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S U M M A RY

Characterization and Reactivity of Olivine and
Model Catalysts for Biomass Gasification

To meet the increasing demand for renewable, CO2-neutral energy,
biomass (in particular waste products) can be used for the production of
fuels, such as hydrogen, synthetic natural gas or Fischer-Tropsch diesel.
Conversion of biomass to fuels can be performed using gasification as
an initial step in the conversion. The resulting primary products CO, H2,
CO2 and CH4 can then easily be used within present infrastructure.

Amongst the different gasification techniques, fluidized-bed gasifi-
cation is preferred for biomass. However, a major disadvantage of the
conventional biomass gasification process is the high concentration of
N2 in the product gas, resulting from the partial combustion of biomass
with air. This can be avoided by using indirect fluidized-bed gasification.
In indirect gasification, the combustion and gasification take place in
separate reactor vessels, which are coupled together. This type of reactor,
where a circulating bed material is used to transport the heat from the
combustion zone to the gasification zone, is therefore also referred to as a
dual fluidized-bed reactor. Although this approach avoids the problems
associated with N2, one of the main problems of biomass gasification
still remains, namely the formation of tars, that pollute the product gases
and the reactor.

By using a catalytically active bed material during gasification, it
is possible to improve the efficiency of the process and to reduce the
content of tars in the product gas. Olivine ((Mg,Fe)2SiO4) is widely used
as an active bed material for catalytic cracking of tars during gasification
of biomass in dual fluidized-bed reactors. The elemental composition,
addition of Fe and high temperature treatments influence the catalytic
properties of this mineral. However, olivine is not a stable material under
process conditions, relevant for biomass gasification.

Moreover, the exact catalytic function of olivine is not yet fully under-
stood. The central questions of this research are thus: How does olivine

vii



viii summary

change during exposure to the different conditions, representative for
gas environments present in indirect biomass gasification reactors and
how does this behavior relate to the performance of olivine as a biomass
gasification catalyst?

The dynamic behavior of olivine under realistic model conditions,
i.e. alternatingly oxidizing and reducing gas environments at 750

◦C,
is presented in chapter 3. Significant changes in phase composition of
the material, depending on the gas composition and the duration of
the treatments, were found using XPS, XRD, XAS and SEM. A large
fraction of the iron, both in the bulk and at the surface of the investigated
material, is present as free Fe-phases, which are sensitive to changes
in the gas environment. In addition, the elemental composition of the
surface changes dramatically depending on the gas composition. After
exposure to oxidizing environments, the amount of Fe at the surface is
twice as high as after reduction. Furthermore, the reduction of the iron
oxides upon switching from oxidizing to reducing conditions shows that
olivine can transport oxygen from the combustor into the gasifier.

Chapter 4 describes the capability of olivine to transport oxygen in
greater detail. Mössbauer spectroscopy confirmed that during oxidation,
iron segregates out of the olivine matrix, forming free iron oxide phases.
Thermo Gravimetric Analysis (TGA) was used to quantify oxygen trans-
port under alternating oxidizing/reducing conditions. The TGA results
indicate that at least 18% of the iron, present in olivine, participates in
the oxygen-transfer process, on the time scale of minutes. XPS, combined
with depth profiling, provided further insight into the dynamic behavior
of olivine under relevant conditions. Iron enrichment at the surface is ob-
served after oxidation and upon subsequent reduction, the iron quickly
redistributes in the olivine towards the original, more homogeneous
distribution.

During long term, continuous use as bed material in biomass gasifica-
tion, olivine gets coated by materials stemming from the biomass ash. The
nature of this bed material coating and the influence of the coating on the
catalytic reactivity is described in chapter 5. SEM-EDS analysis showed
that already after 30 h of biomass gasification, a surface layer, containing
calcium and potassium, is formed on olivine. XPS depth profiling showed
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that this Ca- and K-rich surface layer also contains carbonate species and
is more than 0.5 micrometer thick. A mechanism for the coating of the
bed material is proposed, involving iron segregation to the surface during
the first stages of use of olivine as a bed material. Ash compounds are
incorporated in this surface layer, in which Fe is still mobile and K is able
to penetrate deep into the particles, because of its volatility.

The WGS-activity of the ash-coated olivine is almost a factor 5 higher
than that of uncoated material. Biomass ash compounds were also found
to be WGS active and are known to be active towards tar reduction as
well.

Since natural olivine is, as most minerals, an inhomogeneous material,
it is not well suited for studying the iron - silica interaction in detail.
The goal of the research described in chapter 6 was to prepare a high
surface area model catalyst, involving uniform, colloidal Fe-nanoparticles,
dispersed on a spherical, non-porous support. Such a model catalyst re-
presents a convenient compromise between the high surface area porous
industrial catalysts and the planar model catalyst, for detailed model
studies of the correlation between catalyst composition, morphology
and reactivity. Monodisperse SiO2 spheres with diameters between 850 -
900 nm have been be synthesized and impregnated with iron nanoparti-
cles. The resulting, well defined Fe/SiO2 model catalyst can be studied
with both electron microscopy and XPS on one hand and with XRD and
other bulk characterization techniques on the other hand.

The work described in this thesis contributes with important infor-
mation on the fundamental properties of olivine, used as catalytically
active bed material in indirect biomass gasification. Significant changes
in surface chemistry and morphology were observed. Iron, a well-known
catalytic material, is highly mobile in olivine. This high mobility leads to
the formation of free Fe-oxide phases, in turn resulting in redox behavior
and oxygen transport. Moreover, during use in biomass gasification, a Ca-
and K-rich layer forms on the bed material, which influences its reactivity.

These observations contribute to revealing the details of the catalytic
processes in biomass gasification and will help selecting the optimal
process conditions to achieve optimal performance of olivine as a catalyst
in indirect gasification reactors.
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C H A P T E R
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1.1 biomass

The depletion of conventional coal, gas and oil, which are currently the
most important sources for fuels, and growing climatologic problems are
forcing us to develop new technologies that enable a more sustainable
society. An additional driver for the use of non-fossil fuel resources is
energy security, as the majority of fossil fuels is produced in politically
unstable regions. As a consequence, new ways to meet our energy needs
have to be considered. Most likely, multiple energy sources will be used,
preferably renewable ones, like solar, wind and biomass.

Renewable energy sources will play an increasingly significant role
in energy supply to meet the growing demand. In 2013, renewables
amounted to 280 million tons of oil equivalent in energy use, which
is only 2.2% of the total energy use in the world, according to the BP
statistical review [1]. Their expected growth rate is 6.4% per year and
renewables and other new fuel sources are predicted to contribute to 43%
of the increment in energy production to 2035 [2].

For centuries, biomass has been the largest primary energy source
in the world, and now, this role has been taken over by coal, oil and
gas. In principle, biomass is defined as all biological material originating
from (recently) living organisms. However, when considering biomass
as an energy source, this is mostly limited to plants and plant-based
materials. One of the main reasons for the renewed interest in biomass as
a renewable energy source, is that it can be considered CO2 neutral. The
CO2 that is released during combustion of biomass was taken up from
the atmosphere during its growth, thereby closing the carbon cycle. If
biomass is not combusted, but used to produce liquid fuels or hydrogen, it
can even become a CO2 negative fuel, provided that part of the CO2 that
is produced during these processes can be separated and sequestrated.

In contrast to solar and wind, biomass is the only renewable energy
source that contains carbon, which allows direct conversions to fuels and
chemicals. The amount of fuels and chemicals, produced from biomass
will grow rapidly in the coming decades. According to the Shell Energy
Scenario from 2008, biomass is expected to represent around 15% of the
yearly primary energy use by 2050 [3].
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However, the use of biomass for energy and fuels is not without
controversy, since some energy crops like corn and sugar cane can be
used either as food or as (source for) biofuels. The use of land for growing
energy crops instead of crops used for food, led to a dramatic increase in
world food prices during late 2007 and early 2008 [4]. Therefore, attention
has shifted to biomass sources that do not compete with food production.
The fuels derived from this kind of biomass is referred to as second
generation biofuels or advanced biofuels (bio-ethanol, bio-oil, bio-diesel
etc.).

The conversion processes of biomass to heat, fuels or chemical can
roughly be divided in two categories: bio-chemical conversion and
thermo-chemical conversion. The bio-chemical processes, fermentation,
anaerobic digestion and composting, make use of bacteria, enzymes or
other microorganisms to convert the biomass into more useful forms.
Thermo-chemical processes can be divided in combustion, torrefaction,
pyrolysis and gasification, depending on the process temperature and
oxygen partial pressure. The focus of the work presented in this thesis lays
on gasification, which is the partial oxidation of biomass at temperatures,
typically in the range 800 - 900

◦C [5].

1.2 catalysis and catalysts

Catalysts are the workhorses of today’s chemical industry and play a
vital role in the four most successful industrial sectors in the world:
petroleum refining, chemicals production, energy generation and food
production. The impact of catalysis on the world economy is enormous:
the worldwide catalyst manufacturing industry was valued at 19.2 billion
USD in 2012 and is expected to increase to over 24 billion USD in 2018

[6]. This may seem a relatively small number, but it is estimated that the
total impact of catalysis and catalytic processes is more than 10 trillion
USD per year, contributing to almost 20% of the world’s GDP [7].

The term catalysis was first used by the Swedish chemist Jöns Jacob
Berzelius in 1830. He stated that a catalyst influences the course of a
reaction, but remains unchanged itself. This was also known as contact
catalysis. Several years later, Faraday discovered that surfaces provide the
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Figure 1.1: Potential energy diagram of uncatalyzed (top reaction path) and
catalyzed (bottom reaction path) reactions. Adapted from [8]

reaction sites during catalysis. In 1895, Ostwald coined the first proper
definition of a catalyst: A catalyst is a substance that influences the rate of
a chemical reaction, without itself appearing into the products, but does not
influence the equilibrium. As a substance that slows a reaction down is
also a catalyst according to this definition, the contemporary definition
is: A catalyst is a substance that increases the rate at which a chemical reaction
approaches equilibrium without becoming itself permanently involved.

The role of a catalyst in a heterogeneous reaction is illustrated in
figure 1.1. In this potential energy diagram, the higher the potential
energy barrier is, the more energy it costs to overcome this barrier. The
non-catalytic reaction of reactant A that decomposes to products B and
C proceeds via a pathway involving a substantially higher barrier than
the catalytic route. The initial step is the adsorption of the reactant on
the catalyst. Because this is a spontaneous reaction, the potential energy
decreases in this step with no activation barrier. The second step is the
reaction of A to form B and C on the catalyst surface. This reaction
typically requires an activation energy that is significantly lower than
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for the uncatalyzed reaction. After the products B and C have been
formed, they should desorb from the surface to close the catalytic cycle.
Desorption is not a spontaneous process, it requires energy as well.

Nevertheless, the total amount of energy required to complete a re-
action cycle through the catalytic route is less than in the non-catalytic
case. Hence, the reaction is accelerated or can be carried out at a lower
temperature. Another important issue is that the catalyst is re-obtained
unaltered after each catalytic cycle. In theory this means that the catalyst
can be reused endlessly.

A catalyst functions thus by providing an alternative reaction path-
way. This alternative route is usually more complex, involving several
elementary reaction steps, but in terms of energy more favorable.

Apart from being active, a successful catalyst should be selective and
stable as well. A selective catalyst produces less undesired byproducts,
requiring less separation, which is usually the most energy intensive
part of a chemical process. Moreover, catalysts should be stable, both
mechanically and chemically, to withstand deactivation over time.

Catalysts come in many forms and they can be atoms, molecules, solid
surfaces and even enzymes. In general, one distinguishes three types of
catalysts, namely heterogeneous-, homogeneous- and biocatalysts.

This thesis concerns heterogeneous catalysis, where the catalyst is in
a different phase than the reactants. In 99% of all cases, heterogeneous
catalysts are solids and catalyze reactions between liquid or gaseous
species. Heterogeneous catalysts typically consist of an active metal
dispersed in a support, to enhance the efficiency by improving the contact
between the catalytic surface and the reactants. The support can be an
impenetrable solid or a porous system. As sometimes expensive materials,
such as precious transition metals, are used as the catalytically active
species, metals are usually dispersed as nanometer-sized particles. The
smaller the particles are, the more surface area is available for reaction.
These different length scales of a typical heterogeneous catalyst are
illustrated in Fig. 1.2.

Catalysts are classified ’homogeneous’ if they are present in the same
phase as the reactants. Homogeneous catalysts are known to be highly
selective and active, but their drawback is the difficult separation of the
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Figure 1.2: Different length scales in a heterogeneous catalyst

catalyst from the reaction mixture. As a result, homogeneous catalysts
are less suitable for large, high-throughput chemical processes.

In biocatalysis, the catalyst consists of an enzyme that is built from
various proteins. Enzymes are highly selective because of the key-lock
(enzyme-substrate) principle. The importance of biocatalysis is increasing
every year, especially in food, pharmaceutical and fine chemicals industry.

1.3 gasification

In the context of this thesis, gasification is the process of converting carbon
feedstock to a combustible gas consisting mainly of carbon monoxide
(CO) and hydrogen (H2). Apart from these gases, methane (CH4) and
carbon dioxide (CO2) are formed in minor amounts. Gasification is
usually done by heating the feedstock to high temperatures in sub-
stoichiometric amounts of oxygen or steam, to prevent total combustion.
The process of gasification was first described by Jan Pieter Minckelers in
1784 [9], who discovered that if coal was heated in the absence of oxygen,
a gas escaped which was lighter than air. This gas was flammable and
could be used for lighting and cooking purposes, and this gas was later
named town-gas.

Gasification of coal is done at high temperatures and pressures. These
conditions are, however, less suitable for the gasification of biomass, since
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Figure 1.3: Schematic representation of a conventional biomass gasification reactor

it is difficult to feed biomass to a pressurized vessel. Therefore, biomass
gasification is usually performed under atmospheric pressure in either
fixed-bed or fluidized-bed gasification systems.

A schematic representation of a conventional fixed-bed gasifier is
shown in figure 1.3. Biomass is fed from the top and air is blown in from
the bottom. The biomass passes four different zones in the reactor, which
are in ’fixed’ positions. Because gasification in an endothermic process,
it requires addition of energy in the form of heat. This heat is provided
by partial combustion of the biomass at the bottom of the reactor. This
results in a temperature gradient in the reactor, where the temperature
is the highest in the combustion zone and decreases to about 200

◦C
in the drying zone. In this zone, the biomass is dried and thereafter
converted to char and pyrolysis oil in the pyrolysis zone, where already
some product gases are formed. The gasification process proceeds in the
gasification zone and the unconverted biomass particles are combusted in
the combustion zone. This results in the formation of ash residue, which
falls through a grate in the bottom of reactor, where the air is blown in.
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In fluidized-bed gasification, biomass particles are fluidized with a
bed material by the gasifying agent. Compared to fixed-bed gasifiers,
fluidized-bed gasifiers have several advantages [10, 11]. Since the den-
sity of biomass particles is low compared to coal, these particles have
a poor fluidization quality. By adding an inert bed material, such as
quartz sand, the fluidization quality increases and the mass and heat
transfer characteristics improve. Fluidized-bed gasification can be further
classified in bubbling fluidized-bed, dual fluidized-bed or circulating
fluidized-bed gasifiers, of which the latter two are suitable for indirect
biomass gasification, which is further explained in section 1.4.

One of the main problems associated with biomass gasification is
the formation of tar. Tars are defined as the organics produced under
thermal or partial-oxidation regimes (gasification) of any organic material
and are generally assumed to be largely aromatic [12]. The formation
of tars during biomass gasification decreases the total efficiency of the
process. Moreover, tars can cause fouling of equipment and they can
block downstream pipelines, preventing efficient work-up of the product
gases. The tar formation during biomass gasification can to some extent
be controlled by the process operating conditions and the use of additives
[13].

Van Paasen and Kiel from the Energy Research Institute in The Nether-
lands (ECN) have identified five classes of tars, listed in table 1.1. This
classification is based on the possible impact of the respective tars on
the gasification process. Especially the heavy tars (Tar classes 1 and 5)
can cause major problems, since they condense already at relatively high
temperatures (500

◦C). This means that all the downstream lines have
to be heated to at least the tar dewpoint temperature to prevent this
condensation.

Tar removal during biomass gasification can be achieved in several
ways, which can be divided in primary and secondary methods, depend-
ing on the location where the tar is removed. If the tar is removed in
the gasifier itself, it is called a primary method and if the tar is removed
downstream of the gasifier, the methods are named secondary. Examples
of secondary measures include scrubbing or gas cleaning of the product
gas, and have extensively been reviewed by Anis and Zainal [15]. Pri-
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Table 1.1: Classification of tar compounds [14]

Tar group Name Property Tar compounds

Class 1 GC-undetectable
(>6 rings)

Very heavy PAHs Determined by subtracting
the GC-detectable tar frac-
tion from the total gravimet-
ric tar

Class 2 Heterocyclic
aromatics

Highly water soluble Pyridine, phenol, cresol,
quinoline

Class 3 Aromatics
(1 ring)

Very low condensabil-
ity and water solubility

Xylene, styrene, toluene

Class 4 Light PAHs
(2–3 rings)

Condense at interme-
diate temperature and
high concentration

Naphthalene, biphenyl,
acenaphthylene, fluorene,
phenanthrene, anthracene

Class 5 Heavy PAHs
(4–6 rings)

Condense at high tem-
perature and low con-
centration

Fluoranthene, pyrene, chry-
sene, benzo-fluoranthene,
benzo-pyrene, perylene

PAHs: Polycyclic Aromatic Hydrocarbons

mary tar removal is achieved by using a tar conversion catalyst inside the
gasification reactor. Several reviews of catalysis for biomass gasification
have been published [16, 17] and give a good overview of the advantages
and disadvantages of several catalytically active materials.

1.4 indirect fluidized-bed gasification

Indirect fluidized-bed gasification is a special case of fluidized-bed gasifi-
cation, where the gasification and the partial combustion take place in
separate reactors, connected to each other. The major advantage of this
process is that the product gas is almost free of N2, which significantly
increases the energy density of the product gas. Other advantages of this
technique are more efficient conversion of the biomass fuel, no need for
an costly air separation unit and that CO2, from the partial combustion,
is naturally separated from the product gases. The indirect fluidized-bed
gasification is schematically illustrated in figure 1.4.

Biomass and steam, as the gasification agent, are fed to the gasifica-
tion zone, where the biomass is converted to gaseous products, char
and tar. The product gas is separated from the circulating bed material,
which, together with the unconverted biomass, char and tar, is fed into
a combustion reactor. In the combustion zone, air is introduced and
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Figure 1.4: Schematic representation of the indirect gasification principle

the non-gaseous biomass residues, char and tar are combusted. This
combustion or oxidation process heats the bed material, conventionally
inert quartz sand. After the ash has been removed, the bed material is
recirculated back to the gasification zone, where it provides the necessary
heat for the endothermic gasification process.

Two examples of different types of indirect gasification systems that
are employed in practice are the dual fluidized-bed gasification (DFB)
system in Güssing, Austria and the MILENA process at ECN in Petten,
which is a fast internally circulating fluidized-bed (FICFB) process.

The DFB system in Austria has been developed at the Vienna University
of Technology and has been scaled up to a 8 MW combined heat and
power plant, which has been running successfully since 2002 [18].

In the ECN MILENA gasification process, illustrated in figure 1.5, the
gasification reactor is situated inside the combustion vessel. In this way,
there is optimal heat transfer, both from the bed material and through the
reactor wall. This concept was developed from a 30 kW lab-scale gasifier
in 2004 to a 800 kW pilot plant in 2008 [19]. This system is designed with
a riser as gasification zone, which has the advantage that the fluidization
area is small, requiring less steam to fluidize the bed. The combustion
zone is a bubbling fluidized-bed (BFB) with a longer residence time than
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Figure 1.5: The ECN MILENA gasification process

in the gasification zone, allowing complete combustion of all the tar and
char residues.

The overall ECN MILENA process is designed to produce Synthetic
Natural Gas (SNG). Gasification of biomass is a promising way to produce
this biogas [20]. In the Netherlands, around 45% of the energy that is used
comes from natural gas [21], mostly for heating of buildings. Therefore,
synthetic natural gas (SNG) can easily be introduced as a renewable fuel,
since the present infrastructure for gas can be used.

The schematic flow sheet of the conversion of biomass to SNG is
shown in figure 1.6. The gasification process is the first step, where the
biomass is converted to mainly synthesis gas. Before the synthesis gas
can be used to make SNG (CH4), the product gas of the gasifier needs
to be free of tars and other contaminants, such as ammonia and sulfur-
containing compounds. These gases are poisons for the nickel in the

Tar removal 
Biomass 

Gasification Gas cleaning CH4 synthesis 
Gas 

upgrading 

SNG 

Figure 1.6: Biomass gasification as a first step to Bio-SNG
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methanation catalysts. After the synthesis gas has been converted to CH4,
the gas needs to be upgraded, recycling the unconverted CO and H2,
and removing the CO2 and H2O, which are byproducts and then, the
SNG is ready for injection in the existing grid.

1.5 catalytically active bed materials

Despite the advantages of indirect gasification, the formation of tars is
still a problem. One of the primary methods for improving the gas quality
is replacing the conventionally used inert quartz sand by a bed material,
which is catalytically active towards tar conversion. Such a catalytically
active bed material should increase the overall efficiency of the process
by promoting char gasification, converting the unwanted tar molecules
into the desired hydrogen and carbon monoxide, thereby changing the
product gas composition [22]. Several catalytically active bed materials
have been suggested [16, 23], amongst others: catalysts based on nickel,
olivine and dolomite.

Because of the fast deactivation of Ni-based catalysts in the gasifier
and the low costs of the natural minerals dolomite and olivine, these
minerals are frequently used as primary catalysts during indirect biomass
gasification [22].

Dolomite is an magnesium ore with as general formula MgCO3-CaCO3.
To improve its mechanical stability, dolomite is usually calcined prior
to use as a catalyst in circulating fluidized-bed reactors [23]. During
calcination, it decomposes into MgO-CaO by releasing CO2. The calcined
dolomite can then be used in the gasification reactor as a primary catalyst
without further modification.

Olivine is an iron-magnesium silicate and is one of the most abundant
minerals found in the earth’s mantle [24], and was also found to exist
in meteorites [25] and on Mars [26]. The molecular formula of olivine is
generally written as (Mg,Fe)2SiO4and the Mg2SiO4 content is usually
around 90%. Olivines have a high melting point of around 1600

◦C and
a hardness of 6.5 - 7 on Mohs scale, which is comparable to quartz, but
much higher than dolomite, which has a hardness of 3.5 - 4 [27].
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The activity and reactivity of dolomite and olivine in biomass gasi-
fication have been the subject of many studies. The combination of
magnesium-oxide and calcium-oxide, as in calcined dolomite, has shown
a better activity towards tar reduction compared to its constituents sepa-
rately [28].

Fluidized-bed gasification of biomass with dolomite or olivine as bed
material results in a lower tar concentration in the product gas, compared
to sand [29], and dolomite is slightly more active than olivine. Koppatz
et al. [30] showed that if quartz sand was replaced by olivine as bed
material in a 100 kW DFB reactor, the tar content of the product gas
decreased significantly between 35 and 60% . The performance of olivine
as primary catalyst is dependent on the pre-treatment: oxidized olivine
showed a lower tar conversion than dolomite [31], whereas olivine in the
reduced state showed a higher tar conversion for fluidized-bed pyrolytic
gasification of cellulose.

The performance of dolomite and olivine as bed materials in fluidized-
bed gasification was compared by Corella et al. [32]. Although dolomite
was shown to be 1.4 times more active than olivine, it generated a lot of
particulates, due to attrition. This makes dolomite less suitable for use
as bed material in indirect biomass gasification, since a lot of particles
will be blown out the gasifier with the product gas and cause problems
in filters, due to the small particle size.

Because of the advantages and disadvantages mentioned here, both
the DFB gasifier in Güssing and the ECN MILENA gasifier use olivine as
the active bed material [19].

1.6 olivine

The first report of the use of olivine as a bed material for biomass
gasification was published in 2000 by Rapagna and coworkers [33]. The
researchers found a good performance of olivine towards tar reduction
with a negligible production of fines in the fluidized-bed, which is a
major problem with the use of dolomite.

Three olivines from different origins were compared by Kuhn et al. for
steam reforming of model tar compounds and the most active catalyst
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was olivine, originating from Austria and mined by Magnolithe GmbH
[34]. Devi et al. reported that pre-treatment of olivine at high tempera-
tures could improve the catalytic performance as bed material [35]. This
increased activity was explained by the increased iron concentration at
the surface of the catalyst [36].

Several other researchers have identified iron as the catalytically active
component in olivine, when used as a tar decomposition catalyst in
biomass gasification. When olivine was used as a support for a 10 wt.% Fe
catalyst in a DFB reactor, it performed better in tar reforming compared
to bare olivine [37, 38]. Addition of iron to olivine thus helps the tar
destruction. Moreover, olivine and Fe/olivine can act as oxygen carriers,
transporting oxygen from the combustion zone to the gasification zone.

The activity of iron towards tar reduction during biomass gasification
was confirmed by Nordgreen and coworkers, who identified metallic
iron as a good tar depletion catalyst [39]. Iron oxide, however, did not
demonstrate any catalytic activity in converting tars during gasification
of biomass. In another study, they found that the activity of iron was
dependent on both the temperature of the bed and the oxygen potential
of the surrounding gas environment [40].

The thermodynamically most stable phases in olivine change with
changing partial oxygen pressures. This dynamic behavior of olivine was
already reported in 1974 by Nitsan, who calculated the so-called ’stability
field of olivine’ [41], i.e. the temperature and gas conditions under which
olivine is the thermodynamically stable phase. These calculations showed
that Fe3O4, SiO2, pyroxene ((Mg,Fe)SiO3) and olivine are the stable
phases after treatment in oxidizing environments (oxygen fugacity of
> 10

−6 atm). The same phases are expected under reducing conditions
(oxygen fugacity < 10

−12 atm), with the exception that metallic Fe is
expected instead of Fe3O4.

Swierczynski et al. investigated the state of iron during oxidation and
reduction of olivine under the catalyst working conditions [42]. In oxidi-
zing environments, iron was extracted from the olivine matrix and formed
reducible iron oxide phases. The formation of these oxides was dependent
on the oxidation temperature and limited by the thermodynamics of the
system. Upon reduction, part of the oxide phases reduced to metallic
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iron, whereas another part of the free oxide phases was reintegrated back
into the olivine structure.

1.7 the scope of this thesis

Its dynamic properties greatly influence the performance of olivine as
a biomass gasification catalyst. In different gas environments, different
phases will form, due to the changing thermodynamic stability.

In view of the catalytic function of olivine, iron is the most interesting
component, because it is the active component in the tar reduction. Iron
can be extracted from the olivine phase upon oxidation [42], and will
migrate to the surface of the olivine particles [36]. These free iron phases
can subsequently be reduced by gases, which are typically present in the
gasification zone. If iron changes oxidation state, the catalytic activity of
olivine will change as well.

Moreover, alternating oxidation and reduction of olivine in the different
zones of the indirect gasifier implies that olivine transports oxygen from
the combustion zone to the gasification zone.

However, the exact catalytic function of olivine is not yet fully under-
stood. The central questions of this research are thus: How does olivine
change during exposure to the different conditions, representative for
gas environments present in indirect biomass gasification reactors and
how does this behavior relate to the performance of olivine as a biomass
gasification catalyst?

The work described in this thesis is divided into seven chapters:

• Chapter 2 describes shortly the experimental techniques that were
used during this research.

• The dynamic behavior of olivine under realistic model conditions
is presented in chapter 3.

• Chapter 4 describes the role of iron in the chemical looping process.
Oxygen transport is determined under realistic conditions, since
exact figures or relations to quantify the amount of this transported
oxygen were unknown.
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• During long term, continuous use as bed material in biomass gasifi-
cation, olivine gets coated by materials stemming from the biomass
ash. Chapter 5 describes the nature of this bed material coating and
the influence of the coating on the reactivity is determined.

• Since natural olivine is, as most minerals, an inhomogeneous mate-
rial, the composition and catalytic behavior vary with the different
origins [34]. Therefore, olivine is not suitable to study the iron - sil-
ica interaction in detail. Chapter 6 describes the first steps towards
the development and characterization of an iron on silica model
catalyst. This well-defined catalyst allows detailed study of the iron
particles in relation to the silica support.

• In the conclusion and outlook (chapter 7), the results of all chapters
will be discussed in relation to the impact on the indirect biomass
gasification process.
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2C H A P T E R

Experimental Techniques

Since the performance of catalysts is determined by their structure on
different levels, catalyst characterization is of vital importance. Charac-
terization can provide insight in the exact properties of an active site or
surface and enables researchers to distinguish good and poor catalysts.

The aim of catalyst characterization is to determine the composition
and structure of the catalytic surface, ideally under reaction conditions
and in atomic detail [1]. There are many different techniques and different
kinds of information carriers are used, for example: photons, electrons,
ions or electromagnetic fields.

Each technique has its own specific strength and weakness. Some
characterization methods use e.g. electrons, which have a short mean
free path, so these measurements must be done in vacuum. On the other
hand, if one wants to study nanometer sized metal particles with electron
microscopy, these particles must be accessible to the the electron beam.
Particles inside a large porous support are thus difficult to study with
microscopy techniques.

Such limitations are often referred to as the pressure gap and materials
gap in catalyst characterization, since they require that the catalyst is
studied under conditions that are vastly different from those applied in a
catalytic process. However, some techniques allow to study the catalyst
under its real working condition, at high temperature and pressures.
These techniques are classified as in-situ or operando.

This chapter describes the characterization techniques that have been
used to carry out the research described in this thesis.

19
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2.1 x-ray diffraction

X-Ray Diffraction (XRD) is the most frequently used technique in catalyst
characterization [1, 2]. X-rays have the advantage that they are ener-
getic enough to penetrate solids and the diffracted X-rays can then give
information about the internal structure of the material.

The schematic representation of XRD is shown in figure 2.1. The X-ray
source emits photons, which are scattered elastically by atoms in a lattice.
When the lattice is ordered, as in a crystal or crystallite phase inside a
material, the scattered X-rays can interfere constructively. A requirement
for the constructive interference is that the difference in distance that the
radiation travels (dashed part in the insert in Fig. 2.1) must be an integer
times its wavelength. If this is the case, the conditions for interference are
fulfilled, and the diffracted X-rays are in phase as well.

The intensity of these diffracted X-rays is recorded by a detector, and
the 2θ angle is determined as well. The distance d between two lattice
planes can be calculated from the diffraction peaks in the XRD diffrac-
togram according to Bragg’s law:

n · λ = 2d · sin(θ) with n = 1, 2, ... (2.1)

In this relationship, λ is the wavelength of the X-rays, θ is the angle of
reflection, relative to the surface normal and n is an integer called the
order of the reflection. The wavelength of the X-rays depends on the type
of target material used inside the cathode X-ray tube. The most common
X-ray source used for XRD is a copper target, which emits Cu Kα X-rays
with an energy of 8.04 keV and a wavelength of 0.154 nm.

The set of diffraction peaks and corresponding d-spacings calculated
from these diffraction peaks are characteristic for a certain compound and
the crystallographic phases present in this compound, and extensively
documented in databases, such as the Powder Diffraction Files (PDF)
from the International Centre for Diffraction Data (ICDD) [3].

Next to identifying the phases present in a compound or catalyst,
XRD can also provide information about the size of the crystals in the
sample. The theoretically very sharp diffraction lines broaden in XRD
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Figure 2.1: Schematic representation of XRD, the insert shows constructive inter-
ference

due to inhomogeneous strain and lattice imperfections. The Scherrer
equation relates the average crystallite particle size L to the width of a
corresponding diffraction line:

L =
K · λ

B · cos(θ)
(2.2)

In this formula, K is the Scherrer constant (usually taken as unity, when
exact particle shape is unknown), λ is the wavelength of the incident
X-rays, B is the full width at half maximum (FWHM) of the reflection
and θ is the angle of reflection in radians.
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In this work, XRD is used to determine which mineral phases are
present in olivine and how these phases change upon different gas
treatments.

2.2 x-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a spectroscopic characteriza-
tion technique that makes use of the photoelectric effect to determine
the chemical composition of materials. The photoelectric effect was first
discovered by Hertz in the 1880s, but it was Einstein, who described the
effect in detail in 1905 using his theory on quantum mechanics [4].

XPS was first named "Electron Spectroscopy for Chemical Analysis"
(ESCA) and was developed from the late 1960s on by professor Kai
Siegbahn and coworkers at the Uppsala University in Sweden. Siegbahn
was awarded the Nobel Prize in Physics in 1981 for his contribution to
the development of high-resolution electron spectroscopy.

The basic principle of XPS is illustrated in Fig. 2.2. A sample is ir-
radiated with X-rays and photoelectrons are ejected as a result of this
irradiation, as described by the photoelectric effect. The electrons leaving
the sample are collected by a detector and the signal is measured as
counts per second (cps). Moreover, the detector measures the kinetic
energy of the ejected photoelectrons as well, so the energy balance for
the photoemission process is as follows:

hν = Eb +ϕ+ Ek (2.3)

In which h is Plancks constant, ν is the frequency of the incident X-rays
(hν is the photon energy), Eb is the binding energy of the photoelectrons,
ϕ is the work function of the spectrometer (difference between Fermi
level and vacuum level) and Ek is the kinetic energy of the photoelectrons.
In XPS, the X-ray source emits photons with a known, constant frequency,
so hν is a known constant as well as the work function ϕ. When the
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Figure 2.2: Schematic principle of XPS

kinetic energy is measured, the binding energy can be calculated by
rewriting Eq. 2.3 to:

Eb = hν−ϕ− Ek (2.4)

This binding energy depends primarily on the type of element, its
oxidation state and the chemical environment of the specific atoms.
For example, the Fe 2p peak appears at a lower binding energy for
metallic iron than for Fe3+ in Fe2O3. The latter has a 4 eV higher binding
energy. This is because the 26 electrons in the metallic iron feel a lower
attractive force to the nucleus, which has a charge of 26+, than the
23 electrons of Fe2O3. Moreover, electronegative ligands can change
the chemical environment of atoms. By withdrawing electrons from
the atom, they decrease the local electron density, thereby increasing
the binding energy these electrons will experience. Neighboring ions
give their contributions via the Coulomb interaction, which reduces
the effect of the atoms overcharge. Hence, peaks from atoms with a
more electronegative environment (e.g. the C 1s electrons of C=O) will
appear at a higher binding energy than peaks from atoms with a neutral
environment (e.g. C–C ).

Apart from photoelectron peaks, an XPS spectrum usually shows peaks
from Auger electrons as well. In the Auger process, the electron hole left
behind in a lower shell by an ejected photoelectron is filled by an electron
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from a higher energy level. The energy associated with in this process
can be released either as a photon or by ejecting a second electron. Since
the energy levels for each element are fixed, the Auger electrons reach
the detector with a kinetic energy that is independent of the X-ray source
energy. Therefore, depending on the photon energy of the X-ray source,
according to eq. 2.4, these Auger peaks will appear at different binding
energies when different sources are used.

By convention, the x-axis in XPS spectra is plotted from high to low
binding energy, since the kinetic energy is measured and Ekin is in-
versely proportional to the binding energy. Each element has a series of
photoelectron peaks, corresponding to each core level electron with a
binding energy that is lower than the photon energy of the X-rays.

XPS is a surface sensitive technique, since the inelastic mean free path
of electrons inside a material is on the order of a few to 5 nm (limited
by scattering). In other words, electrons that are liberated deep inside
the material do not have sufficient energy to leave the sample, since they
collide with the lattice atoms and lose part of, or all their initial kinetic
energy. Therefore, only electrons from atoms close to the surface of the
material are able to reach the detector. This is also the main reason that
XPS is generally carried out in ultra-high vacuum, with pressures in the
measurement chamber in the 10

−9 mbar range.
A typical XPS spectrum for olivine is shown in Fig. 2.3. The intensity

of the detected photoelectrons is plotted as (electron) counts per second
as a function of their binding energy.

In this spectrum, all elements present at the surface of the sample can
be identified using their photoelectron peaks, corresponding to each core
level electron with a binding energy that is lower than the photon energy
of the X-rays. These peaks all appear at a characteristic binding energy
and these energies are extensively documented for most elements [5].
Apart from the peaks that originate from the elements present in olivine
((Mg,Fe)2SiO4), a peak originating from carbon can be observed as well. A
carbon peak is usually observed in XPS experiments for samples that have
been exposed to air, and originates from the deposition of adventitious
carbon species from the atmosphere onto the sample.
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Figure 2.3: XPS wide scan of an olivine sample

The area of the peaks in the spectrum is proportional to the relative
atomic concentration of the respective element at the surface. However,
each peak area needs to be corrected for the specific sensitivity. This so-
called Relative Sensitivity Factor (RSF) is dependent on the cross-section
of the respective electron subshell [6, 7]. If all the peaks are divided
by their RSFs, it is straightforward to obtain the quantitative surface
composition of the sample. Since XPS is surface sensitive, surface species
tend to be over estimated.

In addition to quantitative information, XPS can also be used to pro-
vide qualitative information about the surface elements. To obtain this
information, usually a high resolution region scan is recorded from a
specific photoelectron peak. This detailed spectrum can provide infor-
mation on the relative abundance of atoms in a certain oxidation state.
For instance, the Fe 2p region can provide information on the relative
concentration of different oxidation states of iron surface species. The
Fe 2p peak for metallic iron has a significantly lower binding energy
(707 eV) compared to the Fe 2p peak originating from Fe2O3, which lies
around 711 eV. The ratio of the areas of both peaks determines the relative
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concentration of each iron species and can thus be used to quantify the
degree of reduction of the iron at the surface of the sample.

2.2.1 XPS Depth Profiling

The surface sensitivity of XPS is often an advantage in catalysis research,
since catalytic processes take place at the surface of the active species.
Although the overall bulk concentration of these species is typically
low, their relative surface concentration is high. Therefore, XPS provides
information about the active part of catalyst particles, specifically. In some
cases, however, information from material deeper inside the sample is
desired. This can be achieved by XPS in combination with depth profiling.

Acquire 

Acquire 

Acquire 

Acquire 

Acquire 

Etch 

Etch 

Etch 

Etch 

Figure 2.4: XPS depth profiling: Alternating measurements and removal of material
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The principle of XPS depth profiling is shown in Fig. 2.4. Basically,
it involves analysis of the surface, followed by removal of a layer of
the material at the surface. If this process is repeated for several cycles,
information about the material is gathered as a function of depth, i.e.
distance from the surface of the original sample in the direction of the
surface normal.

The removal of material is usually achieved by bombarding the sample
with an energetic ion-beam, most frequently Ar+. This process is called
sputtering or etching. After each ion gun etch period, a new surface is
exposed and an XPS spectrum is acquired for analysis. The amount of
material removed in each sputter step, and hence, the precise sample
depth at which each XPS spectrum is recorded depends on the time the
ion gun is used per step and its sputter rate.

The sputter rate is influenced by the ion gun settings and the type of
sample material that is etched. For the ion gun, the type of ions used,
their respective energy and angle to the sample determine the sputter
rate. For the sample material, the sputter rate depends on the sputter
yield for the different elements and the surface morphology. If the energy
of the incident ions is not transferred equally between the atoms in the
sample, preferential sputtering may occur. This means that atoms from
one species, for example oxygen, are removed more efficiently than atoms
of another element. Apart from being removed by the high energy ions,
atoms at the outer surface can also be driven inside the surface layer of
the sample. This ion-gun induced mixing of the surface atoms is called
knock-on mixing or forward sputtering.

In XPS, depth profiles are usually specified by the etching time, because
in most cases, it is difficult to convert this etch time to an absolute length
depth scale. Therefore, the sputter rates of XPS machines are frequently
related to an international standard, which currently is a Ta2O5/Ta foil
with an accurately determined oxide thickness [8].
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Figure 2.5: Close-up of the Fe 3p - Mg 2p region during a XPS depth profile
experiment of olivine, showing the presence of iron in the outer region of the
sample

Figure 2.5 shows an example of XPS depth profiling from an olivine
sample. A series of detailed Fe 3p - Mg 2p spectra are shown, where the
bottom spectrum is recorded from the outer surface of the particle and
each subsequent spectrum is recorded after a subsequent ion beam etch.
The area under the Fe 3p peak decreases with increasing etching, while
the area of the Mg 2p signal slightly increases, indicating that iron is not
homogeneously distributed in the sample. The iron concentration at the
outer surface is higher compared to deeper inside the sample.

Although depth profiles generally yield good quantitative information,
one should be cautious when deriving qualitative information from
depth profiles. Bombarding the sample with high energy ions can induce
chemical transformations. If, for instance, oxygen is removed at a higher
rate compared to the metal in a metal oxide, the material deeper inside
the sample may show a lower oxidation state compared to the surface
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species. This sputtering induced reduction can be an effect of the etching
rather than a real feature in the sample.

2.3 mössbauer spectroscopy

Mössbauer spectroscopy is based on the Mössbauer effect, which was
discovered by Rudolf Mössbauer in 1958. For this discovery, he was
awarded the Nobel Prize in physics in 1961 "for his researches concerning
the resonance absorption of gamma radiation and his discovery in this connection
of the effect which bears his name" [9]. The Mössbauer effect involves the
recoil-free emission and absorption of gamma rays by nuclei in a solid
and is illustrated in figure 2.6.

When atoms are free to move, i.e. in a gas, a decaying excited nucleus
cannot emit photons of sufficient energy to excite a similar nucleus to the
same excited level, because recoil energy is involved. The phenomenon
of recoil energy is best known if one fires a gun or if one wants to jump
from a floating boat to the shore.

The energy of photons emitted by nuclear decay of the source-nucleus
is the difference of the energy levels E0 minus the recoil energy ER. The
energy required to excite another nucleus in the ground state, which
experiences the recoil energy as well, to the excited state E0, equals E0 +

γ 
Excited state Excited state

Ground state Ground state

Source Absorber

E0 E0

Figure 2.6: The Mössbauer effect: Recoil-free emission and absorption of gamma
rays
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Figure 2.7: Schematic representation of a Mössbauer spectroscopy set-up

ER. In other words, emission and absorption of the same gamma-ray by
identical free nuclei is not possible.

However, if the atomic nuclei are bound together in a solid lattice, these
nuclei are not able to recoil freely. The crystal lattice will take up this
recoil energy as lattice vibrations. These lattice vibrations are quantized
according to quantum mechanical rules, and a fraction of the emission
and absorption events will be recoil-free, which is shown schematically
in figure 2.6. Mössbauer spectroscopy makes uses of this effect, where
excited source nuclei emit gamma rays that are resonantly absorbed by
nuclei in a sample which contains the same isotopes.

Not all elements in the periodic table have isotopes that are Mössbauer
active, and the most relevant isotopes for catalysis research are 57Fe
and 57Co, which account for >90% of all Mössbauer related catalysis
publications [10].

Figure 2.7 shows a schematic representation of a Mössbauer spec-
troscopy set-up, operated in transmission mode, which is frequently used
to study iron containing materials. The solid powder sample is exposed to
gamma radiation, produced by the radioactive cobalt source. The detector
measures the intensity of the radiation that is transmitted through the
sample.

The nuclei of the different iron compounds (metallic, oxides, etc.) all
have slightly different energy levels. This means that if the atoms in the
sample are present in a different chemical environment than the atoms
in the source, the radiation will be transmitted to the detector, because
the energy levels in the sample are slightly different from the emitted
radiation. However, for atoms in the source and in the sample that are
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in the exact same chemical environment, the Mössbauer effect will be
observed and some of the radiation will be absorbed by the sample and
the detector will detect less transmittance.

To facilitate identification of different energy levels, the energy of
the source needs to be varied. In practice, this is done by using the
Doppler effect: the source is accelerated towards and from sample by
a linear motor. Hereby, the Doppler effect produces the shift in photon
energy, required to observe all transitions of the compounds of interest.
Consequently, the transmission is usually plotted as a function of the
velocity of the source. For iron catalysts, this velocity usually ranges from
–12 to +12 mm/s.

In Mössbauer spectra, generally three types of interactions are observed;
isomer shift, quadrupole splitting and magnetic splitting. Usually, all
three effects are observed in one single spectrum.

Isomer shift derives from an electric monopole interaction and is caused
by the Coulomb interaction between the nucleus and the surrounding
s-electrons. Because the electron density is different for a nucleus in
the ground-state than in the excited-state, this effect causes the whole
spectrum to shift to higher or lower energies. The isomer shift yields
valuable information on the ionization state of the iron in the sample.

The electric quadrupole splitting is a result of the interaction between
the electric field gradient and the electric quadrupole moment of the
nucleus. An Fe atom in the excited state has a non-spherical charge
distribution around the nucleus, which causes an electric quadruple
moment. This results in two peaks in the Mössbauer spectrum. The
quadrupole splitting, the difference in energy of the two peaks gives
an indication of the magnitude of the electric gradient at the nucleus.
This splitting gives information on the symmetry in the sample. For
example, iron in a cubic (6-fold) environment has a Quadruple Splitting
(QS) of zero, whereas iron in a hexagonal (cylindrical) environment can
be strongly asymmetric, which results in a large QS.

Finally, the magnetic hyperfine splitting is caused by the interaction of
the nucleus with the surrounding magnetic field and is often referred to
as the nuclear Zeeman effect. When the nuclear magnetic dipole moment
interacts with the magnetic field around the nucleus, the excited energy
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levels are split in four levels. The ground state is split in two levels, so this
gives eight theoretical transitions. However, 2 transitions are forbidden,
resulting in six peaks in the transmission spectrum. Nuclear magnetic
fields in iron containing materials can be as high as 50 T and can help
in identifying the exact types of iron-oxide phases inside for instance
minerals.

2.4 thermogravimetric analysis

Thermogravimetric analysis (TGA) is a commonly used technique for
studying reactive gas-solid systems. Basically, in TGA the mass of a
sample is measured as a function of time. During the measurement time,
the temperature is increased or decreased and the sample can be exposed
to a reactive gas flow. TGA data is usually reported as mass or mass
change as a function of the temperature.

A set-up for TGA typically consists of a very accurate balance and a
furnace to heat the sample material. A computer controls the furnace
and records the exact mass of the sample as a function of the sample
temperature. A gas flow is used to control the sample environment during
measurement. This gas flow can be either inert or contain species that
interact with the sample to study reactions.

TGA is frequently used to determine certain properties of polymers,
such as absorbed moisture content, degradation temperature or the
amount of organic and inorganic components. For catalysis research,
TGA systems can be equipped with a mass spectrometer and the mass
loss during heating can be related to the respective compounds that
evolve from the sample upon heating. For example, an used catalyst
can be heated and exposed to oxygen. The temperatures at which CO
and CO2 come of, can then be related to the types of carbon that were
deposited on the catalyst during use.

2.5 conclusion

In the study described in this thesis, XRD was used for bulk charac-
terization. XRD provided useful information on the changes in bulk
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composition of olivine upon different treatments. These changes did not
only concern the iron, but magnesium species as well. Moreover, carbon
depositions could be observed after some treatments.

XPS was the most intensively used characterization technique for
this research. It was obviously used for surface characterization. Depth
profiling provided more insight in the iron surface and sub-surface
enrichment and formation of a coating layer during industrial use.

Mössbauer spectroscopy yielded valuable information on the iron
species in olivine, since it allows in-situ characterization and only focuses
on the iron in olivine.

To determine the capabilities of olivine to transport oxygen, TGA was
used in alternating oxidizing and reducing environments to measure the
mass change of the sample during these treatments. The mass change
could then be related to the amount of oxygen that can be transported
under industrial conditions.

X-ray Absorbtion Spectroscopy (XAS) was only used for a minor part
to obtain information on the relative distribution of the iron species, so
this technique is not described in this chapter.

Electron microscopy, specifically transmission (TEM) and scanning
(SEM), was used to obtain visual information on the olivines surface and
to characterize the model catalysts. Since no detailed information was
obtained with these techniques, they are not mentioned in this chapter.
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3C H A P T E R

Dynamic Behavior of Olivine under Model
Conditions

abstract

This chapter describes the stability of Austrian olivine under model
conditions, resembling those in a gasifier. Powder samples were heated
to 750

◦C and exposed to oxidizing (O2, H2O, CO2) or reducing gases
(CO, H2) or mixtures thereof. Significant changes in phase composition
of the material, depending on the gas composition and the duration of
the treatments, were found using XPS, XRD, XAS and SEM.

A large fraction of the iron in the investigated material is present as
free Fe-phases, which are sensitive to changes in the gas environment.
After exposure to oxidizing gases the free Fe phases are: Fe2O3 and
Fe3O4 or MgFe2O4. Upon exposure to reducing gases, the iron oxides
are converted into Fe0 and Fe3C and formation of graphitic carbon is
observed.

In addition, the elemental composition of the surface changes dramat-
ically depending on the gas composition. After exposure to oxidizing
environments, the amount of Fe at the surface is twice as high as after
reduction. The reduction of the iron oxides upon switching from oxidiz-
ing to reducing conditions shows that olivine transports oxygen from
the combustor into the gasifier. Finally, both the decreasing amount of
surface-Fe and the carbon deposition observed after exposing olivine to
reducing conditions can result in significant catalyst deactivation.

The contents of this chapter have been published as: Hans O.A. Fredriksson, Remco J. Lancee,
Peter C. Thüne, Hubert J. Veringa and J.W. (Hans) Niemantsverdriet: Olivine as tar removal
catalyst in biomass gasification: Catalyst dynamics under model conditions, Applied Catalysis B:
Environmental 130–131 (2013) 168–177.
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3.1 introduction

Gasification in fluidized-bed reactors is one of the preferred routes for
converting biomass into useful, sustainable and CO2 neutral fuels. An
attractive feature of biomass gasification is that the resulting primary
products, CO, H2, CO2 and CH4 can easily be integrated within the
present infrastructure. Technology for converting CO and H2 into con-
ventional fuels, such as diesel or substitute natural gas, is already at hand,
as well as an extensive distribution system for natural gas.

In a conventional fluidized-bed reactor, gasification and partial com-
bustion take place in the same chamber. Therefore, if air is used as
gasification medium, the product gas contains both CO2 and N2, re-
quiring a costly separation process. This can be avoided by using a dual
fluidized bed reactor [1, 2], where gasification takes place in the absence
of air and steam is used as a gasification medium. The bed material
and the residues from the gasification process (mainly char) are then
circulated into a second chamber where they are exposed to air. The
resulting combustion generates heat, and the endothermic gasification
process can be sustained by re-injecting the hot bed material into the first
chamber. In this way, a major part of the CO2 is conveniently separated
from the product gases (allowing for sequestration) and contamination by
N2 and nitrogen-containing species is avoided. However, tar-formation,
resulting from incomplete conversion of the biomass, still constitutes a
major obstacle in the way of realizing competitive, large scale produc-
tion of fuels from biomass. Condensation of tars leads to contamination
and clogging of the reactor and subsequent pipes, eventually causing
malfunction of the system. By using a catalytically active bed material,
it has been shown that the tar concentration in the product gas can be
decreased [3, 4, 5, 6].

A catalytic bed material needs to be non-toxic, cheap and attrition
resistant. A widely used and investigated candidate is the naturally oc-
curring mineral olivine ((Mg,Fe)2SiO4) [1, 4, 7, 8, 9, 10, 11]. Although this
material has proven activity for tar reduction, the underlying catalytic
mechanism is not clear. Furthermore, the exact nature of the material
under operational conditions is unknown, making optimization of the
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catalyst and the process conditions difficult. Previous work points at
Fe as the catalytically active component in olivine as well as in other
Fe-containing materials [3, 12, 13]. However, at the temperatures typi-
cally applied during gasification (between 700 and 1000

◦C) olivine is
only thermodynamically stable in gas compositions with partial oxygen
pressures within a fairly narrow interval [14] (note that even gases that
are nominally oxygen-free may have a partial pressure of oxygen due to
chemical equilibrium reactions). It is therefore expected, both from theory
and from experimental work that the mineral is subject to significant
changes under gasification conditions.

In this chapter, the aim is to clarify the changes in phase composition of
olivine upon exposure to the gases present during gasification of biomass
at relevant temperatures and for various durations. A naturally occurring
olivine is studied, previously shown suitable as catalytic bed material
[4, 8, 10, 11]. Exposure to gases is done in a quartz-tube flow-reactor with
good control over gas environment and process temperature.

3.2 experimental

3.2.1 Materials

Olivine from Magnolithe GmbH, Austria was used in all experiments. A
3 h, 1600

◦C calcination of the material was performed by the mineral
supplier. The grain size during this pre-calcination was on the order of
10 mm. Prior to experiments, the olivine was grinded or ball-milled to
a powder. The grain diameters were on the order of a few tens of or a
few micrometers in diameter, respectively, as estimated from Scanning
Electron Microscopy (SEM) images. The specific surface area of the pow-
ders, as determined from nitrogen sorption isotherms, was 0.53 m2/g
and 0.8 m2/g for the grinded and the ball-milled samples, respectively.
The larger, grinded particles (0.1 g of sample material per experiment)
were used in the experiments analyzed by SEM and X-ray Photoelectron
Spectroscopy (XPS) and the ball-milled olivine powder (1 g per experi-
ment) was used for the experiments analyzed by X-ray Diffraction (XRD)
and X-ray Absorption Spectroscopy (XAS).
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3.2.2 Treatments

All treatments of the catalytic olivine powders were performed in a
quartz-tube flow-reactor at 750

◦C. The gases used were pure Ar, H2,
CO, CO2 and a 20 vol.% O2 in Ar mixture. Total flows were set to
200 mL/min. Water was added to the gas streams by passing the gas-
mixtures through a bubbler containing de-ionized water, resulting in
a water content of 3.5 vol.% at room temperature, as determined by a
Mitchell instruments, MDM300 Advanced Dewpoint Hygrometer. In all
experiments, the samples were first heated to 750

◦C under Ar flow. At
this temperature, the gas flow was switched to the reactive gas mixtures
for a specified time. After the treatment, the gas mixture was switched
back to Ar and the flow-reactor was quickly cooled to room temperature.

3.2.3 Characterization

All characterizations were performed ex-situ, after transfer of the powders
under ambient conditions from the quartz-tube flow-reactor.

Surface Area: Nitrogen sorption isotherms were measured at –196
◦C

using a Micromeritics Tristar II 3020, after outgassing the samples for
3h at 180

◦C. The Brunauer-Emmett-Teller (BET) equation was used to
calculate the specific surface area (SBET ).

SEM: A FEI Quanta 3D FEG dual beam was used for the SEM charac-
terizations.

XRD: XRD patterns were recorded using a Bruker D4 Endeavor pow-
der spectrometer using Cu Kα radiation and a scan speed of 0.009

◦ min−1.
After the high temperature treatments, the olivine powders were mixed
with 6% of pure NaCl for accurate calibration of the peak positions.
The XRD-references and their respective ICDD-file numbers used where;
(Mg,Fe)2SiO4 #71-1080, (MgSiO3) #35-610 and 19-606, α-Fe2O3 #71-5088,
γ-Fe2O3 #39-1346, Fe3O4 #71-6336, MgFe2O4 #17-464, FeO #89-687, α-Fe
#65-4899, Fe3C #35-772, graphite #75-1621, MgO #4-829 and NaCl #75-306.

XPS: XPS-spectra were taken using a Kratos Axis Ultra and a Thermo
Scientific K-alpha spectrometer with monochromatic Al Kα sources. Anal-
ysis and quantification of the measurements was performed using the
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Casa-XPS software and Wagner sensitivity factors [15]. Charge neutral-
ization was always used and the spectral position adjusted to the Si 2s
peak of olivine at 153 eV [16]. For quantification the Mg 2p, Fe 3p, Si 2s,
C 1s and O 1s signals were used.

3.3 results

The experiments presented in this chapter are divided into two sections.
The focus in both sections is on investigating the dynamic behavior
of olivine exposed to the gases that are present in a typical biomass
gasification reactor. In particular, results investigating how the phase
composition and morphology of the material changes upon entering the
gasification zone from the combustor are described. The experiments
described in the first section were done to investigate long-term behavior
(hours) of olivine under gasification, i.e. what happens to the catalyst
after extended exposure to the gases present in a gasification reactor. In
the second section the focus is on the short-term dynamics of the material,
i.e. the materials behavior on time scales of one to a few tens of minutes.
More specifically, the aim is to answer the question: how fast does the
surface elemental composition change in response to a change in the
gas environment? All together, this chapter aims at clarifying whether
olivine is best thought of as a stable material or if it is a catalyst in
constant transition from one configuration to another during use in a
dual fluidized-bed gasifier.

3.3.1 Long Term Trends

3.3.1.1 Long term behavior, six standard treatments, four characterization
techniques

Grinded or ball-milled olivine powder samples were treated in a quartz-
tube flow-reactor in various gas mixtures, aiming at mimicking the con-
ditions in a dual fluidized-bed reactor. The conditions in the combustion
zone were accurately reproduced by flowing synthetic air (20% O2/Ar),
here after referred to as O2, over a thin layer of olivine powder at 750

◦C
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Table 3.1: Names of the samples presented in the figures in section 3.3.1 and
details of the treatment sequences.

Name in figures 1 h, 750
◦C, gas flow 1 h, 750

◦C, gas flows

Before treat. Not applied Not applied

O2 O2/Ar 200 mL/min Not applied

O2-H2O O2/Ar 200 mL/min Ar 200 mL/min, 3.5 vol.% H2O

O2-H2O/CO/H2 O2/Ar 200 mL/min CO 100 mL/min, H2 100 mL/min,
3.5 vol.% H2O

O2-CO/H2 O2/Ar 200 mL/min CO 100 mL/min, H2 100 mL/min

CO O2/Ar 200 mL/min CO 200 mL/min

H2 O2/Ar 200 mL/min H2 200 mL/min

for 1 h. The conditions for olivine entering the gasification zone from
the combustor are somewhat more difficult to simulate since the concen-
tration of the various gases depend on the process conditions as well as
on the quality of the biomass and the residence time. Furthermore, the
environment that the catalyst is exposed to in the gasification zone is
not homogeneous since biomass and steam are gradually converted into
products gases. Therefore olivine was first exposed to synthetic air for
1 h as above, and subsequently to the product gases CO and H2, either
separately or in 50/50 vol.% mixtures, for another hour. Since water is
one of the other main constituents of the gas mixture in the gasification
zone, 1 h pre-oxidized olivine was also exposed to water saturated Ar
and syngas by passing the gas streams through a water bubbler. In total
seven samples were examined for the long-term behavior. One of them
was left untreated and the six remaining samples were treated at 750

◦C
for 1 h in O2. Five of the oxygen-treated samples were subsequently
treated for another hour (750

◦C) in mixtures of Ar, H2, CO and H2O, as
described in Table 3.1. Samples subjected to these treatments were then
characterized using SEM, XRD, XAS and XPS.

Figure 3.1 shows the most interesting SEM micrographs of surfaces of
untreated, oxidized and reduced olivine. The surface of the untreated
olivine (Fig. 3.1a) is smooth and flat, whereas oxidation for 1h results in
the formation of crystallites (Fig. 3.1b). Olivine that has been exposed to
water or H2 after the oxidation still shows crystallites at the surface, but
less pronounced. Especially for the H2-reduced olivine, the crystallites are
substantially smaller and rounder (Fig. 3.1c). The three samples exposed
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Figure 3.1: SEM micrographs of olivine before (a) and after treatment at 750
◦C

for 1 h in oxygen (b) followed by 1 h in H2 (c) or CO/H2 (d)

to CO-containing gases after oxidation all show deposition of material
on the surface. The structure of the deposited material suggests that it
consists of carbon fibers (Fig. 3.1d).

Figure 3.2 shows the XRD patterns of seven ball-milled olivine powder
samples after the treatments described above. The diffraction peaks of
olivine and the strongest peaks of the relevant minor phases observed in
the patterns are indicated. All spectra have been normalized to the main
diffraction peak of olivine at 2θ = 36.5 ◦.

It is clear that the main crystalline constituent in all of these samples
is olivine. The other crystalline phase that is present in all the samples,
regardless of treatment, is pyroxene (MgSiO3). It is also clear from these
measurements that the other crystalline phases that form during oxida-
tion and reduction are various iron compounds, graphite and magnesium
oxide. This is illustrated in Figure 3.3, where close-ups on the regions of
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Figure 3.2: XRD patterns of olivine before and after treatment at 750
◦C, 1 h in

oxygen followed by 1 h in various mixtures of H2, CO and H2O. The diffraction
peak indices of olivine are indicated together with the position of the main
diffraction peak corresponding to other phases observed in the patterns

interest are shown, with the position of the strongest diffraction line of
the formed phases indicated.

Fig. 3.3c shows that the material contains a significant fraction of one
or both of the indistinguishable spinel phases Fe3O4 and MgFe2O4, even
before any high temperature treatment is applied. After treatment in O2
an additional hematite (α-Fe2O3) phase evolves (Fig. 3.3c). For the case
where the O2 treatment is followed by a treatment in H2O, these phases
remain unchanged, whereas a subsequent reducing treatment removes
them completely. During reducing treatments, iron carbide (Fe3C) and/or
metallic iron (α-Fe) form (Fig. 3.3e) instead of the iron oxide phases that
were present after the initial oxidation treatment. The iron carbide is
only observed in the samples treated in CO containing gases. In addition,
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Figure 3.3: Close-ups on the regions where changes are observed in the XRD
patterns displayed in Fig. 3.2

a distinct graphite peak can be seen in the patterns of these samples
(Fig. 3.3a). This observation lends further support to the hypothesis that
the deposits on these samples, observed in SEM (Fig. 3.1d), are indeed
carbon fibers. Another observation worth pointing out is that there seems
to be a slight increase of magnesium oxide (MgO) in samples treated in
H2 and CO/H2.

In Figure 3.4a, the XAS-spectra are presented of olivine powders subject
to the same treatments as described above. The main observations are
that the treatment in O2 and O2 followed by H2O leads to a shift of
the main absorption edge towards higher energies. Oxidation followed
by reduction in H2 and CO containing gases on the other hand, leads
to a shift to lower energies. Fig. 3.4b shows spectra of iron, iron-oxides
and -carbide, presented previously in [17], for comparison. The reference
spectra suggest that the shifts observed after oxidation can be interpreted
as transformation of the material towards Fe3O4, γ-Fe2O3 and α-Fe2O3.
The shifts of the olivine spectra to lower energies as a result of treatment
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Figure 3.4: a) XAS spectra showing olivine samples before and after treatment at
750

◦C, 1 h in O2 followed by 1h in various mixtures of H2, CO and H2O and b)
reference spectra of Fe-containing materials. The dashed lines have been added as
a guide to the eye

in reducing atmospheres, on the other hand, suggests that metallic Fe,
FeO and iron carbide (FeCx) form, thus confirming the trends observed
in XRD.

These trends can be clarified and quantified using linear combinations
fits of the references spectra in Fig. 3.4b to reproduce each spectrum in
Fig. 3.4a. The weight of each reference spectrum in the fit then corre-
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sponds to the amount of that phase present in the material after each
treatment. In lack of a good, pure olivine reference, the "before treat-
ment" sample is used to represent the original material. From our XRD
measurements, it is clear that this sample contains significant quantities
of MgSiO3 and Fe3O4 or MgFe2O4. Furthermore, from the literature
it is known that about 45% of the iron in the Austrian olivine (from
Magnolithe, as that used in this study) persists in the form of free iron
oxide phases [9]. Although the use of a non-pure reference in the linear
combination fitting is not ideal, it still provides useful information on
the new phases formed after the different treatments. The results are
presented in figure 3.5, as change in phase content compared to the
untreated material. Positive numbers indicate that the presence of the
corresponding phase has increased and vice versa.

This analysis shows that between 25 and 45% of the Fe-containing
fraction, present in the original material, is affected by the treatments.
Consequently the majority of this fraction remains unaffected. After treat-
ment in oxidizing gases, the amount of iron present as Fe3O4, γ-Fe2O3
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Figure 3.5: Quantification of the change of the content of various Fe-phases present
in olivine, before and after treatments in various gas mixtures from linear combi-
nation fitting of the XAS spectra presented in Fig. 3.4
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and α-Fe2O3 increases significantly. Oxidation for 1 h followed by 1 h
under reducing conditions converts these iron oxides into metallic Fe,
FeO and, if the reducing gas contains CO, into FeCx. The largest amount
of FeCx is observed after treatment in dry syngas and the largest amount
of metallic Fe is observed after treatment in hydrogen.

The surface properties of olivine powders subjected to the same ox-
idizing and reducing treatments as discussed above were investigated
using XPS. Figure 3.6 shows the normalized spectra for the four elements
constituting olivine after each treatment.

These measurements show, in similarity with the previously presented
XRD and XAS results, that the main changes apply to the iron in the
material. The Si 2s peaks, on the other hand, show no significant changes
and were therefore used for charge correction of the spectra using the
energy previously reported for Si 2s in olivine at 153 eV [16]. Likewise,
no significant changes are observed in the Mg 2p peak after the various
treatments. In contrast, the Fe 2p region indicates several interesting
surface transformations. Although it is not straightforward to exclusively
identify different Fe-phases from XPS measurements, it is possible to
determine the oxidation state of the material. Literature [18, 19, 20] reveals
that the presence of a main Fe 2p3/2 peak at 711 eV and a satellite peak
at 719 eV is characteristic for Fe3+ as found, e.g. in Fe2O3. For a Fe2+-
containing material (as found in FeO or olivine), the corresponding main
peak appears at 709 eV and the satellite at 715 eV. For reduced iron (Fe0),
the main peak is positioned at around 707 eV and there are no satellite
peaks. These positions are marked with dashed lines in the figure. It
is clear that an Fe3+-rich phase (presumably γ-Fe2O3 or α-Fe2O3) is
formed at the surface as a result of exposure to oxidizing conditions
(O2 and O2 followed by H2O). This is evidenced by the presence of a
broad satellite peak in the Fe 2p spectra around 719 eV as well as by
the formation of a low-energy shoulder in the O 1s spectra at 530 eV
(typical for metal oxides [20]). For the olivine powders that were first
oxidized for 1 h and then subjected to reducing conditions for 1 h, the
719 eV satellite has disappeared or significantly decreased, the main
peak is broadened and shifted towards lower binding energies and a
peak at 707 eV is observed. These observations indicate that the Fe3+-
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treatment at 750
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phase formed during oxidation is reduced to a combination of Fe2+ and
Fe0-dominated iron phases, such as olivine, Fe3O4, FeO, α-Fe or FeCx.
Furthermore, the relative intensities of the Fe 3p and Mg 2p peaks indicate
significant changes in the amount of Fe present at the surface. Exposure
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to oxidizing conditions leads to an increase of surface-Fe whereas a
subsequent reduction results in levels similar to those observed before
oxidation.

It should be noted that these experiments were not done in-situ, i.e. the
samples were exposed to air upon transfer from the treatment reactor
to the XPS. Therefore, estimations based on the amplitude of the Fe0

peak is expected to underrate the presence of metallic iron, since surface
oxides are known to form rapidly at room temperature and ambient
atmosphere. The higher noise levels in the spectra from samples treated
in CO-containing gases derives from lower signal intensities due to
substantial deposition of carbon on the surface. This will be discussed in
depth in the following sections.

3.3.1.2 Intermediate Gas Compositions

To investigate the changes in surface composition as a result of exposure
to gases with different oxidizing power in greater detail, various mixtures
of CO2/CO were used. By changing the relative content of the two gases,
the oxygen content in the gas can be fine-tuned via the equilibrium
reaction:

CO+ 0.5O2 � CO2 (3.1)

Figure 3.7 shows normalized C 1s, Fe 3p/Mg 2p and Fe 2p peaks for
olivine powders that were first exposed to O2 for 1 h followed by 1 h in
different CO2/CO gas mixtures with CO2 contents ranging from 0 to
100 vol.%. After treatment in pure CO2, the material remains oxidized, ex-
hibiting spectra resembling those after exposure only to O2 (see Fig. 3.6).
However, already after including 10 vol.% CO in the gas mixture, the
Fe3+ is reduced to Fe2+, as seen by the decreasing intensity of the Fe 2p
satellite peak at 719 eV. Very little happens to the material when the CO2
content is decreased further down to 20 vol.% (spectra for concentrations
in between not shown), whereas below this concentration the peak at
707 eV, characteristic for metallic iron (Fe0) or iron carbide, slowly starts
to grow. A decrease in the Fe 3p/Mg 2p ratio is also observed as the CO2
content is reduced, indicating a decrease of the iron content at the surface.
For samples treated in CO2-rich gas mixtures, the C 1s peak is small and
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representative for carbon species naturally introduced onto the sample
surface by exposure to airborne contaminants during transfer from the
quartz-tube reactor to the XPS chamber. However, when the CO2 content
of the gas mixture is decreased to 10 vol.% a new carbon peak, typical
for carbides [20], starts to grow at around 283 eV. For even lower CO2
contents the carbon peak amplitude grows significantly and for pure CO
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a shift of the peak to higher energy is observed. As observed in the previ-
ous sections, both iron carbide and graphitic carbon form on the sample
surface after treatment in pure CO. However, repeated measurements
of samples subjected to the same treatments show that the position of
the carbon peak varies significantly between nominally identical samples.
This is likely due to differential charging of the conducting carbon layer
deposited on the insulating olivine; C 1s spectra of samples with thick
carbon over-layers should therefore be interpreted with caution.
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The elemental surface composition of the powders exposed to the
various CO2-CO mixtures, calculated from the XPS-data, is presented
in figure 3.8. The quantification clearly demonstrates that the most sig-
nificant changes of the surface elemental composition take place when
the CO2 content of the gas mixture is decreased to 20 vol.% or below. At
20 vol.% CO2 content, there is first a small decrease in the Fe content at
the surface and in more CO2 deficient gas mixtures, a significant build-up
of carbon on the surface is observed.

3.3.2 Time-Dynamics of the Surface Elemental Composition

In order to elucidate the dynamic behavior of olivine in different gas
environments, fresh, grinded material was exposed to well defined gas
environments at 750

◦C for various durations and the surface elemental
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Figure 3.9: Surface elemental composition of olivine measured with XPS. The
material was first exposed to O2 and then to H2 (open symbols, dashed lines)
or H2O (solid symbols, solid lines). Each measurement point refers to a separate
sample subject to the treatment up to that point
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composition after each time-interval was analyzed using XPS. Figure 3.9
shows olivine, first exposed to O2 for durations up to 1h and subsequently
exposed to H2 or H2O for time durations up to 1 h.

The key observations are the following: (i) upon exposure to O2, simu-
lating the catalysts presence in a combustion chamber, the amount of iron
at the surface increases, initially at the expense of Si and in the longer
run at the expense of Mg. (ii) Switching gas environment from O2 to H2
reverses this process, i.e. the iron surface content decreases and is initially
replaced by Si, and after a longer duration of time, also by Mg. (iii) By
switching from O2 to H2O, the iron content at the surface is maintained.
(iv) The surface concentration of iron is roughly twice as high under
oxidizing conditions (O2 or H2O) as under reducing conditions (H2) and
(v) the changes in surface elemental composition happen fast and are
significant already after one minute. This is true also for the change in
chemical state of the surface iron, which goes from the fully oxidized
hematite state to the reduced state already after the first minute under
reducing conditions.

The exposure of oxidized olivine to H2 and H2O serves to simulate
the exposure of the catalyst material to the conditions in the gasifica-
tion zone. However, in the gasification zone, the catalyst is exposed to
carbon-containing gases (as well as to the biomass itself), which results in
significant changes in the olivine, as demonstrated in previous sections.
Figure 3.10 shows a similar sequence of measurements as in Fig. 3.9, but
where the oxidation treatment is followed by reduction in syngas and
that ends with an oxygen treatment.

Again, the surface content of iron increases during oxidizing conditions
and decreases under reducing conditions. However, the most striking
feature observed from these measurements is the build-up of carbon
on the surface during exposure to syngas. Before exposure to carbon-
containing gas, between 4.5 and 6.1% of carbon is observed on the surface
of the catalyst. These small quantities of carbon are expected, as a result
of the contact with atmospheric contaminants during transfer from the
treatment reactor to the XPS. However, after a one minute exposure to
syngas, the amount of carbon on the surface is roughly doubled (11.5%)
and after an hour carbon constitutes more than 90% of the surface atoms.
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This carbon layer is then quickly combusted when the sample is exposed
to oxygen. A similar build-up of carbon on the olivine surface is observed
for the other CO-containing mixes (not shown), and is most significant
for the case of pure syngas, somewhat slower in wet syngas and slower
yet in pure CO.

To further investigate and emphasize the dynamics of the olivine
exposed to alternating gas environments on time scales relevant in a dual
fluidized bed reactor, experiments were performed with short pulses of
alternating oxidizing and reducing gas. The samples were exposed to
oxygen for one minute, oxygen was then purged out with Ar for one
minute followed by exposure to CO for one minute and another minute
of Ar purging. This four-minute cycle was repeated up to 10 times and
the response of olivine after various numbers of cycles (or fraction of
cycles) is shown in figure 3.11.

These measurements show that the material readily responds to the
changing gas environments on the short time-scales of a treatment cycle.
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After the oxidation step in each cycle, the amount of iron at the surface
increases significantly at the expense of Si, whereas the opposite is true
after the reduction steps. Superimposed on this effect is a slower response,
in which the amount of iron at the surface increases at the expense of
magnesium. Furthermore, no accumulation of carbon on the surface is
observed after repeated cycles, although there is generally more carbon
present after a CO step than after an O2 step, as expected.

3.4 discussion

The experiments presented in this chapter demonstrate that olivine is
a very dynamic material under conditions typical for biomass gasifica-
tion. Changes in the gas composition at relevant temperatures result
in a fast response in the chemical state of the material. These changes
predominantly concern the Fe present in the material.
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3.4.1 Iron

The XRD measurements (see Fig. 3.2 and Fig. 3.3) show that the Aus-
trian olivine contains a significant fraction of the crystalline spinel phase
(Fe3O4 or MgFe2O4), even before any high-temperature treatments were
applied. This is in agreement with previous studies [9, 10], where Möss-
bauer spectroscopy showed that almost half of the iron in olivine (of the
same origin as that studied here) is present in the form of free oxides,
predominantly MgFe2O4 and non-crystalline α-Fe2O3. The presence of
these free Fe-phases stems from exclusion of Fe from the olivine matrix
during the pre-treatment done by the mineral supplier.

XRD and XAS (Fig. 3.2, Fig. 3.3, Fig. 3.4 and Fig. 3.5) show that oxi-
dation of the material at 750

◦C in O2 for 1 h results in formation of the
Fe3+-rich phases: α-Fe2O3, γ-Fe2O3, and Fe3O4 and/or MgFe2O4, the
latter two henceforth referred to as spinel. The XRD measurements show
clearly the formation of crystalline α-Fe2O3 while the XAS measurements
indicate the formation of γ-Fe2O3 and spinel as well. This discrepancy
can stem from the fact that both γ-Fe2O3 and spinel XRD-patterns over-
lap significantly with the main peaks of olivine and that small changes
therefore are hard to detect. Indeed, the elemental composition of our
olivine can be expressed as (Mg0.93,Fe0.07)2SiO4 [9], indicating that the
vast majority of the material is actually constituted of pure Mg2SiO4,
with no inclusion of Fe. Therefore, even a total conversion from one
Fe-containing phase to another, would come through as a relatively small
change in the XRD measurements. In XAS, on the other hand, only the
Fe in the material contributes to the measurement and the material does
not have to be crystalline. Therefore, the latter technique is sensitive even
to minor changes in the Fe-carrying phases and detects changes also in
amorphous material.

Subsequent treatment of the oxidized olivine in H2O-saturated Ar for
1 h at 750

◦C shows no significant change in the Fe-phases. A similar
treatment in reducing gases, on the other hand, results in a clear decrease
of the Fe3+-rich phase content. Both XRD and XAS show that these
phases are converted to metallic Fe and, if the reducing gas contains CO,
to iron carbide. In addition, the XAS measurements suggest the formation
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of FeO, which is not seen in XRD, likely for the same reasons already
discussed above. Both techniques show that the formation of metallic Fe
is most pronounced after treatment in H2. Iron carbide formation, on the
other hand, is most efficient upon treatment in dry syngas.

These measurements show that the main change in the material upon
exposure to oxidizing or reducing gases is simply conversion of the Fe
already excluded from the olivine matrix, e.g. conversion of iron oxides to
metallic iron and/or carbide upon reduction. However, both the XRD and
XAS-measurements indicate that additional free Fe-phases are formed
during these treatments, a somewhat surprising result considering the
low temperatures applied. The XAS data in particular suggest that the
observed Fe-phases are formed at the expense of the original Fe-carrying
material, which consist at least to 50% of olivine and pyroxene. The
26 – 45% decrease of the original material content, suggest that another
13 – 22.5% of the Fe is converted from the olivine or pyroxene phases
into other iron phases.

The formation of free Fe-phases from olivine is in accordance with
thermodynamic calculations [14], showing that olivine is only stable in a
fairly narrow range of oxygen partial pressures, termed the stability field.
For gas environments with a higher oxygen partial pressure, olivine is ex-
pected to decompose into SiO2, MgSiO3 and Fe3O4. At oxygen contents
below the stability field of olivine, decomposition to SiO2, MgSiO3 and
Fe0 is expected. Under oxidizing conditions corresponding to air, Fe2O3
is expected to form from Fe3O4, whereas reduction in H2, CO or mixes
thereof is expected to result in the formation of metallic Fe and FeCx,
respectively [13, 21]. Thus, in all these measurements, olivine and the
free Fe-phases behave in accordance with thermodynamic predictions.
However, no SiO2 is observed in our XRD measurements, indicating that
the Fe exclusion leaves behind an amorphous SiO2 component.

Thermodynamics determine which of the mineral phases are stable
in a certain gas environment. Therefore, changes in the gas composition
are expected to lead to changes in the material. These changes should be
most significant at the surface of the material, where the material is in
direct contact with the gases. Indeed, XPS (see Fig. 3.6) characterization
of the materials surface reveals the same trends as observed by the bulk
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techniques XRD and XAS. After treatment in oxidizing environment, the
Fe is oxidized to an Fe3+ type of material. Under the conditions applied
here, this phase should be α-Fe2O3, as also observed by XRD. After
treatment in reducing gases, the Fe3+ is reduced to a combination of
Fe2+ and Fe0. The Fe0 is characteristic for metallic Fe or FeC, while the
Fe2+ is the signature of a Fe3O4, FeO or olivine [16, 18, 19, 20]. Upon
exposure to air at room temperature, reduced Fe is quickly oxidized to
form a thin surface oxide layer. Therefore, since the high-temperature
treatments were done ex-situ, an oxidized surface layer is expected, also
on the reduced samples. Since a significant contribution from Fe0 is still
observed in the XPS-measurements and since large amounts of metallic Fe
and FeC are observed with XRD, it is fair to assume that the surface was
completely reduced during treatment, but re-oxidized during transfer to
the XPS-chamber.

Another important observation from the XPS measurements (see Fig. 3.6,
Fig. 3.7, Fig. 3.8, Fig. 3.9, Fig. 3.10 and Fig. 3.11) is that the amount of
Fe at the surface of the olivine increases after oxidizing treatment. This
has been reported previously [12, 22] as a consequence of treatments at
900

◦C for 1 h or longer and was then interpreted as surface enrichment
of Fe at the expense of Mg or as redistribution of the surface Fe. However,
by investigating also the short term behavior (see Fig. 3.9 and Fig. 3.11),
it was found that the Fe enrichment at the surface takes place on two
time scales; a fast response on the time scale of one minute and a slower
response, on the time scale of 20 minutes to 1 h. On the short time scale
the amount of surface-Fe increases at the expense of Si, whereas on the
longer time scale, Fe increases at the expense of Mg. Upon switching
from oxidizing to reducing conditions, the trends are reversed i.e. the
Fe surface concentration decreases first quickly, re-exposing Si and then
continues to decrease more slowly, re-exposing Mg. It should also be
mentioned that the oxidation-state of the surface-Fe changes from the
Fe3+ dominated state (observed after oxidation) to the Fe2+/Fe0 state
(observed after reduction), already during the first minute after switching
gases.

The long-term change in surface elemental composition is consistent
with an enrichment mechanism due to diffusive exchange of Fe- with
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Mg-atoms at the surface of olivine, as suggested in previous work [12].
The short-term behavior, however, is not likely due to diffusion, which
is a slow process at these temperatures [23, 24]. A tentative explanation
for the short-term change in surface concentration of Fe can instead be
provided by considering the following: It is known that natural minerals
in general, including olivine, are not perfectly homogeneous materials on
the microscale [25, 26]. It is also known that almost half of the Fe in the
olivine, investigated in this study, is present in the form of free Fe-phases
[9, 10]. Furthermore, Fe is more likely to segregate out of Fe-rich olivines,
since Fe-diffusion is faster in these domains and since the stability field
for Fe-rich olivine is narrower than that of Mg-rich olivines [14, 24, 27].
Free Fe-phases are known to form hematite crystallites at the surface of
olivine upon oxidation [25, 28, 29, 30], in agreement with what has been
observed in SEM (see Fig. 3.1d). Assuming that Fe has segregated out
predominantly from Fe rich domains in the olivine, the olivine can be
seen as a material where Fe-particles are supported on amorphous SiO2.
Since the volume of Fe-particles increases upon oxidation and decreases
upon reduction, this would lead to the observed effect with a fast increase
of the Fe signal on the expense of Si, as observed here. It is also important
to note that the amount of surface-Fe changes reversibly (or increases
slightly) after repeated oxidation-reduction cycles (Fig. 3.11), indicating
that no sintering of the free Fe occurs.

The experiments discussed so far were all done using mixtures of
the gases that are present in a biomass gasifier. While the conditions in
a combustor are accurately simulated by the oxidation in O2/Ar, the
other gas mixtures are not reproducing the conditions during gasification
as accurately. These are rather somewhere in-between the oxidizing
environment of H2O-saturated Ar and the reducing mixtures of H2, CO
and H2O. This interval of intermediately oxidizing gas-mixtures was
investigated through the experiments with CO2/CO mixtures (Fig. 3.7
and Fig. 3.8). It was seen that for the majority of CO2/CO mixtures (20–90

vol.% CO2) the surface-Fe was neither in the completely oxidized Fe2O3
state, nor the reduced Fe0 state, but in an intermediate state. This state is
dominated by Fe2+ which is significant both for Fe3O4, FeO and olivine.
These phases cannot be distinguished in these measurements. However,
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it is known that for lower CO2 concentrations, FeO is thermodynamically
favored over Fe3O4. The reduction of the Fe3O4 crystallites to smaller
FeO provides a tentative explanation of the observed decrease in Fe
surface content at around 20 vol.% CO2, preceding the C deposition.

3.4.2 Carbon

This chapter provides extensive proof of carbon build-up on the surface
of olivine after treatment in CO-containing gas. XRD shows that in
addition to the formation of metallic Fe and Fe3C, a significant amount of
crystalline graphitic material is formed. This is confirmed by SEM, where
carbon fibers can be clearly seen. The carbon formation is most efficient in
syngas, followed by water saturated syngas and pure CO. The deposition
of carbon on Fe-containing catalysts is a well-known phenomenon and
is due to the Boudouard reaction (Eq. 3.2) and the CO hydrogenation
reaction (Eq. 3.3) [31, 32]:

2CO→ CO2 +Csolid (3.2)

CO+H2 → H2O+Csolid (3.3)

In pure CO, equation 3.2 represents the only possible source of deposited
carbon, while in syngas both reactions are possible. The latter of the two
reactions have been found to be the faster source of carbon deposition on
Fe [31]. Thus the results found here with carbon build-up being fastest in
dry syngas and slowest in pure CO, are not surprising.

From the experiments with varying compositions of CO2/CO (see
Fig. 3.7 and Fig. 3.8), it is clear that carbon deposition is preceded by
reduction of Fe2+ to Fe0. This is in accordance with theoretical and
experimental observations [13, 32]. It is also predicted that there is
a narrow interval in gas composition where metallic Fe is stable but
carbon-deposition is not yet thermodynamically allowed. Furthermore,
Nordgreen et al. [13] showed that tar cracking on Fe-based catalysts
is significantly more efficient on metallic Fe than on oxides. However,
carbon-deposition by decomposition of CO and/or H2 under too reduc-
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ing conditions is of course unwanted in a practical application. Therefore,
these results suggest that the optimum gas composition, under which
Fe3O4 reduction starts but carbon-deposition is still suppressed, is be-
tween 15–20 vol.% CO2, in a CO2/CO mixture at 750

◦C.
The experiments where the catalyst was first treated in CO-containing

gas (resulting in carbon-deposition), followed by oxidation (see Fig. 3.10

and Fig. 3.11) show that deposited carbon is quickly combusted. For the
syngas-treated sample, where the surface is almost completely covered
in carbon, about one third of the deposited carbon is removed already
after one minute. After 10 minutes the carbon-level is back at what it was
before deposition. For the experiments where samples were repeatedly
exposed to cycles of O2 followed by CO, no build-up of carbon is observed
showing that the carbon deposited during CO exposure is rapidly and
completely combusted by the subsequent oxidation step.

3.4.3 Magnesium

The small quantities of MgO in the material, observed with XRD (Fig. 3.2
and Fig. 3.3), stem either from natural impurities in the mineral or from
the high-temperature pre-treatment. At the temperature used in this
study, no MgO formation is expected. However, the samples that were
not exposed to any gases at all (except for air at room temperature) or
that were exposed to water containing gas at 750

◦C, contain the smallest
amounts of MgO. This could be due to the formation/decomposition
of a magnesium hydroxide or oxalate in the presence/absence of water
[33]. This observation was not pursued further, but is pointed out as a
possible interesting follow-up of this work. Especially since presence of
MgO is usually not discussed in the context of olivine, although it is also
present in dolomite, another mineral frequently applied as a tar cracking
catalyst in biomass gasification [7, 34].

It should also be mentioned that the Mg-content at the surface, as
measured by XPS, is consistently underestimated compared to the bulk
composition. This appears to be due to an inconsistency in the Wagner
sensitivity-factors, rather than due to any real effect. However, it does not
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influence the observed trends, merely the absolute content of the element
on the surface.

3.5 concluding remarks

There are several important consequences of these observations for the
performance of olivine as a catalyst in biomass gasification. The dis-
cussion below will predominantly concern dual fluidized-bed reactors,
where the bed material/catalyst is continuously circulated from a com-
bustor to a gasifier and back again. The residence time in the combustor
and gasifier is typically on the time scales from a few seconds to several
tens of minutes.

Supported FeOx-catalyst: Olivine is not a stable material during con-
ditions typically applied in biomass gasification. It decomposes during
high temperature treatment, forming a mixture of olivine and free FeOx-
phases. The material is thus better regarded as a FeOx-catalyst, supported
on Mg2SiO4 and amorphous SiO2, than as a homogeneous material.

Oxygen transport: The presence of significant amounts of free Fe-oxide
phases allows for oxygen transport from the combustor into the gasifier,
thereby facilitating partial combustion of the biomass and/or product
gases. These experiments have showed that the Fe2O3 and Fe3O4 phases
can be completely reduced within one hour. An upper limit to the oxygen
transport can thus be estimated as follows: With the material composition
corresponding to (Mg0.93, Fe0.07)2SiO4, as calculated from elemental
analysis [9], the molar fraction of Fe is 2%. If half of this Fe is present as
free, reducible material and if all of it is reduced from Fe2O3 to metallic
Fe this would correspond to oxygen transport on the order of 1.5 molar%
of the bed material or about 1 weight%. With bed material and biomass
feeds of 6300 (kg/h) and 160 (kg/h) respectively, as reported in [2], this
gives a contribution of 63 kg oxygen per 160 kg biomass in the gasifier.
However, the oxygen transport can be limited by conditioning the gas in
the gasifier and/or in the combustor or by controlling the residence time
in the two chambers, thereby avoiding complete oxidation and reduction.
Chapter 4 will deal with oxygen transport in more detail.
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Fe-phases and catalytic activity: Several studies point to Fe as the cat-
alytically active element in olivine [3, 13]. However, different Fe-phases
catalyze different reactions. Fe2O3 is reported to catalyze soot and NOx
conversion [35], Fe3O4 is known as a good water-gas shift catalyst [32],
FeCx is suggested as the active component in Fischer-Tropsch catalysis
[36, 37] and metallic Fe is known to catalyze the Boudouard reaction and
tar decomposition [13, 32]. Therefore, the fast change in the oxidation
state of the surface Fe will dramatically influence the catalytic properties
of the material. The measurements described in this chapter demonstrate
that when an olivine catalyst leaves the combustor, the surface-Fe is
present as Fe2O3. Upon entering the gasification zone it quickly adapts
to the new gas environment. The chemical state of the surface-Fe in a
practical situation will critically depend on the gas composition and tem-
perature in the gasifier (thermodynamics). Hence, during the presence
in the gasifier the catalytic properties of the catalyst will change accord-
ingly. Whether the material reaches thermodynamic equilibrium, or is
kinetically hindered to do so, depends on the temperature and residence
time in the gasifier. Therefore, by conditioning the gas mixtures both in
the combustor and in the gasifier, the catalytic activity could be vastly
changed. In addition, steady state measurements of the activity of an
olivine catalyst for tar cracking may be quite misleading if the results
are applied to dual fluidized-bed reactors, were the residence time in the
gasifier is short.

Carbon build-up: At the extreme end of catalyst reduction, carbon build-
up on the surface is observed. In this state, the catalyst actually con-
tributes to the destruction of the product gases. Furthermore, build-up of
graphitic carbon on the surface can deactivate the catalyst for tar crack-
ing by covering the active Fe. This once again points to the importance
of properly conditioning the gas composition in the gasifier. However,
even if graphitic carbon is formed during gasification, this is quickly
combusted in air and regeneration of the catalyst is not a problem.
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4C H A P T E R

Oxygen-Transport Capabilities of Olivine

abstract

This chapter describes the capability of olivine to transport oxygen, when
it is used as a bed material in indirect biomass gasification. The iron
in olivine can act as a catalyst for the decomposition of tars, produced
during the gasification process. Moreover, iron is capable of transferring
oxygen to the gasification reactor. Mössbauer spectra show that during
oxidation, iron segregates out of the olivine matrix, forming free iron-
oxide phases. These free iron phases form metallic iron upon subsequent
reduction in hydrogen. Thermo Gravimetric Analysis (TGA) is used to
quantify oxygen-transport under alternating oxidizing/reducing condi-
tions. TGA results indicate that at least 18% of all the iron, present in
olivine, is capable of transferring oxygen on the time scale of minutes.
XPS combined with depth profiling provides insight in the dynamic be-
havior of olivine under relevant conditions. Iron enrichment at the surface
is observed; oxidized olivine has an iron rich surface layer of 400 nm. The
increased iron concentration is particularly pronounced at the outermost
surface. Upon subsequent reduction, the iron quickly redistributes in
the olivine towards the original, homogeneous distribution. This chapter
shows that oxygen transport should be taken into account when olivine
is evaluated as a catalyst for indirect biomass gasification. Furthermore,
both oxygen transport and catalytic properties are heavily dependent on
the iron phases present in the material, which in turn depend on the gas
environment.

The contents of this chapter have been published as: R.J. Lancee, A.I. Dugulan,
P.C. Thüne, H.J. Veringa, J.W. Niemantsverdriet and H.O.A. Fredriksson: Chemical Looping
Capabilities of Olivine, used as a Catalyst for Indirect Biomass Gasification, Applied Catalysis B:
Environmental 145 (2014) 216–222.
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4.1 introduction

To meet the increasing demand for renewable, CO2-neutral energy,
biomass (in particular waste products) can be used for the production of
such fuels as hydrogen, synthetic natural gas or Fischer-Tropsch diesel
[1, 2]. Conversion of biomass to fuels can be performed using the gasi-
fication process as an initial step in the conversion [3, 4]. The resulting
primary products CO, H2, CO2 and CH4 can easily be used in the present
infrastructure. Moreover, technology for converting CO and H2 into con-
ventional fuels, such as diesel, is already at hand [5]. The endothermic
gasification process is sustained by allowing partial combustion of the
biomass, usually using air. If the heat required for the endothermic gasi-
fication is not supplied by partial combustion in the gasifier section, but
instead comes from a separate combustion step, which may be integrated
in the gasification system, one speaks of indirect gasification. The main
advantages of indirect gasification are the higher heating value of the
produced gas, no N2 contamination of the product gas and that a major
part of the CO2 produced in the process is separated from the product
gases, allowing for sequestration.

In a typical indirect gasification system, a bed material is circulated
between an oxidation reactor and a gasification reactor, coupled together.
In the latter, biomass reacts with steam and is converted to a gas mixture
consisting mainly of methane, synthesis gas and CO2. The bed material,
together with the unconverted biomass fractions, tar and char, are fed
into the oxidation reactor, to heat up the bed material. The hot bed
material subsequently enters into the gasification zone to provide the
heat, necessary for gasification. In addition to the main product gases,
the gasification process always results in tar formation due to incomplete
decomposition of the biomass. Tars decrease process efficiency and can
cause fouling of downstream equipment. This constitutes a major obstacle
in the way to large scale commercialization of the technique.

Tar in the product gas can be decreased by using a reactive bed material
[6, 7, 8, 9, 10]. A widely used and investigated bed material is the naturally
occurring mineral olivine ((Mg,Fe)2SiO4) [11, 12, 13, 14], in which iron
is the catalytically active component for tar conversion [15, 16, 17, 18,
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19]. Olivine is, however, not a stable material under process conditions,
relevant for biomass gasification [14, 20]. It has been shown that iron
in olivine is highly mobile under alternating oxidizing and reducing
environments [12]; iron enrichment at the surface is observed upon
oxidation, whereas a decreased content is seen upon reduction [21].
Furthermore, the iron in olivine is oxidized in the oxidation zone and
reduced in the gasification zone, and is thereby able to transport oxygen
to the gasification zone. Oxygen-transport lowers the necessary amount
of steam for the gasification and increases tar degradation and fuel
conversion [16, 22], but it also (unwantedly) increases the CO2 content in
the gasification zone.

This chapter focuses on the role of iron in the chemical looping pro-
cess. When olivine is used as a circulating bed material, it is sequentially
exposed to different gas environments on time scales from a few seconds
to several minutes. Changes in the gas environment influence the phase
composition of olivine in general, and the surface concentration and oxi-
dation state of iron in particular. The dynamics of these effects have not
been well documented yet. The aim of this chapter is to clarify the time de-
pendent changes in olivine, (and especially the Fe-components contained
therein) in rapidly changing, yet well-defined, chemical environments.

Mössbauer spectroscopy was used to determine the distribution of
different iron species in olivine after oxidation and reduction treatments.
Furthermore, Thermo Gravimetric Analysis (TGA) is used as a valuable
characterization tool to quantify oxygen transport of olivine. To obtain
detailed information on the dynamic behavior of iron at the surface and
in the sub-surface layers under oxidizing and reducing conditions, X-ray
Photoelectron Spectroscopy (XPS) was used in combination with depth
profiling.

4.2 experimental

4.2.1 Catalyst Material and Treatments

For all experiments, natural olivine from Magnolithe GmbH was used.
A 3 h, 1600

◦C calcination in air was performed by the mineral supplier
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to improve its mechanical properties. The grain size during this pre-
calcination was on the order of 10 mm. The composition of this olivine is
well-known and extensively documented [7, 12, 13]. The iron content of
the olivine sample used in this study was determined by ICP-AES to be
6.3 wt.%.

Prior to experiments, the olivine was grinded to a powder with grain
sizes of several micrometers, as estimated from scanning electron mi-
croscopy (SEM) images. The olivine powder has a specific surface area of
0.53 m2/g [23]. This grinded olivine will be denoted as "untreated" in
this chapter.

The grinded olivine powders were treated in a quartz tube flow reactor.
Oxidation (20 vol.% O2 in Ar) and reduction (pure H2) treatments were
applied at 750

◦C. Total gas flows were set to 200 mL/min. In all experi-
ments, the samples were first heated to 750

◦C under pure Ar flow. At
this temperature, the gas flow was switched to the reactive gas mixtures
for a specified time. After treatment, the gas mixture was switched back
to Ar and the reactor was quickly cooled to room temperature.

4.2.2 Mössbauer Spectroscopy

Transmission 57Fe Mössbauer spectra were collected at room temper-
ature with a conventional constant-acceleration spectrometer using a
57Co(Rh) source. Velocity calibration was carried out using an α-Fe foil.
The Mössbauer spectra were fitted using the Mosswinn 3.0i program [24].

4.2.3 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a commonly used technique for
studying reactive gas-solid systems. For measurements, the grinded, un-
treated olivine sample (200 mg) was placed in a porous quartz glass
sample holder, connected by a platinum wire to a Sartorius 4406 bal-
ance, which measured the mass change of the sample during treatment.
Gas treatments (oxidation (air, 8 mL/min) and reduction (30% H2/N2,
8 mL/min)) were applied at 750

◦C in a home-built set-up, which is
described in more detail elsewhere [25]. In between the oxidation and



oxygen-transport capabilities of olivine 69

reduction treatment, the system was flushed with N2 for one minute to
prevent direct contact between H2 and O2.

4.2.4 X-ray Photoelectron Spectroscopy

In this chapter, X-ray Photoelectron Spectroscopy (XPS) was combined
with depth profiling. An ion gun was used to etch the sample’s surface for
a period of time before being turned off while XPS spectra were measured.
Each etch step exposes a new surface and, by evaluating the measured
XPS spectra, the elemental concentrations at that specific surface could
be determined. The objective of these experiments was to investigate the
trend in the atomic concentration values as a function of etch-time, or
sample depth.

Olivine powder samples were supported on conductive carbon tape.
XPS spectra were recorded using a Thermo Scientific K-Alpha spectro-
meter equipped with a monochromatic small-spot X-ray source and a
180

◦ double focusing hemispherical analyzer with a 128-channel detector.
Spectra were obtained using an aluminum anode (Al Kα, 1486.6 eV)
operating at 72 W and a spot size of 400 µm.

Region scans were measured at a constant pass energy of 50 eV. The
background pressure was 2 x 10

−8 mbar and during measurement
3 x 10

−7 mbar argon, because of the charge compensation dual beam
source.

Sputtering for depth profiling was done with an Ar+ ion beam energy
of 2000 eV at medium current (12 µA). The ion gun was used for 120 s for
each etch step, corresponding to a total depth per etch level of 37.2 nm
for a Ta2O5 reference.

All spectral positions were adjusted to the Si 2s peak of olivine at
153 eV [26] and analysis and quantification of the measurements were
performed using the CasaXPS software, using the Fe 3p, Mg 2p, Si 2p,
C 1s and O 1s regions.
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4.3 results

4.3.1 Mössbauer Spectroscopy

Mössbauer spectroscopy was used to quantify the changes in the iron
(oxidation) state of the olivine upon oxidizing and reducing treatments.
The spectra are presented in figure 4.1. The detailed fitting parameters
and spectral contribution of the different iron species are presented in
table 4.1.
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Figure 4.1: 57Fe Mössbauer spectra of the as received, untreated olivine (a), olivine
which has been oxidized for 1 h (b) and olivine which has first been oxidized for
1 h and then reduced for 1 h (c). Subspectra of different components are indicated
at the top and the nomenclature is explained in table 4.1
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Fitting of the spectra in Fig. 4.1 required the use of two doublets and
four sextuplets. The two doublets are attributed to Fe2+ in the olivine
phase (D1) and Fe3+ in superparamagnetic hematite (D2), respectively
[20]. Of the four sextuplets, the first two (S1 and S2) are identified as be-
longing to Fe3+ in octahedral and tetrahedral sites of the spinel structure
of magnesioferrite (MgFe2O4) [12, 27]. Sextuplet 3 can be attributed to
hematite and the fourth sextuplet corresponds to metallic Fe.

The dominant contribution (56%) in the spectrum of the untreated
olivine sample is a doublet with an isomer shift (IS) of 1.12 mm/s and a
quadrupole splitting (QS) of 2.92 mm/s, attributed to Fe2+ in the olivine
structure [13]. About 40% of the Fe atoms are present as two magnetic
sextuplets (S1 and S2) that can be attributed to Fe3+ in octahedral and
tetrahedral sites of the spinel structure of magnesioferrite (MgFe2O4)
or Fe3O4 [12, 27]. A small contribution (5%) of a doublet with IS =
0.42 mm/s, assigned to superparamagnetic maghemite (γ-Fe2O3), is also
observed. This Fe3+-phase is known to form from the olivine structure,
when olivine is oxidized in air in the range of 600–900

◦C [20].
After the oxidation treatment at 750

◦C for 1 h (Fig. 4.1b), more than
half (51%) of the iron, is present in the form of free iron-oxides. 10%
of the Fe atoms are present as a sextuplet with IS = 0.37 mm/s, QS =
–0.14 mm/s and H (Hyperfine field) = 50.4 T, values corresponding well
with those reported for Fe3+ in hematite (α-Fe2O3) [10]. The spectral
contribution of the doublet, originating from paramagnetic hematite
increases slightly.

After subsequent reduction (Fig. 4.1c), the dominating change is that
27% of the Fe is reduced to metallic Fe0. It is also evident that parts of the
Fe3+ species are reintegrated in the olivine structure as Fe2+, the initial
olivine spectrum being recovered. The two sextuplets, originating from
the magnesioferrite, have disappeared. The remaining Fe3+ magnetic
contribution can at least partially be assigned to hematite, while the
presence of remnant magnesioferrite structures cannot be ruled out.
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Figure 4.2: Mass change of an 1 h pre-oxidized olivine sample (200 mg) during
continous oxidation (Air, 180 s) and reduction (30% H2/He, 60 s) cycles at 750

◦C,
with intermediate N2 flush

4.3.2 Thermogravimetric Analysis

Figure 4.2 shows the results of the Thermogravimetric Analysis (TGA)
of an olivine sample under conditions simulating circulation between a
gasification zone (reducing conditions) and an oxidation zone (oxidizing
conditions) of an indirect gasification reactor. Oxidation and reduction
times were chosen as 180 s and 60 s, respectively, to represent the condi-
tions in an indirect gasifier with a riser reactor as the gasification zone
and a bubbling fluidized bed as the oxidation zone, as applied in the
ECN MILENA process [28].

At time t=0 min, the olivine was already oxidized in-situ for 1 h
at 750

◦C. When the gas-environment was switched from oxidizing to
reducing conditions, the mass of the sample decreased with 1 mg. After
60 s, the gas environment was switched back to oxidizing conditions and
the mass of the sample reached its initial value after 180 s. In total 20

oxidation/reduction cycles were done, and the weight loss showed less
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than 2% difference during these 20 cycles. The apparent change in weight
during the N2 flush is a result of fluctuations in the gas flow-rate and
density and does thus not correspond to any real change in weight of
the sample material. The spikes just before and after flushing are also
due to the switching of gas flows. This part of the experimental cycle is
therefore not considered in the analysis.

The mass change during each cycle is a measure for oxygen-transport.
Since this change is 1.0 mg in each cycle and the amount of sample is
200 mg, the oxygen transport under these conditions amounts to 0.5 wt.%
of the bed material.

The mass changes during oxidation and reduction can be divided into
two separate processes; 1) a very fast process, where 80% of the total
mass change during the treatment is realized in just 5 seconds and 2)
a slower, converging change of the mass with time, until the respective
treatment is ended.

4.3.3 X-ray Photoelectron Spectroscopy

To study the composition of the outermost layers of olivine, XPS has been
used in combination with depth profiling. Although XPS is a surface
sensitive technique, which probes the first few nanometers of the sample,
a depth profile can be obtained by combining a sequence of ion gun etch
cycles with intermediate XPS analysis of the current surface.

Fig. 4.3 shows the depth profile of the untreated olivine sample. Apart
from the elements present in olivine, Fe, Mg, Si and O, a significant
amount of carbon is detected at the outer surface (etch level = 0). This
is due to carbonaceous contaminations, deposited on the sample during
sample transfer under ambient conditions, which are frequently mea-
sured by XPS. The surface carbon is largely removed during the first
ion gun etch. This results in an increase of the concentration of all other
elements, indicating that the carbon was homogeneously distributed on
the surface of the olivine. After further etching, the concentrations do not
change significantly, which shows that the elemental composition of the
untreated olivine is homogeneous as a function of sample depth.
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Figure 4.3: Atomic concentration of the elements present in untreated olivine, as a
function of sample depth. Each etch level corresponds to approximately 35 nm
sample depth

Figure 4.4 shows the depth profiles of oxidized and oxidized-reduced
olivine. The concentration of the elements, present in olivine, is shown as
a function of the etch level. When olivine is oxidized, the iron concentra-
tion at the surface (etch level = 0) increases significantly. When olivine is
subsequently reduced, the iron concentration decreases again, to similar
values as in the untreated olivine. XPS depth profiling yields valuable
information on the dynamics of these surface layers.

After oxidation treatments, the concentration of iron decreases with
increasing etch time. This shows that the iron is not homogeneously
distributed throughout the sample, but that the surface of the particles is
richer in iron than the bulk. This iron enrichment is observed at two time
scales; both for 1 min and 1 h of oxidation treatment. After oxidation for
1 hour (solid red lines), the concentration of iron at the outermost surface
is increased to 5.8%. During several etching steps, the iron concentration
decreases exponentially to a value of 2%. This corresponds to an iron rich
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layer of approximately 400 nm, where the iron concentration is twice as
high as in the untreated olivine, using the etch-rates for a Ta2O5 reference
to convert the sputtering time to distance.

When the oxidized olivine is reduced for 1 minute (dashed blue lines),
the iron concentration at the surface decreases immediately to 3.6%. The
depth profile shows that only the iron concentration close to the particle
surface is affected by this short reduction. After three etching steps,
the concentration resembles the respective iron concentration of the 1

h oxidized olivine. Longer reduction time (solid blue lines) results in
a lower iron concentration, which is homogeneously distributed with
respect to the sample depth. The amount of iron in these surface layers
closely resembles the iron concentration at the surface of the untreated
olivine.

Whereas the iron concentration at the surface increases upon oxidation,
decreasing concentrations of Mg and Si are observed. The depth profiles
show increasing concentrations of the latter two elements with prolonged
etching. At increased sample depth, the Mg and Si concentrations are
slightly larger compared to their bulk concentrations in the untreated
olivine, indicated by the black dashed lines. An interesting observation
is that the concentrations of Fe and Si in the depth profiles appear to be
each other’s mirror image. This holds true, to a lesser extent, for the Mg
and O concentrations as well.

Another observation is the difference between Mg and Si concentra-
tions in the pre-oxidized, 1 min reduced sample (dashed blue lines),
compared to the 1 h oxidized sample (solid red lines). The depth profiles
of both samples have similar Mg concentrations with respect to sample
depth. On the other hand, the silicon depth profile for the one minute
reduced sample looks markedly different from the 1 h oxidized one. After
reduction of the pre-oxidized olivine for 1 min, the Si concentration at
the surface is significantly higher than before this short reduction.

In other words, on the short time scale, Si is exchanged with Fe at
the surface in the first stages of olivine reduction. In the longer run, Fe
exchanges with Mg as well. The depth profiles of the pre-oxidized, 1 h
reduced sample show a significantly decreased surface concentration of
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Figure 4.5: Atomic concentration of the elements present in olivine, as a function
of sample depth. The sample has been oxidized for 1h and subsequently exposed
to oxidation (180 s) and reduction (60 s) treatments in the TGA at 750

◦C (20 cycles
in total). Each etch level corresponds to approximately 35 nm sample depth

Mg and an increased concentration of O, compared to the concentrations
at increased etching time.

An additional XPS depth profile study was carried out (Fig. 4.5) for a
1h pre-oxidized olivine sample, after 20 oxidation-reduction cycles in the
TGA, to check if the trends, presented in Fig. 4.4, are influenced by the
oxidation-reduction cycles. The sample was cooled down after the 21

st

oxidation treatment. The iron surface concentration was only marginally
higher (6.5%), compared to the 1 h oxidized olivine (5.8%). All other
elements also showed comparable distributions. This demonstrates that,
although the sample which has undergone repeated redox cycles was
exposed to air for an additional hour during the TGA measurement, the
trends for the 1h oxidized olivine, shown in Figure 4.4, are also present
when olivine has undergone repeated redox cycles.
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4.4 discussion

The results presented in this chapter provide a great deal of information
about changes in the phase composition of olivine, treated in different
gas environments. The combination of these three techniques, Mössbauer
spectroscopy, TGA and XPS depth profiling gives unique insight into
phase changes, both in space and time. In particular, the former two
techniques give quantitative insight into the phase changes, whereas
the latter provides information about sample homogeneity and spatial
distribution of the elements.

4.4.1 Oxygen-Transport

The TGA measurement (Fig. 4.2) can be used to determine the fraction of
iron, actively participating in oxidation and reduction upon exposure to
different gases. This determines the materials capability of transferring
oxygen from the oxidation zone to the reduction zone. It is assumed that
the near surface iron species, participating in these reactions, are Fe2O3
and Fe0. The assumption is based both on the results presented here, the
results of chapter 3 and on previously reported XPS, XRD and Mössbauer
analysis [10, 12, 23]. Although it is clear that full conversion of Fe2O3
to Fe0 is not expected in a real system, using this assumption, a lower
limit to the fraction of Fe that participates in the redox reactions can be
determined. Moreover, it is realized that pure H2 does not represent an
industrial gas environment. However, the product gas of industrial scale
indirect gasifiers consists of 40% H2 and 25% CO [14], which has a very
high reducing power as well. H2 was chosen for this model study, because
reduction by gases containing carbon gives unwanted side-effects, e.g.
carbon deposition.

The total mass change in each reduction/oxidation step is 1.0 mg. Since
the used gases are free of contaminants, it is assumed that only addition
or removal of oxygen causes this mass change. For the Fe2O3/Fe0 redox
couple, 1.5 moles of atomic oxygen react with each mole of free Fe, or
using the respective molar masses, 2.33 mg Fe for 1.0 mg of O. The
absolute amount of iron in the sample is 12.6 mg (200 mg sample with
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6.3 wt.% Fe). With these numbers, it can be calculated that, under these
conditions, 18.5% of all the iron present in olivine is participating is this
redox process.

4.4.2 Reversibility of Phase Changes

Results obtained by Mössbauer spectroscopy (Fig. 4.1, Table 4.1) show
that almost half (44%) of the iron in the (in this study) untreated olivine
is already driven out of the olivine matrix, through the pre-treatment
applied by the mineral supplier. This free iron phase exists predominantly
as the Fe3+ spinel structure of MgFe2O4. Despite the relatively low
oxidation temperature of 750

◦C, applied in this study, another 7% of
Fe is extracted from the olivine matrix during oxidation treatment. A
decreased spectral contribution of the spinel phase after oxidation is
also observed. A simultaneous increase in the hematite phase indicates a
conversion of the olivine and spinel phases to hematite.

Previous research [12] shows that exclusion of Fe from olivine is signif-
icant at temperatures above 1100

◦C. Taken into account that the mineral
supplier already treated this olivine at 1600

◦C for several hours, it may
seem counter intuitive that additional Fe exclusion is observed at 750

◦C.
The 1600

◦C pre-treatment was however done prior to grinding. During
grinding, grain boundaries break up and fresh surfaces are created. These
new surfaces are in direct contact with the surrounding gas environment.
The observed phenomenon can thus be thought of as a surface effect.

Another important observation is that the extraction of iron out of the
olivine matrix during oxidation is a reversible process; after reduction,
the spectral contribution of the olivine phase is the same, 56%, as it was
in the untreated material. However, the hematite phases and a significant
amount of the iron present as spinel phase are converted into metallic
Fe0 during reduction. This shows that there is only a partial reversibility
of the phase composition upon reduction and that the material does not
return to the original, untreated state.
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4.4.3 Sample Homogeneity

The elemental concentrations in the untreated olivine, as a function of
sample depth, as observed in XPS depth profiling (Fig. 4.3), show a ho-
mogeneous distribution of the constituting elements. This implies that
the relative fraction of olivine and magnesioferrite is the same, through-
out the bulk of the sample. Hence, the complete disappearance of the
magnesioferrite upon reduction, as observed in Mössbauer spectroscopy,
suggests that the phase changes are significant. The changes are not only
happening at the surface, but also in the bulk of the material.

The observation that the untreated material is homogeneous, might at
first glance seem to be in contradiction with chapter 3, showing that the
olivine is better regarded as a FeOx-catalyst, supported on Mg2SiO4 and
amorphous SiO2, than as a homogeneous material. Different domains
in olivine should indeed show different elemental concentrations up
to the meso scale (1–100 µm). However, the XPS measurements are
performed with a circular analysis area with a diameter of 400 µm.
All elemental concentrations are averaged out over this area, resulting
in homogeneous concentrations of the elements on this macro scale.
However, after oxidation and reduction treatments, homogeneity is no
longer observed in the direction perpendicular to the surface. It should
be noted that in this direction the spatial resolution is not limited by the
spot size but by the Ar-etching process. In the experiments presented
here, each etch step is approximately 35 nm.

4.4.4 Redox Kinetics and Diffusion

From the TGA data, it is evident that the mass changes during oxidation
and reduction can be divided into two separate processes; one fast, on
the timescale of a few seconds and a slower, continuous process, on
the timescale of several minutes. The results from XPS-depth profiling
(Fig. 4.4) show a similar division into a fast and a slow process. The
change in elemental composition of the surface layers, as a response to ox-
idizing and reducing gas treatments at 750

◦C, differs both quantitatively
and qualitatively for 1 min and 1 h treatments.
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Short Term

The most obvious effect of the shorter treatments is a surface enrichment
and depletion of Fe. After the oxidizing treatment, more Fe is observed at
the surface, whereas a subsequent reduction quickly reduces the amount
of surface Fe. After the 1 min treatments, only the upper surface layer
of the material is affected, whereas changes in the bulk are insignificant.
Fe increases/decreases predominantly at the expense of Si. It is also
observed that Fe species at the surface change oxidation state, from fully
oxidized Fe3+ to largely reduced Fe2+/Fe0 state already after 1 min of
reduction, in agreement with chapter 3.

These observations, together with the fast mass changes observed with
TGA, suggest oxidation/reduction of surface iron, excluded from Si-rich
areas in the olivine. Iron oxide particles, present at the surface of the
material, are in direct contact with the gas atmosphere and can therefore
respond quickly to changes in the gas environment. The formation of
iron oxide crystallites, supported on a Si-rich background, would show as
increased presence of Fe at the expense of Si. When these iron oxide crys-
tallites are reduced, their size will quickly decrease, thereby re-exposing
Si at the surface.

Although the gas composition in a real gasification system will be less
reducing than the gas used in the TGA measurements, these results show
that olivine, and especially iron, is a very dynamic material on the time
scale of seconds. With the changing oxidation state of iron, its catalytic
properties change as well. Therefore, different reactions will be catalyzed,
depending on the catalysts residence time in the gasification zone. In
particular, fast reduction of iron to its metallic state is beneficial for the
removal of tars from the producer gas, since metallic iron catalyzes tar-
cracking at process conditions, relevant for biomass gasification [15, 18].

Furthermore, the fast iron enrichment at fresh surfaces is an important
observation in view of the use of olivine in fluidized-bed reactors. During
use, the grain sizes will decrease, as a result of attrition, and new, fresh
surfaces will be exposed to the gas environment. This attrition could ac-
tually result in a more active olivine, since more iron is quickly extracted
from the olivine matrix to the surface when smaller particles are formed.
The catalytically active surface area is hereby increased. Indeed, Rapagna
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et al. reported an increasing H2-concentration in the product-gas as a
function of time on stream, when untreated olivine was used as bed
material [6], although it was not clear from their study whether this
increase could be attributed to increasing iron surface area.

Long Term

The XPS depth profiles show that changes in composition are largest at the
surface, both in the long term and in the short term perspective. However,
the long term treatments influence the elemental composition in the
entire probed depth of almost ∼400 nm. After oxidation for 1 h, the iron
concentration increases exponentially from the bulk to the surface of the
particle. When the 1 h oxidized olivine is subsequently reduced, the iron
concentration in the upper layer decreases. This results in a homogeneous
iron concentration in the upper layers after 1 h of reduction, in line
with the bulk concentration of the untreated olivine. In the long term,
Fe increases/decreases at the expense of both Si and Mg. In addition,
an increase/decrease in subsurface oxygen can be observed, inversely
correlated to the Mg content.

Olivine is considered to be a non-porous material [7, 12, 21]. Therefore,
reduction or oxidation of material inside the particles is likely to be
diffusion limited, since gases cannot easily penetrate the solid particles.
However, the complete conversion of the spinel MgFe2O4 upon reduction
in H2, together with the homogeneity of the untreated material, as
observed with Mössbauer spectroscopy and XPS, respectively, suggest
that the bulk of the material is affected as well as the surface. It is therefore
likely that the slower changes, observed both in TGA and XPS, are due
to diffusion limited reduction and oxidation reactions in the bulk of the
material.

A plausible explanation for the ongoing bulk phase changes, in spite
of the non-porous nature of olivine, is the formation of cracks, caused by
rapid morphological changes. Swierczynski et al. have observed that long,
rodlike iron oxide precipitates are formed inside the olivine particles
upon oxidation [12]. When this iron oxide reduces, it creates a hollow
pore, or crack, inside the particle. These cracks have diameters up to
several micrometers and make it possible for gases to migrate in and out
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of the particles. Moreover, Bleeker et al. have reported substantial internal
self diffusion in iron oxide during continuous redox cycles, which seemed
to speed up densification and internal sintering, causing cracks in the
material [29].

The increase of Fe in the subsurface layer suggests a net migration
of Fe towards the surface from the bulk of the material, presumably
through defects in the crystal structure and/or at the surfaces of cracks
and imperfections in the material, as discussed above. The simultaneous
decrease in both Mg and Si content suggests that on the long term, Fe
migrates through both Fe- and Mg-rich domains of the material.

A tentative explanation of the higher surface content of iron observed
during oxidizing than during reducing conditions can be found by consid-
ering the thermodynamics of the system. Calculations show that Fe3O4,
SiO2, pyroxene and olivine are expected after treatment in oxidizing
environments [30]. The same phases are expected under reducing condi-
tions, with the exception that metallic Fe is expected instead of Fe3O4.
Furthermore, the surface free energy of iron oxide is lower than that of
metallic Fe [31, 32]. Therefore, a larger energy gain is associated with
bringing Fe to the surface during oxidizing conditions (as iron oxide)
than during reduction (as metallic Fe). More Fe is thus expected at the
surface under oxidizing conditions, as observed.

An inverse correlation between O and Mg-content is also noted, es-
pecially at the outermost surface layer. This may be due to preferential
oxidation/hydroxylation of Mg-rich domains in the material. Such an
effect would help explaining the surprisingly low Mg surface content
observed, both here and in chapter 3.

4.4.5 Surface Oxide Formation

Finally, it should be noted that all measurements presented in this chapter
were done ex-situ. The samples were exposed to air upon transfer from
the reaction chamber to each of the used analysis instruments. This
is particularly important for the reduced samples. Even if these were
completely reduced to Fe0 after the treatment, surface re-oxidation is to
be expected in air at room temperature. It is therefore likely that, at least
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part of the Fe3+, observed in the Mössbauer spectrum of the reduced
sample, is due to an amorphous surface oxide. A surface oxide is indeed
observed in the XPS-spectra of iron, even for the reduced samples. The
iron in the depth profiles of the reduced samples shows an oxide at the
outer surface layer, but the iron in the inner layers is largely metallic.
Surface oxides can also be seen from the sharp increase in the oxygen
concentration at the surface. The excess oxygen is removed after one
etching step, indicating that the surface oxide layer is thinner than 35 nm.

Analysis of the oxidation state of Fe-compounds from the depth profiles
indicates sub-surface reduction of Fe2O3 to Fe3O4 and even metallic Fe,
which, for the oxidized samples, is in contradiction with the Mössbauer
measurements. However, it is known that, during sputtering experiments,
the oxidation state of iron decreases with increasing etching time [33, 34],
due to preferential sputtering of the oxygen atoms. Therefore, analysis of
the Fe oxidation states from these measurements is not discussed in this
chapter.

4.5 conclusion

Various characterization tools were used in order to investigate the capa-
bility of Austrian olivine to transport oxygen. This material is frequently
used as a reactive bed material in indirect biomass gasification.

Mössbauer spectroscopy confirmed that in the investigated Austrian
olivine almost half of the iron exists in the form of free iron oxides.
Oxidation at 750

◦C increases the content of free iron oxide phases from
44 to 51%. Part of the iron oxide phases reduce to metallic iron upon
reduction, but a small fraction is reintegrated back into the Fe2+ phase
of olivine.

TGA showed that olivine can transport 0.5 wt.% of oxygen and that
the material is oxidized and reduced on two distinctly different time
scales. The fast process is responsible for 80% of the mass changes and is
attributed to surface oxidation/reduction. It was estimated that 18.5% of
all the iron present in olivine contributes to the oxygen transport on time
scales of one to several minutes.
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XPS depth profiling showed that upon oxidation, an iron rich surface
layer of at least ∼400 nm thick is formed. This iron enrichment is a
reversible process; when oxidized olivine is reduced, the iron surface
concentration decreases to similar values, as in the untreated olivine. In
similarity with the TGA results, elemental changes in the near surface
region occur on two time scales. The fast process of Fe enrichment at
the expense of Si is attributed to the oxidation of near surface Fe. The
slower, sub-surface process of Fe enrichment at the expense of Si and Mg
is attributed to migration of iron through the sample.

Based on these results, it can be concluded that olivine transports a
significant amount of oxygen on times scales, relevant for industrial pro-
cesses. Changing process conditions influence the iron concentration at
the surface and sub-surface layers. Hence, the oxygen transport capability,
as well as the catalytic properties of olivine are heavily dependent on
the process conditions, as these conditions determine the composition of
olivine, especially in the near surface region.
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5C H A P T E R

Coating Formation and Influence
on Reactivity

abstract

Formation of a coating layer on olivine, due to interaction of bed material
with biomass ash, has been observed during biomass gasification in dual
fluidized-bed gasifiers. This Ca-rich layer builds-up in time, increases tar
conversion and enhances hydrogen production. The research described
is this chapter focusses on the nature of this bed material coating and the
influence of the coating on the reactivity of bed material is investigated.

Olivine, which was coated by calcium during continuous use as bed
material in an indirect gasification system, was extensively characterized
by SEM-EDS and XPS, and the WGS activity was tested in a fixed-bed
reactor. SEM-EDS analysis showed that already after 30 h of biomass
gasification, a surface layer, containing calcium and potassium, is formed
on olivine. XPS depth profiling showed that this Ca-rich surface layer
also contained carbonate species and is at least 0.5 micrometer thick.

A mechanism for the coating of the bed material is proposed, involving
iron segregation to the surface during the first stages of use of olivine as
a bed material. Ash compounds are incorporated in this surface layer, in
which Fe is still mobile and K is able to penetrate deep into the particles,
because of its volatility.

The WGS-activity of the coated material is almost a factor 5 higher
than that of uncoated olivine. Biomass ash compounds were also found
to be WGS active and are known to be active towards tar reduction as
well.

89
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5.1 introduction

Biomass has received more and more attention over the recent years as a
source of renewable, CO2 neutral energy. Biomass can be converted to a
broad range of fuels and chemicals in several different ways: biochemi-
cally via digestion or fermentation or thermochemically via torrefaction,
pyrolysis or gasification [1]. Since gasification is an efficient technology
for large-scale biomass conversion [2], it is often the technology of choice
for the production of synthetic natural gas (SNG) or synthesis gas [3].

Because of the fuel flexibility for different kinds of biomass, fluidized-
bed gasification is preferred for biomass [4, 5]. However, a major disad-
vantage of conventional biomass gasification is the high concentration of
N2 in the product gas, resulting from the partial combustion of biomass
with air to produce heat, or the high cost of an air separation unit, when
pure O2 is used for the combustion. This can be avoided by using indirect
fluidized-bed gasification [6]. ECN has developed the MILENA indirect
gasification process, where gasification and combustion take place in
separate chambers in the same reactor [7]. A circulating bed material
is used to transport the heat from the combustion zone to the gasifica-
tion zone. Although this approach avoids the problems associated with
N2, one of the main problems associated with biomass gasification still
remains, namely the formation of tars.

To prevent problems caused by tar-formation during gasification, sev-
eral active bed materials for tar reforming have been proposed, including
the minerals dolomite (CaO-MgO) and olivine ((Mg,Fe)2SiO4) [8]. Al-
though dolomite is generally considered to be more active towards tar
reduction [9], it is soft and suffers from severe attrition during circulation
between the combustion and gasification chambers. Olivine, which is
less active, but much harder, is therefore a widely used bed material for
catalytic cracking of tars in dual fluidized bed reactors [7, 10]. However,
both process conditions and mineral properties are important for the
performance of olivine in the gasification process. Both the elemental
composition, addition of Fe and high temperature treatments influence
the catalytic properties of this mineral [11, 12]. Moreover, olivine is not a
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stable material under process conditions relevant for biomass gasification
[13, 14, 15].

After extensive use of olivine in indirect biomass gasification reactors,
Ca-rich coating formation has been observed [16, 17, 18], due to interac-
tion of the bed material with biomass ash. It has been reported that this
bed material coating increases tar conversion and enhances hydrogen
production [19].

Furthermore, is has been shown that CaO itself can act as a catalyst
during gasification of biomass as well [20]. Several studies have shown a
catalytic effect of CaO towards tar reforming in fluidized-bed gasifiers
[21, 22, 23].

If calcium-coated olivine is used as the bed material in indirect biomass
gasification, the hydrogen concentration in product gas increases and the
concentration of tars decreases [24, 19]. Moreover, Kern et al. showed that
spent olivine with a coating layer containing calcium, was able to increase
the CO conversion in the WGS reaction to around 38%, compared to only
2% for fresh olivine [25]. The similar activity of used olivine and CaO
(despite a difference in CaO content) was attributed to the presence of
potassium in the coating.

Potassium and other alkaline and alkaline earth metal compounds are
regularly investigated as catalysts for biomass conversion [26, 27, 28] and
show activity towards hydrogen production and tar reduction.

Calcium can be present both as CaO or as CaCO3 and the former can
react with CO2 to form the latter via:

CaO(s) +CO2(g)� CaCO3(s) (5.1)

This CO2 uptake can be utilized for the production of extra hydrogen via
the water-gas shift (WGS) reaction:

CO+H2O� H2 +CO2 (5.2)

The removal of CO2 by CaO shifts the WGS equilibrium to the hydrogen
side according Le Chatelier’s principle. These properties of calcium
oxide can be used for both CO2 capture [29] and enhanced hydrogen
production from biomass [30]. In a chemical looping process, CaO can be
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regenerated by calcination of CaCO3 in a different reactor. This calcium-
based chemical looping can be applied to the indirect biomass gasification
process, as described by Koppatz et al. [31] and Udomsirichakorn and
Salam [32].

The aim of the research described in this chapter is to investigate the
chemical composition of the coating layer, deposited on olivine during
indirect biomass gasification, and the influence of the coating on the
reactivity of the bed material with respect to enhanced hydrogen produc-
tion via the WGS reaction. The chemical composition of the coating was
studied by Scanning Electron Microscopy in combination with elemental
mapping and X-ray Photoelectron Spectroscopy in combination with
depth profiling. The activity of the coating towards the WGS reaction
was tested in a fixed-bed reactor and the results were compared with
olivine, which was not previously used during biomass gasification, and
a sample of pure calcite (CaO). Since the coating is deposited on the bed
material by interaction with ash from the biomass, a sample of ash from
beechwood was tested for its WGS activity as well.

5.2 experimental

5.2.1 Materials

Natural olivine from Magnolithe GmbH was used for all experiments.
Untreated olivine refers to this olivine after a 3 h, 1600

◦C calcination
in air, which was performed by the mineral supplier to improve its
mechanical properties. Subsequently, it was grinded down to a powder
with particle diameters typically between 100 and 500 micrometer and
a BET surface area of 0.18 m2/g. The composition of this olivine is
well-known and extensively documented [13, 15, 33].

Used olivine in this chapter refers to untreated Austrian olivine, which
has been used for 30 h in a pilot plant by ECN [18]. The particle size of
this sample had a broad distribution between 200 - 1000 micrometer and
the BET surface area was 0.31 m2/g.

Biomass ash is defined here as the residue after treatment of a beech-
wood sample (Rettenmaier) for 6 h in an H2O/Ar (3 vol.%) flow at
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800
◦C. The ash content of this beechwood is 1.0 wt.% on dry basis [7].

The ash particles had a porous structure with sizes ranging from 1 to
50 micrometer.

CaO powder from Sigma Aldrich with particle diameters ranging from
10 - 50 micrometer was used without further modification.

5.2.2 Characterization

For X-ray Photoelectron Spectroscopy (XPS), samples were supported
on conductive carbon tape and spectra were recorded using a Thermo
Scientific K-Alpha spectrometer equipped with a monochromatic small-
spot X-ray source and a 180

◦ double focusing hemispherical analyzer
with a 128-channel detector. Spectra were obtained using an aluminum
anode (Al Kα, 1486.6 eV) operating at 72 W.

Survey scans were measured at a pass energy of 200 eV and region
scans at a pass energy of 50 eV. The background pressure was 2 x 10

−8

mbar and during measurement 3 x 10
−7 mbar argon, because of the

charge compensating dual beam source.
Etching for depth profiling was done with an Ar+ ion beam energy of

2000 eV at medium current (12 µA). The ion gun was used for 120 s for
each etch step, corresponding to a total depth per etch level of 37.2 nm
for a Ta2O5 reference.

Analysis and quantification of the spectra were performed using the
CasaXPS software version 2.3.16, using the Fe 3p, Mg 2p, Si 2p, C 1s,
K 2p, Ca 2p, O 1s and Mn 2p regions.

For SEM-EDS analysis, the sample was embedded in a two-component
resin (Struers EpoFix) and subsequently sanded and polished in the
absence of water. The pictures were taken on a Hitachi SU-70 Field
Emission SEM. The accelerating voltage was 15 kV and the working
distance 15 mm. EDS analysis was done using an Oxford Instruments
Type X-Max detector.

The SEM picture of the used olivine particles (Fig. 5.2) was taken using
a FEI Quanta 3D FEG dual beam.
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5.2.3 Water-gas Shift Activity Measurements

Water-gas shift (WGS) activity measurements were carried out in quartz
tubular fixed-bed reactor with an 6 mm inner diameter. The sample
(25 mg for each experiment) was kept in the middle of the reactor by
quartz wool at both sides of the sample, resulting in a bed height of 2 - 4

mm. The sample temperature was controlled using a thermocouple close
to the catalyst bed.

The reactor was heated to 500
◦C (10

◦C/min) in Ar (200 mL/min) and
after the temperature of the bed reached 500

◦C, the feed was switched
to a 3/3/94 vol.% CO/H2O/Ar mixture (200 mL/min). The H2O was
added by passing the CO/Ar stream through a bubbler, containing
deionized water and the water concentration was measured using a
Mitchell instruments, MDM300 advanced dewpoint hygrometer.

The outlet gas composition was measured on-line using a Pfeiffer
Vacuum THERMOStar GSD 320 mass spectrometer. After 10 minutes,
the activity was constant and the hydrogen production was determined
as mass 2 divided by mass 40 (Ar) in the outlet gas stream, averaged over
20 measurement points in 10 s. Then, the temperature was increased by
100

◦C (10
◦C/min) and the activity was measured at 600, 700 and 800

◦C
in the same way.

5.3 results

5.3.1 Nature of Bed Material Coating

Figure 5.1 shows a backscatter SEM image of a cross-section of an olivine
particle after 30 h of use as a bed material during biomass gasification. At
the outer surface of the particle, a porous layer with a thickness of a few
µm is visible, as well as cracks and inclusions inside the particle. This
has been observed in previous studies and is attributed to the formation
of a bed material coating due to the interaction of olivine with biomass
ash particles [16, 17, 25].

Figure 5.2 shows a SEM picture of used olivine particles, where two
types of surfaces are seen. On the left, one side of the particle has a
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Figure 5.1: SEM image of the cross-section of an olivine particle, used for 30 h
during indirect biomass gasification

smooth surface, whereas the surface at the top of the picture is covered
with deposits, which have a porous structure. These deposits also appear
at the surface of the particle at bottom right of the picture.

Figure 5.2: SEM image of used olivine particles
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Figure 5.3: Elemental mapping of an used olivine particle by SEM-EDS

A more detailed analysis of the particle is presented in figure 5.3, which
shows the elemental mapping of the same particle for the elements Mg,
Fe, Ca, K, O and Si by energy filtered EDS analysis.

Magnesium and iron, two of the main constituents of olivine, are not
homogeneously distributed in the particle, but are present in distinc-
tively different domains. On the other hand, oxygen and silicon show
a homogeneous distribution inside the particle. The iron-rich domains
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correspond to the brighter fields in Fig. 5.1 as well, since Fe is a heavier
element compared to Mg. Moreover, surface enrichment of iron can be
observed in Fig. 5.3, in agreement with previous research [13, 14, 18, 34].

Furthermore, clearly a free iron phase, as described in chapter 4, can
be seen in the middle bottom, where Fe and O are present, but Mg and
Si to a much lesser extent. This indicates an Fe-oxide or MgFe2O4 phase,
able to participate in i.e. oxygen transport [14].

Calcium is only present at the outer surface of the particle and is
thus a major constituent of the porous coating of the particle. Potassium
is the only other element that could be detected by EDS which does
not originate from olivine ((Mg,Fe)2SiO4) itself. It is mostly present in
iron-rich areas inside the particle and at the outermost surface.

To study the chemical composition of the coating layer, XPS has been
used in combination with depth profiling. Figure 5.4 shows an XPS depth
profile of a used olivine particle, where the atomic concentrations of
the main elements found are plotted as a function of etch time, which
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Figure 5.4: Atomic concentrations of elements present in a particle of used olivine,
as a function of sample depth. Each measurement point (120 s etching) corresponds
to approximately 35 nm sample depth
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corresponds to the sample depth. The calcium concentration does not
change significantly as a function of analyzed sample depth, indicating
that the Ca-rich surface layer is uniform and has a thickness of at least
0.5 µm.

The potassium concentration, on the other hand, is not uniformly
distributed in the surface layer of the coating; the relative amount of K
present decreases exponentially from 7 atom % at the outer surface of the
particles to about 2% already after a few hundred nanometers into the
surface layer.

The atomic surface concentrations of silicon and oxygen do not vary
much with increasing etching, indicating that Si and O are homoge-
neously distributed throughout the sample, in agreement with the ob-
servations in the SEM-EDS images. The iron concentration at the surface
(etch time = 0) is significantly higher compared to fresh olivine [14] and
the iron concentration in the subsurface layers (etch time > 120 s) does
not decrease exponentially, pointing to a homogeneous iron enriched
surface layer with a thickness of at least 0.5 µm, in agreement with the
SEM-EDS analysis.

An interesting observation is that, after 120 s etch time, Fe and Mg
appear to be each other’s mirror images. The deviation from this trend at
the outer surface can be explained by the high potassium concentration at
the outermost surface, which is largely removed during the first etching
step. As a result of this, all other elements, except oxygen, increase in
relative concentration.

5.3.2 Influence of the Coating on the Reactivity of the Bed Material

The samples used for the activity measurements have been characterized
with XPS to study their chemical composition, as shown in figure 5.5, and
the atomic concentrations derived from these spectra are presented in
table 5.1. The spectra identify the elements present from approximately
0.5 atom%. The main peak for each element found is indicated at the top.

Fresh olivine shows only peaks from elements present in (Mg,Fe)2SiO4.
These peaks can be found in the spectrum of used olivine as well, but
furthermore, a K 2p peak can be seen around 295 eV and to a lesser
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Figure 5.5: XPS wide scans of the samples which were used for WGS-activity
measurements

extent, a small Ca 2s peak at 438 eV and a Ca 2p peak at 350 eV, which
overlaps largely with a magnesium KLL Auger line.

The CaO sample only shows peaks for calcium, oxygen and carbon,
both as adventitious carbon and as carbonate. This carbonate was also

Table 5.1: Atomic concentrations in % of the samples, used for WGS-activity
measurements

Fe Mg Si O Ca K C∗ Mn

Fresh olivine 1.0 20.5 13.4 65.0 - - - -

Oxidized olivine 5.8 17.1 10.9 66.3 - - - -

Used olivine 5.4 7.0 9.6 64.4 4.2 6.6 2.8 -

CaO - - - 65.0 24.5 - 10.5 -

Beechwood ash ∼0.5 11.1 - 55.8 18.0 1.1 12.6 ∼0.8
∗ Only C from carbonate ions included
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observed in the used olivine and beechwood ash samples. The spectrum
for the beechwood ash showed mostly alkaline and alkaline earth metal
oxides and carbonates, with main compounds being Ca- and Mg-oxides
or carbonates. The only d-metal(oxide) that can clearly be observed is
manganese in the MnO form. Manganese has previously been reported
to be the most abundant d-metal present in woody biomass ash [16].

Both the oxidized and used olivine have an iron surface concentration
which is 5 times higher compared to fresh olivine, whereas the beechwood
ash only contains 0.5 at.% iron. Another observation worth pointing out
is that used olivine, CaO and beechwood ash contain carbonates. This
means that a fraction of calcium, magnesium and/or potassium in these
samples are present as carbonate at the surface.

As a measure for water-gas shift (WGS) activity, the hydrogen produc-
tion as a function of temperature of three olivine samples is presented
in figure 5.6. The feed gas of CO/H2O (1/1) was diluted with Ar as
an internal standard and the hydrogen production was determined by
on-line mass spectrometry and displayed as mass 2 (H2) divided by mass
40 (Ar).

Unused fresh olivine has a low WGS activity, similar to the empty
reactor, and does show very little temperature dependence up to 800

◦C.
Similar to the fresh olivine, the olivine which has been oxidized for

1 h (olivine ox (1h)) does not show a temperature dependence in the
WGS activity, although the oxidized olivine has 5 times more iron at the
surface than fresh olivine [13, 14].

In contrast, used olivine exhibits significant WGS activity at tempera-
tures above 600

◦C. This can be attributed to the coating of the material,

Table 5.2: WGS activity of olivine (fresh and used) and reference samples at 800
◦C

Hydrogen production at 800
◦C

Ion current 2/40 [mA]

Fresh Olivine 1.4

Used Olivine 6.7

Calcite (CaO) 7.4

Beechwood ash 14.0
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Figure 5.6: WGS activity of fresh olivine, oxidized olivine and used olivine as a
function of temperature

since the particle size is similar to the unused and oxidized olivine. Be-
cause used olivine has a comparable iron surface concentration as the
oxidized olivine, but a much higher WGS activity, the increased Fe sur-
face concentration does not seem to play a role in catalyzing the WGS
reaction. It should be noted that the BET surface area is about 1.7 times
larger for the used olivine but the hydrogen production at 800

◦C is 5

times larger. This suggests that it is the surface chemistry of the coating
layer that is the main reason behind the observed increase in activity.

Because the bed material coating consists mainly of calcium oxide
or carbonate, a sample of pure CaO (calcite) has been tested as well
and showed similar WGS activity compared to the used olivine sample,
see table 5.2. The highest hydrogen production could be observed for
the biomass ash sample. For all the samples, the hydrogen production
increases with increasing temperatures.
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5.4 discussion

The results presented in this chapter provide insight into the nature of
bed material coating, built up during indirect biomass gasification. The
research can be divided into two parts: in the first part, the chemical
composition of the bed material coating and the biomass ash were in-
vestigated and in the second part, the influence of the coating on the
reactivity of the bed material was evaluated by means of the enhanced
hydrogen production by the WGS reaction.

5.4.1 Formation and Composition of the Coating

Coating-formation on bed material particles during continuous use in
indirect or dual fluidized-bed biomass gasification is a common phe-
nomenon and caused by interaction of the bed material with the biomass
fuel, in particular the ash residue [17].

The SEM picture (Fig. 5.1) of the cross section of an used olivine particle
showed a porous surface layer and the energy filtered EDS analysis
(Fig. 5.3) showed the presence of calcium in this layer. Moreover, K was
found to be present both at the surface of the particle and in the bulk, in
contrast with Ca, which was only found at the outer surface. Apart from
Ca and K, enrichment of iron at the surface could be observed.

These findings are in agreement with the XPS depth profile of a used
olivine particle, which showed an increased Ca concentration throughout
the measured surface layer of 0.5 µm. Potassium was found to be present
in highest concentration at the very outermost surface, but is also present
throughout the entire investigated surface layer, in agreement with SEM
observations. Moreover, the iron concentration in the coating layer was
much higher (6 atom% average throughout the layer), compared to the
iron surface concentration of unused olivine, which is 1 atom%. Upon
etching, the relative ratio of Mg/Fe increases, as observed previously in
an oxidized olivine sample [14].

Since the coating is formed by interaction with the biomass ash, the ash
of beech wood was characterized and used in WGS experiments. The XPS
spectrum showed that the ash sample consisted mainly of Ca and Mg
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oxides or carbonates. This is in agreement with other characterizations
of woody biomass ash, taken from gasifiers, by XRF [16] and ICP [35].
The presence of all elements of olivine in the coating layer could indicate
that the Ca-rich coating is not a solid, non-porous surface layer, but that
a large fraction of the coating still consists of elements, which are present
in olivine. However, both these studies report that a large amount of K is
present in woody biomass ash as well, whereas only 1% was observed in
the XPS spectrum of the beechwood ash.

This could be explained by either the low content of K in the beechwood
sample or by the volatility of K already at 800

◦C [36]. This can result in
removal of K from the beechwood sample with the gas stream used in
our experiment.

The absence of Si in the beechwood ash sample is hard to explain by
the results presented here, since it is also a major constituent of woody
biomass ash [17]. The different types of biomass that were used for
characterization can play a role.

Although earlier studies describe coating formation on bed materials
during fluidized-bed combustion of biomass, Öhman et al. were the
first to study in detail the formation of coatings on bed material during
gasification of biomass [37]. They showed that different coatings are
formed on quartz, depending on the kind of biomass used. Moreover, the
coating was found to consist of two distinct layers; a thin porous outer
layer, consisting mostly of particles and a thicker homogeneous inner
layer. Kirnbauer et al. [17] summarized the coating formation mechanism
from woody biomass in two steps: First, the K containing ash components
melt and then the Ca containing compounds dissolve or diffuse into this
melt, which subsequently is sintered on the outer layer of the bed material
particles. K can also directly be deposited onto the surface of the particles
from the aerosol- or gas phase.

During fluidized-bed biomass combustion, Grimm et al. found coatings
similar to Öhman et al., consisting of two layers on both quartz and
olivine [38]. Both Ca and K were found in the inner and outer layer
deposited on quartz, but no K was found in the inner layer on olivine.
This is in partial agreement with the finding that K is mostly present at
the outer surface of used olivine, as determined by XPS depth profiling.
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The SEM-EDS pictures indicated that K was present inside the particles
as well, which seems to be in contrast with findings of Grimm et al., who
calculated a low chemical driving force for K to be retained by olivine
[38]. However, K is known to be a volatile ash component [16, 35, 36]
and therefore, is able to penetrate the cracks, which are present in used
olivine and caused by continuous oxidation/reduction cycles [14, 15]. In
these cracks, there is close contact with the gas phase, which leads to
iron segregation. This close contact can also lead to K-enrichment since
this is a volatile component and could explain why there seems to be a
correlation between Fe and K inside the olivine particles.

It should be noted that energy filtered SEM-EDS analysis is not used
as a quantitative characterization technique in this study, so the amount
of K visible inside the particles is unknown and may be low. On the other
hand, Kirnbauer et al. reported a potassium concentration of 8.5 wt.%
inside a used olivine particle, determined by EDX [16]. This relatively
high concentration may be caused by interaction of the olivine with the
biomass ash for a much longer time than the 30 h that the olivine was
used in this study. Another explanation might be the characterization of
an Fe-rich particle, where Fe and K correlate. This would also explain the
relatively high Fe concentrations inside both unused and used olivine
particles, 11.8 and 12.5 wt.%, respectively, in contrast to the average
iron content of unused olivine, which is approximately 6.5 wt.%, as
determined by ICP [14].

Based on the data and pictures presented in this chapter, the following
mechanism is proposed for the coating of the olivine particles during
indirect biomass gasification:

During the first stages of use, the iron in olivine will segregate to
the surface of the particles [13]. During the contact with the biomass,
ash compounds, including Ca and K, dissolve into this iron-rich surface
layer. This explains the presence of Ca at all surfaces of the particle, as
observed with SEM-EDS and by XPS depth profiling. Iron is still able to
migrate through this surface layer, as indicated by the relatively high iron
concentration throughout this surface layer. It is unlikely that the iron in
the surface layer originates from the biomass ash, since iron is present in
very minor amounts in the biomass ash (only 0.5 atom%).
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Because K is more mobile and volatile than Ca, it can also dissolve in
the cracks, present in the Fe-rich domains in the interior of the particle,
explaining the presence of potassium inside the used olivine particles
and the Fe - K correlation.

Upon interaction with the olivine particles, the biomass ash will also
adsorb on the surface of the bed material. This can be seen in figure 5.2
and this also nearly doubled the BET surface area of the bed material
particles. Since the average particle size of the used olivine was signifi-
cantly larger than the fresh olivine, this indicates that these ash deposits
are porous.

In this chapter, XPS in combination with depth profiling was used for
characterization of the chemical composition of the bed material coating
in contrast to other studies, which use SEM-EDX [16, 17, 18, 37]. The
main advantage of XPS is that it can not only provide quantitative infor-
mation on the elements present in the coating, but it provides qualitative
information on the oxidation states. It was, however, not possible to
determine local composition differences in the lateral direction, since all
concentrations are averaged over an analysis area with a diameter of at
least 30 micrometer.

In general, the depth profile of the used olivine particle is comparable
to the results obtained by Kirnbauer et al. [16], with a thick, Ca rich layer
and a surface that is richer in K than layers deeper inside the particle.
From the binding energy Ca 2p3/2 peak, it is not possible to determine
whether the calcium is present as CaO or as CaCO3, since the binding
energy for both Ca-species is similar [39]. However, the C 1s peak for the
carbonate ion was found at 288.2 eV, whereas the carbonate C 1s peak of
CaCO3 has a binding energy of around 289.3 eV [40]. This indicates that
calcium is likely to be present as CaO. The ratio potassium / carbonate
in the used olivine sample is close to 2, as in K2CO3, so most likely, the
carbonate in the used olivine is associated with the potassium.

In the CaO sample, part of the CaO has reacted with CO2 in the air
and formed CaCO3, which is the thermodynamically most stable phase
at room temperature [30].
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5.4.2 Influence of Coating on Reactivity

The reactivity data of the samples showed two different behaviors; the
samples which do not contain calcium or potassium show little WGS
activity and no temperature dependence, whereas the samples which do
contain calcium and/or potassium show increasing H2 production at
temperatures of 600

◦C and above.
Since there is little iron at the surface of untreated fresh olivine, it is

not surprising that the fresh olivine has little WGS activity. Moreover,
more than half of the total amount of iron is present in the olivine matrix
[14] and is therefore not able to act as a catalytically active metal. Similar
behavior has been observed by Kern et al., who showed that fresh olivine
had a similar CO conversion in WGS as an empty reactor at 800

◦C [25].
The olivine which has been oxidized for one hour has significantly

more iron at the surface and a significant part of the iron is present as
free iron-oxide phases [14]. Although iron-oxide is known to be a good
WGS catalyst, the oxidized olivine does not show more WGS activity
than untreated olivine. The oxidation state of iron could explain this low
WGS activity; iron in a gas environment of CO and H2O (ratio 1/1) is
not present as magnetite (Fe3O4), but as wüstite (FeO) at temperatures
of 500

◦C and above [41]. The magnetite phase is known for its WGS
activity [42].

The measured samples that do contain calcium all have a higher WGS
activity, so it seems straight-forward to attribute this activity to the
presence of calcium alone. Indeed, pure CaO is frequently used as a
catalyst material [21, 22, 31, 43, 44], or as "support" for iron catalysts
[45, 46, 47] in WGS reactions or biomass steam gasification.

Li et al. report that both CaO and CaCO3 can act as a WGS catalysts at
temperatures of 600

◦C and above [44]. On the other hand, CaO is able
to react with steam, forming Ca(OH)2, which has less catalytic activity
in the WGS reaction [44]. Kirnbauer et al. reported a high concentration
of active oxygen on the CaO surface, which promotes the WGS reaction
[19].

Although the CaO sample and the used olivine have a comparable
WGS activity at 800

◦C, the used olivine sample contained much less
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CaO than the calcite sample (the sample amount was the same in each
experiment). An explanation for the similar H2 production could be
that something else is affecting the reactivity of the used olivine sample,
since it consists for only a small fraction of CaO and the surface area
is smaller than the CaO sample. It is possible that the increased iron or
potassium concentration at the surface of the used olivine contributes
to the observed WGS activity. Zamboni et al. have shown that addition
of Ca to olivine increases the dispersion of iron-oxide [48]. In this view,
the used olivine could be seen as a CaO-supported, K-promoted iron
catalyst.

Another explanation might be the presence of calcium and magnesium
at the surface. If part of the magnesium at the surface of used olivine is
present as MgCO3, it can, together with the CaO, be responsible for the
observed WGS activity, since it promotes the WGS reaction [49].

The beechwood ash sample also consists mainly of Ca- and Mg-oxides
and carbonates and exhibits the highest WGS activity at 800

◦C.
This points to a combined effect of the calcium-, magnesium- , potas-

sium and other species present in wood ash for the catalysis of the WGS
reaction. These species are present both in the beechwood ash sample
and at the surface of the used olivine.

5.4.3 Implications for Large Scale Indirect Biomass Gasification

The formation of a coating on bed material particles does not only influ-
ence the WGS reaction rate during industrial scale biomass gasification.
The CaO at the surface of used olivine can also catalyze other reactions.
Widyawati et al. have identified three functions of CaO during pyrolysis
of various kinds of biomass [22]: i) it acts as a primary catalyst, producing
H2 directly from the biomass; ii) CaO increases the hydrogen concen-
tration by reforming and char gasification and iii) it accelerated the tar
cracking. The tar cracking capability of CaO was further investigated by
Udomsirichakorn et al., who showed that CaO does not only decrease the
total tar content of the product gas, but also converts heavy tar species
to fewer ring structures, resulting in a decrease of the tar dewpoint by
11

◦C [21].
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Performing gasification at lower temperatures has the advantage that
CaO can bind CO2 to form CaCO3, which is thermodynamically stable at
lower temperatures [30]. This drives the WGS equilibrium to the H2 side.
Pfeifer and coworkers have compared dual fluidized-bed gasification of
biomass with and without CO2 selective transport and show an increase
of the hydrogen concentration in the product gas from 40% with olivine as
bed material, to 70% with CaO, on a dry basis [43]. Gasification with CaO
as bed material was carried out at 645

◦C, instead of 841
◦C, when olivine

was used. Although the gasification temperature was significantly lower,
the tar content of the product gas was lower as well (3.5 vs. 1.4 g/Nm3

for olivine and CaO, respectively).
Kirnbauer et al. showed that gasification at lower temperatures can

improve the performance of fluidized-bed gasification when the bed
material is coated by calcium. Besides promoting the WGS reaction, the
recombination of cyclic hydrocarbons into multi-ring tar compounds is
inhibited. In other words: the calcium coating prevents the formation of
heavy tars and this is even more the case at lower temperatures [19].

The calcium at the surface of used olivine is also able to react with
the surface iron to form Ca2Fe2O5, which increases the hydrogen con-
centration in the product gas of biomass gasification [47]. Moreover, Di
Felice et al. showed that both CaO and MgO, which might be present in
used olivine, are active in catalytic tar reforming, and that their activity
is increased by the incorporation of iron [46]. Since iron is able to trans-
port oxygen from the oxidation zone to the gasification zone in indirect
biomass gasification [14], these observations are very relevant when eval-
uating olivine as a primary catalyst. Iron can provide the oxygen that can
be used by calcium-species to catalyze tar degradation, so it is beneficial
to have both iron and calcium present at the surface of the bed material.

The presence of biomass ash itself inside gasifiers may also influence
the reactions taking place. Addition of wood ash, consisting mainly of
calcium, magnesium and potassium, was found to have a significant
positive effect on the reaction rate of gasification of both wood and coal
[50]. Several researchers have already identified these metal-species as
catalysts during biomass gasification [26, 27, 51].
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Delgado et al. compared MgO, CaO and dolomite (MgO-CaO) as ca-
talysts for hot gas cleaning from fluidized-bed gasification and found
dolomite to be the most active in tar elimination, followed by MgO and
CaO [23]. Moreover, magnesite (MgCO3) showed activity in promoting
the WGS reaction, methane reforming and tar reduction during circu-
lating fluidized-bed biomass gasification at temperatures slightly above
800

◦C [49].
Constantinou et al. compared calcined olivine, calcite and dolomite in

steam reforming of model tar compounds towards H2 production. Both
calcite and dolomite showed increasing hydrogen production when the
temperature was increased from 650

◦C to 800
◦C, but opposite behavior

was observed for olivine [52]. At 800
◦C, dolomite had the highest activity

per gram basis, followed by calcite and olivine.
The natural mineral dolomite has been previously identified as an

active catalyst for tar cracking, which results in enhanced hydrogen
production during biomass gasification [53]. The activity of dolomite
outperforms olivine, but the main drawback is that dolomite is very
brittle, which makes it unusable in fluidized-bed based indirect biomass
gasification [9]. Since olivine, and thus used olivine as well, is much
harder, there is much less attrition and the bed material is not blown out
with the product gas.

The used olivine has Ca-oxide, Mg-species and carbonates at the sur-
face, so it could be seen as an olivine with a dolomite-like shell with
iron and potassium promoters, which is both strong enough for use in
circulating fluidized-bed reactors and more active than olivine itself, both
towards tar reduction and for increasing the H2 concentration in the
product gas.

5.5 concluding remarks

Coating layers, consisting largely of calcium oxide phases and originating
from contact with biomass ash, deposit on olivine bed material, during
the gasification of biomass. The composition and reactivity of these
coating layers have been investigated in this chapter.
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SEM-EDS analysis showed that already after 30 h of biomass gasi-
fication, a surface layer, containing calcium and potassium, is formed
on olivine. No calcium was observed inside the particle, in contrast to
potassium, which was present in iron-rich areas inside the particles. XPS
depth profiling showed that this Ca-rich surface layer also contained car-
bonate species and is at least 0.5 micrometer thick. Although the average
particles size of the olivine particles increases during use as bed material,
the BET surface area increases as well. This shows that the bed material
coating is porous.

A mechanism for the coating of the bed material is proposed, involving
iron segregation to the surface during the first stages of use of olivine as
a bed material. Ash compounds are incorporated in this surface layer, in
which Fe is still mobile and K is able to penetrate deep into the particles,
because of its volatility.

The coating is responsible for enhanced hydrogen production through
its catalytic activity in the water-gas shift reaction. The presence of cal-
cium, potassium and carbonate species at the surface of used olivine,
calcite and in the beechwood ash increased the WGS reaction rate. The
WGS-activity of the coated material is almost a factor 5 higher than that
of uncoated olivine and much higher than the increase in surface area,
which was increased by only a factor of 1.7.

Biomass ash compounds were also found the be WGS active and are
known to be active towards tar reduction as well. Based the results,
presented in this chapter, it can be concluded that the bed material
coating, as observed during indirect biomass gasification, influences the
reactivity of the material. Used olivine is more active towards hydrogen
production than fresh olivine, because of a coating, formed by biomass
ash compounds. Comparable compounds could also be used as additives,
to improve the performance of the gasification process, since these ash
compounds are active as well.
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6C H A P T E R

Development and Characterization of a
Spherical, Non-Porous Fe/SiO2

Model Catalyst

abstract

Detailed characterization of conventional porous heterogeneous cata-
lysts is usually difficult, since the relevant structural, morphological and
chemical changes take place on the active metal nanoparticles. When
these particles are situated inside the pores, they cannot be studied with
electron microscopy or surface sensitive characterization techniques, such
as XPS. The surface science approach to model these complex porous
supported catalyst is a good way to overcome these limitations. However,
measuring catalytic activity of such system is not easy.

The goal of the research described in this chapter is to prepare a high
surface area model catalyst, involving colloidal uniform nanoparticles
on a non-porous support. This powder model catalyst is a promising
compromise between the high surface area porous industrial catalysts
and the planar model catalyst.

Monodisperse SiO2 spheres with diameters between 850 - 900 nm have
been be synthesized, which can serve as a model support for well-defined
powder iron/SiO2 model catalysts.

The impregnation of iron nanoparticles on these Stöber spheres resulted
in a dispersed Fe/SiO2 model catalyst, which can be studied with both
electron microscopy and XPS on one hand and with XRD and other bulk
characterization techniques on the other hand.

115
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6.1 introduction

Conventional heterogeneous catalysts usually consist of a large number
of metal nanoparticles dispersed in the pores of a larger porous support
particle, as described in chapter 1. Detailed characterization of such
catalysts from a mechanistic point of view is difficult, since the relevant
structural, morphological and chemical changes take place on the active
metal nanoparticles. These changes are hard to study with microscopic
techniques as TEM and SEM, and with surface sensitive techniques,
such as XPS when the metal particles are situated inside the pores.
Furthermore, inside the pores, diffusion of gaseous species may limit a
catalytic reaction, making it hard to distinguish the origin of changes
in the catalysts activity. The surface science approach to model these
complex porous supported catalysts is a good way to overcome these
limitations [1].

Model systems can be designed so that they allow detailed charac-
terization by surface science techniques, sometimes even in-situ, under
realistic reaction conditions. A frequently used model system is a planar
model support, impregnated with the metal nanoparticles of interest, for
instance a planar SiO2 supported iron catalyst [2]. The oxidized top layer
of the Si-wafer mimics the industrial SiO2 support and the Fe nanopar-
ticles are anchored to the support via conventional wet impregnation,
yielding a realistic model catalyst. These planar model system are suitable
to be studied with XPS, TEM and even in-situ with EXAFS [3].

To study the catalytic activity related to the changes observed with the
different characterization techniques is for these model systems, however,
not straight forward. The absolute amount of active material, the metal
nanoparticles, is very low and thus the changes in reactive mixtures that
these particles induce are very small and hard to detect and quantify
with analysis techniques. This is especially true for reactions that are not
ran in batch mode.

A non-porous powder model catalyst could act as promising compro-
mise between the high surface area porous industrial catalysts and the
planar model catalyst [4, 5]. A non-porous, spherical model catalyst al-
lows one to study both the morphological and chemical transformations
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of the supported metal nanoparticles upon different treatments. Moreover,
since the catalyst is a powder, it can be used in significant amounts for
catalytic testing in e.g. a fixed-bed reactor, or in characterization studies
that require significant amounts of material, such as XRD of Mössbauer
Spectroscopy.

From the viewpoint of the work described in this thesis, iron is the
obvious choice for the active metal. The concept can, however, easily be
extended to other interesting catalyst materials. Since the iron oxide in
olivine is formed from the iron silicate phase, leaving behind amorphous
silica, a silica supported iron catalyst would be a good model catalyst for
olivine, as described in chapter 3. Fe/SiO2 model systems are frequently
studied as Fischer-Tropsch catalysts [6], however, very few reports in
literature exist on spherical iron model catalysts [7].

Spherical, non-porous silica particles can relatively easily be synthe-
sized via the so-called Stöber synthesis [8]. Stöber and co-workers de-
scribed a system of chemical reactions to grow silica particles with a
uniform size. It basically involves the hydrolysis of alkyl silicates, fol-
lowed by condensation of the silicic acids in alcoholic solutions, with
ammonia as a structural catalyst. This work was extended by Bogush et
al., who determined the range of reactant concentrations, that resulted
in the precipitation of monodisperse particles [9]. Moreover, Deng et al.
reported the influence of the reactants on the final particle size, which
could be adjusted in a broad range to yield monodisperse particles with
a standard deviation of less than 2% [10].

Escobedo and co-workers described the reaction mechanism from
tetraethylorthosilicate (TEOS) to Stöber spheres in detail [11], as illus-
trated in Fig. 6.1.

The first step is a nucleophilic substitution of one ethoxy group by a
hydroxyl group from water. The partially hydrolyzed TEOS undergoes
this substitution three more times to obtain the silicic acid Si(OH)4. This
silicic acid subsequently undergoes condensation reactions to yield the
SiO2 product. Under the influence of the structural catalyst ammonium
hydroxide, the surface tension increases. The system always strives to the
lowest surface tension, which is reached when spheres are formed.
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Figure 6.1: The series of reactions leading to Stöber silica

The overall reaction equations are thus:

Si(OEt)4 + 4H2O→ Si(OH)4 + 4EtOH (6.1)

nSi(OH)4 → nSiO2 + 2nH2O (6.2)

Synthesis of monodisperse iron nanoparticles with a narrow size dis-
tribution can easily be performed without the need of a size-selection
process [12]. Loading of metal nanoparticles on the Stöber spheres can
be done by means of conventional impregnation by mixing the Stöber
spheres with a nanoparticle solution. However, true impregnation is
only possible in the presence of pores, but Saib et al. showed that this
technique is suitable for anchoring nanoparticles on Stöber spheres [13].

The goal of this chapter is to present the first steps towards a well-
defined powder iron model catalyst. Stöber spheres have been synthesized
and impregnated with iron nanoparticles.

The synthesis process was followed using electron microscopy and
X-ray Photoelectron Spectroscopy and X-ray Diffraction was used to show
that this powder model catalyst can be used for bulk characterization
techniques as well.
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6.2 experimental

6.2.1 Synthesis of Stöber Spheres

The monodisperse Stöber spheres were synthesized as follows: 71.5 mL
of ethanol (Merck, Absolute, for analysis) was added to 25 mL of an
ammonium hydroxide solution (28.0 - 30.0%, Merck, for synthesis). Sub-
sequently, 12 mL of deionized water was added. After stirring for 3 min-
utes, 6 mL tetraethylorthosilicate (Merck, for synthesis) was added. After
5 minutes, the solution went from colorless to white, indicating the for-
mation of solids, and the reaction was allowed to run for 3 hours. The
reaction mixture was then centrifuged for 12 minutes at 8000 rpm and the
solid Stöber SiO2 powder was separated from the solvent. The powder
was subsequently dried overnight in an oven at 110

◦C and afterwards
calcined at 400

◦C (10
◦C/min) for 4 hours in a gas flow of 20% O2/Ar.

6.2.2 Synthesis of Iron Nanoparticles

To prepare a colloidal iron nanoparticle solution, first an iron-oleate
precursor was prepared. In a typical synthesis of iron-oleate complex,
10.8 g of iron chloride (FeCl3·6H2O, 40 mmol, Aldrich, 98%) and 36.5 g
of sodium oleate (120 mmol, TCI, 95%) were dissolved in a mixture
solvent composed of 80 mL ethanol, 60 mL distilled water and 140 mL
hexane. The resulting solution was heated to 70

◦C and kept at that
temperature for 4 h. When the reaction was completed, the upper organic
layer containing the iron-oleate complex was washed three times with
30 mL of distilled water in a separation funnel. After washing, hexane
was evaporated using a rotary evaporator at 1·10

−2 mbar and 100 - 150
◦C

for 2 h, resulting in an iron-oleate complex in a waxy solid form.
Subsequently, 1.8 g (2 mmol) of the synthesized iron-oleate complex

(as described above) and 0.28 g oleic acid (1 mmol, Aldrich, 90%) were
dissolved in 16 g 1-octadecene (Aldrich, 90%) at room temperature. The
mixture was heated to 320

◦C with a constant heating rate of 3.3 ◦C/min,
and then kept at that temperature for 30 min. When the reaction tem-
perature reached 320

◦C, the initial transparent solution became turbid
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and brownish black. The resulting solution, containing the dispersed
nanoparticles, was then cooled to room temperature, and 28 mL of
ethanol was added to the solution to precipitate the nanoparticles. The
nanoparticles were separated after centrifugation at 10000 rpm for 12 min.

6.2.3 Loading of Stöber Spheres with Fe Nanoparticles

The solution of iron nanoparticles was diluted in toluene to obtain a
0.02 mmol Fe/mL solution and subsequently sonicated for 5 minutes.
Then, 8.95 mL of the diluted Fe nanoparticle solution was mixed with
200 mg of calcined Stöber spheres to obtain a 5 wt.% Fe loading. This
mixture was sonicated for 5 minutes and the toluene was allowed to
evaporate slowly while stirring and sonicating. After all toluene was
evaporated, the black solid powder product was dried overnight in
an oven at 110

◦C and subsequently calcined in 20% O2/Ar at 350
◦C

(10
◦C/min) for 5 hours to obtain the powder Fe/SiO2 model catalyst.

6.2.4 Characterization

SEM pictures were taken using a FEI Quanta 3D FEG dual beam, operated
in high vacuum mode with an accelerating voltage of 2.5 kV. The samples
were supported on carbon tape and the working distance was 9 +/- 1 mm.

TEM measurements were carried out using a FEI Tecnai G2 Sphera
microscope with a LaB6 filament at 200 kV and a bottom mounted 1024

x 1024 Gatan CCD camera. Samples were dispersed in ethanol and an
appropriate amount of the sample was dropped onto a copper microscope
grid covered with carbon windows.

For XPS, the samples were supported on conductive carbon tape and
spectra were recorded using a Thermo Scientific K-Alpha spectrometer
equipped with a monochromatic small-spot X-ray source and a 180

◦

double focusing hemispherical analyzer with a 128-channel detector.
Spectra were obtained using an aluminum anode (Al Kα, 1486.6 eV)
operating at 72 W and a spot size of 400 µm.

Survey scans were measured at a pass energy of 200 eV and region
scans at a pass energy of 50 eV. The background pressure was 2 x 10

−8
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mbar and during measurement 3 x 10
−7 mbar argon, because of the

charge compensating dual beam source, which was used during all
measurements. Analysis of the measurements was performed using Casa-
XPS 2.3.16. All spectral positions were adjusted to the C 1s peak for
adventitious carbon at 284.5 eV and the Si 2p, C 1s, O 1s and Fe 2p
regions were used for quantification.

The X-ray Diffraction (XRD) pattern was recorded on a Bruker D2

Phaser using Cu Kα radiation (λ = 1.54 Å). Two theta angles from 20 to
70 degrees were measured with a step size of 0.008

◦ and a time per step
of 0.5 s.

6.3 results and discussion

For the Stöber synthesis, reactant concentrations were chosen as such
to achieve monodisperse particles of around 800 nm in diameter. The
synthesis of the Stöber silica particles resulted in nicely shaped spheres
with diameters between 850 - 900 nm. Not all the spheres were totally
separated from each other, but more than 95% of all particles observed
were separate spheres.

1 μm 5 μm 

Figure 6.2: SEM images of the calcined Stöber spheres
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Deng et al. showed that Stöber spheres with a very narrow distribution
could be synthesized with a maximum diameter of approximately 770 nm,
which is around 100 nm smaller than the particles in this work [10].
Bogush and co-workers reported that a particle size of around 800 nm
would be the maximum to maintain maximum monodispersity [9]. The
average particle size of the samples studied in this work is larger as is
the particle size distribution . However, in their original work, Stöber and
co-workers reported that relatively narrow size distributions could be
achieved with average particle diameters up to 2 micrometer [8]. The size
and size distribution of the particles synthesized in this work are suitable
for use as a non-porous support for the spherical Fe-SiO2 model catalyst.

From the TEM image of the iron nanoparticles (figure 6.3), it can
be seen that the synthesis of these particles resulted in nicely shaped
particles with an average diameter of around 10 nm.

Figure 6.4 shows the Stöber spheres after impregnation with the iron
nanoparticle solution. The left picture shows the sample after drying
at 110

◦C, whereas the right picture shows the Fe-Stöber sample after

Figure 6.3: TEM image of the iron nanoparticles
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2 μm 

Figure 6.4: SEM images of the Fe-Stöber spheres samples, dried at 110
◦C (left)

and calcined in O2/Ar at 350
◦C for 5 h (right)

calcination at 350
◦C. In the left picture, the particles are coagulated and

no iron particles can be observed on the spheres. The oleic acid, which
was used as a surfactant during the synthesis of the nanoparticles is still
visible in between the Stöber spheres and causes the particles to stick
together.

Calcination of the dried Fe-Stöber sample removes the oleic acid
residues, which cannot be observed anymore in the right picture of
the calcined sample. Several iron particles are clearly visible on top of the
spheres and they are dispersed nicely. The bright edges of the calcined
Fe-Stöber sample might indicate that more Fe nanoparticles are anchored
to the spheres. The edges are not so smooth as in Fig. 6.2, indicating that
something is present on the spheres, probably iron nanoparticles. These
iron particles may be too small to be observed directly with the limited
resolution in SEM.
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Figure 6.5: TEM image of the calcined Fe-Stöber sample

The TEM image of the calcined Fe-Stöber sample (Fig. 6.5) shows that
the 10 nm iron nanoparticles are indeed present on the outer surface of
the Stöber spheres. The particles were on all spheres, covering a large
part of their surface. No loose iron nanoparticles could be seen, i.e. which
were not anchored to a sphere. At some spheres, the nanoparticles were
clustered together, forming a larger field of particles on the Stöber sphere.
These iron nanoparticle clusters are probably the bright spots which
could be observed with SEM. However, most particles were present as
separate particles on the SiO2 support, as shown in figure 6.5.

XPS spectra of the calcined Stöber spheres and the two Fe-Stöber
samples are shown in figure 6.6. The spectrum of the calcined Stöber
spheres showed only a small C 1s peak at 284.5 eV, which can be attributed
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Figure 6.6: XPS spectra of the calcined Stöber spheres and the dried and calcined
Fe-Stöber samples

to adventitious carbon, and peaks originating from oxygen and silicon.
No nitrogen peak could be observed, indicating that no ammonium ions
were present on the sample after calcination.

For the dried Fe-Stöber sample, the main observations are that the area
of the carbon peak has increased tremendously and that the Fe 2p peak
is visible at 710 eV. The large peak for carbon in the dried sample shows
that still a significant amount of oleic acid is present at the surface of the
spheres, in agreement with the SEM pictures of Fig. 6.4. The iron signal
is relatively weak, which indicates that the oleic acid largely covers the
iron.

After calcination at 350
◦C, the carbon signal is much smaller, although

it cannot be completely ruled out that there is still a minor amount of
oleic acid present, since the C 1s peaks for adventitious carbon and the
carbon from oleic acid will appear at the same binding energy. However,
because most of the carbon has been removed, the Fe 2p peak has grown
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significantly and the atomic Fe/Si ratio has more than tripled from
0.06 for the dried sample to 0.19 for the calcined Fe-Stöber sample. The
spectrum of the Fe 2p region indicates that iron at the surface of spheres
is present as Fe3+.

For this spherical model catalyst, XPS will detect iron preferentially,
since iron is only present at the outer surface of the spheres. Because XPS
is surface sensitive, the concentration of iron will thus be overestimated,
since a large part of SiO2 support is not detected.

Figure 6.7 shows the XRD pattern of the calcined Fe-Stöber sample.
Several diffraction peaks of iron oxide can be observed. The large broad
feature around 2θ = 24

◦ is attributed to the amorphous SiO2 support
(PDF #29-0085).

The diffraction lines of iron fit well with the reference pattern of
maghemite (γ-Fe2O3), so it can be assumed that the iron particles at
the surface of the spheres are maghemite nanoparticles. However, the
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Figure 6.7: XRD pattern of the calcined Fe-Stöber sample. The reference patterns
of maghemite (γ-Fe2O3, solid lines) and magnetite (Fe3O4, dashed lines) are
indicated
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diffraction pattern for magnetite (Fe3O4) does not differ much from
maghemite [14], but since the XPS Fe 2p spectrum shows a distinct
satellite peak at 719 eV, which is characteristic for Fe3+ [15], it is assumed
that the iron particles in the calcined Fe-Stöber sample are present as
maghemite.

6.4 conclusions

The aim of the research described in this chapter was to prepare a high
surface area model catalyst, involving colloidal uniform nanoparticles on
a non-porous support.

It has been shown that Stöber spheres with diameters between 850 -
900 nm could be synthesized with a relatively small size distribution.
These spheres can serve as a model support for well-defined powder
iron/SiO2 model catalysts.

The impregnation of iron nanoparticles on these Stöber spheres resulted
in a dispersed Fe/SiO2 model catalyst, which can be studied with both
electron microscopy and XPS on one hand and with XRD and other bulk
characterization techniques on the other hand.

The Stöber sphere powder constitute an excellent, well-defined model
system with properties in between the simplified flat model catalyst and
a real supported powder catalyst. This will allow for measurements of
catalytic activity in micro-reactors, where diffusion problems are kept at a
minimum and where both surface science techniques and bulk techniques
can be applied. This model catalyst is also eminently suited for studying
particle morphology in transmission electron microscopy.
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7C H A P T E R

Conclusions and Outlook

How does olivine change during exposure to the different conditions,
representative for gas environments present in indirect biomass gasifi-
cation reactors and how does this behavior relate to the performance of
olivine as a biomass gasification catalyst? These are central questions
in the research project that is reported in this thesis. This chapter sum-
marizes results, obtained with different characterization techniques and
these results are related to the performance of olivine as a biomass gasifi-
cation catalyst. Since the process conditions influence the state of olivine
to a large extent, considerations are presented to optimize the catalytic
functionality of olivine.
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7.1 dynamic oxidation and reduction behavior

Olivine is a useful bed material for reducing tar in indirect biomass
gasification, thanks to its dynamic oxidation and reduction behavior. The
iron migrates to the surface in oxidizing environments and is reduced to
a catalytically active phase in reducing environments.

In this work, this dynamic behavior was investigated with both bulk
and surface sensitive characterization techniques, as described in chap-
ters 3 and 4. SEM-EDS analysis of the cross-section of an olivine particle
showed that the iron-silicate and magnesium-silicate phases in olivine
are not homogeneously distributed, but are present as distinctly different
Fe- and Mg- rich domains. This is schematically illustrated in Fig. 7.1a.

In an oxidizing environment, SEM shows the formation of iron-oxide
crystallites at the surface and an inhomogeneous material. XPS shows
surface enrichment of Fe, primarily at the expense of Si. This was in-
terpreted as segregation of Fe out of Fe-rich domains, as schematically
shown in figure 7.1b.

If the oxidation is sustained for a longer time (Fig. 7.1c), more iron will
be extracted from the olivine matrix to form free iron phases, where iron
Fresh -> oxidation 

Mg2SiO4 Fe2SiO4 Mg2SiO4 

Mg2SiO4 
Fe2SiO4 

Mg2SiO4 
SiO2 

Fe2O3 

Heat + O2      (Short time) 

Heat + O2      (Longer time) 

Mg2SiO4 
Fe2SiO4 

Mg2SiO4 
SiO2 

Fe2O3 

MgFe2O4 MgFe2O4 

(a) 

(b) 

(c) 

Figure 7.1: Schematic representation of (a) untreated olivine, (b) olivine after
oxidation for a short time and (c) olivine after oxidation for a long time
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is not present as silicate, as seen by XPS. Mössbauer Spectroscopy showed
that these free iron phases can exist as iron-oxide or as magnesioferrite
(FeMg2O4). XPS results showed that during oxidation for 1 h, iron was
also replacing Mg at the outer surface , where iron then is present as
Fe3+. This was explained by diffusion of Fe from Mg-rich parts of the
olivine.

Mössbauer spectroscopy and XRD revealed that in the ’fresh’ olivine
from Magnolithe GmbH in Austria, a commonly used olivine for biomass
gasification, around 45% of the iron was extracted from the olivine phase
after a 3 h pretreatment at 1600

◦C, performed by the mineral supplier.
Since the samples used in this work have been exposed to such a high
temperature prior to experiments, it may seem counterintuitive that
additional iron extraction was observed. This is caused by difference
in grain size; during the suppliers pretreatment, the grain size was
around 30 mm, whereas the olivine particle size during the research
presented in this thesis was much smaller, with a maximum particle size
of 500 micrometer.

After oxidation for 1 h, XPS in combination with depth profiling
showed that the iron surface concentration increased from 1 at.% in
the fresh material to 6 at.% in material after oxidation. An iron rich
surface layer of 400 nm was observed, in which the iron concentration
decreased exponentially from the outer surface concentration of 6% to
2%, which is still double the bulk concentration of fresh olivine. Moreover
an additional 7% of iron was extracted from the olivine matrix and 20%
of iron was present as Fe2O3.

When the surrounding gas atmosphere is switched from an oxidizing
environment to a reducing environment containing only H2, the free
iron-phases at the surface of pre-oxidized olivine quickly reduce to from
metallic iron.

XPS showed that this reduction of olivine in H2 takes place on two
time scales, as shown in Figure 7.2. The fast process, from Fig. 7.2a to
b, is associated with the reduction of the surface iron, mostly present at
the surface of Fe-rich parts of the olivine. This fast reduction re-exposed
silicon at the surface. Moreover, the size of the iron crystallites decreased,
as observed in SEM pictures. This is because the size of metallic iron
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Reduction 
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Figure 7.2: Schematic representation of (a) oxidized olivine during reduction in
hydrogen (b) for a short time and (c) after a longer time

particles is smaller than the size of iron-oxide particles, containing the
same amount of iron.

When olivine is reduced for longer times, from Fig. 7.2b to c, the iron
surface concentration decreases further. XPS depth profiling showed that
during reduction for 1 minute, only the upper 100 nm of the iron-rich
surface layer is affected, whereas if the reduction is carried out for 1 hour,
the iron concentration in the entire surface layer decreases to the bulk
value of 1%, as observed for fresh olivine.

During reduction in H2, part of the iron, present as MgFe2O4 phases,
reintegrates back into the olivine matrix, as indicated by Mössbauer
spectroscopy. The remaining MgFe2O4 phases are converted to metallic
iron.

Since H2 is only one of the reducing gases present in indirect biomass
gasification reactors, treatments were also carried out with CO as the
reducing agent, as shown in Fig. 7.3.

With CO present in the gas environment of pre-oxidized olivine, the
iron at the surface reduces from mostly Fe3+ to a combination of Fe2+

and Fe0-dominated iron phases, such as Fe3O4, FeO, metallic iron and
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Figure 7.3: Schematic representation of (a) oxidized olivine during treatment in a
CO-containing gas environment (b) for a short time and (c) after a longer time

iron carbide. XPS showed that the iron surface concentration decreased
again, after the increase during oxidation. However, the most important
change at the surface is that reduction in CO-containing gas leads to
a rapid build-up of carbon on the surface of the particles. After one
minute, the carbon surface concentration already reaches 10 at.% and
after reduction for 1 h in CO, more than 90% of all surface atoms detected
by XPS is carbon.

This carbon deposition is caused by the Boudouard reaction, in which
CO is converted to solid carbon and carbon dioxide. Moreover, SEM
analysis of a sample, which was reduced in a mixture of CO and H2
showed the presence of carbon fibers. This carbon deposition is undesired
in view of the use of olivine as a tar degradation catalyst, since the carbon
blocks the catalytically active sites of the material and decreases the CO
and H2 content in the product gas.
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7.2 changes during use in industrial gasification reactors

When olivine is used as a circulating bed material in indirect biomass
gasification reactors, the gas environment of the olivine changes twice
every cycle, from an oxidizing to a reducing environment and from
the reducing environment back to the oxidizing environment. Apart
from the changes in the olivine properties described in figures 7.1, 7.2
and 7.3, some long term changes related to the alternation in chemical
environment occur as well.

In the ECN MILENA process, the combustor zone is a bubbling
fluidized-bed, where the residence time of the olivine is relatively long.
Therefore, when the bed material particles enter the gasification zone, the
olivine can be seen as oxidized. The surface of oxidized olivine is rich
in iron, present primarily as Fe2O3, but other free iron-phases, such as
Fe3O4 and MgFe2O4, are present in the material as well.

When the oxidized olivine is circulated to the gasification zone, the en-
vironment changes to a reducing environment, where the gas atmosphere
contains H2 and CO. The residence time in this zone is dependent on the
design of the indirect biomass gasification system. The ECN MILENA
process uses a riser reactor as the gasification zone, where the residence
time of the bed material and the gas phase is less than one minute. This
residence time is too short for complete reduction of all free iron phases.
The free iron phases at the surface reduce quickly, but the iron-oxide and
MgFe2O4 phases inside the material do not reduce completely.

Since CO is present in the gas phase, carbon deposition on the surface
of the particles can occur immediately. However, since the residence time
in the CO containing environment is short, active surface, which is not
covered by carbon, is still available for catalytic reactions. XPS results
showed that if carbon-covered olivine is exposed to oxidizing conditions,
the accumulated carbon is quickly combusted and the original surface of
olivine is recovered. This is schematically shown in figure 7.4a.

Experiments with short (1 min) alternating air and CO treatments
showed that the surface of olivine adapts quickly to the surrounding
gas environment. After each oxidation step, the amount of surface iron
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Figure 7.4: Schematic representation of the changes in olivine during use as
circulating bed material

increased significantly, whereas the opposite was observed after reduction
in CO.

When these short cycles are repeated for an increased number of times,
the same long term effect that was observed for the longer treatments oc-
curs, i.e. surface iron increase at the expense of magnesium. The absolute
concentration of iron at the surface increases with increasing number of
treatments.

Furthermore, accumulation of carbon on the surface is not observed,
even not after repeated cycles, indicating the all carbon that is deposited
on the olivine is combusted during each cycle.

The oxidation of iron in the combustion zone and the subsequent re-
duction in the gasification zone implies that the iron in olivine transports
oxygen from the combustor to the gasifier. Because this oxygen is released
in the gasification zone, the process requires less steam as a gasifying
agent. The oxygen-transport capability of olivine was investigated in the
research described in chapter 4.

TGA was used to quantify the oxygen transport under realistic process
conditions. TGA result indicated that at least 18% of all the iron in
olivine actively participates in the oxygen transport. The oxygen transport
amounted 0.5 wt.% of the olivine bed material. Given the high percentage
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of iron that participates in oxygen transport, this indicates that oxygen
transport can not only be a surface phenomenon, even on short time
scales. The iron in the subsurface iron-rich phases also contributes to
these gas phase interactions.

Apart from the gas phase, the olivine also interacts with the biomass
particles and the gasification residues when used as circulating bed
material. This interaction results in the formation of a coating on the bed
material particles formed by components originating from the biomass
ash, as shown in Fig. 7.4b. This coating consists of calcium-, potassium-
and magnesium oxides or carbonates and has a chemical similarity
with the mineral dolomite (CaO-MgO). The coating increases the tar
degradation and enhances the production of hydrogen from the biomass.
The ash deposits on the bed material also nearly doubled the surface area
of the particles, since the formed coating layer is porous.

The nature of this coating and its influence on the reactivity of olivine
were investigated in chapter 5 and a mechanism for the coating formation
was suggested. Coated olivine is much more active in the water-gas
shift reaction compared to uncoated olivine and this is attributed to the
combined presence of calcium, potassium and carbonate species at the
surface. Moreover, the increased porosity is an advantage in view of tar
removal from the gasification zone in indirect gasification systems.

7.3 implications for indirect gasification processes

Since tar formation is one of the main problems during indirect biomass
gasification, it is desirable to reduce the tar concentration in the product
gas as much as possible. This can in principle be done in four ways: 1)
Prevent the formation of tars during the gasification process, 2) Transport
the tars together with the bed material to the combustion zone, where
the tars are combusted, 3) Convert the tars inside the gasification zone or
4) Remove the tars in a separate step after gasification.

To prevent tar formation in the gasification zone, the gasification pro-
cess should be performed at very high temperature and high pressure,
conditions which are not suitable for gasification of biomass. Tar trans-
port or conversion is typically done by the circulating bed material in
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indirect biomass gasification. Although, when using olivine as a primary
catalyst, a large fraction of the tars produced inside the gasification zone
can be removed. However, the product gas will not be completely free
of tars when it leaves the gasification reactor. If the product gas is used
to produce hydrogen, SNG or chemicals, it interacts with other catalysts
downstream. These are usually catalysts in fixed-bed reactors which can
easily be poisoned by pollutants in the gas stream. Therefore, industrial
biomass gasification systems have a gas cleaning system downstream of
the gasification reactor. ECN, for example, has developed the OLGA gas
cleaning technology, in which tars can be removed to a level where the
tar dewpoint is below 5

◦C. This makes the product gas clean enough to
perform for instance the Fischer-Tropsch synthesis. Despite the possibility
of producing a tar-free product gas by after treatments, tar conversion
inside the gasification zone is still desirable, since it increases the total
energy efficiency of the indirect gasification process and decreases risk
for fouling in the reactor and pipes.

The good thing about olivine as a catalytic bed material is that it is
activates itself by its dynamic behavior. On the downside, it is difficult
to prepare olivine in an optimal form and it is hard to predict how the
optimal catalytic activity of olivine can be achieved, since it has been
shown in this work that the olivine adapts very quickly to its surrounding
gas environment. This gas environment in turn, depends on the process
control parameters, including temperature, type of biomass, feed rate of
biomass and steam, residence time in the different zones, etc. etc. This
does, however, not mean that a steady-state operation cycle is readily
reached, even if the control parameters are fixed. Several slow, long
term changes in olivine have been observed which may contribute to a
change in the catalytic behavior. These changes, including iron surface
enrichment, oxygen transport and coating formation will influence the
process parameters.

If one considers a gasification experiment, based on the results of this
work, the optimal olivine catalyst will have a significant amount of free
iron at the surface and a porous coating consisting of ash components.
The porous coating facilitates tar absorption on the bed material. If free
iron phases, in the appropriate oxidation state, are present at the surface
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as well, they can catalytically convert the tar to CO and H2. Moreover,
the catalytically active ash components at the surface increase the WGS
reaction rate and are able to convert tars on their own as well , thereby
increasing the energy content of product gas.

To bring and keep fresh olivine in the most active state, it should
be activated by the gasification process itself. This activation increases
the iron surface concentration and induces coating formation. In the
combustor section, iron is extracted from the olivine matrix to form
free iron phases. These iron phases should be subsequently reduced to
make them catalytically active. Since this reduction takes place inside
the gasification zone by gases present there, the residence time in the
gasification zone should not be too short. At intermediate residence time
(>10 s), there is a longer contact time between the bed material, the
biomass and the surrounding gas environment, thus allowing the catalyst
to reduce and convert tars.

During these processes, the olivine will get the desired coating by
interaction with the biomass ash. However, this coating formation can be
accelerated by adding additives to the gasification reactor, which contain
the active components that are present in the biomass ash, such as CaO.

This work contributes with important information on the fundamental
properties of olivine, when it is used as catalytically active bed material
in indirect biomass gasification. Significant changes in surface chemistry
and morphology were observed. Iron, a well-known catalytic material, is
highly mobile in olivine. This high mobility leads to redox behavior and
oxygen transport. Moreover, during use, a Ca-rich layer will form on the
bed material, which influences its reactivity.

These observations contribute to revealing the details of the catalytic
processes in biomass gasification and will help selecting the optimal pro-
cess conditions to achieve optimal performance for indirect gasification
reactors.
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