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Abstract

Characterization of catalysts is an expanding field of catalysis and new techniques are adapted
more and more from other disciplines of science. Catalyst characterization should answer at least
to the following questions: 1) which properties of the catalyst correlate well with its activity, 2) what
are the key intermediates and how they are adsorbed on the catalyst, 3) what kind of surface sites
are involved, and 4) which is the mechanism for the studied reaction.

In this thesis, zirconia-based catalysts were studied. Catalytic applications of zirconia often takes
advantage of its acidic and basic surface properties although their strength is relatively weak. The
catalytic properties and thermal stability of zirconia can be further enhanced by the addition of
dopants. ZrO, has been reported to be sulfur and water tolerant. These unique characteristics have
led to study zirconia-based catalysts in gasification gas cleaning applications.

Gasification of biomass is one potential and environmental benign way to produce energy, liquid
biofuels and chemicals. Gasification is a thermo-chemical process where biomass is converted to
gaseous products. The main components of gasification gas are carbon monoxide, hydrogen and
carbon dioxide. Gas also contains impurities, such as ammonia and tar, and the gas has to be
cleaned before use. Zirconia-based catalysts have shown to selectively oxidize tar molecules during
hot gas cleaning at 600-900 °C when a small amount of oxygen is added into the gas. The catalysts
selected for this thesis were ZrO,, Y,0,-doped ZrO, and SiO,-doped ZrO,.

The activity of the catalysts in gasification gas cleaning decreased in the order of ZrO, > Y,0,-
ZrO, > Si0,-ZrO,. Relating the acidity and basicity of the catalysts to their activity suggested that
acidity is not a desirable characteristic for gasification gas clean-up catalysts whereas basicity seems
to be useful. Four types of toluene-derived surface species were discovered: molecularly adsorbed
toluene, surface benzoate species, carbonaceous deposits and benzyl species, the latter being the
key intermediate in toluene oxidation. Over all the catalysts, toluene was completely converted at
temperatures above 550 °C to carbon dioxide, water, carbon monoxide and hydrogen. Of the main
gasification gas components, water was shown to inhibit toluene oxidation activity over all these
catalysts; the most over SiO,-ZrO, and the least over pure ZrO,. The preferentiality, i.e. ability of
the catalysts to protect the valuable gas components while oxidizing toluene, was addressed. The
highest preferentiality of toluene over both CO and H, was observed over pure ZrO, at higher
temperatures. Thus, pure ZrO, was proven to manifest exceptional performance in preferential
toluene oxidation. However, the tar oxidation activity of pure ZrO, could be further improved and
the gasification process could be further optimized in order to compete with fossil fuel based
applications.
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Tiivistelma

Katalyyttien karakterisointi on laajeneva katalyysin osa-alue, ja uusia tekniikoita otetaan kayttoon
yhd enemman muilta tieteen aloilta. Karakterisoinnin tulisi vastata ainakin seuraaviin kysymyksiin:
1) mitka katalyytin ominaisuudet korreloivat sen aktiivisuuden kanssa, 2) mitka ovat keskeisia
valituotteita ja miten ne adsorboituvat katalyytin pinnalle, 3) millaisia pintapaikkoja vilituotteille
tarvitaan ja 4) mika on tutkitun reaktion mekanismi.

TAssa tyOssi tutkittiin zirkonia-pohjaisia (ZrO,) katalyyttejd. Zirkonian katalyyttiset sovellukset
usein hy6dyntévit sen happamia ja eméksisid pintaominaisuuksia, vaikka niiden vahvuus on
suhteellisen heikko. Zirkonian katalyyttisid ominaisuuksia ja lampdstabiilisuutta voidaan edelleen
parantaa seostamalla siihen lisdaineita. Zirkonian on raportoitu sietdvén rikkipitoisia yhdisteita ja
olevan kestavampi vettd kohtaan kuin esim. alumiinioksidi. Nam4 ainutlaatuiset ominaisuudet ovat
johtaneet zirkonia-katalyyttien tutkimukseen myo6s kaasutuskaasun puhdistuksessa.

Biomassan kaasutus on potentiaalinen ja ymparistdystavallinen tapa tuottaa energiaa,
biopolttoaineita ja kemikaaleja. Kaasutus on prosessi, jossa biomassa muunnetaan kaasumaiseksi
tuotteeksi. Kaasutuskaasun paakomponentit ovat hiilimonoksidi, vety ja hiilidioksidi. Kaasu
sisdltda myos epapuhtauksia, kuten ammoniakkia ja tervaa, joten kaasu on puhdistettava ennen
kayttoa. Zirkonia-katalyyttien on havaittu selektiivisesti hapettavan tervamolekyyleja
kaasutuskaasun puhdistuksessa 600-900 °C:ssa, kun kaasuun on lisatty pieni maara happea. Tassa
tyossa tutkittavat katalyytit olivat ZrO,, Y,0,4-ZrO, ja SiO,-ZrO,.

Katalyyttien kaasutuskaasun puhdistusaktiivisuusjarjestys oli ZrO,> Y,05-ZrO,> SiO,-ZrO,.
Katalyytin happamuus osoittautui epasuotuisaksi kaasutuskaasun puhdistuskatalyytin
ominaisuudeksi, kun taas eméksisyys nayttiisi olevan hyodyllinen. Mittauksissa havaittiin nelja
erilaista tolueenista periisin olevaa pintayhdistetti: molekulaarisesti adsorboitu tolueeni,
bentsoaatti, hiilipitoinen kerrostuma ja bentsyyli, joista jalkimmainen osoittautui olevan keskeinen
vilituote tolueenin hapetusreaktiossa. Tolueeni hapettui tiysin yli 550 °C:n lampotilassa kaikilla
katalyyteilla muodostaen hiilidioksidia, vettd, hiilimonoksidia ja vetyi. Kaasutuskaasun
pidkomponenteista vesi vihensi kaikkien katalyyttien tolueenin hapetusaktiivisuutta; eniten SiO,-
Zr0,:1la ja vdhiten puhtaalla zirkonialla. Katalyyttien kykyé suojella arvokkaita kaasutuskaasun
komponentteja hapettaessaan tolueenia kuvattiin preferentiaaliseksi hapetukseksi. Puhdas
zirkonia-katalyytti suosi tolueenin hapetusta ja suojeli hiilimonoksidia ja vetya parhaiten tutkituista
katalyyteistd korkeammissa lampétiloissa. Puhtaan zirkonian tervan hapetusaktiivisuutta voidaan
kuitenkin edelleen parantaa ja kaasutusprosessia optimoida, jotta se olisi kilpailukykyisempi
fossiilisiin polttoaineisiin perustuviin sovelluksiin verrattuna.
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1. Introduction

By definition, a catalyst is a substance that changes kinetics (rate) of chemical re-
action without being consumed. The study of catalysts or the use of catalysts and
catalytic processes is referred as catalysis [1]. The term “catalysis” was introduced
in 1835 by a Swedish chemist, Jons Jacob Berzelius. The increased rate of chemical
reaction using a catalyst is due to the change in the pathway, i.e. the mechanism,
of the reaction. This new pathway has a lower energy barrier, thus lowering the
activation energy needed for the reaction. A catalyst can either increase or decrease
the formation rate of particular products. Therefore, a catalyst can affect both the
reaction rate and the selectivity.

Catalytic systems can be divided into main two main categories: homogeneous
catalysis and heterogeneous catalysis. In homogeneous catalysis, a catalyst is in the
same phase with the reactants, whereas in heterogeneous catalysis, more than one
phase is involved [2]. In a heterogeneous catalytic process, the catalyst is usually
in solid phase and the reactants and products are in gas or liquid phase. It has been
estimated that heterogeneous catalysts are used in 90% of all chemical processes
[1]. For example, industrial applications include chemical, pharmaceutical and pet-
rochemical industries, as well as catalytic breakdown of biomass [1,3]. The numer-
ous applications and wide range of catalytic materials make this field multidisci-
plinary, requiring combined knowledge from chemistry, physics, surface science
and reaction engineering [1].

As the catalytic reaction takes place on the surface of a solid catalyst, usually a
large area for the interaction is beneficial. Porous materials, e.g. alumina, zeolites
and activated carbons, are used in heterogeneous catalysis as such or as a support
for other catalytically active materials, for example transition metals. It is often
crucial for the supported catalysts that the catalytic particles are small and evenly
distributed on the support in order to be accessible for the reactants. In addition,
a catalyst may contain chemical or structural promoters to increase its activity or
stability.

Heterogeneously catalyzed reaction can be divided into seven individual steps: 1)

transfer of the reactant from the bulk fluid to the external surface of the catalyst,
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2) diffusion of the reactant through the pores to the vicinity of the internal catalytic
surface, 3) adsorption of the reactant onto the active site, 4) reacting of the reactant
on the active site, 5) desorption of the formed product from the active site, 6) dif-
fusion of the product through the pores, and 7) transferring of the product to the
bulk fluid [1]. The overall reaction rate is determined by the rate of the slowest step
in the catalytic reaction. The rate of the diffusion steps (1, 2, 6 and 7) can be in-
creased by proper reactor design, using a suitable catalyst pore structure and par-
ticle size with well distributed active sites in the catalyst particles. In the absence
of diffusion limitations, the overall reaction rate is only affected by one of the in-
trinsic (true) reaction steps (3, 4 and/or 5). Furthermore, the overall reaction rate
(without diffusion limitations) is dependent on a limited number of kinetic param-
eters, which depend only on the properties of the transition states for the kinet-
ically relevant steps [1].

Today, 180 years after the introduction of the term “catalysis” with the knowledge
gained since Berzelius, heterogeneous catalysis is not yet completely understood
on atomic level. Most of the unknowns arise from the nature of the catalyst surface
on its working state and from the non-uniformity of a catalyst [1]. The surface of
the catalyst can change drastically when species adsorb onto its surface and the
strength of adsorption often depends on the surface coverage of the adsorbed spe-
cies. Furthermore, a catalyst contains typically many different types of surface
sites. It is possible that only a minority of these are the catalytically active ones.
Even though these factors make the understanding of catalysis more complex, they
might also explain why heterogeneous catalysts are active in a wide range of reac-
tion conditions [1]. We still lack the knowledge to systematically design a catalyst
that would be the most suitable one for a certain reaction. If we would know eve-
rything about catalysis, all of the chemical processes would run sustainably without
emissions and waste streams, with minimum energy consumption and maximum
efficiency, thus, only thermodynamics will set the limits. In summary, more pro-
found understanding of catalysis needs to be achieved. One of the keys to increas-
ing understanding of catalysis lies in the physical and chemical properties of a cat-

alyst, i.e. in the characteristics of a catalyst.

1.1 Catalyst characterization

The goal catalyst characterization of to obtain more fundamental knowledge on
atomic scale whereas on industrial scale the goal is to find the perfect catalyst for a
specific reaction [4]. Even if the characterization is applied on the atomic scale, the

conclusions might be relevant on the industrial scale as well. New techniques are
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adapted into catalyst characterization more and more from other disciplines of sci-
ence, such as from material science [4]. Characterization is an expanding branch
of catalysis, since the amount of published papers that include characterization is
increasing continuously [5]. The narrowest definition of catalyst characterization
is to determine the physical and chemical properties of the catalysts. The widest
definition includes the atomic level understanding of a reaction mechanism and
holds the promise for discovering the receipt for the well-performing catalyst for a
given reaction. The practice lies somewhere between these two extremes.

Catalyst characterization should answer at least to the following questions: 1)
which properties of the catalyst correlate well with its activity, 2) which is the key
intermediate in the reaction and how it is adsorbed on the catalyst, 3) what kind of
surface sites are involved in the adsorption of key intermediates, and 4) which is
the mechanism, i.e. the sequence of catalytically relevant elementary steps for the
studied reaction. In order to answer these questions, one needs to study the most
active catalysts, of course, but also the less active ones. To correlate the key prop-
erties to the activity of the catalysts, a wide range of activities needs to be available.
Discovering the key intermediates, the least active catalysts should show either the
lowest amount of this key intermediate or inconvenient strength of adsorption (too
high or too low). The least active catalysts should also show the lowest amount of
available surface sites and the reaction mechanism should be the same for those
catalysts. When the reaction mechanism differs between catalysts, it can lead to
different products introducing another perspective, i.e. selectivity of a catalyst to-
wards the desired product. In some cases, in addition to high activity and high se-
lectivity, it is necessary that the catalyst is as inactive as possible in unwanted side
reactions of the main reagents.

Furthermore, we are still not able to actually see the active sites on the catalyst
surface on its working state. When comparing to biological catalysts, i.e. enzymes,
the chemical structure of an enzyme can be photographed by X-ray crystallography
with a substrate (reactant) in the active center after which the image can be seen
on screen on atomic resolution. Next, the substrate can be replaced with another
while seeing how the interactions between the atoms of the enzyme and the new
substrate will evolve. After that, changes can made to the enzyme (on an atomic
level) to make it more suitable for the new substrate. Finally, the most promising
mutations of the original enzyme can be synthesized in a laboratory and the activ-
ities of these mutants can be measured. The whole procedure is called computa-
tional protein design [6].

Similar to protein engineering, it should be possible to perform catalyst engineer-

ing on atomic scale. Identically in the heterogeneous catalysis, the catalyst surface

11
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in its working state should be imaged with the reactant adsorbed on the active site
followed by computational engineering. Applying this procedure, the knowledge of
catalysis would increase significantly. However, it is not yet a common practice to
image catalytic materials with atomic level resolution when the reagent is attached
to the active site on the working state. In addition, the optimal active site should
be then built using nanoscale techniques. For example, combined homogeneous
and heterogeneous catalysts could provide the solution as demonstrated by Gao et
al. [7]. Most of the catalyst characterization techniques available nowadays give
second-hand information on the characteristics of catalysts and on reaction mech-
anisms. However, by applying these techniques resourcefully and continuously de-
veloping them, our view on catalysis could be widened.

The available catalyst characterization techniques to study heterogeneous cata-
lysts have been categorized rather diversely in the literature. In the review by
Leofanti et al. [8] characterization techniques were classified based on 1) morphol-
ogy and physical characteristics, 2) surface characteristics, 3) bulk characteristics,
and 4) technological properties. A rather similar categorization was presented by
Ross [9] with the addition of catalyst’s activity and selectivity: 1) chemical compo-
sition, 2) phase structure, 3) physical texture, and 4) catalytic activity, selectivity
and stability under operating conditions. In the classification described by Thomas
and Thomas [3] the focus was more on the applicability of the catalyst: 1) charac-
terization of industrial solid catalysts (real catalysts), and 2) laboratory character-
ization of solid catalysts (model catalysts). Similar categorizing was presented by
Niemantsverdriet [4] adding the experimental conditions to his classification: 1)
real catalysts in reaction conditions, 2) single crystals in reaction conditions, 3) real
catalysts in vacuum, and 4) single crystals in vacuum.

Next, catalyst characterization techniques applied in this thesis are presented.
Techniques are divided into traditional and spectroscopic techniques. The most
traditional catalyst characterization methods are physisorption and chemisorp-
tion. According to Thomas and Thomas [3] spectroscopic methods can be classified
further by combinations of photons, electrons and ions, whereas Niemantsverdriet
[4] continued this list with neutrals, electromagnetic field and heat. Therefore,
thermal measurements were not included by Thomas and Thomas [3] but accord-
ing to Niemantsverdriet [4] temperature-programmed methods are part of spec-
troscopic catalyst characterization techniques. Therefore in this thesis, the intro-
ductory part of the spectroscopic techniques (Chapter 1.1.2) consists of infrared
(IR) spectroscopy, Raman spectroscopy, X-ray diffraction (XRD) as well as tem-

perature-programmed (TP) techniques.
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1.1.1  Traditional techniques

Information on the surface area of the catalyst, pore volumes, distribution of pore
sizes, and aperture dimension is obtained by physisorption, [3] whereas the infor-
mation gained by chemisorption on supported metal catalysts is the “active” sur-
face area and dispersion. Furthermore, chemisorption is highly relevant to all cat-
alytic reactions (adsorption of reactants on the catalyst surface) and to most of the
spectroscopic techniques presented in thesis, thus, the phenomenon will be pre-
sented here.

Physisorption is a non-specific, rapid, multilayered, non-activated and reversible
process, it is significant at low temperatures, and has no electron transfer and low
heat of adsorption (10-40 kJ mol). In a surface area measurement, physisorption
of liquid nitrogen is commonly utilized. Liquid nitrogen is adsorbed in its boiling
point at atmospheric pressure on a catalyst sample and using the BET-theory
(Brunnauer, Emmet and Teller), a quantity, Vm, the so-called monolayer capacity
and hence the total surface area of the sample can be determined [3]. The surface
area of a porous catalyst can range from a few square meters per gram up to thou-
sands.

Chemisorption is specific and can be slow. A monolayer of the adsorbed gas is
formed on specific active sites. It is effective over a wide range of temperatures and
in some cases can be activated. Chemisorption involves electron transfer between
the adsorbate and the surface and has high heat of adsorption (80-400 kJ mol).
The adsorbed atoms or molecules are bound to the surface similar to the bonding
between atoms in molecules forming a monolayer on the surface. Since the elec-
tronic structure of the adsorbed molecule changes upon adsorption, it might be-
come extremely reactive [1]. To determine the dispersion of a supported metal cat-
alyst, it is typically exposed to hydrogen or carbon monoxide that adsorbs on the
specific surface sites. Dispersion of metal can be calculated when the amount of

metal and the stoichiometry of adsorption are known.

1.1.2 Spectroscopic techniques

Infrared (IR) spectroscopy and Raman spectroscopy are vibrational spectrosco-
pies that complement each other. Infrared spectroscopy is used to study adsorbed
species on catalyst surface [10]. Studies can be carried out also in situ using a reac-
tion chamber that has infrared transparent windows and that tolerates high tem-
peratures and pressures [10]. The equipment can be connected with on-line mass
spectrometer (MS) in order to follow the outgoing gas flow. However, most of the

reaction chambers do not enable gas flow through the catalyst sample, therefore
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proper kinetic data cannot be collected at the same time with the spectroscopic
analysis. For powder samples, a diffuse reflectance mode of infrared spectroscopy,
i.e. diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), has
been developed [10].

Raman spectroscopy gives information on the structure of oxides and their crys-
tallinity. Similar to infrared spectroscopy, Raman spectroscopy is highly suitable
for in situ studies in catalysis. Because the spectra of adsorbed species interfere
only weakly with signals from the gas phase, catalytic studies can be performed
under real reaction conditions. [10]

In both of these techniques, not all vibrations are observable. For example, water
molecules have intense absorption of IR and the sample needs to be dried in situ
but the Raman scattering of water is usually weak, thus, water does not interfere
the spectral analysis in Raman spectroscopy [10].

X-ray diffraction (XRD) is the elastic scattering of X-ray photons by atoms in a
periodic lattice. XRD is used to identify bulk phases of solid samples [11]. The in-
formation obtained by XRD is, thus, similar to that obtained by Raman spectros-
copy. However, there sometimes might be discrepancy between the results ob-
tained with these two techniques. For example, Raman scattering from cubic struc-
ture of ZrO, is negligible compared with that of monoclinic and tetragonal struc-
ture of ZrO,, whereas the XRD intensities of these structures of ZrO, are similar
[12].

In temperature-programmed techniques, a chemical reaction is followed while
temperature is increased linearly [13]. The outgoing gas flow is monitored by a
thermal conductivity detector (TCD) or by a mass spectrometer (MS) [13]. Tem-
perature-programmed desorption (TPD) provides information on surface coverage
of pre-adsorbed molecules, adsorption energy and desorption mechanism [13].
Derivation of quantitative information from TPD on supported catalysts is also
possible, when intraparticle diffusion is taken into account [14]. Temperature-pro-
grammed reduction (TPR) gives information on the temperatures needed for the
reduction of a catalyst, the degree of reduction and the reduction mechanism [13].
Temperature-programmed oxidation (TPO) is used for characterization of carbo-
naceous material (coke) produced on catalysts and for regeneration studies [8].
Temperature-programmed surface reaction (TPSR) is similar to the other TP tech-
niques. Information on the catalyst functionality and reaction mechanism is ob-
tained by TPSR [8]. In surface science experiments, one reactant is pre-adsorbed
on the catalyst and heating is carried out under the reactant. In this thesis, more
advanced TPSR experiments are carried out, i.e. a mixture of probe molecules is

fed to the catalyst while heating.
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1.2 Zirconia-based catalysts

In this thesis, zirconia-containing catalysts were studied. Zirconia powder, zirconia
extrudates and a zirconia-coated monolith are shown in Figure 1. Zirconia (ZrO.)
is a metal oxide that has three stable crystal structures: monoclinic, tetragonal and
cubic. ZrO:, is attractive both as a catalyst and as a support due to its high thermal
stability [15]. Zirconia-based catalysts are used in many applications; examples of
research in Finland include steam, dry and autothermal reforming [16—20], hydro-
deoxygenation [21], dehydrogenation [22] and utilization of CO. [23]. The surface
of ZrO. possess acidic, basic, oxidizing and reducing properties [24]. Catalytic ap-
plications of ZrO. often take advantage of its acidic and basic surface properties
although their strength is relatively weak [25]. The catalytic properties and thermal
stability of ZrO. can be further enhanced by the addition of, for example, MgO, CaO
and Y,0; [26]. These dopants create anionic oxygen vacancies in the ZrO, lattice
and stabilize the tetragonal or cubic structure. ZrO, has a relatively low surface
area, it is sulfur tolerant and more water tolerant than e.g. alumina (Al.O3). These
unique characteristics have been main reasons to study zirconia-based catalysts in

gasification gas clean-up applications [27—-34].

Figure 1. Zirconia powder, extrudates and a coated monolith.

1.3 Gasification gas clean-up

Gasification of biomass is one potential and environmentally attractive way to
produce energy and hydrogen, second generation liquid biofuels via Fischer-Trop-
sch synthesis, and numerous chemicals [35]. As early as the 1920s, a wood gas gen-
erator was developed for mobile use and a large number of these generators were
mounted on vehicles during the Second World War as the fossil fuels were rationed

[36]. In these so called wood gas cars, timber or charcoal was converted into wood
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gas [36], which is nowadays referred as gasification gas. Gasification is a thermo-
chemical process where biomass is converted into gaseous products. The temper-
ature inside the gasifier is between 800 and 1200 °C. In gasification oxygen is pre-
sent and the amount of oxygen (or steam) is controlled which is the main difference
between other thermal or thermo-chemical biomass conversion technologies
(combustion, torrefaction, pyrolysis and liquefaction) [37]. In combustion, bio-
mass is burned in excess oxygen whereas in pyrolysis, oxygen is not involved. Four
processes occur simultaneously in a gasifier; drying of biomass, pyrolysis of bio-
mass, reduction of gases by water, and combustion of some of the char and tars by
oxygen.

The main components of gasification gas are carbon monoxide, hydrogen and
carbon dioxide [35]. Schematic presentation of biomass gasification and its appli-
cations are shown in Figure 2. Biomass gasification gas contains impurities, such
as ammonia and tar (aromatic hydrocarbons heavier than benzene), and therefore
the gas has to be cleaned before use [38]. Hot-gas clean-up with a catalyst-coated
monolith after biomass gasification is a preferable choice for tar decomposition
[39—41]. For example, the biomass gasification combined heat and power (CHP)
plant in Skive, Denmark, uses a catalytic gas clean-up unit (a tar reformer by Hal-

dor Topsge) [42].

Air, O, or steam

Heat and power

O

BIOFUELS

Biofuels via
FT synthesis

saw dust cubes.

Biomass ) )
Various chemicals

Ash

Figure 2. Biomass gasification and its applications.

The gas from the gasifier is a complex mixture of various compounds. Therefore,

several hydrocarbon decomposition and other reactions as well as many equilib-
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rium reactions between the main gas components take place simultaneously dur-
ing catalytic gas clean-up [43]. Thus, the determination of decomposition reaction
rates of tar compounds in the presence of other gas components is challenging [32].

The catalysts used in gasification gas clean-up have been reviewed by Sutton et
al. [38] and Yung et al. [40]. In these reviews, catalysts for tar elimination have
been listed; dolomite, alkali metals and nickel-based catalysts and non-nickel-
based catalysts [38,40]. Since 2006, also zirconia-based catalysts (pure ZrO. and
doped ZrO. with and without noble metals) have been shown to selectively oxidize
tar model compounds to CO and CO. during hot gas clean-up at 600-900 °C with
a small amount of oxygen [27—34]. However, this addition of oxygen further in-
creases the number of possible side reactions [32]. The advantage of noble metal
based catalysts, especially Rh, in gasification gas clean-up is their high activity of
tar decomposition but only at temperatures from 850 °C to 900 °C [31]. Further-
more, the support (modified ZrO.) showed higher activity at 600 °C than any of the
noble metal catalysts over this support [31]. However, the use of noble metals in-
creases the price of the catalyst. A schematic presentation of hot-gas clean-up over

ZrO,-based catalysts is shown in Figure 3.

‘ Nitrogen Clean gas
<2 ompoun

Zro, ’
600-900 °C

co, COS

Figure 3. Hot-gas clean-up over ZrO2-based catalysts. Figure reproduced with permission
of VTT Technical Research Centre of Finland.

The catalysts selected for this thesis are ZrO. and two doped zirconias. Compared
to nickel catalysts, for example, ZrO,-based catalysts are not deactivated in the
presence of H.S during gasification gas clean-up [27]. Actually, some ZrO,-based
catalysts have shown an improved activity with H,S [28]. In addition to pure ZrO.,
Y.0;-doped ZrO. and SiO.-doped ZrO. were chosen in this thesis based on the
work by Juutilainen et al. [34]. SiO.-ZrO, was almost inactive in gasification gas

clean-up among the tested ZrO.-based monolithic catalysts whereas Y,O5-ZrO. was
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one of the most active ones, especially at temperatures between 600 °C and 700 °C
[34]. Furthermore, these two dopants stabilize ZrO, differently. Y,O; creates oxy-
gen vacancies in the ZrO, lattice whereas SiO. restricts the growth of ZrO, particles
[26,44]. Since oxygen vacancies are not expected to exist in SiO,-ZrO,, it has been
suggested that the thermal stabilization is due to the difficulty the SiO, matrix that
restricts the growth of ZrO. particles [45]. Catalyst screening studies on numerous

ZrO.-based catalysts can be found elsewhere [29—31].

1.4 Scope

The aim of this thesis is to find the essential characteristics of ZrO,-based cata-
lysts that could explain their performance in gasification gas clean-up and to dis-
cover a reaction mechanism for the oxidation of a tar model compound (toluene).
The gained knowledge could be then applied to further optimize the performance
of a tar oxidation catalyst and the gasification gas clean-up process.

The approach is as follows with increasing complexity. First, the acidic and basic
surface sites of the catalysts were determined by probing the surface on basic and
acidic probe molecules, respectively [1]. Next, the adsorption of a single component
(toluene, a tar model compound) was determined [II] followed by a study of the
reaction between one adsorbed component (toluene) with another component (ox-
ygen) [III-IV]. Thereafter, the reaction between these two reactants was studied in
the presence of an additional component (CO, CO., H,O or H,) [V]. Finally, the
reaction of the three main reactants (toluene, naphthalene and oxygen) was inves-
tigated in the presence of a multicomponent mixture simulating the product gas
from an air-blown biomass gasifier [I]. A schematic presentation of the approach

of this thesis including the appended publications is shown in Figure 4.
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Figure 4. Schematic presentation of this thesis including the appended publications (out-
lined with a dashed grey line).
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2. Materials and methods

2.1 Catalyst characterization

Pure ZrO,, 2 mol% Y.05-ZrO. and 8 mol% Si0,-ZrO, catalysts were used in this
thesis. The catalyst powders were calcined in air at 800 °C for 1 h. In publication
[1] the calcined powders were used as such in all of the other measurements except
for the gas clean-up experiments in which the powders were tested as monoliths.
The cordierite monoliths (length of 100 mm) were repeatedly washcoated and
dried until the desired amount of catalyst coating was achieved. Finally, the mon-
olithic catalysts were recalcined. In publication [II], the powders were used as such
in the diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) exper-
iments, but in the temperature-programmed (TP) experiments [II-V] the powders
were first pressed into pellets, crushed and sieved into the desired particle size
(0.25-0.42 mm).

The specific surface areas and the porosities of the powder catalysts were meas-
ured by physisorption measurements [I]. The crystal structures of the powder cat-
alysts were determined by X-ray diffraction (XRD) and Raman spectroscopy [I].

The acidic and basic surface sites of the catalysts were measured by temperature-
programmed NH; and CO. experiments, respectively [I].

In situ DRIFTS was used to investigate the type of active surface sites of the cat-
alysts [I]. A catalyst powder sample was pretreated in situ by calcination at 600 °C
for 2 h. After cooling to 30 °C, a flow of 10% CO./N, was directed to the sample
cell. Next, the sample was flushed with nitrogen for 30 min and the spectrum of
the sample was recorded every 5 min. Finally, the temperature was increased step-

wise to 600 °C while spectra were recorded every 50 °C.

2.2 Toluene adsorption and oxidation experiments

The interaction of toluene with ZrO.-based gasification gas clean-up catalysts
was studied using two complementary techniques: in situ DRIFTS and tempera-
ture-programmed gas-phase analysis. With both techniques, four types of experi-

ments were carried out: (1) temperature-programmed desorption of toluene
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(TPD), (2) temperature-programmed adsorption of toluene (TPA), (3) tempera-
ture-programmed oxidation of pre-adsorbed surface species (TPO), and (4) tem-
perature-programmed surface reaction (toluene oxidation) experiments (TPSR)
[1I-V]. In order to compare surface species and gas-phase products, the feed gas

compositions and heating rates were matched with the applied techniques.

2.2.1 DRIFTS experiments

The in situ DRIFTS measurements were performed by first calcining the catalyst
powder sample at 600 °C for 2 h, flushing with N. for 1 h, reducing with H. at 600
°C for 15 min and flushing with N, for 30 min while cooling down to the adsorption
temperature of toluene.

In the TPD experiments [II], toluene was adsorbed at 30 °C and in the TPA ex-
periments [II] at 100 °C for 30 min. After toluene adsorption, the samples were
flushed with nitrogen for 30 min. In the TPD experiments, desorption of the ad-
sorbed species from the samples was followed from 30 to 600 °C while increasing
temperature stepwise. During heating of the sample, spectra were collected every
25 °C. In the TPA experiments, spectra were collected every 25 °C under a toluene
flow from 100 °C to 600 °C and additionally at every even 100 °C under a nitrogen
flow.

In the TPO experiments [II], toluene was adsorbed to the samples at 600 °C for
30 min followed by cooling down to 30 °C in nitrogen. Next, the oxidation of the
adsorbed species was followed while increasing temperature from 30 °C to 600 °C
by collecting spectra every 25 °C.

In the toluene oxidation experiments (TPSR) [II], toluene and N. were first fed
to the sample at 100 °C for 1 h. Next N, was replaced with synthetic air and the
sample was left to stabilize for 30 min. Then the sample cell was heated in the tol-

uene-helium-air mixture from 100 to 600 °C collecting spectra every 25 °C.

2.2.2 Temperature-programmed experiments

Temperature-programmed (TP) gas-phase experiments were carried out in an
Altamira AMI-100 characterization system [II]. First the samples were calcined at
600 °C for 2 h and reduced in H. for 15 min. Gaseous products were analyzed with
a mass spectrometer. In the TPD experiments, toluene was fed to the samples for
30 min at 30 °C, the reactor was flushed with helium for 30 min and then temper-
ature was increased from ambient to 600 °C under a helium flow. Toluene desorp-

tion amounts were quantified.
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In the TPA experiments, the toluene flow was passed to the sample at 30 °C for
30 min and then temperature was increased up to 600 °C under the toluene flow.
The TPO experiments were performed after the TPA experiments; the toluene flow
was kept constant at 600 °C for 15 min, then the reactor was flushed with He for
30 min, cooled down to 30 °C and temperature was increased up to 600 °C under
an O./He flow.

The TPSR experiments (toluene oxidation) were performed in an Altamira AMI-
200R catalyst characterization system and analyzed on-line with a mass spectrom-
eter (Hiden QIC-20) [III-IV]. First the catalyst samples were calcined at 600 °C for
2 h, cooled down to 200 °C, flushed with helium for 1 h, stabilized under a toluene
and oxygen mixture for 2 h at 200 °C, heated up to 600 °C and stabilized for 30
min at 600 °C under the mixture. Three feed compositions (1.1 X, 2.0 x and 3.5 x
the theoretical toluene total oxidation ratio) and three heating rates (6.7, 10 and 15
°C/min) were applied. Additional CO oxidation and water-gas shift experiments
were performed by mixing CO+0. or CO+H,0+0,, respectively.

Toluene oxidation experiments in the presence of CO, CO,, H.O or H. were also
performed in an Altamira AMI-200R catalyst characterization system equipped
with a Hiden QIC-20 mass spectrometer [V]. The pretreatment was the same as in
the toluene oxidation experiments (calcination at 600 °C for 2 h, cooling to 200 °C
and flushing with helium for 1 h). Next, the premixed gas containing toluene and
oxygen in helium was fed to the samples at 200 °C for 2 h in the presence of one
main gas component (CO, H., CO. or H,O). After which, the catalysts were heated

to 600 °C (10 °C/min) and stabilized (30 min) under the mixture.

2.2.3 Kinetic modeling

In the kinetic modeling, experimental data from the temperature-programmed
toluene oxidation with three heating rates and three feed ratios were applied [III-
IV]. For the estimation of the kinetic parameters, nonlinear regression by minimiz-
ing the sum of squared residuals between the measured and the modelled molar

flows of reaction components was used:

=1 Z?’=1(Fi,exp,j - Fi,cazc,j)z, 6))]
where Fi ey j is the measured and Fi .l the calculated molar flow of the gas phase
component i at data point j, n is the number of gas phase species and N is the num-
ber of data points. A dynamic pseudohomogeneous plug flow reactor was used, ap-
plicable when intraparticle mass transfer can be excluded and molar flows have a

gradient in the axial direction [14]:
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where c; is the gas phase concentration of the gas phase component i (mol cm3),
t is time (s), U is the superficial velocity (cm s?), L is the length of catalyst bed
(cm), &b is the porosity of the catalyst bed, x is the dimensionless coordinate of the
catalyst bed, p; is the density of catalyst particles (mgc.: cm3) and r’; is the reaction
rate of the gas phase component i (mol mge.:? s*). Weisz-Prater criterion [46] was
calculated to be 3-104 in all modeling experiments, thus, justifying the use of Equa-
tion 2 (Weisz-Prater criterion significantly smaller than one is indicative of negli-
gible internal diffusion limitation). The formed system of partial differential equa-
tions (PDEs) was solved by discretizing the length coordinate (catalyst bed length)
non-equidistantly into 20 discretization points along the catalyst bed resulting in
a system of ordinary differential equations (ODEs).

A reparametrized Arrhenius equation for all reaction rate constants was used in

order to take their temperature dependency into account:

k= kref exp [EFA (T:ef - %)]; 3)

where k. is the rate constant of a reaction at reference temperature, Ex is the
activation energy of a reaction (kJ mol?), R is the universal gas constant (kJ
mol K?), Trer is the reference temperature (688 K) and T is temperature (K). The
parameters to be estimated were then k.t and Ex of all the reactions. The modeling
was performed using the ODE15s routine with a bounded optimization package
FMINSEARCBND [47] in MATLAB® R2013a.

2.3 Gasification gas clean-up experiments

The gas clean-up activities of the catalysts were tested by applying washcoated
cordierite monoliths in a fixed-bed quartz reactor with a temperature range of 600-
900 °C under atmospheric pressure [I]. Activity of an uncoated cordierite monolith
was measured for reference (blank). The gas composition used in the experiments
is shown in Table 1. The applied gas mixture resembles the product gas from an air
blown gasification (without hydrogen sulfide, H.S). The effect of hydrogen sulfide
on the activity of ZrO.-based catalysts has been studied elsewhere [48,49]. A mix-

ture of toluene and naphthalene was used as a model compound for tar.
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Table 1. Synthetic gasification gas composition.

Materials and methods

Component vol-% Component vol-% Component gm3y
CcO 12.5 CO2 15.0 H20 110
Ha 11.0 CH4 6.0 Toluene 13.5
CaH4 1.0 NHs 0.5 Naphthalene 1.5
02 3.4 N2 50.6

A Gasmet FTIR gas analyzer was used to analyze the volumetric compositions of
inlet and outlet gases after which the condensable compounds were removed by a
cold trap. After measuring the flow rate and temperature of the dried gas, it was
directed to separate Sick Maihak-type S710 on-line gas analyzers to measure the
composition of the dry gas (CO, CO., CH,, O, and H.).

Before the actual activity testing, the catalysts were stabilized with the synthetic
gasification gas at all temperatures. After this, the temperature was decreased back
to 600 °C and the activities were measured by going upwards the temperature
ramp. The measurement at each of the measuring point was conducted after steady
state was reached (time varied from 30 min to 2 h depending on the measuring
point).

Conversions of naphthalene, toluene, ammonia, ethylene, methane and oxygen

were calculated at steady state according to Eq. (4)

Xi — Fi,ir;:‘_‘I.:i,aut . 100% (4)

Lin
where X; is the conversion of the compound i, Fiix and Fieu, are the molar flows
of the compound i at the inlet and outlet, respectively. The mean catalyst bed tem-
perature was calculated from the measured temperature profile along the mono-
liths.
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3. From surface sites to gasification gas
clean-up

3.1 Physical characterization

The specific surface areas, pore volumes and average pore diameters of the ZrO.-
based catalysts are shown in Table 2. The specific surface areas of the catalysts and
the pore volume increased in the order of ZrO. < Y,05-ZrO, < SiO.-ZrO.,, whereas
the average pore diameter decreased in this order. Therefore, it was concluded that
the doping of ZrO. increases the surface area and pore volume but decreases the
average pore diameter [I].

The crystal structures of the catalysts were determined with XRD and Raman
spectroscopy [I]. Both of the techniques indicated that pure ZrO. was monoclinic.
Both mixed oxides showed a typical curve shape for a tetragonal structure in the
Raman measurements, whereas the XRD measurement indicated that the mixed
oxides were mixtures of tetragonal and cubic structures. The discrepancy in the
crystal structures of the doped catalysts were suggested to be due to the negligible
Raman scattering from the cubic structure [12]. Thus, the combined results sug-
gested that the addition of Y.O; or SiO. into ZrO. changed the crystal structure
from monoclinic to a mixture of tetragonal and cubic structures. Also the DRIFTS
study [I] on the hydroxyl groups of the catalysts showed that pure ZrO. was mon-

oclinic and doped zirconias showed bands of a tetragonal structure.

Table 2. Textural properties of the catalysts [l].

Catalyst Specific surface Pore volume Average pore
area (m? g*') (cm* g) diameter (nm)
ZrOz 24 0.13 23.3
Y203-ZrO2 53 0.21 10.8
Si0,-ZrO; 92 0.25 6.3

25



From surface sites to gasification gas clean-up

3.2 Chemical characterization

The total amounts and densities of the acidic and basic surface sites of the cata-
lysts were measured by temperature-programmed NH; and CO. experiments, re-
spectively, [I] (Table 3). The amount of basic sites increased with the addition of
Y.0;to ZrO. and decreased with the addition of SiO.. The density of basic sites
decreased when doping ZrO, with SiO, or Y,O;. The amount of acidic sites of ZrO.
increased slightly when doping with Y,O; and significantly when doping with SiO.,
whereas, the doping of ZrO. with SiO. or Y,O; decreased the density of acidic sites.
The strength of the acidic and basic sites was determined from the TPD profiles [I].
The strongest basic sites were observed over Y.03-ZrO. and the weakest over SiO.-
Zr0O,, whereas the strongest acidic sites were observed over SiO.-ZrO. and the

weakest over ZrO..

Table 3. Amounts and densities of the basic and acidic surface sites of the catalysts [I].

Catalyst Amount of Density of Amount of Density of
basic sites basic sites acidic sites acidic sites
(umol g-) (pmol m?) (umol g) (pmol m?)
ZrO2 84 3.5 22 0.9
Y203-ZrO2 146 2.8 36 0.7
SiO2-ZrO2 49 0.5 78 0.8

The basic and acidic surface properties of the catalysts were also investigated by
DRIFTS experiments using CO. as a probe molecule [I]. Over all the catalysts bi-
carbonates on the basic surface sites of the catalysts were detected but the strength
of these species differed; bicarbonate species decomposed at temperatures below
300 °C over ZrO, and Y.0;-ZrO. and below 200 °C over SiO.-ZrO,. Bidentate car-
bonate species that are formed on c.u.s. Zr4+-0> acid—base centers were observed
over ZrO. and SiO,-ZrO.. These species decomposed over ZrO. and SiO.-ZrO. be-
low 400 and 300 °C, respectively. Over SiO.-ZrO. polydentate carbonates that are
formed on closely spaced c.u.s. Zr4+ centers decomposed below 400 °C. The mono-
dentate carbonates formed on the O> centers of Y,0;-ZrO, decomposed below 500
°C. Thus, it was concluded from the DRIFTS experiments that the basic sites of
Y.03-ZrO, were the strongest and those of SiO.-ZrO., were the weakest, which is in
agreement with the CO.-TPD experiments.

The higher thermal stability of bidentate carbonate species found over ZrO, com-
pared to those over SiO.-ZrO. indicated that the ones over ZrO, are stronger. It has
been concluded by Bachiller-Baeza et al. [50] that the formation of stronger biden-
tate carbonates requires an acid-base center, which is connected to an anionic va-

cancy. Moreover, the formation of bidentate carbonates on c.u.s. acid-centers was
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schematically shown by Kouva et al. (Figure 13 in [51]) and also in this representa-
tion one oxygen atom was missing from the lattice of ZrO. insinuating a possible
oxygen vacancy. Therefore, it is suggested that the acid-base centers of pure ZrO,

might be connected to oxygen vacancies.

3.3 Toluene adsorption

In situ DRIFTS was used to study the nature of adsorbed toluene species in the
absence oxygen and the gas-phase products were analyzed by the corresponding
TP experiments [IT]. In the TPD experiments, the surface species were formed from
toluene at low temperature and their thermal stability was studied. In the TPA ex-
periments, the evolution of surface species and gas-phase products as a function of
temperature was studied. In the TPO experiments, the reactivity of toluene-derived
stable surface species toward oxygen was studied.

Toluene adsorption at 30 °C brought several peaks into the spectra of ZrO,, Y,O5-
ZrO, and SiO,-ZrO, [II]. The peaks assigned to molecular toluene vanished from
the spectra of all ZrO.-based catalysts while heating to 200 °C, indicating desorp-
tion of adsorbed molecular toluene. The gas-phase analysis showed that the
amounts of toluene desorbed was 0.13 pmol me,2 over ZrO, and 0.23 pmol me2
over the doped catalysts. The differences in capacities per surface area for pure and
doped zirconias could be related to their different chemical composition and crys-
tallinity: pure ZrO, being monoclinic and doped samples containing tetragonal and
cubic phases. Other products during toluene desorption included water and trace
amounts of CO. and CO on all the catalysts. The amount of water desorbing from
the catalysts during toluene TPD was significant. Water desorption during TPD
was related to the dehydroxylation of the ZrO. surfaces based on a blank TPD ex-
periment (without toluene adsorption).

In the TPA experiments, toluene adsorption on the ZrO,-based catalysts at
100 °C was similar to that at 30 °C. While heating under toluene flow from 100 to
600 °C, new peaks appeared to the spectra above 300 °C over all catalysts (Figure
5). With increasing temperature, the intensity of the new peaks increased. The
peaks were assigned to asymmetric and symmetric stretching modes of adsorbed
benzoate species, indicating dissociation of the C-H bonds in the methyl group
[52]. A surface benzoate is formed when hydrogen is first abstracted from the me-
thyl group of toluene using two surface oxygen atoms of the catalyst [52]. The most
striking difference between the gas-phase analysis of the TPD and the TPA experi-
ments was the formation of benzene accompanied by CO. formation at 520-530 °C

in the TPA experiment [II]. The estimated molar amounts of CO. and benzene were
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approximately equivalent. Furthermore, the formation of H. in the TPA experi-
ments increased exponentially with increasing temperature, suggesting dehydro-
genation of toluene or toluene-derived surface species forming carbonaceous de-

posits on the surface of the catalysts.
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Figure 5. DRIFTS spectra from the TPA experiments in the region of 1700-1300 cm-" of
calcined and reduced a) ZrOz, b) Y203-ZrO2 and ¢) SiO2-ZrO2 during toluene adsorption
at 100-600 °C. Spectra recorded after a 5-min nitrogen flush at each temperature.

In the TPO experiments, the appearing peaks were assigned similarly to those at
higher temperatures of the TPA experiments. The adsorbed benzoate species dis-
appeared at temperatures above 400 °C from the spectrum of Y203-ZrO2 and
above 500 °C from the spectra of ZrO2 and SiO2-ZrOz2, suggesting differing reac-
tivity of benzoates toward oxygen between these catalysts. The gas-phase analysis
indicated that the oxidation of carbonaceous surface species took place between
200 °C and 400 °C. Since the evolution of carbon oxides was intense during TPO,

the amount of deposited carbonaceous species was notable.
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3.4 Toluene oxidation

3.4.1 Effect of oxygen and temperature

In situ DRIFTS was used to study the surface species during oxidation of toluene
at the temperature range from 100 to 600 °C (Figure 6) [1I]. In accordance with
the TPD and the TPA experiments, at low temperatures molecularly adsorbed tol-
uene species were observed and at higher temperatures adsorbed benzoate species
in the spectra of all the ZrO.-based catalysts. However, at temperatures above 300
°C, new peaks could be seen in the spectra of all the catalysts. These new peaks
were assigned to benzyl species [53]. Benzyl species are formed upon dissociative
adsorption of toluene, where one hydrogen atom from its methyl group is ab-
stracted. These species is believed to be attached to a surface Zr cation by its ben-

zene ring and to a surface OH-group from its methylene group (-CH.).
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Figure 6. DRIFTS spectra from the TPSR experiments in the region of 3200-2800 cm-' of
calcined and reduced a) ZrO», b) Y203-ZrO2 and c¢) SiO.-ZrO> during co-adsorption of
toluene and oxygen from 100 to 600 °C.

In toluene oxidation experiments (1.1 x theoretical toluene total oxidation ratio
giving toluene WHSYV of 0.07 1/h), full conversion of toluene over all ZrO.-based
catalysts was achieved by 550 °C (above in Figure 7) [III]. The conversion of tolu-
ene started at around 300 °C over ZrO, and Y.05-ZrO,, while over SiO,-ZrO. nota-
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ble toluene conversion was observed already at around 250 °C, whereas the con-
version of oxygen (below in Figure 7) was not complete even at 600 °C. Based on
the conversion curves of toluene and oxygen in the temperature range from 200 °C
to 550 °C, the most active catalyst was SiO.-ZrO. while Y,0;-ZrO, was the least

active one.

,_.
=
o

Toluene conversion (%)
o
(o]

o T 1 =]

200 250 300 350 400 450 500 550 600
Temperature (°C)

100 T T T T T T

g —7r0

E —¥,0.70,

£ —8i0,-710,

s Ll , 210, 2

é 5 —Blank

o

=

[+

]

=3

@] oL T T T T T T T L
200 250 300 350 400 450 500 550 600

Temperature (°C)

Figure 7. The conversion of toluene (above) and oxygen (below) over ZrO2-based cata-
lysts in the temperature-programmed oxidation of toluene (oxygen-toluene feed ratio:
1.1 x theoretical total oxidation ratio, heating rate: 10 °C/min) [IlI].

In all toluene oxidation experiments, the formation of four products were de-
tected (CO., CO, H, and H.O) over ZrO,-based catalysts (Figure 8) [III]. Over all
the catalysts, the formation of CO. and H.O first increased with increasing temper-
ature but over ZrO, and SiO,-ZrO, the formation curves peaked at around 450 °C.
The formation of CO and H. first increased with increasing temperature and then
started to decrease over all the catalysts. The formation of CO was detected even as
high as at 600 °C over all the catalysts as well as the formation of H. over ZrO. and
Si0,-Zr0,, but over Y.05-ZrO, the formation of H, became negligible at 600 °C.
The formation of other products (besides CO,, CO, H, and H.O) was not detected

in the toluene oxidation experiments over these catalysts.
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Figure 8. TPSR profiles of product formation over ZrO2-based catalysts and a without cat-
alyst (blank) in the temperature-programmed oxidation of toluene (oxygen-toluene feed
ratio: 1.1 x theoretical total oxidation ratio, heating rate: 10 °C/min) [l1].

The investigation of possible secondary reactions was carried out following the
interaction of CO and the CO+H,0 mixture in the presence of oxygen over ZrO.-
based catalysts. The oxidation of carbon monoxide was considered based on the
two-step oxidation pathway suggested by Juutilainen et al. [27]. Furthermore, a
reaction where hydrogen is formed is required to understand fully the toluene ox-
idation mechanism. In the CO oxidation and the water-gas shift (WGS,
CO+H.0+0.) experiments, the oxidation of CO into CO. was detected over all
ZrO,-based catalysts [I1II]. However, in the WGS experiment, the consumption of
H,O was clearly less than the stoichiometric amount needed for this reaction. Over
pure ZrO, a minor formation of H, was detected between temperatures of 350 and
600 °C. At temperatures above 550 °C, the formation of H. started to decrease as
the equilibrium shifts towards the reactants. Over the doped zirconias, however,
the formation of H. was negligible throughout the experiments. Thus, it was con-
cluded that the surface-mediated WGS contributed to the formation of H, over
pure ZrO; at 350-600 °C in the presence of oxygen. Similar conclusions cannot be
drawn in the case of the doped catalysts based on this experiment (CO+H,0+0,),
since the possibly formed H. could have been directly oxidized.

Toluene oxidation applying three oxygen-toluene feed ratios was studied for all
ZrO,-based catalysts [IIT]. Full toluene conversion was observed above 500 °C with

all three feed ratios over all the catalysts, whereas oxygen was not fully converted.
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The product TPRS profiles (CO., CO, H. and H.O) showed similar shapes regard-
less of the applied oxygen-toluene feed ratio (Figure 9). With an increasing O,-tol-
uene feed ratio, the toluene and oxygen conversion curves shifted to lower temper-
atures as well as the maxima of product curves, meaning that all reactions were
accelerated with an increasing oxygen amount analogously to the TPO experi-

ments, e.g. by Kanervo et al. [54].
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Figure 9. TPSR profiles of the products at the reactor outlet with the O2/toluene feed ratios
of 1.1, 2.0 and 3.5 x theoretical total toluene oxidation ratio over pure ZrO2. “None”
refers to pure helium feed (no toluene or oxygen). Reproduced from [Il1].

The distribution of products was also affected by the O.-toluene feed ratio over
all the catalysts [II1I]. When the amount of oxygen was increased, the CO,/CO ratio
increased especially at higher temperatures. However, before the CO./CO ratio
started to increase with increasing temperature, it was constant regardless of the
feed ratio indicating that both of the carbon oxides are primary products of toluene
oxidation. Over pure ZrO,, for example, the ratio of CO,/CO was 1.3 until 450 °C.

Also, the H,O/H, ratio increased with increasing temperature over all the catalysts.
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3.4.2 Effect of CO, CO., water and H.

The effect of feeding CO, H., CO. and water on toluene oxidation was studied by
comparing toluene and oxygen conversions in the experiments at the temperature
range between 200 °C and 600 °C over ZrO,-based catalysts [V]. Conversion of
toluene increased with increasing temperature over all catalysts until full conver-
sion was achieved (above 500 °C). The conversion of toluene without additional
component (referred as “TOL+0,” in Figure 10) was good agreement with the re-
sults of Chapter 3.4.1). Only small differences, if any, were observed in the toluene
conversion with or without the main gasification gas component (CO,, CO, water
or H,) below 500 °C (Figure 10). Over ZrO,, it seemed that the addition of CO or
water delayed the toluene conversion below 350 °C (curves shifted to slightly
higher temperatures), showing maximum difference in toluene conversion of 3
percentage points. Over Y.05-ZrO,, inhibition of water was seen below 400 °C
(maximum difference 5 percentage points). Over SiO,-ZrO., inhibition by water
on toluene conversion was detected below 370 °C (maximum difference 17 percent-
age points) and slight inhibition of H. below 300 °C (maximum difference 8 per-
centage points). Interestingly, the addition of CO. over SiO.-ZrO; increased the
conversion of toluene below 400 °C (maximum difference 14 percentage points).
In summary, all the observed differences in toluene conversion curves over pure
ZrO; could be due to the experimental error (+ 1.5 percentage points) but over the
doped catalysts the observed differences cannot be explained by experimental in-
accuracy. The possible inhibition/promotion effects was further clarified by calcu-

lation the conversion of oxygen (Figure 11).
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Figure 10. Toluene conversion in toluene oxidation over ZrO2 and Y203-ZrO: in the pres-
ence of CO, and H20 and over SiO»-ZrO- in the presence of CO2, H-0 and Hz [V].
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The effect of water was also seen from the oxygen conversion curves (Figure 11)
over all the catalysts at temperatures below 400 °C. Conversion curves of oxygen
were seen to shift to slightly higher temperatures in the presence of water (referred
as “with H,O”) than in the absence of water (referred as “TOL+0.”) suggesting that
the presence of water had an effect on the oxidation reactions. Therefore, the ob-
served inhibition effect of water on the toluene conversion (Figure 10) can now be
confirmed with the oxygen conversion (Figure 11). Toluene oxidation was mostly
affected by water over SiO,-ZrO. (maximum difference in oxygen conversion being
13 percentage points) and least over ZrO, (maximum difference 4 percentage
points). The conversion levels of oxygen presented in Figure 11 were in agreement
with the ones obtained in toluene oxidation with the similar O,/toluene feed ratio
(33% at 600 °C over pure ZrO, with 3.5 x theoretical total toluene oxidation ratio,

reported in Chapter 3.4.1).
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Figure 11. Conversion of oxygen in toluene oxidation over ZrO2, Y203-ZrO2 and SiO2-ZrO;
in the presence and absence of CO2 and H20 [V].

The inhibition effect of water can be explained by product inhibition or by the
modification of ZrO, surface by water. However, product inhibition requires that
the adsorbed product (water) is stable on the catalyst’s surface. It has been recently
shown by Kouva et al. [51] that a water treatment of monoclinic ZrO. increased the
amount of multicoordinated and terminal OH species in a TPSR study with CO and
CO.. Furthermore, experiments with deuterium and labeled oxygen [55] combined
with the proposal of Kouva et al. [56] suggest that terminal OH species can be com-
pletely changed by 400 °C via a dehydroxylation mechanism, whereas the exchange
of multicoordinated OH species may lead to the formation of an oxygen vacancy.

The addition of CO slightly affected toluene oxidation activity over pure ZrO.

(Figure 10) but not over the doped zirconias. However, over all the catalysts an
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additional shoulder appeared to all H. curves between temperatures 425 °C and
600 °C (Figure 12). Inhibition of the toluene conversion by H, was detected only
over Si0,-ZrO, (Figure 10), whereas a similar effect was not seen over ZrO, and
Y.05-ZrO.. Additionally over all the catalysts, in the toluene oxidation experiment
with H., also a shoulder in the CO signals was detected above 500 °C (Figure 12).
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Figure 12. Above: H> signal in toluene oxidation in the presence and absence of CO. Be-
low: CO signal in toluene oxidation in the presence and absence of H.. Reproduced
from [V].

The promoting effect of CO and H. on the formation of H. and CO, respectively,
in toluene oxidation might be explained by the formate surface chemistry. The tem-
perature at which the H. signal showed a shoulder in the toluene oxidation exper-
iment with CO (above in Figure 12) is remarkably close to the one reported by
Kouva et al. [51] in their CO-TPSR experiment for a maximum of H, and CO, re-
lease. At this temperature, the formate species decompose into CO. and H. [51].
Furthermore, the shoulder seen in CO signal over pure ZrO. in toluene oxidation
experiment with H, (below in Figure 12) also peaked around 530 °C. This addi-
tional evolution of CO could be due to formate decomposition into CO (Figure 9 in
[51]). Hydrogen, being the product in the formate decomposition reaction into CO,
and H., shifts the equilibrium of the formate formation towards its reagents, i.e.
towards the formation of CO. However, the spectroscopic data (Chapter 3.4.1) did
not show the formation of formate species upon toluene oxidation over these cata-
lysts, although both CO and H, are primary products in toluene oxidation. If the
formation of formate species is induced only when there is CO or H, present in the
feed with toluene and oxygen, it would suggest that the active sites for toluene ox-

idation and for formate formation are different. Furthermore, it could be suggested
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that CO or H. in the feed might not inhibit toluene oxidation via the formate chem-

istry.

3.4.3 Kinetic modeling of toluene oxidation

In order to gain mechanistic insight into toluene oxidation, all toluene oxidation
experiments (three heating rates and three feed ratios, in the absence of the main
gasification gas components) were applied in the kinetic modeling [IV]. After thor-
ough data analysis a kinetic model for toluene oxidation was compiled. The model
was tested against all the measured molar flows (toluene, O., CO,, H.O, CO and
H.). The data analysis illustrated several features that can be applied in the kinetic
modeling. The fact that the conversion of oxygen started at slightly higher temper-
atures than the conversion of toluene (Figure 7) suggested that adsorbed surface
species are involved in the reactions. First, the amount of C-, O- and H-atoms that
were consumed and formed in toluene oxidation was calculated (without dehy-

droxylation) (Figure 13).
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Figure 13. The consumption and formation of C, H and O atoms in toluene oxidation over
ZrOz [IV].

The consumption of C- and H- atoms exceeded their formation when toluene ox-
idation was initiated (Figure 13). In the consumption and formation of O- atoms, a
significant difference was not observed. Combining this with the spectroscopic
data (Chapter 3.4.1), suggests that toluene is first adsorbed as a surface benzyl spe-
cies (reaction R1) that will further react.

C;Hs (g) — [C;H;] + 0.5 Ha (g) (R1)

The product curves showed two shapes; CO, and H.O profiles resembled one an-
other and CO and H., profiles were similar to each other over each catalyst (Figure
8). Based on the paired formation of the products, it is suggested that CO, and H.O

are produced in the same reaction. The ratio of CO. and H.O was calculated to be
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ca. 2 at the temperature range of 300-500 °C [IV]. Therefore indicating that the
intermediate needs to have a structure of [CyHy]. The next step after this must in-
clude the destruction of the benzene ring because not even trace amounts of other
aromatics or their partially oxygenated products were formed (Chapter 3.4.1). In
the most simplified model, the paired formation of CO. and H.O could be the direct
oxidation of the surface benzyl species. The measured stable product ratios are
achieved when seven carbon atoms of the benzyl species react into 4 CO, molecules
and 3 CO molecules (net reaction R2).

[C;H;] +6.5 02 (g) — 4 CO: (g) + 3 CO (g) + 2 H.0 (g) + 1.5 Hz (g) (R2)

However, reaction R2 (oxidation of the surface benzyl species) can be broken
down into several surface reactions. The obtained product ratios can be achieved
when the benzyl species having seven carbon atoms react into 4 CO, and 3 CO mol-
ecules. Thus, “a fragmentation” of the benzyl species into fragments of [C,H,] and
[C;H3] is suggested to take place according to reaction R2a.

[C,H,] — [C,H,] + [C3H,] (R2a)

After fragmentation, there are two routes; one fragment is oxidized into CO, and
H.O, whereas the other into CO and H.. For meeting the obtained CO./CO ratio,
the [C,H,] fragment is believed to be oxidized into CO. and H.O, whereas the
[CsH;] fragment into CO and H. (reactions R2b and Rac, respectively).

[C,H,] +5 0. (g) = 4 CO: (g) + 2 H0 (g) (R2b)

[C3H;] + 1.5 02 (g) = 3 CO (g) + 1.5 Ha (8) (R2¢)

We propose that the decomposition of the surface benzyl species is rapid and the
two are extremely short-lived. The [C,H,] fragment leads directly to 4 CO. + 2 H.O,
whereas the [C;H;] fragment will combine with the fourth hydrogen available from
benzyl formation and forms predominantly 3 CO + 2 H.. The latter fragment may
also form 3 CO. + 2 H,O under excess oxygen at high temperatures. Therefore, all
these products are primary toluene decomposition products. Interestingly, it was
also concluded in a review by Lefferts et al. [57] that the four major products (CO.,
H.0, CO and H,) in methane oxidation are all primary products over Y,03—ZrO..

In addition to the obtained product ratios, the fact that no benzene nor benzene
derivatives were detected the C-C bond between the aromatic ring and the meth-
ylene group is not expected to break. Furthermore, the benzyl species is believed
to be attached to a surface cation by its benzene ring and to a surface OH-group
from its methylene group (-CH.). Combining these factors, an aromatic C-C bond
is suggested to break next because of the withdrawal of the carbon atom of the
methylene group and its neighboring carbon atom towards the OH-group of the
catalyst. Thus it is further supporting that the [C;H;] fragment, i.e. two carbon at-

oms of the aromatic ring and the methylene group, could react into CO and H.
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(reaction R2c). The [C,H,] fragment, i.e. the remaining four carbon and four hy-
drogen atoms of the aromatic ring, that is attached to the cation are considered to
have equal bond strengths and would be oxidized into CO. and water (reaction
R2b).

The fragments possess a short lifetime, thus, their identity cannot be verified
spectroscopically. Therefore, the identities are suggested based on their atomic
compositions. The [C3H;] fragment could be tentatively assigned to surface acro-
lein (propenal, C;H,0) and the [C,H,] fragment could be surface furan (C,H,0).
The oxygen in these surface species is either lattice oxygen of zirconia or adsorbed
oxygen originating from the gas phase O.. A further support for these short-lived
surface oxygenates comes from the observation that benzyl species formation re-
quires the presence of gas phase O. (Chapter 0).

CO oxidation experiments showed that all the ZrO.-based catalysts possessed ac-
tivity towards CO oxidation [III]. Therefore, CO oxidation (reaction R3) is consid-
ered as a secondary reaction in toluene oxidation. Based on the the shape similarity
of the CO and H. formation curves (Figure 8), the oxidation of H, (reaction R4) is
suggested to be also a secondary reaction.

CO (g) + 0.5 02 (g) = CO: (g) (R3)

H. (g) + 0.5 02 (g) = H-0 (g) (R4)

The dehydroxylation and hydroxylation reactions of the ZrO. surface were taken
into account by reactions R5 and R6, respectively.

2 Zr-OH — H.O (g) + Zr-O-Zr (R5)

Zr-O-Zr + H.0 (g) — 2 Zr-OH (R6)

A schematic presentation of the model is given in Figure 14.

Toluene (C,Hg)

R1

BenZyI (C7H7 surface) + 05 H2

R2a R2b
C4H4 surface * CBHS surface
R2c|+ 0, R2d| + 0,
CO, + H,0 CO +H,
+0, R3
+0, R4

Figure 14. Schematic presentation of the derived model. Reaction steps with red arrows
have been lumped as one reaction in the compiled model [IV].

38



From surface sites to gasification gas clean-up

Over transition metal oxide catalysts, oxidation of hydrocarbons usually takes
place via the Mars and van Krevelen mechanism, where the reactant is oxidized by
lattice oxygen followed by replacement of this oxygen from the gas phase [58].
However, the model compiled in this thesis uses associatively adsorbed oxygen for
the oxidation of the surface benzyl (reaction R2), thus, differing greatly from the
Mars and van Krevelen mechanism. According to Foraita et al. [59], oxygen is able
to dissociate at above 460 °C on monoclinic and at above 500 °C on tetragonal
zirconia. Therefore, oxygen is not believed to dissociate at as low as 350 °C over
ZrO.. Instead, it is suggested that a superoxide surface species (O) is stabilized
together with the benzyl species. Similar combination of hydrocarbon and super-
oxide surface species has been established on several oxide catalysts, also over ZrO»
[60]. Furthermore, it is in agreement with the DRIFTS experiments (Chapter 3.4.1)
that the benzyl species are formed only in the presence of gas-phase oxygen. More-
over, toluene oxidation without the presence of oxygen did not occur even over
precalcined ZrO, [II], thus the conventional Mars and van Krevelen oxidation
mechanism can be ruled out. After the superoxide—benzyl surface complex be-
comes unstable, the reaction most probably proceeds via a radical mechanism be-
tween the above mentioned fragments and gas-phase oxygen. This is in accordance
with the spectroscopic finding, that benzyl species were not followed by other in-
termediate surface species (Chapter 3.4.1) and with the gas-phase analysis showing
formation of only four products (Chapter 3.4.1). Based on this reasoning, it is be-
lieved that over the ZrO.-based catalysts, the benzyl species (or its fragments) are
oxidized using superoxide surface species (O.").

After compiling the kinetic model (reactions R1-R6), it was tested against the tol-
uene oxidation data. The calculated (solid line) and the experimental molar flows

(open circles) of each component are shown for pure ZrO. in Figure 15.
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Figure 15. Comparison between experimental data (open circles) and calculated molar
flows (solid line) over pure ZrO2 (O2-toluene feed ratio: 1.1 x theoretical toluene total
oxidation ratio, heating rate: 10 °C/min) [IV].

The model produced the molar flows of toluene, water and H, extremely well
whereas those of the other components adequately (Figure 15). Nevertheless, the
model was capable of predicting the shapes of all TPRS curves at nearly correct
temperatures and especially at the steady state (600 °C). However, the model
slightly overestimated the oxygen molar flow between 325 °C and 425 °C as well as
those of both carbon oxides.

The parameters obtained over pure ZrO, are collected in Table 4. The formation
of surface benzyl species had the activation energy of 88 kJ mol-,, whereas the most
activated step was the net oxidation reaction of the surface benzyl species (reaction
R2) with the activation energy of 179 kJ mol-. The activation energy of reaction R2
was rather high, thus, indicating the lack of mass transfer limitations in the toluene
oxidation experiments. The activation energies of CO and H. oxidation were 97 and
113 kJ mol™, respectively. The rate limiting step is in good agreement with the ki-
netic toluene (amm)oxidation experiments of Sanati and Andersson [61] over sup-
ported vanadia catalysts. They showed that the rate limiting step is the interaction

of surface benzyl species with surface oxide species [61].
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Table 4. The Benzyl Oxidation Model (R? = 0.992) parameters obtained over ZrO; [IV].

Reaction Pre-ex- Activation
ponential | energy
factor (kJ mol)

R1 | C7Hs (g) — [C7H7] + 0.5 H2 (g) 4.3-107 88
R2 | [C7H7] + 6.5 02 (g) 2.6:10"7 179

—4CO2(g)+3CO(g)+2H20 (g)+1.5H2(g)

R3 | CO (g) + 0.5 02 (g) — CO2(g) 1.8:10" 97
R4 | Hz2 (g) + 0.5 02 (g) — H20 (g) 2.0-10™ 113
R5 | 2 Zr-OH —H20 (g) + Zr-O-Zr 3.1-107 111
R6 | Zr-O-Zr + H20 (g) — 2 Zr-OH 1.3-10° 0

3.5 Gasification gas clean-up

The gas clean-up activities of ZrO,, Y.05-ZrO., and SiO.-ZrO, were studied using
synthetic gasification gas (Table 1). The tar removing efficiency of the ZrO.-based
gasification gas clean-up catalysts was evaluated based on the conversion of naph-
thalene and toluene using Equation 4 (Figure 16). ZrO. as well as Y,03-ZrO. de-
composed naphthalene more efficiently than toluene at temperatures below 800
°C. However, at higher temperatures both ZrO. and Y.O;-ZrO. decomposed tolu-
ene more efficiently than naphthalene. ZrO. decomposed naphthalene and toluene
more actively than Y.03-ZrO, throughout the studied temperature range. The ac-
tivity of SiO.-ZrO. was similar to that of the uncoated cordierite monolith (referred
as Blank in Figure 16), thus being clearly less active than the other catalysts at lower
temperatures. At 900 °C, however, all the catalysts were as active as the blank mon-
olith. Therefore, it can be suggested that at temperature above 800 °C, thermal
reactions took part in the decomposition. Naphthalene conversion showed differ-
ences between the catalysts with increasing temperature, whereas toluene conver-
sion increased with increasing temperature over all the catalysts. The highest
naphthalene conversion was obtained at 600 °C over ZrO,, whereas over SiO,-ZrO.
the naphthalene conversion increased with increasing temperature. Over Y.Os-
ZrO. the naphthalene conversion first increased, then decreased and increased

again with increasing temperature.
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Figure 16. Conversion of naphthalene and toluene with zirconia-based catalysts and blank
monolith as a function of the average temperature of the monolith [I].

Besides tar removal activity, the catalysts’ decomposition activity of light hydro-
carbons was assessed by ethylene and methane conversions. The presence of these
light hydrocarbons in the products gas is undesirable, if the product gas is utilized
in Fischer-Tropsch synthesis [62], whereas methane and ethylene are desirable if
the gas is directed to energy production [62]. The conversion of ethylene was never
higher than ~50% over all the catalysts. Only over SiO,-ZrO, some methane was
converted at higher temperatures. The ammonia removal activity was below 20%
over all the catalysts.

The out/in ratio was calculated for the main gases (CO, CO., H,, O,, H,O and
CH,) at 600-900 °C. Values above one indicate formation and below one indicate
consumption of the component (Table 5). Consumption of O, and H. was observed
over all the catalysts at all studied temperatures, whereas CO. and H.O were
formed. Differences between the catalysts were observed in the out/in ratios of CO.
Over ZrO,, CO was consumed at 600 °C but formed above 700 °C. Over Y,05-ZrO,,
consumption of CO was observed below 900 °C and formation at 9oo °C. Over
Si0,-Zr0O,, CO was formed already at temperatures above 600 °C.

The out/in ratios of the main gas components changed with increasing tempera-

ture. Over all the catalysts, the formation of CO and consumption of O. increased
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with increasing temperature. The consumption of H, decreased with increasing
temperature and the formation of H,O decreased over ZrO, and Y.03-ZrO,. Over
Si0,-ZrO,, the consumption of H. first increased with increasing temperature and
then started to decrease. In addition, over SiO,-ZrO, the formation of H,O in-

creased with increasing temperature until 800 °C.

Table 5. The out/in ratios of the main gas components as a function of the mean catalyst
bed temperature [I].

ZrO; Y203-ZrO> Si02-ZrO2

T 620 729 820 908 [610 711 836 918 |[573 685 792 894
(C)
CO | 099 1.00 1.01 1.06 095 096 099 1.05|1.00 1.04 110 1.15
CcO2 (113 113 113 111|113 115 114 112 |1.04 1.04 1.04 1.05
H> |0.82 084 087 094|078 0.78 080 0.86|092 088 0.85 0.89
02 0.04 0.00 0.00 0.00|0.09 0.00 0.00 0.00(0.79 0.55 0.20 0.06
HO | 126 127 123 122|126 127 124 121|107 113 124 1.24
CHs | 1.00 099 0.99 0.98|0.98 1.01 1.01 1.00|1.00 0.99 0.97 0.94
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4. Relationship between characteristics
and gas clean-up activity

4.1 Physical and chemical characteristics

In general, addition of Y.O3 or SiO. to ZrO. influenced its physical and chemical
properties. Doping ZrO. with Y.O; or SiO. increased the specific surface area and
the pore volume, decreased the average pore diameter (Table 2), and changed the
crystal structure of ZrO. from monoclinic to a mixture of tetragonal and cubic
(Chapter 3.1). Since the surface area of the most active catalyst (ZrO.) was the low-
est and the pore volumes of catalysts with highly different activities (Y>.05—ZrO.
and SiO.—Zr0.) were nearly equal (Table 2), these parameters may not be crucial
for the gas clean-up activity (Figure 16). However, the average pore diameter (Ta-
ble 2) of the most active catalyst (ZrO.) was highest and that of the least active
catalyst (SiO,—Zr0O.) was lowest. Thus, the average pore diameter is positively cor-
related with the catalytic gas clean-up activity. Furthermore, for the pure ZrO, be-
ing the most active, the phase change (from a monoclinic to tetragonal/cubic struc-
ture) due to the additives seems not to be crucial for the activity of a catalyst. This
phase change, though, could offer improved thermal stability that is highly benefi-
cial to the long-term stability of a catalyst.

Doping ZrO, with Y,O; or SiO, also affected the basicity and acidity of the cata-
lyst. The highest acidity was observed over SiO.—ZrO. and the lowest over ZrO.
(Table 3). With decreasing total amount of acidic sites (Table 3), the activity of the
catalysts (Figure 16) increased at lower temperatures. Therefore, indicating that
acidity is not desirable in gasification gas clean-up. However, the doping also de-
creased the amount of weak acidic sites (Chapter 0) which could explain the differ-
ing activities (Figure 16). Nevertheless, the stronger acidic sites (Chapter 0) were
clearly not a favorable characteristic.

The highest basicity was observed over Y.03;—ZrO. and the lowest over SiO.—
Zr0O,. Thus in contrast to acidity, basicity (Table 3) seemed to be a favorable char-
acter in gasification gas clean-up (Figure 16). The more basic catalysts, ZrO. and

Y.04-ZrO,, showed higher activities than the less basic one (SiO.—Zr0O,) at lower
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temperatures, and remained active throughout the studied temperature range.
Thus, the basic sites seemed to be essential for ZrO.-based gas clean-up catalysts.
However, even though Y.03—ZrO, was the most basic of these catalysts, the activity
of ZrO, towards tar was somewhat higher than that of Y,0;—ZrO.. Based on Table
5, consumption of both CO and H. over Y.0;—ZrO. was higher than over pure ZrO..
Therefore, it is suggested that the lower activity of Y.O3—ZrO. than that of pure
ZrQO, in tar decomposition reactions was due to higher activity of Y.0;—ZrO, in
other reactions, e.g. in reactions consuming CO and H..

The acidic and basic surface properties of gasification clean-up catalysts have
been suggested to be influenced by their activity and stability in gas clean-up
[27,34,63,64]. For example, the basic surface sites of doped alumina supports have
been suggested to delay the activity loss of nickel-catalysts caused by sulfur poi-
soning [64] and to give higher resistance against coking for dolomite supported
nickel catalysts [63]. Furthermore, catalytic cracking is one possible reaction of tar,
and cracking catalysts are typically acidic [65], thus, acidic surface sites of the cat-
alyst can be expected to affect its gas clean-up activity. The low amount of acidic
surface sites of ZrO.-based catalysts has been connected to their high activity in the
oxidation of tar and ammonia [27,34].

The type of surface sites over these three ZrO.-based catalysts measured by in
situ DRIFTS (Chapter 0) differed from each other. Over pure ZrO,, mainly Zr++-0>
acid-base centers were observed, whereas over SiO,-ZrO, a low number of Zr4+-O2
acid-base centers and a high number of acidic Zr4* centers were identified. On
Y.05-ZrO,, however, mainly strong basic O  centers were observed whereas the
existence of a low number of Zr4+-O2- acid-base centers could not be ruled out. Fur-
thermore, the strong acid-base centers on pure ZrO, might be associated with an
anionic oxygen vacancy.

In other applications, for example in methane oxidation [66] as well as in pro-
pene and toluene oxidations [67], it has been reported that doping ZrO. with Y.O4
increased the activity of the catalyst. In contrast, in gas clean-up pure ZrO. showed
higher activity than Y.04-ZrO. (Figure 16). However, over Y.03-ZrO. the consump-
tion of both CO and H. is higher than over ZrO, (Table 5). Therefore, one explana-
tion for the lower activity of Y.O5-ZrO, compared to that of ZrO. could be explained
by its enhanced oxidation activity towards other gas components than tar. Further-
more, the presence of other gas components, i.e. CO, CO., H,, CH,, C,H,, NH; and
water, could have an effect on the activity of ZrO.-based catalysts in gasification
gas clean-up. Inhibition by water on toluene oxidation was discovered in this thesis

(Chapter 3.4.2).
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4.2 Toluene adsorption

Adsorption of toluene was studied by in situ DRIFTS with TPD and TPA experi-
ments over ZrO,, Y.0;—ZrO,, and SiO,—ZrO, in the absence of gas-phase oxygen
(Chapter 3.3). The low-temperature-adsorption of toluene resulted in molecularly
adsorbed toluene, which desorbed from the catalysts below 200 °C. Similar unsta-
ble toluene adsorption has been observed for a number of oxides [68,69]. The tol-
uene curves in the TPD experiments showed that the amount of toluene desorbing
from the catalyst surface was approximately 0.13, 0.23, and 0.23 pmol me:2 on
Zr0,, Y.03—Zr0,, and SiO.—ZrO., respectively. Thus, the total acidity and total ba-
sicity (Table 3) did not correlate between the toluene adsorption capacities of these
catalysts.

In the TPA experiments (Chapter 3.3) formation of benzoate species over ZrO-
and SiO.—ZrO, were detected at temperatures above 300 °C and above 400 °C over
Y.05-ZrO.. The gas-phase analyses showed that benzene and CO, were formed
over all the catalysts at high temperatures of 525 °C (530 °C for SiO.—ZrO.) [II].
This suggests that some of the surface benzoate species undergo scission to ben-
zene and CO.. The intensities of both CO, and benzene peaks decreased in the order
of Y,04-ZrO, > ZrO. > SiO»-ZrO,, which is interestingly the same order as the order
of basicity of these catalysts (Table 3). The role of surface benzoate species in gasi-
fication gas clean-up could be crucial because they can lead to the formation of
unwanted side products. For example, formation of benzene, possible via surface
benzoates, has been previously observed during gasification gas clean-up [34]. The
presence is not desired if the product gas is targeted, for example, at Fischer—Trop-
sch synthesis [62]. In addition, it has been suggested that the ammoxidation of
toluene goes through adsorbed surface benzoates to benzonitrile [34]. Also benzo-
nitrile, which is classified as tar, has previously been detected during gasification
gas clean-up over ZrO.-based catalysts and its presence is undesirable [34]. More-
over, the benzoate species has been suggested to be responsible for the deactivation
of TiO,-ZrO, thin films in photocatalytic oxidation of toluene [70].

In the TPO experiments (Chapter 3.3), it was discovered that the amount of de-
posited carbonaceous species was notable upon toluene adsorption (without gas-
phase oxygen) at 600 °C. Therefore, the presence of oxygen is crucial to the gas
clean-up activity (Chapter 3.5) of ZrO,-based catalysts. A similar conclusion was
published by Ronkkonen et al. [32] for naphthalene decomposition over pure ZrO,;
without adding oxygen to the synthetic gasification feed, the conversion of naph-
thalene was low (below 10%) throughout the studied temperature range from 600
°Cto 900 °C. Accordingly, the main reaction of both toluene and naphthalene over

ZrO.-based catalysts seems to be oxidation.
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4.3 Toluene oxidation

Toluene oxidation over ZrO,-based gasification gas clean-up catalysts was studied
from 200 °C to 600 °C by spectroscopy [II] and temperature-programmed experi-
ments [III-IV]. The co-adsorption of toluene and oxygen showed the formation of
benzyl species at temperatures above 300 °C (Chapter 0). These species are formed
when one hydrogen atom of toluene is abstracted from its methyl group and tolu-
ene is adsorbed via its methylene group (-CH.) [53]. Conversion of toluene and
oxygen started above 300 °C which is in good correlation with the formation tem-
perature of the surface benzyl species (Chapter 3.4.1). Furthermore, the surface
benzyl species vanished from the spectra when the full conversion of toluene was
achieved and the oxygen conversion started to stabilize (above 500 °C). In contrast,
the surface benzoate species still showed strong peaks at 600 °C. Furthermore, sur-
face benzoates were found to be least reactive toward oxygen (Chapter 3.4.1). Thus
in agreement with the observations of Paulis et al. [71], it can be suggested that the
surface benzoate species are spectators. Moreover, the intermediate in toluene ox-
idation has been suggested to be a surface benzyl species over several vanadia cat-
alysts (partial oxidation) and over a-Fe,Os (total oxidation) based on spectroscopic
studies [72].

In toluene oxidation experiments, the full conversion of toluene was achieved
over all ZrO,-based catalysts by 550 °C (Figure 7). At the temperature range of 200-
550 °C, the most active catalyst was SiO.-ZrO., whereas the least active was Y.Os-
ZrO.. A notable difference can be observed when comparing toluene oxidation ac-
tivities (Figure 7) to those in gasification gas clean-up experiments (Figure 16). In
toluene oxidation (Chapter 0), toluene was fully converted at 600 °C while in gas-
ification gas clean-up at 600 °C, the conversion of toluene was only 50, 35 and 10%
over Zr0O,, Y-05-ZrO. and SiO.-ZrO,, respectively (Figure 16). However, different
toluene WHSYV values were used (0.45 h for toluene oxidation and 0.81 h for
gasification gas clean-up). Over SiO,-ZrO,, the difference between the measured
toluene conversions in toluene oxidation (100% at 600 °C) and in gasification gas
clean-up (10% at 600 °C) was the highest.

The highest toluene oxidation activity (Chapter 0) was measured over the most
acidic catalyst, i.e. Si0.-ZrO; (Table 3). Thus, high acidity correlated positively with
the toluene oxidation activities which is in accordance with the literature, e.g. sev-
eral metal oxides supported on zeolite obey this behavior [73]. The highest basicity
was observed over Y.05-ZrO, (Table 3), which showed the lowest activity in toluene
oxidation (Figure 11) suggesting that basicity correlated negatively. Thus, it can be
concluded that the active sites for toluene oxidation cannot be explained only by

their acidity or basicity which is in accordance with the statement by Busca [74].
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Moreover, the activity patterns of ZrO.-based catalysts in toluene oxidation (Figure
7) are rather similar whereas the surface characteristics and bulk structures of

these catalysts are rather different (Chapters 3.1 and 3.2).

4.3.1 Formation of CO and H.

Over ZrO.-based catalysts, toluene was oxidized into four products: CO., CO, H.
and H,O (Figure 8). Thus, ZrO,-based catalysts are indeed able to convert toluene
also into CO and H,, those being the most valuable synthesis gas components. Pre-
viously, the formation of CO over ZrO.-based catalysts has been observed as tolu-
ene oxidation products. Accordingly, Labaki et al. [67] reported the formation of
CO (30% of the carbon-containing oxidation products) over pure ZrO, and 5 mol-
% Y.04-Zr0O, at temperatures of 400 and 450 °C, respectively. In this thesis, the
corresponding values of 24% and 14% over ZrO, and Y.O5-ZrO,, respectively, were
obtained at 600 °C. The formation of hydrogen is highly desirable when it comes
to gasification gas clean-up; at 600 °C the hydrogen share of all the products was
7.5% for ZrO,, 0.1% for Y,04-ZrO, and 2.2% for SiO.-ZrO.. However, Labaki et al.
[67] did not report any formation of H, in their experiments.

When the specific surface areas of the catalysts (Table 2) were taken into account,
the order of product formation intensity changed (Figure 8). For example, the most
intense CO formation (per gram of a catalyst) was observed over SiO,-ZrO,, which
also has the highest specific surface area, whereas the specific surface area of ZrO.
is the lowest. When the formation of CO is calculated per specific surface area (Ta-
ble 2), CO formation over ZrO. becomes the most intense. It can be concluded that
the density of active sites over ZrO, per m? must be the highest of these catalysts.

Comparing toluene oxidation to methane oxidation over ZrO. and Y.O5-ZrO,, the
formation of the same four products (CO., H.O, CO and H,) has been reported by
Zhu et al. [75]. Although the H/C ratio of toluene is much lower than that of me-
thane, the formation of CO and H, seems to be a common factor in the oxidation
of toluene and methane over ZrO, and Y.O3-ZrO.. Furthermore, Zhu et al. [76] sug-
gested that CO and H. were formed via decomposition of adsorbed formaldehyde
and surface formate (oxygen-containing intermediates), whereas the spectroscopic
data (Chapter 3.3) indicated that the intermediate in toluene oxidation is a surface
benzyl species (contains no oxygen). However, a benzoate species (containing ox-
ygen) was also observed during toluene oxidation but it was suggested to be a spec-
tator species due its high stability (Chapter 4.2). Therefore, the formation of CO
and H, via decomposition of any oxygen-containing surface species in toluene ox-

idation is not likely.
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In the WGS experiment (in the presence of oxygen), a small amount of hydrogen
was detected over pure ZrO.. Therefore, it is suggested that the formation of H, in
toluene oxidation could be related to the involvement of hydroxyl groups of the
ZrO, surface. A recent study has shown the formation of H. over calcined, reduced
and/or hydrated ZrO. samples in CO experiments (CO-TPSR) at temperatures
above 300 °C regardless of the pretreatment [51]. It was suggested by Kouva et al.
[51] that H, was formed in a surface reaction between formates and multicoordi-
nated OH groups on the ZrO, surface. Over the doped catalysts in this thesis, hy-
drogen formation was negligible in the WGS experiments in the temperature range
of 200-600 °C [III]. In contrast to the WGS experiments, the formation of hydro-
gen was notable in the toluene oxidation experiments (Figure 8). Therefore, hydro-

gen must be a primary product in toluene oxidation experiments.

4.3.2 Effect of oxygen

When the amount of oxygen (O.-toluene feed ratio) was increased, the ratio of
C0O./CO increased over all the catalysts as with increasing temperature (Figure 9).
Over Y.03-ZrO,, the increasing oxygen amount increased the ratio of CO,/CO the
most, whereas over ZrO. the weakest effect was seen. However over all the cata-
lysts, a constant ratio of CO,/CO was detected below 450 °C, whereas toluene con-
version and product formation were evident already at much lower temperatures
(Figure 7 and Figure 8). As all catalysts showed CO oxidation activity (Chapter
3.4.1), it is possible that CO formed in toluene oxidation could be oxidized into CO.
in a secondary reaction. Recalling the stable ratio of CO,/CO until 450 °C (Chapter
4.3.1), it is suggested that CO oxidation as a secondary reaction takes place only
above 450 °C, thus not agreeing with the proposal by Juutilainen et al. [27] where
CO and water are the only primary products, CO. being a secondary product only.
In this thesis, it is claimed that both CO and CO. oxides are primary products of
toluene oxidation over these catalysts. Similar to the ratio of CO./CO, the ratio of
H.O/H., also increased with the increasing oxygen amount and temperature over
these catalysts. Based on the similarities in the product formation ratios (CO./CO
and H.O/H.) it can be suggested that H. is oxidized into H.O in a secondary reac-
tion, even though the H. oxidation activities of the catalysts were not measured.
When the amount of oxygen was increased in gasification gas clean-up over pure
ZrO, using naphthalene as the tar model compound, Ronkkonen et al. [32] also
observed changes. Their results showed that the conversion of both CO and H. in-
creased with an increasing oxygen amount using synthetic gasification gas as the

feed [32]. However, Ronkkonen et al. [32] used naphthalene as a model compound
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for tar, whereas toluene was used in this thesis. Regardless of the different tar
model compound, both studies clearly indicate that oxidation of CO and H, in-
creased with the increasing oxygen amount. Thus it is highly recommended that
gasification gas clean-up over ZrO,-based catalysts should be carried out using not
more than a stoichiometric amount of oxygen to oxidize tar totally. Actually, the
best amount of oxygen would be the amount that is needed in reaction R2 (Chapter
3.4.3) for the formation of primary toluene oxidation products, being 6.5 mol O, /

1 mol toluene (around 70% of the theoretical toluene total oxidation ratio).

4.3.3 Effect of CO, CO., water and H.

A significant amount of water is always present in biomass gasification gas, there-
fore the presence of water should affect the activity of a gas clean-up catalyst as
little as possible. The small water addition lowered toluene oxidation activity of
Si0,-ZrO; (Figure 10). The activity of this catalyst in the gasification gas clean-up
use was very poor (Chapter 3.5), which could be explained by a severe water inhi-
bition effect. Furthermore, the other gas components besides water in gasification
gas could also have lowered the activity of SiO,-ZrO..

A gasification gas clean-up catalyst should remove tar molecules while preserving
the most valuable components, i.e. CO and H.. ZrO,-based catalysts are effective
in tar removal only when a small amount of oxygen is added to the gas. This addi-
tion of oxygen can induce unwanted side reactions, such as oxidation of CO or H,.
Therefore, it is necessary to compare the unwanted activity of ZrO,-based catalysts
in CO and H, oxidation. In toluene oxidation experiments with CO and H,, the
conversion of CO and Ha, respectively, increased with increasing temperature [V].
The highest conversions of both CO and H. were observed over Y.03-ZrO, whereas
the lowest conversion of CO was observed over SiO.-ZrO. and that of H. over ZrO..
The conversion of CO measured in the CO oxidation experiments (Chapter 3.4.1),
i.e. without toluene, was around 60% over ZrO. and SiO»-ZrO,, and 82% over Y.Os-
ZrO, at 600 °C. The somewhat smaller CO conversion obtained in the presence of
toluene cannot be explained by higher oxygen consumption nor by differing CO
WHSYV values. Therefore, there seems to be a negative synergistic effect in the pres-
ence of both toluene and CO that could affect the conversion of CO, but not to the
conversion of toluene. This phenomenon could be described as preferential tolu-
ene oxidation over CO oxidation over ZrO.-based catalysts.

Since the conversion of toluene alone is not an adequate indicator of catalysts’
gas clean-up performance, a new indicator will be introduced. This indicator is

called ‘Preferentiality’ and it expresses in general how well a catalyst is performing
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in tar conversion while protecting CO and H. in the gas feed'. The preferentiality of

toluene oxidation over CO is defined according to Equation (5).

Preferentiality = Xrop, - min (l,m), 5)

Fco,in

where Xror is the conversion of toluene, Fcoin and Fcoout are the molar flows of
CO in and out of the reactor, respectively. This indicator measure assumes values
between 0 and 100%. At the lower boundary (0%), either toluene remains intact or
all of the fed CO (or H.) is converted. At the higher boundary, toluene conversion
is complete and the fed CO (or H.) remains intact. Therefore, in a situation where
none of the fed CO (or H.,) is oxidized, the preferentiality depends only on the con-
version of toluene. Furthermore, the preferentiality indicator is applicable also in
situations where CO (or H.) is formed significantly in other reactions taking place
during gasification gas clean-up, guaranteed by taking the minimum of 1 and the
ratio of molar flows out/in (Eq. 5).

The preferentiality indicator is intentionally defined differently to the product
distribution. Consequently, it is irrelevant if the products of toluene oxidation are
CO or CO: (H. or H,0) because the amount of tar in the gasification gas is at the
level of hundreds of ppm, whereas the main components at percentages. Therefore,
tar oxidation products do not significantly change the quality of the product gas.
However, the ability of ZrO,-based catalysts to convert tar (toluene) also into val-
uable syngas components in the presence of oxygen suggests them having the ten-
dency to protect CO and H. when these are present.

The preferentiality was calculated from the toluene oxidation experiments with
CO and H. [V]. Over all the catalysts, the preferentiality initially increased with in-
creasing temperature, showed a maxima at 400-500 °C and then started to de-
crease (Figure 17). Throughout most of the studied temperature ranges, the highest
preferentiality of toluene over CO was achieved with SiO,-ZrO.. However, at 600
°C the preferentiality of toluene over CO with pure ZrO. was slightly higher than
those with the other catalysts. Over Y.03-ZrO., the lowest preferentiality of toluene
over CO was detected throughout the studied temperature range. The preferential-
ity of toluene over H. was the highest with SiO,-ZrO. below 400 °C, whereas above
this temperature that of pure ZrO, was the highest. The preferentiality of toluene
over H, with Y.0;-ZrO. was again the lowest.

Recalling the types of surface sites identified over these catalysts (Chapter 0), the
differing preferentiality values of toluene over CO or H, could offer the explanation.

Over pure ZrO,, mainly Zr4+-O2 acid-base centers were observed, whereas over

i The author gratefully acknowledges Dr. Jaana Kanervo for developing the ‘Preferentiality’ indica-
tor.
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Si0,-ZrO, a low number of Zr++-0> acid-base centers and high number of acidic
Zr++ centers were identified. On Y,05-ZrO,, however, mainly strong basic O2 cen-
ters were observed whereas the existence of a low number of Zr4+-O2 acid-base
centers could not be ruled out. Furthermore, the strong acid-base centers on pure
ZrO, were associated with anionic oxygen vacancies. Therefore, it is suggested that
the preferentiality of toluene over CO or H. of ZrO.-based catalysts in toluene oxi-

dation (Figure 17) seems to follow the amount of Zr4+-O2 acid-base centers.
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Figure 17. Preferentiality over CO and H: in toluene oxidation experiments with CO and
H2, respectively.

4.4 Preferential oxidation of tar model compound

The preferentiality (Eq. 5) can now be applied in gasification gas clean-up for the
oxidation of both toluene and naphthalene over CO and H. using the data pre-
sented in Figure 16 and Table 5 for ZrO.-based catalysts studied in this thesis. Pref-
erentiality of another ZrO.-based gasification gas catalyst, namely La.O;-ZrO.,
published by Ronkkonen [33] was calculated for comparison although the feed
composition differs somewhat from the one used in this thesis (feed used in [33]
was FG2 that resembles gas from an oxygen blown gasifier without sulfur. The pref-
erentiality was calculated throughout the studied temperature range (Figure 18)
but the comparison between the studied catalysts is only performed at tempera-
tures below 800 °C. As mentioned above (Chapter 3.5), the thermal reactions take
place at temperatures above 800 °C.

At 600 °C, the preferentiality of toluene oxidation over CO decreased in the order
of ZrO, > Y.03-ZrO, > SiO.-ZrO., whereas at 700 °C pure ZrO, showed the highest
value, but those of Y.03-ZrO, and SiO.-ZrO. were equal and that of La,O5-ZrO, the

lowest. A similar trend was seen in the preferentiality of toluene oxidation over H;
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the highest value was obtained over ZrO. and the lowest over SiO.-ZrO.. The pref-
erentiality of naphthalene oxidation over both CO and H. showed more clear dif-
ferences between the catalysts. The preferentiality of naphthalene oxidation over
CO was the highest over pure ZrO. and the lowest over SiO,-ZrO., whereas at 700
°C both ZrO. and La,03-ZrO. showed equal values and SiO.-ZrO, again the lowest
value. Pure ZrO. was the most preferential catalyst in naphthalene oxidation over
H. compared to all the doped catalysts throughout the studied temperature range,

whereas the lowest preferentiality was observed over SiO.-ZrO..
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Figure 18. Preferentiality over CO and H: in toluene and naphthalene oxidation (gasifica-
tion gas clean-up experiments) calculated for ZrOz, Y203-ZrO2 and SiO2-ZrO2 based
on this thesis and for La>03-ZrO2 based on the results published in [33].

The preferentiality of toluene over CO and H. in toluene oxidation (Figure 17)
and in gasification gas clean-up (Figure 18) can be cautiously compared. In toluene
oxidation preferentiality of toluene increased with increasing temperature until the
temperature where the unwanted side reactions, i.e. CO and H, oxidation, initiated.
In gas clean-up, the preferentiality of toluene over both CO and H. also increased
with increasing temperature. However, in gasification gas clean-up, similar maxi-
mum in preferentiality of toluene was not detected as in toluene oxidation. There-

fore, the unwanted oxidation reactions of CO and H, were not activated as much in
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gas clean-up as in toluene oxidation, manifesting the suitability of ZrO,-based cat-
alysts for gasification gas clean-up.

The applicability of the preferentiality indicator to toluene oxidation and clean-
up of synthetic gasification gas feed encourages the belief that this kind of a quan-
tity is useful and straightforward in assessing catalyst performances for varying
catalyst compositions, feed compositions, temperature - and WHSV ranges in gas-
ification gas clean-up, as well as with a real gasifier feed gas.

Several suggestions have been made throughout this thesis for the explanation of
activity order of the catalysts in gasification gas clean-up (Figure 16). The studied
ZrO,-based catalysts have varying characteristics; surface areas (Table 2), amounts
and strengths of acidic and basic surface sites (Table 3), types of surface sites
(Chapter 0), toluene adsorption capacities (Chapter 3.3), activities in toluene oxi-
dation (Chapter 3.4.1), density of active sites (Chapter 3.4.1), and activities in tol-
uene oxidation in the presence of main gasification gas components (Chapter
3.4.2). However, one of the most important characteristic seems to be the prefer-
entiality of these catalysts to oxidize toluene and naphthalene over CO and H. (Fig-
ure 18). To possess the highest possible preferentiality of toluene and naphthalene
oxidation over the oxidation of CO and H.,, a catalyst must be as active as possible
in tar oxidation reactions but at the same time as inactive as possible in the oxida-
tion reactions of valuable gas components. Another important requirement for
well-performing gasification gas clean-up catalysts is water tolerance, thus, SiO.-
ZrO; is not suitable for this application, as concluded in Chapter 3.4.2.

The active sites responsible for tar oxidation and for the oxidation of valuable gas
components (CO and H,) must be the same for both reactions. Firstly, in the pres-
ence of toluene, the oxidation of CO is affected. In Figure 19, the conversion on fed
CO, i.e. negative conversion values have been omitted, in CO oxidation experi-
ments (referred as without toluene) and in toluene oxidation experiments (referred
as with toluene) are shown for all catalysts. However, in toluene oxidation experi-
ments, CO formation was evident. Therefore, the formation of CO was subtracted
in toluene oxidation experiment (dashed blue line in Figure 19). Over pure ZrO.
and Y.0;-ZrO,, the conversion of CO is clearly affected by the presence of toluene
(blue line vs. red line) also when the formation of CO was subtracted from the CO
signal before calculation conversion of CO in the toluene oxidation experiment
(dashed blue line vs. red line). However in the case of SiO,-ZrO,, the conversion of
CO is not affected by the presence of toluene. If the active sites for these two reac-
tions over ZrO. and Y.0;-ZrO, were different, the presence of toluene would not
affect the conversion of CO. Secondly, using only one type of active site in the ki-

netic modeling (Chapter 3.4.3) the fitting of the parameters was rather successful
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for ZrO, (Figure 15) and Y.O5-ZrO. [IV]. The kinetic modeling of toluene oxidation
was least successful for SiO.-ZrO, [IV], thus the assumption of only one type of
active site over this catalyst might not be valid. The active site (on the surface of
ZrO, and Y.0;-ZrO.) seems to be a compilation of surface ions, of which a larger
surface benzyl species superoxide complex (Chapter 3.4.3) covers more than the

corresponding CO (or H.) superoxide complex. The differences in the activities of

the catalysts are thus explained mostly by the amount of the active sites per m2 and
minor heterogeneity between these catalysts.
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Figure 19. Conversion of fed CO in the experiments without toluene (solid red line), with
toluene (solid blue line) and with toluene excluding CO formation (dashed blue line).

56



5. Future perspectives

In this thesis, ZrO, was the most active catalyst in tar decomposition in gasifica-
tion gas clean-up with a synthetic gasification gas (Figure 16). However, the surface
area of ZrQO, is rather low, being 24 m2 g* (Table 2). A higher surface area of ZrO.
may be obtained by adding dopants (e.g. Y-O; or SiO.) as demonstrated in this the-
sis (Table 2) but the modification clearly changes the surface properties (Table 3).
However, the modification of ZrO, with La.O3; has been reported to increase the
surface area of the catalyst [77] as well as offer higher activity in gasification gas
clean-up (in the presence of H.S) [33]. Other dopants that increased the surface
area of ZrO. and have been tested in gasification gas clean-up are Al.O; and CeO.,
the latter also showing some improvements in gas clean-up activity compared to
pure ZrO: [34]. Another option for increasing the surface area is to disperse ZrO.
on a high surface area support [78], for example dispersing ZrO, nanoparticles over
a mesostructured MCM (Mobil composition of matter) increased the surface area
between 15 and 25-fold depending on the amount of ZrO. in the nanocomposite
[79].

The knowledge applied using spectroscopy combined with gas-phase TP analysis
(Chapters 3.3 and 0) provided insight into gasification gas clean-up over ZrO,-
based catalysts by revealing the relevant surface species in toluene adsorption and
oxidation, as well as the gas-phase products of these processes. Toluene adsorption
in the absence of gas-phase oxygen showed the formation of a surface benzoate
species accompanied with benzene formation. A surface benzoate species has also
been reported to be the active intermediate in toluene ammoxidation into benzo-
nitrile [80], which is classified as tar. Furthermore, benzoate species could be pre-
cursor species for coke formation. Using ZrO.-based catalysts in gasification gas
clean-up, oxygen needs to be added to the feed in order to enable these catalysts to
oxidize the tar molecules. Therefore, it is highly important to optimize the gas
cleaning process so that gas-phase oxygen is always available in order to avoid the
formation of unwanted components. However, with an increasing oxygen amount

at higher temperatures, the secondary reactions of toluene oxidation, i.e. oxidation
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of CO and H., become more substantial and, thus, only around 70% of the oxygen
amount needed for tar total oxidation should be used in gasification gas clean-up
over ZrQO,-based catalysts. Combining these observations leads to an improvement
suggestion for gasification gas clean-up over these catalysts; the amount of both
oxygen and tar could be analyzed on-line adjusting the amount of oxygen according
to the total amount of tar. Furthermore, oxygen could be fed to multiple points of
the catalyst bed/monolith.

In general, the lower the WHSV (weight hourly space velocity), the higher resi-
dence time and higher conversion is obtained. Thus, a lower toluene conversion
was expected when toluene WHSV was increased from 0.45 h (toluene oxidation
experiments) to 0.81 h (gasification gas clean-up experiments) (Chapter 4.3). A
similar trend can also be found between naphthalene WHSV and its conversion;
conversion increased from 10% to 85% when naphthalene WHSV decreased from
0.7 h* (calculated from [32]) to 0.1 h* (calculated from the results presented in
Chapter 3.5). In gasification studies, the WHSV is usually defined as the flow rate
of biomass fed to the gasifier (kg h*) divided by the catalyst amount in the gasifier
(kg) or in the secondary gas clean-up reactor. However, the trend is the same; when
WHSYV is lowered, tar yield is significantly diminished, i.e. product gas quality is
improved (e.g. [81]). Therefore, the process design of biomass gasification whether
combined with a gas clean-up reactor or not, should be carried out with as low
WHSYV as possible in order to minimize the tar content in the product gas. In both
cases, the highest possible amount of catalyst should be used to gain the lowest
feasible WHSV. If powder catalysts are used, the maximum catalyst amount is nat-
urally regulated by the pressure difference over the bed.

Powder catalysts were used in characterization experiments, whereas gasification
gas clean-up was studied using monolithic catalysts in this thesis. Monolithic reac-
tors have been shown to operate in conditions where the gas contains particulates,
thus, being highly suitable for biomass gasification gas clean-up [82]. Further-
more, it has been recently demonstrated by Ammendola et al. [83] that it is possi-
ble to find such operating conditions for monolithic gasification gas clean-up cata-
lysts having comparable activity with the corresponding powder system. Success-
ful gas clean-up has also been demonstrated over powder catalysts when combined
with hot gas filtration of the particulates before the catalytic tar removal unit (mon-
olithic pre-reformer and fixed-bed final reformer) [84].

The long-term stability of ZrO.-based catalysts has recently been tested applying
steam-oxygen gasification in a circulating fluidized bed gasifier with hot gas filter-
ing and a two-stage catalytic reformer [84]. In the pre-reformer, the ZrO.-based

catalyst was followed by a noble metal catalyst, whereas a nickel-based catalyst was
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used in the final reformer. The activity of the reformer remained high, tar conver-
sion being over 98%, throughout the 215-hour continuous gasification test run
without detectable soot or ash formation on the catalysts [84]. The performance of
the reformer could be further improved by changing the monolithic catalysts into
catalyst particles, the reactor to a fixed-bed type and increasing the volume of the
final reformer [84].

According to techno-economical calculations of various biomass-to-liquid (BTL)
concepts using fully-developed gasification based technology (a 300 MWth plant,
zirconia-based catalysts used in the catalytic pre-reformer), these concepts become
competitive with fossil fuels when the crude oil price exceeds 120-140 $/barrel
[85]. The 1-year forecast for crude oil price is 60 $/barrel at the moment (12t of
January, 2017) [86]. Thus, there is still a need for improvement even if other in-
centives than pure economics, e.g. meeting the emission targets of EU [87], might
drive the technology and its implementation.

Process intensification has started to gain growing interest in biomass gasifica-
tion for economic reasons and for obtaining high quality gas [88]. Several func-
tionalities, tar decomposition being one of them, could be integrated into fluidized
bed gasifiers [88]. Bed materials with catalytic activities towards tar have been
widely studied as primary catalysts, i.e. inside the gasifier, during the last 15 years.
Therefore, the concept is not new but is still technically challenging [88]. The
mostly studied primary catalysts are basic catalysts, iron-based catalysts and
nickel-based catalysts, all of which have advantages and disadvantages. In addi-
tion, catalysts with strong redox properties and high oxygen mobility are consid-
ered as potential bed materials in a fluidized bed gasifier [88]. The primary catalyst
should be relatively cheap, non-toxic and possess good resistance to attrition [88].
Therefore in my opinion, ZrO,-based catalysts could be considered as primary cat-
alysts in fluidized bed gasification. Although the attrition resistance of ZrO, and
Mg-ZrO: as catalysts’ supports has been considered too low in fluidized bed reac-
tors according to Rydén et al. [89], doping ZrO. with other dopants could offer
increased resistance towards attrition, enabling its use as bed material in biomass

gasification.
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6. Conclusions

In this thesis, the characteristics of zirconia-based catalysts were studied in rela-
tion to their activity in biomass gasification gas clean-up. Multiple characterization
techniques from simple, traditional procedures to highly sophisticated spectro-
scopic methods including kinetic modeling were applied. The studied catalysts
were ZrQ,, Y,0;—Zr0. and SiO.—ZrO..

Doping of ZrO, with Y.Oj3 or SiO., changed the amount and strength of acidic and
basic surface sites of the catalysts. Relating to the activity of the catalysts, it was
concluded that acidity is not a desirable characteristic for gasification gas clean-up
catalysts whereas basicity seems to be useful. However, the most basic catalyst, i.e.
Y.0;-Zr0O,, was not the most active one. Also, the type of surface sites of the cata-
lysts differed; over the ZrO, surface, sites were detected with lattice oxygen coor-
dinated by Zr4* ions, whereas on Y.0;—ZrO, mostly highly basic O2- centers were
detected.

By combining two complementary techniques, in situ DRIFTS and temperature-
programmed gas-phase analysis, the adsorption of toluene in the absence and pres-
ence of gas-phase oxygen was evaluated. Three types of toluene-derived surface
species in the absence of oxygen were discovered: molecularly adsorbed toluene,
surface benzoate species and carbonaceous deposits. Some of the benzoate species
decomposed into benzene and CO., thus converting toluene into benzene that is
undesirable in Fischer-Tropsch synthesis. Benzoate species could also be respon-
sible for catalyst deactivation by coke formation. Co-feeding toluene and oxygen to
ZrO,-based catalysts activated the formation of benzyl species, which seemed to be
the key intermediate in the toluene oxidation. Over all the catalysts, toluene was
completely consumed at temperatures above 550 °C into four products: CO., H.O,
CO and H.. The formation of incomplete oxidation products (CO and H.) as pri-
mary toluene oxidation products showed that these catalysts are also able to con-
vert toluene into valuable synthesis gas components.

The reaction mechanism for oxidation of toluene, a tar model compound, was

discovered via transient kinetic modeling. The collected multiresponse dynamic
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toluene oxidation data on two reactants (toluene and oxygen) and four products
(CO,, H.0, CO and H.) was first analyzed thoroughly followed by mathematical
modeling. Based on the fact that the formation of products started slightly later
than the consumption of toluene, it was suggested that an intermediate surface
species (namely benzyl species) must be formed. A rapid and simultaneous decom-
position of the surface benzyl species led to the formation of all four products. The
pairwise formation of CO. & H,O and CO & H. showed dynamic similarities. All
these products were primary toluene decomposition products for a range of condi-
tions, until the formed CO and H. started to oxidize further, but this occurred only
close to the complete conversion of toluene.

Of the main gasification gas components (CO, CO,, water and H.), water was
shown to inhibit toluene oxidation activity over all these catalysts. Water inhibited
toluene oxidation the most over SiO.-ZrO, and the least over pure ZrO,. In toluene
oxidation experiments with CO and H., noticeable conversion of CO and H. was
measured over all catalysts. The lowest conversion of both CO and H. was observed
over ZrO, at 600 °C. The preferentiality, i.e. ability of the catalysts to protect the
valuable gas components while oxidizing toluene, was addressed. The highest pref-
erentiality of toluene over both CO and H. was observed over pure ZrO. at higher
temperatures (above 560 °C and above 440 °C, respectively), while those were the
lowest over Y.03-ZrO.. Thus, pure ZrO, was proven to manifest exceptional per-
formance in preferential toluene oxidation.

The preferentiality indicator was successfully applied to data obtained in gasifi-
cation gas clean-up, where the preferentiality of both toluene and naphthalene ox-
idation over CO and H. oxidation was calculated. The preferentiality was compared
at temperatures below 800 °C due to thermal reactions taking place at higher tem-
peratures. The preferentiality of toluene over both CO and H. was the highest with
pure ZrO, (below 800 °C) having slightly higher values than those of Y.05-ZrO.
and La,04-ZrO.. In the case of naphthalene oxidation, the preferentiality over both
CO and H, was superior with pure ZrO, compared to the other catalysts.

Thus, pure ZrO. was the most suitable gasification gas clean-up catalyst out of
the studied catalysts for hot gas clean-up. However, the tar oxidation activity of
pure ZrO; could be further improved and the gasification process could be further
optimized in order to compete with fossil fuel based applications. The low surface
area possessed by pure ZrO, can be increased, for example, by dispersing it over a
high surface area material. In addition, gasification gas clean-up over ZrO.-based
catalysts can be modified to operate close to the stoichiometric tar total oxidation

amount of oxygen (around 70% of the theoretical tar total oxidation ratio) in order
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to avoid the formation of unwanted molecules and minimizing undesired side oxi-
dation reactions of the valuable gas components. Furthermore, in order to increase
the gas clean-up activity of the catalyst, the WHSV in the gas clean-up reactor could
be lowered by increasing the amount of a catalyst. Finally, process intensification
could be considered, for example, ZrO.-based materials could be used as primary
catalysts, i.e. inside the gasifier, for achieving high quality gas without the need for

expensive downstream gas clean-up.
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A catalyst is a substance that accelerates a
chemical reaction by lowering the activation
energy of the reaction. Catalyst
characterization studies the functionalities of
the catalysts.

In this thesis, zirconia-based gasification gas
clean-up catalysts were characterized.
Gasification converts biomass into a gaseous
product. Biomass gasification is an
environmentally friendly way to produce heat
and power, syngas, number of chemicals and
liquid biofuels. The gas also contains
impurities such as tar, and has to be cleaned
prior to its use. Zirconia-based catalysts have
been found to remove tar from gasification
gas by adding a small amount of oxygen.

The most important characteristic found in
this thesis was the ability of zirconia-based
catalysts to oxidize tar while protecting the
valuable gasification gas components. The
most suitable catalyst was pure zirconia.

In order to utilize renewable raw materials
via biomass gasification, further process
optimization of the catalytic gasification gas
clean-up step is required.
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