with a very low olefin-to-paraffin ratio, and practically no
aromatics. Addition of the commercial zeolites led to important differences in
product selectivity, i.e., the selectivity to aromatics increased from 1% (in the
base Fe catalyst) to ca. 10% concomitantly to decreased paraffin selectivity in
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FeZ40 and FeZ240. The selectivity to C,-C4 was similar (ca. 25%) for both
bifunctional catalysts, while the selectivity in the range Cs-Ci, (typical of
gasoline) increased from 30% in the base Fe catalyst to 49% in FeZ240, showing
a progressive increase with the Si/Al ratio (Figure 3.7). FeZ40 and FeZ240 showed
practically no differences in products selectivity (17% and 19% for paraffins, and
10% and 11% for aromatics, respectively). Although these results seem to show
subtle differences between catalysts, the general differences observed can be
explained in terms of Brgnsted acidity offered by the zeolites with different Si/Al
ratio, as zeolites with higher Al content have higher amount of Brgnsted acid
sites [9,11]. As previously observed in Figure 3.4, the amount of acidic sites in
Z40 is slightly higher than in Z240, thus facilitating the formation of aromatic
products, especially, towards more complex structures in the most acidic

catalysts, as shown below.
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Figure 3.6. FTS product mass distribution over the Fe catalyst.
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Figure 3.7. FTS product mass distribution over the different Fe-based bifunctional
catalysts.

Most aromatic products were comprised in the C;-Ci; range and were

composed of branched benzenes (alkylbenzenes). The increased acidity in Z40
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over 2240 led to the production of heavier aromatics, even reaching molecules
with 14 carbons (i.e. branched naphtalenes). The percentage of lighter aromatics
(7-10 carbons) increased in the opposite sense, that is, from Z40 to Z240. Less
As—A10 and more A11+ compounds were formed in FeZ40 compared to FeZ240.
This may imply that aromatization occurs in the Brgnsted acid sites located
inside the micropores (with diffusion constraints), which are poisoned upon
reaction favoring the formation of heavier aromatics at the external acid sites.
In contrast, the less acidic character of the FeZ240 catalyst induces the slightly
higher formation of As-Aio products without suffering changes in activity along
the 48 h time on stream.

These results confirm not only that the zeolite acidity is responsible for
cracking of heavy hydrocarbons, and the formation of aromatics by
oligomerization, cyclization, and dehydrogenation of primary short olefins
produced over the Fe catalyst [12,13], but also that the degree of acidity induces
noticeable differences in the distribution of aromatic products. In agreement
with previous literature [14], our results also show that this transformation is
motivated by a change in the ASF distribution, which decreases the Cia:
selectivity. The presence of acidic sites in the zeolites promotes cracking and
isomerization reactions, and also, a higher degree of aromatization in Fe-based
bifunctional catalysts. Also, the increment in acidic sites in FeZ40, with low Si/Al

ratio, led to the formation of more complex aromatic structures (>Ci1+).
3.2.2. Influence of mesoporosity

Primary hydrocarbons formed on active sites of a FTS are able to migrate into
the zeolite micropores, where the above-mentioned processes occur. However,
the products formed must diffuse out of the micropores of the zeolite, and this
may partially lead to overcracking towards lighter hydrocarbons [15]. In order to
overcome this issue, desilication treatments were performed over selected
zeolites to evaluate the effect of mesoporosity generation on the performance

of Fe/hierarchical zeolites. The main effect of alkaline treatment is the extraction
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of framework silicon leading to an interconnected network of micropores and
mesopores (and extensive surface area). Without subsequent ion exchange with
NH4NOs, the hierarchical zeolite remained in the sodic form, and therefore, no
Brgnsted sites were present. In this work we have evaluated the effect of
mesoporosity development by measuring the catalytic performance using
zeolites with or without Na* exchange. A priori, the presence of Na* in the
alkaline-treated zeolites was expected to provide a similar FTS performance than
with the Fe base catalyst, if only acidity is considered. However, the effect of
enhancement in mesoporous surface area was investigated to evaluate possible
changes in product distribution when no Na* exchange was performed.

Figure 3.5 shows CO conversion vs. time on stream for the alkaline-treated
samples with (FeZx-AT-H) or without (FeZx-AT) subsequent ion exchange. The
activity of both FeZ40-AT and FeZ240-AT was slightly lower than their parent
counterparts, thus indicating that the blockage of pores by Na* was in fact
reducing the diffusion of reactants and products along the porous structure. On
the contrary, both FeZ40-AT-H and FeZ240-AT-H displayed an increased CO
conversion, especially in the latter catalyst, which is even slightly increased along
the reaction. This can be explained by the fact that the presence of mesopores
favored the transport of bulky products, thus avoiding deactivation by blocking

and coke formation.

Concerning product selectivity, results are shown in Figure 3.7. Products with
>C15 obtained with the bifunctional catalysts were found in trace amount below
the quantification limit of the instrument and were not considered. Selectivity in
FeZ40-AT and FeZ240-AT was substantially and qualitatively different from that
obtained over FeZ40 and FeZ240. The results are quantified in Figure 3.7 and
summarized in Table 3.2. Most of the products were paraffins and only a very
small increase in the amount of olefins was detected, especially in the range C»-
C4, over both alkali-treated materials. In fact, these results are quite similar to

those of the product distribution of the Fe catalyst alone (Figure 3.7), with minor

50



UNIVERSITAT ROVIRA I VIRGILI
CATALYTIC CONVERSION OF SYNGAS TO ALCOHOLS AND HYDROCARBONS OVER TRANSITION METAL-BASED
MICRO/MESOPOROUS CATALYSTS
Jordi Plana Palleja
Fischer-Tropsch Synthesis: influence of zeolite acidity and mesoporosity

differences: slightly lower selectivity to methane, formation of minor amount of
olefins, and absence of products above Ci4 in the bifunctional catalysts (at least
being quantifiable). This suggests that virtually no secondary reactions
(hydrocracking, oligomerization, cyclization, etc.) occurred when using the non-
acidic bifunctional catalysts (FeZ40-AT and FeZ240-AT), but in contraposition,
the presence of mesopores limited the size of the paraffins formed up to Cia.

Both FeZ40-AT and FeZ240-AT exhibited similar product distribution (Figure
3.8). Therefore, the effect of mesoporosity development in alkaline-treated
zeolites (without Na* exchange, which do not retain their Brgnsted acidity) is
somewhat affecting the catalytic performance in these bifunctional catalysts, as
even without acidic sites seemed to change the ASF product distribution.

As expected from the recovery of Brgnsted acid sites (Figure 3.4), the use of
the acidic zeolites, FeZ40-AT-H, and FeZ240-AT-H led to a high Cs-Ci2 selectivity
again with respect to the Na-containing catalysts, due to cracking of heavy FT
products over the acid sites. In parallel, the selectivity to Ci3+ was practically
negligible, irrespective of the presence of mesopores in the alkaline-treated and
ion exchanged samples. The selectivity to methane was practically not affected
upon alkaline treatment of the zeolites. Compared with untreated bifunctional
catalysts, both FeZ40-AT-H and FeZ240-AT-H showed a decreased selectivity to
the Cs-Ciz fraction, concomitantly to the slight increase in the C,-C4 carbon range
(Figure 3.7). The amount of aromatics marginally decreased in FeZ40-AT-H at the
expenses of a slight increment in C,-C4 paraffins (Table 3.2). These results are
better summarized in Figure 3.8, where products are grouped into typical cuts
according to the number of carbons. Not only the acidity of this material still
favored cracking and isomerization, but also the better accessibility of the
mesopores induced the formation of lighter compounds. In the case of FeZ240-
AT-H, the alkaline treatment followed by ion exchange seemed to produce no
significant effects, as the total amount of aromatics was practically equivalent to
that in FeZ240. However, less acidic bifunctional catalysts (i.e. FeZz240 and
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FeZ240-AT-H) were more selective towards the gasoline-range products with
respect to bifunctional catalysts with low Si/Al ratio zeolites.

These results suggest that the presence of mesoporosity and acidity of these
zeolites play a key role in modifying the gasoline-range selectivity. As previously
reported, alkaline treatment and subsequent NH4NOs ion exchange (followed by
calcination) should lead to a partial recovery of the strong Brgnsted acidity [16].
Following this, the increase in mesoporosity while keeping a certain level of
acidity (similar or slightly below to that of the non-treated zeolites) seemed to
somewhat hinder selectivity towards Cs-C12 hydrocarbons; that is, the preserved
acidity promotes cracking, aromatization, etc., and the presence of mesopores
helps reaching the active acid sites with less diffusional constraints.

In summary, developing mesoporosity provided a better accessibility of the
acidic active sites for cracking and aromatization, although for the gasoline-
range objective in FTS, this effect is partially detrimental. The Brgnsted acidity,
which is beneficial for cracking and aromatization reactions, was valuable to
enhance the Cs-Ci2 hydrocarbon range. However, the generation of small
mesopores produced a slight increase in the C,-Cs fractions due to overcracking
of heavy molecules in the acid sites. This effect was more pronounced for lower
Si/Al ratios. Herein, the best performance towards gasoline products was
achieved using a zeolite-containing bifunctional catalyst with higher Si/Al ratio
(and intrinsic lower acidity), without direct influence on the presence of
mesopores. In this direction, the typical benefits achieved by hierarchical
zeolites (possessing both micro and mesoporosity and preserved acidity) in a
large number of heterogeneously catalyzed reactions [17] need to be optimized
for each specific application and, more particularly, to the product/s of interest

when complex reactions like FTS are concerned.
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In this chapter, Fe, Co, and Cu metallic catalysts, supported on mesoporous
silica SBA-15, have been synthesized and their activity and selectivity to the
formation of higher alcohols investigated. In the first part of the chapter, bi- and
trimetallic combinations of supported Fe, Co and Cu catalysts have been
produced to investigate the combined effects of their active components
towards higher alcohols synthesis. The second part of the chapter shows a
variety of ternary catalysts with differing proportions between the three metals,
in order to find the ternary catalyst with the best yield of higher alcohols. The
third and final part of this chapter subjects the most performing catalyst from
the second part of the chapter to further tests, with varying reaction conditions
in order to evaluate their effect on conversion and selectivity towards higher
alcohols synthesis. Additionally, doping with alkaline metals (K and Na) was also
performed on the best catalyst to evaluate its effect on catalyst activity and its
selectivity to alcohol formation.

4.1. Catalyst composition: binary vs ternary catalysts
4.1.1. Characterization of fresh catalysts

Table 4.1 shows the metallic load of the binary and ternary catalysts,
determined by inductively coupled plasma optical emission spectrometry (ICP-
OES). The real metallic charge of the different catalysts was slightly lower than
its nominal value. However, the ratios among metals corresponded to the
intended values. This indicates that the impregnation method used for the
preparation of the catalysts was effective to entrap the metals inside the porous

structure of the support.

Table 4.2 shows the textural properties (BET area, micro- and mesoporosity)
of the binary and ternary catalysts. Nitrogen adsorption-desorption isotherms
show that all samples followed type-IV isotherms with H1 type hysteresis, which
is typical of mesoporous materials with cylindrical mesostructures. Commercial
SBA-15 had a surface area of over 700 m?/g, which decreased to 400-650 m?/g
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after impregnation with the metals, regardless of the metal content. Micropore
volume was reduced to 25-50% of that of commercial SBA-15 (from 0.102 ml/g
to 0.050-0.080 ml/g). In all cases the average pore size was between 6-9 nm.

Table 4.1. Metallic charge of the catalysts.

SBA-15 FeCoCu Fe (wt. %) Co (wt. %) Cu (wt. %)
9/9/9 8.1 8.3 8.9
0/9/9 0.0 8.7 9.3
0/9/18 0.0 8.2 18.3
0/18/9 0.0 16.9 8.7
9/0/9 7.6 0.0 8.4
18/0/9 15.2 0.0 8.5

9/0/18 7.8 0.0 17.4
9/9/0 7.7 7.7 0.0

Figure 4.1 shows the reduction profiles of the calcined materials. These
profiles are complex, as all three metals had reduction peaks at the same ranges
(200-400°C). FeCoCu 9/9/0 had a small peak at 394°C, with a wide shoulder that

corresponded to the reduction of Fe;03 and Coz04 oxides to their metallic state.

FeCoCu 9/0/9 and FeCoCu 18/0/9 displayed a peak centered at 237°C, caused
by the reduction of CuO and the partial reduction of Fe;03 to Fe30s, and small
peaks from 350°C to 650°C that showed the complete reduction of Fe. FeCoCu
9/0/18 displayed a peak at 268°C, which encompassed the reduction of CuO and
the partial reduction of Fe;03 to Fe30a.

FeCoCu 0/9/9 and FeCoCu 0/9/18 had two defined peaks at ca. 284°C and ca.
319°C, which corresponded to the reduction of CuO and Co304 to their metal
phases, respectively. Catalyst FeCoCu 0/18/9 had wider peaks due to the excess
of Cu, with a first peak at 250°C, followed by a wide peak finishing at 350°C.
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Table 4.2. Textural properties of the binary and ternary catalysts.

Viicro Vipore Smicro Smeso Seer
FeCoCu (ml/g) (ml/g) (m?/g) (m?/g) (m?/g)
SBA-15 0.102 0.835 235 489 724
9/9/9 0.052 0.482 116 290 406
0/9/9 0.074 0.820 164 494 658
0/9/18 0.063 0.590 142 349 491
0/18/9 0.054 0.521 121 295 416
9/0/9 0.085 0.619 196 361 557
18/0/9 0.079 0.555 182 318 500
9/0/18 0.063 0.572 141 354 496
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Figure 4.1. TPR-H, profiles of the FeCoCu catalysts. A: 0/9/9, B: 0/18/9, C: 0/9/18, D:
9/0/9, E: 18/0/9, F: 9/0/18, G; 9/9/0, H: 9/9/9.
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The ternary catalyst FeCoCu 9/9/9 had a wide peak centered at 273°C, with
shoulders at 245 and 311°C, caused by the reduction of CuO to Cu, Fe;03 to Fez0a
and Cos04 to Co [1], whereas the wide peak between 350-550°C corresponded
to the reduction of Fe304 to metallic iron via FeO [2, 3].

Figure 4.2 shows the X-ray diffractograms of the calcined catalysts, which had
low crystallinity. In fact, FeCoCu 0/9/9, FeCoCu 9/0/9, FeCoCu 18/09 and FeCoCu
9/9/0 showed no crystalline phases. FeCoCu 0/18/9 and FeCoCu 0/9/18 had
peaks corresponding to CuxCosxQOas spinels. FeCoCu 0/9/18 and FeCoCu 9/0/18
showed peaks of CuO, due to their higher content in copper. Ternary catalyst
FeCoCu 9/9/9 showsed the presence of crystalline CuxCos-xO4 spinels.

Intensity / a.u.
f-

10 15 20 25 30 35 40 45 50 55 60 65 70
2theta / degrees

Figure 4.2. XRD of calcined catalysts. A: FeCoCu 0/9/9, B: FeCoCu 0/18/9, C: FeCoCu
0/9/18, D: FeCoCu 9/0/9, E: FeCoCu 18/0/9, F: FeCoCu 9/0/18, G; FeCoCu 9/9/0, H:
FeCoCu 9/9/9. [: Cuy Cozx 04, O: CuO.
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Figure 4.3. TEM images of the binary and ternary FeCoCu catalysts. A: 9/0/9, B:
18/0/9, C: 9/0/18, D: 0/9/9, E: 0/18/9, F: 0/9/18, G; 9/9/0, H: 9/9/9.
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TEM imaging of the catalysts in Figure 4.3 shows that SBA-15 had uniform
channels 9 nm wide, with enclosed metallic particles. Catalysts without cobalt
(FeCoCu 9/0/9, 18/0/9, and 9/0/18) displayed small, regular particles 8-9 nm
wide. In contrast, catalysts without iron (FeCoCu 0/9/9, 0/18/9, and 0/9/18)
formed bigger aggregates, with diameters over 50 nm that embraced several
SBA-15 channels. FeCoCu 9/9/0 showed the formation of metallic filaments
inside the channels, which could be over 200 nm long. Ternary catalyst FeCoCu
9/9/9 showed small particles of 8-9 nm included inside the channels.

4.1.2. Catalyst screening

All catalysts exhibited stable conversion after 24 hours of time on stream. The
products obtained were hydrocarbons up to pentane in the gas stream and
alcohols up to heptane dissolved in water.

FeCoCu 0/9/9 and FeCoCu 0/9/18 were found to be almost inactive, while
FeCoCu 0/18/9 showed high conversion (30%), with a high selectivity towards
hydrocarbons (72%) and CO; (16%). These results suggested that, in catalysts
lacking iron, higher amounts of cobalt with respect to copper were necessary to
obtain an active catalyst. FeCoCu 9/0/9, 18/0/9 and 9/0/18 gave similar CO
conversions (between 21% and 27%). FeCoCu 9/0/9 produced the lowest
amount of CO; and the highest yield of hydrocarbons (16% and 63%,
respectively), and the highest selectivity towards alcohols (14%). FeCoCu 18/0/9
produced higher amounts of C,:+ hydrocarbons (42%) and the highest values of
CO conversion (27%) but exhibited the worst performance towards alcohols
selectivity (10%). FeCoCu 9/0/18 had moderate conversion (23%), as well as the
highest selectivity towards CO2 (22%). These results indicated that a higher iron
content promoted CO conversion and improved selectivity towards

hydrocarbons, but decreased selectivity towards alcohols.

FeCoCu 9/9/0 had a CO conversion of 20%, with high selectivity towards

hydrocarbons (71%), as well as low selectivity towards CO,. This indicated that
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the presence of cobalt in the catalyst decreased the activity of the WGS reaction.
The ternary catalyst FeCoCu 9/9/9 gave moderate levels of conversion (15%) and
showed intermediate WGS activity, but had the highest selectivity towards
alcohols (16%). This showed the improved effect the combination of the three
metals had on the reaction products pointing to the ratio between the three
metals to be a key to improve conversion and selectivity towards alcohols.

The distribution of hydrocarbon products according to their carbon number
is shown in Figure 4.5. All catalysts showed methane to be the main product,
since it contained most of the carbon present in the hydrocarbon fraction.
Catalysts without Co (FeCoCu 9/0/9, FeCoCu 18/0/9, and FeCoCu 9/0/18) had
better selectivity to higher hydrocarbons, specially propane and pentane. This
indicates that cobalt favored the production of methane, while iron favored
growing of the hydrocarbon chains, thus resulting in heavier products.
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Figure 4.4. Conversion and selectivity of binary and ternary catalysts after 24 h of
reaction. Reaction conditions: 30 bar, 300°C, 0.3 molCO/gcat-h, H2/CO = 2.
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Figure 4.5. Selectivity towards hydrocarbons of the different catalysts.
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Figure 4.6. Selectivity towards alcohols of the different catalysts.
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Regarding selectivity towards specific alcohols, methanol was the main
alcohol produced in all binary catalysts, and the amount of higher alcohols
tended to decrease with chain length. The ternary catalyst (FeCoCu 9/9/9)
displayed a slightly higher selectivity towards ethanol instead of methanol (25%
of methanol and 26% of ethanol), suggesting that the combination of the three
metals provided the dual active sites required to promote the synthesis of higher
alcohols. The combination of the three metals had a synergistic effect. FTS
metals induced the dissociative insertion of CO to form surface alkyl-groups (C-
C chain growth) and hydrogenation, and Cu promoted the associative insertion
of CO and subsequent alcohol formation. Additionally, Co hindered the capacity
of Fe to catalyze the WGS reaction, thus reducing the amount of CO», while Cu
improved the selectivity towards alcohols instead of hydrocarbons. This resulted
in an improved distribution of products in the ternary system compared to the

binary catalysts.
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Figure 4.7. X-ray diffractograms of the used catalysts. A: 0/9/9, B: 0/18/9, C: 0/9/18,
D: 9/0/9, E: 18/0/9, F: 9/0/18, G; 9/9/0, H: 9/9/9. [: CoFe, O: Co, @®: Cu, K: C.
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Figure 4.8. TEM images of used catalysts. A: FeCoCu 0/9/9-U, B: FeCoCu 9/0/9-U, C:
FeCoCu 9/9/0-U, and D: FeCoCu 9/9/9-U.

4.1.3. Characterization of used catalysts

Used catalysts were characterized after reaction, in order to assess potential
changes in their morphology and structure. X-ray diffraction was performed to

the used catalysts, as shown in Figure 4.7.

All materials had low crystallinity and exhibited reduction of the different
oxides to their respective metals (Co and Cu). These changes could be attributed
to the reduction with H; that was performed before reaction. Some materials
also showed peaks corresponding to graphitic carbon deposited on the porous

structure.
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The TEM images of selected used catalysts are shown in Figure 4.8. The
formation of larger aggregates of metal particles can be observed. These metallic
clusters could range from 20 nm to over 80 nm wide and might be caused by the
degradation of the catalyst by sintering over time.

4.2. Ternary catalysts: effect of metal loading
4.2.1. Characterization of fresh catalysts

The elemental composition of the synthesized materials was determined by
ICP-OES. Table 4.3 shows that metal loads were slightly lower than their nominal
values, but the ratios among the three metals were close to the target values.

Analysis of the textural properties of the calcined materials showed that all of
them had a type-IV N; adsorption-desorption isotherm and type-H1 hysteresis,
which is a typical feature of mesoporous materials with cylindrical

mesostructures.

As show in Table 4.3, commercial SBA-15 had a surface area of 724 m?/g,
which diminished to ca. 400-500 m?/g after impregnation, regardless of the
metal content. Micropore volume decreased from 0.102 mL/g in commercial
SBA-15 to ca. 0.050-0.080 ml/g in the impregnated and calcined materials, due
to the incorporation of metallic species in the SBA-15 pores. In all cases, the

average pore size was between 6 and 9 nm.

Figure 4.9 shows the X-ray diffractograms of the catalysts after reduction with
H» at 300°C for 2 h. Characteristic peaks corresponding to the reduced metallic
phases of iron and copper were observed in all materials, due to their reduction
from metal oxides during the activation process. Metal oxides may remain
eventually, although in a non-crystalline phase or not detected by XRD due to
the relatively low crystallinity of the samples. FeCoCu 9/18/9 also showed
crystalline phases corresponding to reduced Co, albeit at very low crystallinity.

The average crystallite size of Fe was similar in all catalysts, with values ranging
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from 5.0 to 5.4 nm. Concerning Cu, narrower diffraction lines were observed in
sample FeCoCu 9/9/18, in agreement with its higher average crystallite size of
14.2 nm. The other samples showed a regular trend with sizes in the range of 3.2
to 3.4 nm. This implies that higher Cu contents induced sintering upon reduction,
and therefore, larger Cu® particles. The Co average crystallite size was not
determined as was not easily discerned from the XRD background.

Table 4.3. Textural properties, metallic load, and H, consumption of the calcined
FeCoCu catalysts and SBA-15.

SBA-15 FeCoCu FeCoCu FeCoCu FeCoCu
12/12/12 18/9/9 9/18/9 9/9/18

Vimicro (ML/g) 0.102 0.076 0.059 0.073 0.066
Vpore (ML/g) 0.835 0.576 0.494 0.567 0.577
Sicro (M2/8) 235 176 135 168 150
Smeso (M?/8) 489 324 299 335 346
Seer (M?/g) 724 500 434 503 496
Fe (%) - 9.30 14.7 7.60 8.30
Co (%) - 10.6 7.50 16.5 8.40
Cu (%) - 11.6 8.00 8.20 18.9
H> cons. - 146 129 132 134
(mmolua/gmetal)
Ratio of H, - 0.83 0.69 0.75 0.82

consumption

Figure 4.10 shows TEM images of the calcined catalysts. The morphology of
the SBA-15 support, which consisted in long and regular channels with 9 nm of
internal diameter, could be clearly observed in all catalysts. Metal aggregates
dispersed in the SBA-15 support were observed in all cases, but they varied in
size and morphology depending on the combination of individual metal loads
used to prepare the catalyst. Figure 4.11 shows the size distribution of the metal

oxide particles in the fresh catalysts. FeCoCu 12/12/12 catalyst showed the
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formation of metal aggregates of 14-19 nm distributed mainly on the outer walls
of the SBA-15 particles, combined with small aggregates of 7-9 nm inside the
SBA-15 channels. Using an excess of iron at a 36% total nominal metal load
(FeCoCu 18/9/9) produced metal particulates of ca. 7-9 nm in diameter with an
even distribution inside the channels of the SBA-15. No larger particles or
aggregation of the small particles inside the channels were noticed. Large
aggregates were not observed when Co was used in excess (FeCoCu 9/18/9), but
the small metal particles inside the channels formed filiform structures like those
in the FeCoCu 12/12/12 catalyst. On the contrary, an excess of Cu (FeCoCu
9/9/18) gave a structure where regular aggregates with sizes ranging from ca. 5
to 10 nm in diameter were formed inside the SBA-15 channels.

o * O

1212112

.- 18/9/9

Signal /a.u.

9/9/18

40 50 60 70 80 90
26 / degrees

Figure 4.9. XRD of activated catalysts. Crystalline phases: (L1) Fe, (®) Cu, (O) Co.
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Figure 4.10. TEM images of the calcined catalysts.

The decrease in surface area reported in Table 4.3 could be related to the
morphology of the deposited metal particles. As a general trend, the catalysts
where only small and well distributed metal particles were present had the
larger reduction in surface area and pore volume, which pointed to a larger
fraction SBA-15 channels being partially blocked by the metal particles. In the
catalysts where metal particles formed filiform structures or large clusters, lower
channel blockage did occur because the metal tended to accumulate in fewer

channels and was less dispersed throughout the porous structure.

Catalysts had consistent properties and did not exhibit significant variations
in composition and textural characteristics between batches. Figure 4.12 shows
the temperature-programmed reduction (TPR) profiles of the calcined materials.
A relatively complex reduction pattern was observed because the three metals
tended to reduce along the same temperature interval (180-300°C). Reduction
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of CuO to Cu, Fe;03 to Fe304 and Co30a4 to Co, occurred between ca. 180°C and
225°C, which resulted in overlapped peaks and, in some cases, merged peaks.
The wider peaks ranging from ca. 225°C to 500°C corresponded to the
consecutive reduction of Fe304 to FeO and then to metallic Fe [3].

50 1211212 50 9/18/9
5407 40
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Figure 4.11. Distribution of particle sizes of the metal aggregates present in the
calcined catalysts.

FeCoCu 12/12/12 gave overlapping peaks at ca. 199 and 210°C, attributed to
the reduction of CuO to Cu, Fe;03 to Fes0s4 and Cosz04 to Co [1]. The wide
shoulder from 225 to 450°C corresponded to the consecutive reduction of Fez04
to FeO, and finally to metallic Fe [4]. The latter appeared to be hindered in this
material when compared to other catalysts, which was probably related to the

presence of the bigger metal aggregates. Adding an excess of iron (FeCoCu
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18/9/9) caused the peak associated with the reduction of Fe;03 to Fe304 to shift
to ca. 184°C, while the peak at 210°C attributed to the reduction of CuO to Cu
decreased in relative intensity. It may also be observed that the peak at the
highest temperature shifted to 301°C due to the smaller size of the metal
particles. When Co was in excess (FeCoCu 9/18/9) a clear peak attributed to the
reduction of Co®*" was observed at 221°C, and the peaks associated with iron
shifted to lower temperatures due to less interaction between iron and the
support. Finally, when Cu was in excess (FeCoCu 9/9/18), a wide peak centered
at ca. 183°C corresponding to overlapped Fe;0s and CuO reductions was
detected, with a small shoulder at ca. 267°C (Fe3O4 reduction).

12112112

10 301

18/9/9

Signal /a.u.

221

157 66
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183
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Temperature / °C

Figure 4.12. H, temperature programmed reduction (TPR) profiles of the calcined
materials.
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Hydrogen consumption was calculated by integration of the TPR reduction
profiles and it is reported in Table 4.3. Consumption ratio — the quotient
between the actual H, consumption and the theoretical consumption for total
reduction of the pure metal oxides of the three metals — was always below 1.
This may be due to the formation of non-stoichiometric oxides upon calcination,
but also indicates that a fraction of the metals probably remained oxidized. In
fact, the discrepancy in H, consumption was more pronounced in the catalyst
with excess of iron, which points to a fraction of this metal remaining in FexOy

oxidized forms without being completely reduced to metallic Fe.
4.2.2. Catalyst activity

Figure 4.13 shows the conversion of carbon monoxide and the overall
selectivity towards carbon dioxide, hydrocarbons and oxygenated compounds.
Carbon balance was better than 95% in all cases. Conversion values varied
between 13 and 22%, which was consistent with the reactor pressure and space
velocity used in these experiments when compared to previous works in

literature [5].

The FeCoCu 12/12/12 catalyst had moderate conversion (21%), low selectivity
towards the formation of oxygenated products (11%) and low WGS activity (8.7%
CO; selectivity). Changing the ratios between the three active metals while
maintaining a constant nominal total metal load of 36% influenced activity and
selectivity depending on the dominant metal. Using an excess of iron (FeCoCu
18/9/9) did not modify the conversion and selectivity of the catalyst significantly
when compared to FeCoCu 12/12/12. It had a conversion of 22% and tended to
promote the formation of alkanes (70%) over carbon dioxide (11%) and alcohols
(13%), which were statistically equal to those of FeCoCu 12/12/12. When an
excess of cobalt was used (FeCoCu 9/18/9) conversion (18%), hydrocarbon
selectivity (72%) and carbon dioxide selectivity (7%) were statistically equivalent
to those of the base catalyst (FeCoCu 12/12/12), but a significantly higher

selectivity to alcohols of 18% was obtained. The catalyst containing an excess of
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Cu (FeCoCu 9/9/18) had lower conversion (13%) than the other three materials
and a selectivity to oxygenates of 22%, which was significantly higher than
FeCoCu 12/12/12 and Fe/Co/Cu 18/9/9. This may be attributed to the role of Cu
as promoter of the associative adsorption of CO, its insertion, and the
dissociative chemisorption of H,, which leads to the formation of alcohols and
oxygenated products.
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Figure 4.13. Conversion and selectivity of ternary catalysts after 24 hours of reaction
(30 bar, 300°C, WHSV = 0.3 molco/gcarh, H2/CO = 2).

Overall, conversion and selectivity towards the formation of oxygenated
products were consistent with previous studies, although lower pressures were
investigated herein. Guo et al. [6] studied the activity of ternary FeCoCu catalysts
supported in attapulgite at 350°C and 55 bar using a feed gas with a CO/H2 molar
ratio of 2. Conversions from 65 to 70% were reported — mainly due to the
enhanced activity at higher pressure and temperature — but moderate alcohol
selectivity (from 6 to 12%) and high carbon dioxide formation (18 to 20%) were
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reported. Sharma et al. [7] performed experiments at 28 bar and 300°C using
binary FeCu catalysts doped with potassium. CO conversion was ca. 13% but the
selectivity towards alcohols was only 2%. Higher alcohol selectivity (close to 40%)
was reported for CoCuO-La catalysts at 30 bar and 330°C at 30% CO conversion
[8], which was attributed to the effect of La as a promoter. This work on ternary
catalysts shows moderate improvements over previous work using binary
catalysts [9]. In comparison with binary catalysts, similar levels of conversion
were achieved, but higher selectivity towards alcohols, and improved selectivity
towards higher alcohols.

The distribution of individual alcohols and hydrocarbons grouped by carbon
number is shown in Table 4.4. Methane was the dominant product in all the
catalysts by far with a selectivity ranging from ca. 38 to 44% and it was
accompanied by alkanes of up to 5 carbons. Larger hydrocarbons were neither
detected in the product gas by the on-line gas chromatograph, nor in the
aqueous liquid phase collected in the gas-liquid separator. No organic liquid
phase was formed. However, the production of minor amounts of hydrocarbons
larger than six carbons could not be ruled out entirely, even if they were not
observed in our experimental setup. Oxygenated products comprised alcohols
from methanol to n-heptanol, together with trace amounts of aldehydes.
Selectivity to methanol and ethanol were similar, with values between ca. 2.3 to

6.2, depending on the catalyst.

The performance of the different catalysts was also assessed on the basis of
the chain growth probabilities of the Anderson-Schultz-Flory (ASF) distribution
of hydrocarbons (axc) and alcohols (aa), which are shown in Figure 4.14. In all
catalysts, higher values of alcohol chain growth probabilities were observed for
alcohols larger than 4 carbons (aa4+) than for alcohols with less than 4 carbons
(cta1-4), although this difference was less pronounced in catalyst FeCoCu 9/18/9.
This agrees qualitatively with the tendency of Fe-based FT catalysts to present

positive deviations in the chain grow probability at high carbon numbers [10].
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Table 4.4. Selectivity (Sj) to alcohols and hydrocarbons by carbon number

FeCoCu FeCoCu FeCoCu FeCoCu

12/12/12 18/9/9 9/18/9 9/9/18
Alcohols
C 2.27-10 3.14-10 3.11-10 6.17-10
G 2.37-10 2.93:10 4.03-102 5.03-10
Cs 1.20-10 1.31-102 2.35-10% 2.59-:10
Cs 8.21-10° 8.22:103 1.62-10° 1.62-1072
Cs 8.83-10°3 8.30-10°3 1.79-10° 1.67-1072
Ce 6.50-103 7.82-10°3 1.31-10° 1.51-1072
G 5.31-10°3 6.51-103 7.53-10°3 1.32:1072
Hydrocarbons
C 4.36-10" 3.78-10* 3.88-10* 4.23-10%
G 1.15-10* 1.52-10% 1.22-107 1.40-101
Cs 8.60-10% 1.07-10% 1.08-10* 9.01-103
Cs 4.16-10% 3.91-10% 5.25-10% 4.39-102
Cs 6.72-10 2.63-10? 5.17-10? 1.94-103

A few trends may be inferred from data in Table 4.4 and Figure 4.14 regarding
the influence of catalyst composition. FeCoCu 12/12/12 had alcohol and
hydrocarbon chain growth probabilities of 0.44 (aa1-4) and 0.71 (aa4+), and 0.42
(amc), respectively. An excess of cobalt (FeCoCu 9/18/9) had no significant
influence on the hydrocarbon and alcohol chain growth probabilities. Using an
excess of iron (FeCoCu 18/9/9) caused no discernible change in anc and cai-4,
but aas+ (0.77) was significantly higher than for FeCoCu 12/12/12 and 9/18/9,

thus improving selectivity to higher alcohols.
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Figure 4.14. Comparison of ASF plots of the ternary catalysts after 24 hours of reaction
(Same conditions than Figure 4.13. Hydrocarbons, L1; Alcohols, O).

Finally, using an excess of copper had an important effect on the catalyst
behavior (FeCoCu 9/9/18), mainly by reducing the hydrocarbon growth
probability to 0.20, which roughly is half the value observed in all the other
catalysts. Although methane was still the main product, the excess of copper
hindered the capacity of chain growth in hydrocarbons while maintaining the
capacity of chain growth to higher alcohols at the same value than FeCoCu

18/9/9. The different chain growth probabilities in comparison with the other
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catalysts tested indicate that FeCoCu 9/9/18 seems to promote CO insertion to
retain C-O bonds for alcohol chain termination and to reduce direct H; insertion
for hydrocarbon chain termination. Therefore, despite FeCoCu 9/9/18 was the
less active catalyst (ca. 13% conversion), it had the better performance for
alcohols synthesis (20% selectivity) and it also produced a relatively low amount

of carbon dioxide.
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Figure 4.15. Diffractograms of the spent catalysts. Crystalline phases: (L1) Fe, (@) Cu,
(O) FesC,.
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4.2.3. Characterization of the spent catalysts

Figure 4.15 shows X-ray diffraction patterns of the spent catalysts after
24 hours of reaction at 30 bar and 300°C. The two main peaks corresponded to
metallic copper and iron. During the reaction, Fe and Cu remained in their
metallic phases, with reduced levels of crystallinity, which may indicate a partial
oxidation of the metals. Catalyst FeCoCu 18/9/9-U also showed the presence of
iron carbide (FesC;), which is considered an active center that produces
hydrocarbons in FTS [11] together with metallic Cu, which is an active center for
hydrocarbons and methanol production. The presence of iron carbide could only
be appreciated in the sample with the highest iron content, but its presence in
the other catalysts could not be discarded due to the low crystallinity of the FesC;
phase. Regarding average crystallite sizes, Fe showed a slight increase from ca.
5 to 6.6-7.8 nm, while Cu raised its crystallite size from 3.2-4 to 11.0-13.4 nm.
These results indicate that metal particles aggregated/sintered during the
reaction. Catalyst FeCoCu 9/9/18-U showed the highest crystallinity for a-Fe.
FeCoCu 18/9/9-U and FeCoCu 9/18/9-U had lower presence of that phase due
to the presence of iron carbide and the low-crystallinity of cobalt and iron when
dispersed on the support. All used samples showed a characteristic peak

centered at 22°, corresponding to carbon deposition.

Figure 4.16 shows the TEM images of the spent catalysts after 24 hours of
reaction. Significant differences could be observed with respect to the activated
catalysts. Most materials showed the presence of agglomerates of ca. 10-50 nm
in diameter distributed outside the mesoporous structure of the SBA-15 support,
which were probably caused by sintering of the metal particles during reaction.
In fact, the filamentous aggregates that were observed inside the SBA-15
channels in the fresh samples of catalysts FeCoCu 12/12/12 and FeCoCu 9/18/9,
disappeared completely after reaction. FeCoCu 12/12/12-U and FeCoCu 9/18/9-
U still maintained small metal particles inside the channels, but it also showed

the formation of larger aggregates of ca. 10-30 nm deposited on the outer
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surface of the SBA-15 particles. Catalysts with good dispersion of small metal
particles before reaction (FeCoCu 18/9/9 and FeCoCu 9/9/18) displayed
different situations after use. In FeCoCu 18/9/9-U small particles were still
distributed inside the channels, but a few larger aggregates were present on the
outer surface of SBA-15. FeCoCu 9/9/18-U showed no aggregates although the
particles deposited inside the SBA-15 structure appeared to be slightly larger
than in the fresh catalyst. Overall, these observations were in agreement with
the increased average crystallite size determined by XRD of the spent catalysts.
Furthermore, spent catalysts had a 10% decrease in BET surface area, as well as
a 50-60% decrease in micropore volume (not shown), which could be attributed
to the effects of sintering and eventually coke deposition.

FeCoCu 18/9/9-U ELSETN | FeCoCu 9/9/18-U

Figure 4.16. TEM images of the spent catalysts.
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4.3. FeCoCu 9/9/18: influence of reaction conditions and alkaline
doping.

4.3.1. Characterization of fresh catalysts

The metal load of the catalyst was determined by ICP-OES, and showed a
content of 8.3 wt.% Fe, 8.4 wt.% Co, and 18.9 wt.% Cu, in accordance to the
nominal load of the three metals. Doped catalysts showed a 1.1 wt.% of Na and
1.0 wt.% of K, respectively. This material showed type-H1 hysteresis, which
corresponds to mesoporous materials with cylindrical mesostructures, as is SBA-
15. The FeCoCu catalyst had a BET surface area of 496 m?/g, with a micropore
volume of 0.066 ml/g, and a total pore volume of 0.577 ml/g. Figure 4.17 shows
the average pore size distribution. Commercial SBA-15 had its maximum at a
diameter of 6.75 nm, and FeCoCu catalysts had an average pore size of 4.56 nm.
Comparing commercial SBA-15 with SBA-15 9/9/18, a pore volume reduction
was observed, which can be attributed to the insertion of metallic nanoparticles
inside the SBA-15 channels.
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Figure 4.17. Pore size distribution of SBA-15 9/9/18. Red line: commercial SBA-15.
Black line: SBA-15 9/9/18.
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Figure 4.18 shows the X-ray diffractogram of the calcined catalysts. The
diffractogram showed characteristic peaks for metallic Fe oxides and Cu oxides.
Co oxides showed no crystalline phases. Average crystallite sizes for Fe and Cu
were 7.8 nm and 12.3 nm, respectively. Due to its low crystallinity, Co crystallite
size was too small to be measured. Doped catalysts did not display any additional
peaks, which indicated that K and Na were in non-crystalline phases. Besides, no
significant changes in crystallinity were observed upon impregnation with the

alkaline salts.
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Figure 4.18. XRD of calcined catalysts. Crystalline phases: (L) Fe, (@) Cu.

Figure 4.19 shows TEM imaging of the calcined and used catalysts. The
morphology of SBA-15 could be observed, which consisted of long, regular
channels of 9 nm of diameter. Metallic clusters of 7-9 nm of diameter were found
inside the channels. K- and Na- doped catalysts showed the same structure, with

small metallic clusters inside the SBA-15 channels.
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Figure 4.19. TEM imaging of (A) fresh SBA-15 9/9/18, (B) fresh SBA-15 9/9/18-Na, (C)
fresh SBA-15 9/9/18-K, (D) used SBA-15 9/9/18 after 96 h of reaction at 360°C, (E) used
SBA-15 9/9/18-Na after 24 h of reaction at 300°C, (F) used SBA-15 9/9/18-K after 24 h
of reaction at 360°C.
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4.3.2. Influence of reaction conditions
Effect of temperature of reaction

Figures 4.20, 4.21, and table 4.5 report the values of conversion and
selectivity for the different products using SBA-15 9/9/18 at 300°C, 330°C, and
360°C, for 96 h of reaction, as well as the ASF plots for hydrocarbons and
alcohols. As it can be seen, after 24 hours of reaction at 300°C the catalyst had
moderate activity (CO conversion of 14%), with low WGS selectivity (4%), high
selectivity towards hydrocarbons (66%), and moderate selectivity towards
alcohols (23%). After 48 hours of reaction, a slight decrease in activity was
noticed (13%), with a slight decrease in hydrocarbon selectivity (64%), and a
subsequent increase in alcohol selectivity (25%), as well as a slight increase in
WGS activity (6%). These changes were amplified after 72 and 96 hours of
reaction, with further catalyst deactivation (11% and 9% of CO conversion,
respectively), and an increase in alcohol selectivity (28% and 30%, respectively),

at the expense of hydrocarbon selectivity (62% and 56%, respectively).

Regarding product distribution, the main hydrocarbon produced was
methane, with selectivity increasing over time from 47% to 53% (Table 4.5).
Heavier hydrocarbons (from C; to Cs) showed decreasing selectivity over time
(from 19% to 3%). Methanol was the main alcohol produced (6% to 15%),
followed by ethanol (5% to 8%), and those two alcohols comprised the majority
of the increase in selectivity over time. These results suggest a deactivation of
the Fe and Co active centers, which produced a decrease of catalyst activity, as
well as an increase in the selectivity to lighter hydrocarbon. The Cu active center
exhibited lower deactivation, which explained the increased selectivity towards

the formation of alcohols.
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Carbon Number

Figure 4.21. Chain propagation probability for hydrocarbons and alcohols at different
temperatures of reaction. Top graph: hydrocarbons. Bottom graph: alcohols. Black:
24h; Red: 48h; Blue: 72h; Magenta: 96h. Square: 300°C; Circle: 330°C; Triangle: 360°C.

At 330°C there was a significant increase of conversion (50%) with increased
selectivity towards CO; (18%) and hydrocarbons (69%), and decreased selectivity
towards alcohols (5%). At this temperature, the deactivation effect of the
catalyst was more pronounced since conversion descended to 38% after 96

hours of reaction, but without significant differences in global selectivity.

86



UNIVERSITAT ROVIRA I VIRGILI
CATALYTIC CONVERSION OF SYNGAS TO ALCOHOLS AND HYDROCARBONS OVER TRANSITION METAL-BASED
MICRO/MESOPOROUS CATALYSTS
Jordi Plana Palleja
Higher Alcohol Synthesis: Effect of metal load and reaction conditions

Table 4.5. Selectivity towards hydrocarbons and alcohols at different temperatures.

300°C-24h 300°C-48h 300°C-72h 300°C-96h
C:HC 4.73-10*" 4.66-10" 5.33:10* 5.34-10*
C: HC 1.34-10* 1.18-10" 6.16-102 0.00
Cs HC 1.20-1072 0.00 0.00 0.00
CsHC 4.43-10 3.41:102 3.29:10° 3.17:1072
Cs HC 0.00 0.00 0.00 0.00
C:0H 5.68:10 7.33:102 9.18:102 1.06-10*
C,OH 5.36:10° 5.86:10 6.51:102 6.85-102
CsOH 2.88:10° 2.85:10° 2.88:10° 2.84-102
C4OH 2.29:10° 2.16:10° 2.14-10° 2.10:102
CsOH 2.89:10° 2.80-10° 2.81:10° 2.77-102
Cs OH 2.43:10° 2.70:10° 2.92:10° 2.99:102
C,0OH 1.09:102 1.28-10% 1.54-10% 1.70-102

330°C-24h 330°C-48h 330°C-72h 330°C-96h
C:HC 4.44-10" 5.10-10* 5.07-10* 5.19-10!
C: HC 1.00-10* 9.84-10° 9.30-10° 9.28:10°
G HC 1.12-10* 9.80-10 8.22:107 7.74:10°
CsHC 3.34:10° 2.82:102 2.51:102 2.42:10°
Cs HC 0.00 0.00 0.00 0.00
C,0OH 1.02:102 1.13-1072 1.08:102 1.15-1072
C,OH 1.27-102 1.47-102 1.35:1072 1.39:1072
CsOH 7.12:10° 7.58:10°3 6.60-10 6.57-103
C,OH 4.37-103 4.09-10° 3.34-10°3 3.21-10°3
CsOH 5.33-10°3 5.13-10°3 4.14-10° 3.90-103
CsOH 5.68-103 5.74-10°3 4.24-10° 4.03-10°
C,0OH 4.34-103 4.69-103 4.03-103 4.01-10°
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Table 4.5 (contd.). Selectivity towards hydrocarbons and alcohols at different

temperatures.

360°C-24h 360°C-48h 360°C-72h 360°C-96h
C:HC 4.57-10" 4.96-10*" 4.95-10*" 5.04-10*
C; HC 8.53:10 8.10-102 7.75-102 7.80-10
Cs HC 8.15-10° 7.91:102 7.60-10 7.87-10°
CsHC 2.11-102 1.81-10% 1.70-10% 1.72-10%
G HC 0.00 0.00 0.00 0.00
C.0OH 1.90-10°3 2.76:10°3 2.76:10°3 3.28:10°
C,OH 3.67:10° 5.62:103 5.38:10°3 6.20-103
CsOH 2.09-10° 3.06:10°3 2.85:10°3 3.19:10°
C4OH 1.01-10°3 1.26-10° 1.13-10° 1.22:10°
CsOH 9.74-10* 1.12-10° 9.51-10" 9.90-10*
Cs OH 1.39:10°3 1.61-10° 1.25-10° 1.24-10°
C,0OH 1.92:10°3 2.34:10°3 1.90-10° 1.97-10°

Regarding hydrocarbon product distribution, methane was the main product
obtained (44% of selectivity after 24 hours of reaction), with an increase of its
selectivity over time (up to 52% after 96 hours of reaction). The increased
methane selectivity was achieved at the expense of a decreased selectivity
towards heavier hydrocarbons (from 25% to 19%). These results indicated an
increased activity of Fe and active sites, which resulted in increased WGS activity,

and decreased activity of Cu, and a lower selectivity towards alcohols.

Results at 360°C were similar to those at 330°C, with an even greater CO
conversion (75%), WGS activity (24%), and slightly lower hydrocarbon (65%) and
and alcohol selectivity (1%). This was in concordance with the experiments at
330°C, and points to an increased activity of Fe active sites and a decreased

activity of Cu active sites. The deactivation effect was also more intense over
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time, with a final conversion value of 58% but without significant changes in
product distribution.

Work from Zhang et al. [12] using supported Fe catalysts showed a similar
effect with the increase in temperature. In Zhang’s tests when temperature was
taken from 260°C to 300°C conversion increased from 83% to 90%. WGS activity
grew as well since CO; selectivity increased from 65% to 72%. These results also
showed that an increase in temperature results in increased catalytic activity
over Fe sites. Work from Torres Galvis et al. [13] also showed a similar effect of
temperature. Reactions at 340°C and 20 bar had high levels of CO conversion
(over 75%), with low selectivity towards alcohols (below 10%).

Chain lengthening probability of alcohols was divided in two subsets: alcohols
from 1 to 4 carbons and alcohols with 4 or more carbons. Their values at the
different temperatures were similar over the entire time of reaction, with the
average values for chain lengthening probability increasing with the increase of
temperature. This effect was more pronounced in C4+ alcohols, with the highest
values at 360°C. These results indicate that higher reaction temperatures result
in more active Fe sites, thus leading to higher conversion values, higher WGS
activity, and high selectivity towards hydrocarbons. The increase in temperature
was not favorable for alcohol production and inhibited the activity of the Cu

active centers.
Effect of contact time

Figure 4.22 shows the results of the catalytic tests with the variation in
contact time, 1. This parameter was defined as the ratio between the mass of
catalyst and the molar flow rate of carbon monoxide and is basically the inverse
of the Weight Hourly Space Velocity (WHSV).

[h gcatalyst] __ Mcatalyst
molco

(4.1)

Fco,o
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Increasing contact time had noticeable effects on CO conversion which
increased steadily from 3% at 1.67 gcat-h /molco to 25% at 6.67 geatrh /molco.
Regarding hydrocarbon selectivity, there was a slight increase with increasing
contact times (from 67% at 1.67 gcat-h /molco to 69% at 6.67 gcat-h /molco), with
a noticeable decrease in methane selectivity (from 60% at 1.67 gcat-h /molco to
37% at 6.67 gcat-h /molco), and a corresponding increase in heavier hydrocarbons
(from 7% at 1.67 gcarh /molco to 32% at 6.67 geatrh /molco). There was no
noticeable WGS activity at low contact times (1.67 and 2.22 gcat-h /molco), with
CO; only appearing at higher contact times (5.3% at 3.33 gcat-h /molco and 6.5%
at 6.67 geat-h /molco). Alcohol selectivity showed a moderate decrease with
extended contact times (from 29% at 1.67 gca-h /molco to 18% at 6.67 geat-h
/molco). In all cases methanol and ethanol comprised the majority of produced
alcohols. These results indicate that low contact times favor Cu activity, resulting
in higher alcohol selectivity, albeit at low conversion values. Longer contact
times show increased Fe activity, which results in higher conversion values, as

well as the appearance of WGS activity.

Chain growth propagation showed a small decrease in growth probability
with increased contact time for C1-Cs4 alcohols, along with a slight increase in
chain growth probability for Cs+ alcohols at higher contact times. This indicates
that heavier alcohols tended to form as the reacting mixture advanced through

the catalyst bed, as they experienced more interaction with active sites.
Effect of H2/CO feed ratio

Figure 4.23 and Table 4.6 show the results of the tests performed at different
H,/CO feed ratios. The reaction performed below stoichiometric ratio showed
lower conversion values of around 8%, as well as higher WGS activity (11%),
coupled with moderate hydrocarbon selectivity (54%), and higher alcohol
selectivity (26%). In contrast, the test performed at a 3/1 H,/CO ratio showed
results similar to those of the stoichiometric ratio: slightly lower CO conversion
(14%), with similar values of hydrocarbon, alcohol and CO; selectivity (74%, 19%,
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and 4%, respectively). Regarding individual product selectivity, in all cases
methane was the hydrocarbon with the highest selectivity, and methanol and
ethanol the most produced alcohols. Regarding chain growth probability,
stoichiometric ratio exhibited improved probability for alcohols between 1-4 C
(0.46), whereas chain growth probability for 4-7 C alcohols was similar at all

reaction conditions (0.65-0.70).

These results show that below stoichiometric conditions, CO conversion
decreases, with an increase in alcohol selectivity. This indicates that Fe and Co
active sites are hindered by the lack of H,, whereas Cu active sites remain more
active. In contrast, an excess of H, does not show drastic changes in product

selectivity and activity.

Table 4.6. Selectivity towards hydrocarbons and alcohols at different gas ratios.

Selectivity 1/1 2/1 3/1
Hydrocarbons

C 4.78-101 4.34-10% 5.12:10%
C 1.21-1072 1.17-10% 1.60-10*
Cs 6.85-103 8.03-102 2.33:102
Ca 4.24-102 4.55-10 3.37:102
Cs 1.82-10° 5.82:102 9.10-103
Alcohols

C.OH 7.69-10% 3.85-10% 6.92:10%
C,OH 7.14-10% 3.80-10% 4.80-10
CsOH 3.65-10% 2.05-10% 2.48-10%
C,OH 2.21-10% 1.62:10 1.38:10%
CsOH 2.20-10% 1.98-10 1.26-10%
CsOH 1.79-1072 1.65-1072 1.15-10?
C;0H 1.07-10 7.98-10° 8.22:10°3
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4.3.3. Alkaline doping

Alkaline doping was performed with 1% Na and 1% K added to the FeCoCu
9/9/18 catalyst. Figure 4.24 shows the results of the activity experiments. In both
cases similar trends were observed: a decrease in CO conversion (10% and 6%,
respectively), and a significant increase in CO; and alcohol selectivity (25% and
34% for K-doped catalyst), with the corresponding decrease in hydrocarbon
selectivity (from 73% in undoped catalyst to 40% for 9/9/18-K). It is worth noting
that in both doping tests, the alcohols with highest selectivity were ethanol,
propanol and butanol, showing a shift towards higher alcohol production
compared to the non-doped catalyst.

The chain growth probability for alcohols shows similar values of C;-Cs4
alcohols, with a slight decrease in growth probability of C4+ alcohols in the doped
catalysts.

The effect of alkaline metals can be compared with the work of Ishida et al.
[14], who studied Co catalysts doped with alkaline metals. The addition of 4% Na
and K resulted in increased CO conversion (from 65% undoped to 76% and 83%
with Na and K, respectively). CO; selectivity was greatly enhanced and there was
a significant increase in alcohol selectivity, especially with Na (14.6%). This rise
in selectivity was coupled with a decrease in hydrocarbon selectivity. The
differing results in CO conversion can be attributed to the differences in catalyst

composition, as well as reaction conditions (245°C and 60 bar in [21]).

Further tests were performed using FeCoCu-K at higher temperatures, as
shown in figure 4.25. Higher reaction temperature produced an increase in
conversion (up to 69% at 360°C), with even higher CO; selectivity (32%), as well
as higher selectivity of heavier hydrocarbons and a reduced selectivity to
alcohols (down to barely 3%). Temperature was also detrimental for alcohol

chain growth, as shown by the reduced chain growth probabilities.
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Overall, we may conclude that alkaline doping — especially with potassium —
had positive effects on the formation of higher alcohols, although at the expense
of a reduced activity of the catalyst. Increasing reaction temperature evidently
increased the overall activity of the doped catalyst but only promoted carbon
dioxide and hydrocarbons, while actually hindering the formation of alcohols.

4.3.4. Characterization of spent catalysts

Figure 4.26 shows X-ray diffraction patterns of several samples of used
catalysts. Undoped catalysts at 300°C had two main peaks corresponding to
metallic Fe and Cu and showed that the active metals remained in metallic phase
during the reaction. Concerning average crystallite sizes, there was a slight
increase in Fe crystallites from 7.8 to 8.9 nm, and in Cu crystallites from 12.3 to
14.6 nm. Reactions performed at higher temperatures, longer reaction times, or
with doped catalysts showed the disappearance of the metallic Fe peaks, which
indicated a transformation of the active phases of iron during reaction into non-
crystalline phases. Cu crystallite size was similar as that of the used undoped
catalysts. The catalysts used at the highest temperature showed a remarkable
increase in carbon deposition, as it is well appreciated from the wide peaks
centered at 24-26° attributed to graphitic carbon. Overall, it may be concluded
from the XRD data that temperature promotes sintering and carbon deposition

while blocking alcohol synthesis.

Further evidence of the influence of temperature may be inferred from the
TEM images of the used catalysts in Figure 4.19, where they are compared with
the unused materials. An evident increase in the average size of the metallic
clusters — up to 20-30 nm in diameter — is observed, as expected from the
sintering process. Also, at the highest temperature a significant destruction of
the SBA-15 support was appreciated, which lost the channeled structure, and

caused the migration of the metals to the outer surface of the silica particles.
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The used catalyst also showed changes in surface area and porosity, with a
12% decrease in BET surface area, as well as a 51% decrease in micropore
volume, which can be attributed to the effects of metal sintering and coke

deposition.
®
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Figure 4.26. XRD of used catalysts. Crystalline phases: (LJ) Fe, (@) Cu.
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5.1. Fischer-Tropsch Synthesis: Effect of zeolite acidity and
mesoporosity

The conversion of syngas to hydrocarbons was carried out by using
bifunctional catalysts comprising a physical mixture of a synthesized Fe catalyst
and ZSM-5 zeolites with two different Si/Al ratios (different inherent acidity).
Zeolites were also subjected to alkali treatment to develop a certain degree of
hierarchical porosity, that is, the presence of micro- and meso-porosity.

The results confirm that the zeolite acidity is responsible for the cracking of
heavy hydrocarbons and the formation of aromatic products through
oligomerization, cyclization and dehydrogenation of primary short olefins. The
Si/Al ratio induced changes in the composition of the aromatic products. The
increment in acidic sites (low Si/Al ratios) induced the formation of more
complex aromatic structures. A higher Si/Al ratio in the zeolite led to higher
selectivity towards the gasoline-range products. The formation of mesopores in
alkaline-treated zeolites exerted a variable behavior depending on the final
acidity of the material; ion-exchanged zeolites, which virtually recovered the
acidity of the fresh, untreated zeolites, produced a slight increase in C;-Ca
paraffins due to an improved access to the acidic sites through the mesopores,
and consequently, to the overcracking of heavy molecules. However, the best
performance towards gasoline-range hydrocarbons was accomplished with
bifunctional catalysts with higher Si/Al ratios, irrespective of the presence of
improved accessibility by mesopores. On the opposite side, Na* containing
catalysts with no acidity behaved similarly to the iron base FTS catalyst, with

most of the products in the paraffin range.

This demonstrates that the enhancement of accessibility does not always lead
to better performance. In particular, the bifunctional iron/zeolite-based catalyst
should exhibit weak acidity to reduce consecutive cracking and thus, to improve
the selectivity to Cs-C12 gasoline-range hydrocarbons. Therefore, tuning both the

acidity and mesoporosity of iron-based bifunctional catalysts is an essential

103



UNIVERSITAT ROVIRA I VIRGILI

CATALYTIC CONVERSION OF SYNGAS TO ALCOHOLS AND HYDROCARBONS OVER TRANSITION METAL-BASED
MICRO/MESOPOROUS CATALYSTS

Jordi Plana Palleja

Chapter 5

aspect to guide the FTS product distribution towards a specific hydrocarbon
range.

5.2. Higher Alcohols Synthesis

The modified Fischer-Tropsch catalysts showed promising capability for the
synthesis of higher alcohols. Each one of the active metals — Fe, Co and Cu — had
a key role towards the production of the desired products. Fe had excellent
activity towards CO conversion. Co reduced selectivity towards the WGS reaction
with the subsequent decrease in CO; selectivity. Finally, Cu increased selectivity
towards alcohols, as well as favored the formation of higher alcohols.

The combination of these three metals in FeCoCu 9/9/9 showed the best
selectivity towards higher alcohols, albeit with moderate CO conversion. The
synergistic effect of the three metals produced increased selectivity towards
higher alcohols without compromising conversion, when compared to any of the
binary catalysts. This prompted further investigation of the performance of the
ternary FeCoCu catalysts, aiming at finding the best combination of metal
loadings to optimize the yield of alcohols. A group of ternary FeCoCu catalysts
supported on SBA-15 that contained a maximum total metal load of 36% had
been prepared by impregnation, characterized and tested in the synthesis of
alcohols. While in all experiments the main products were methane and larger
hydrocarbons, conversion and selectivity to the different product groups —
carbon dioxide, hydrocarbons and oxygenates — were influenced by the
composition of the deposited metals. Iron favored conversion but promoted
carbon dioxide formation by the water-gas shift (WGS) reaction and it also
lowered the selectivity to alcohols. Cobalt increased the production of
hydrocarbons and behaved similarly to iron concerning the selectivity to
alcohols. Finally, copper favored methanol and increased the selectivity to long-
chain alcohols, while hindering the production of hydrocarbons other than

methane when it was in excess over Fe and Co.
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Concluding remarks

Chain growth probabilities (a) were higher for alcohols with more than four
carbons than for shorter alcohols, whereas in most catalysts growth probabilities
for hydrocarbon were close to those of the short-chain alcohols. A notable
exception was catalyst FeCoCu 9/9/18, that gave the best selectivity towards the
formation of higher alcohols due to its lower hydrocarbon chain grow
probability. It was also a catalyst that experienced low sintering and overall gave
the best results for the production of higher alcohols. Further testing with
varying reaction conditions could be used to determine the best working
conditions to improve the yield of alcohols with SBA-15 9/9/18.

In the final section of this thesis, SB-15 9/9/18 was subjected to varying
reaction conditions. Factors that increased conversion, such as higher
temperature, resulted in an increased selectivity towards hydrocarbons,
especially methane. This indicates that Fe is the active metal most sensitive to
changes in reaction temperature. Temperature produced the most extreme
changes in reaction results, and lower temperatures were necessary in order to
facilitate a gain in alcohol selectivity. High contact time was also found to
improve conversion while keeping selectivity towards alcohols. A stoichiometric
gas ratio did show the best results towards alcohol production, with CO/H; feed
ratios above or below the stoichiometric showing detrimental effects towards
alcohol yield. Finally, alkaline doping did show improved selectivity towards

higher alcohols at the expense of lower catalyst activity.

The previous considerations demonstrate that there is a narrow set of

reaction conditions that favor the formation of alcohols.
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5.3. Future work

At the conclusion of this thesis project several questions remain open, which
could be addressed in future projects to improve the catalytic systems that had
been developed so far:

Acidity and zeolite porosity have been shown to have noticeable effects
on FTS distribution of products. Further work could involve the use of
different zeolites, to study the effect of the pore channel distribution and
intrinsic acidity on product selectivity. Future research could also be
focused on the aqueous fraction of the products, in order to evaluate the
presence of water-soluble oxygenated products.

Further investigation should evaluate the effect of higher-pressure (40-
100 bar) on the activity of the FeCoCu/SBA-15 catalysts and their yield of
alcohols. The use of different supports, such as non-mesoporous silica,
alumina, or carbon nanotubes, would improve the understanding of the
effect of the support in the synthesis of higher alcohols. Furthermore, the
use of Cu combined with metals other than Fe or Co should be explored
to obtain catalytic materials that had better selectivity towards the

production of long-chain alcohols.
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