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Abstract

The utilization of biomass for energy generation is a CO; neutral alternative to fossil fuel. A suitable way
of thermal conversion of biomass is dual fluidized bed (DFB) gasification where biomass is converted to a
raw gas which can subsequently be used for chemical synthesis. DFB gasification relies on bed material
which functions as a heat carrier to transport thermal energy from the combustor to the gasifier. The bed
material’s interaction with the inorganic ash fraction released from the biomass can results in detrimental
agglomeration which necessitates replacement of the bed material, or beneficial activation which reduces
problems associated with unwanted side-products (tar) of the process. Whether agglomeration or activation
occurs is dependent on ash composition as well as on the utilized bed material. Different materials have
been tested as bed materials for gasification of which three (quartz, olivine, and alkali-feldspar) are the
focus of this work. The materials resemble each other in being naturally occurring minerals which are based
on silicate networks.

The bed material samples were analyzed with multiple analysis methods after their use in the Chalmers
DFB gasifier (such as SEM-EDS, XRD and TEM). The interaction of biomass ash and bed material led to
the accumulation of ash-derived elements on the surface of the bed particles. For all three materials, the
development of a three layered structure was observed. Common for all materials was that a Mg-rich layer
was found on the surface and a Ca-rich layer underneath. The layers between the particles’ core and the Ca-
rich layer were different for the three materials and is therefore dependent on the utilized bed material. The
accumulation of ash-derived elements led to an increase in activity towards tar reduction while at the same
time depolymerization of the silicate network of the minerals could be observed.
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1 Introduction

The world total primary energy supply 2017 was about 14000 Mtoe (about 590 EJ).* The sources to feed
this energy demand were to more than 80% fossil fuels (oil, coal and natural gas).! Anthropogenic
greenhouse gas emissions (GHG) have continuously increased from 1970 to 2010.2 CO, emitted by fossil
fuel combustion reached 32 GtCOx/year in 2010 which makes up almost 80% of the total emissions.? The
figure for total emissions has increased to 36 GtCO./year until 2017 (Figure 1.1).2 According to the IPCC,
these emissions are expected to further increase if no counter measures are realized. Compared to pre-
industrial levels, this would lead to an increase in mean surface temperature of between 3.7 °C and 4.8 °C
by the end of the 21 century.?

CO2 emissions by fuel type, World

Annual carben dioxide (CO:) emissions from different fuel types, measured in tonnes per year.
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Figure 1.1: Global CO, emissions by fuel type (1751-2017).3

Several counter measures, so-called mitigation options, are listed in the IPCC report, one of which is the
implementation of bioenergy.? The utilization of biomass as feedstock for energy generation presents a
renewable alternative towards fossil fuels.*® Biomass includes organic matter which is derived from plants
or animals.” During its growth, plant-based biomass consumes CO. from the atmosphere which is
subsequently released back during combustion. Thus, in biomass combustion the net emissions of CO; is
zero, which is why biomass can be considered a CO; neutral feedstock.>” Conversion of biomass instead
of coal presents therefore a sustainable alternative to fossil fuels. The overall technical energy potential of
biomass was calculated to be in the range of 50 — 500 EJ by 2050.

Even though it is considered that the CO: released by biomass combustion is taken up by the growing
biomass, the time interval between release of CO; and the re-absorption heavily depends on the type of
biomass utilized.®® When assessing the CO, emissions resulting from biomass conversion, it is therefore
not sufficient to assume all biomass as CO- neutral. Furthermore, the applicability of biomass must also be
considered regarding socio-economic factors such as food supply, and environmental issues such as the



loss of biodiversity caused by industrial biomass plantations.'® Accounting for the latter two arguments, the
utilization of forestry residues or woody biomass acquired from afforestation of degraded land, has the
greatest benefit on atmospheric CO; levels, as these solutions do not contribute to the loss of biodiversity
or threaten our food supply.2® Forest residues from logging and processing alone were estimated to be 28
EJ/year.!! Additionally, plantations of fast-growing plant species such as miscanthus or sugar cane present
opportunities of shorter carbon emission and sequestration cycles.? The total potential of utilizing marginal
and degraded land for dedicated biomass plantations was estimated to be about 100 EJ.*2 This number
could be further increased, if growing genetically modified plants is considered possible, where the plants’
ability to perform photosynthesis is improved.41°

Besides biomass, carbonaceous feedstock from waste streams can be utilized for energy generation, such
as municipal solid waste,'® sewage sludge®’ or plastic.’® A major challenge with biomass and waste streams
is their non-homogeneous composition, regarding both organic and inorganic compounds. This requires
flexibility of operational parameters to reach the optimal conditions for thermal conversion of each
particular type of feedstock. An efficient and flexible technology for thermal conversion of heterogeneous
fuels is dual fluidized bed (DFB) gasification.®®



2 Gasification

Gasification is a process where a carbonaceous feedstock is thermally converted to CO, H; and CO.. This
is realized by applying high temperatures and limiting the available oxygen to avoid complete combustion.
For the reaction to occur, a reducing gas is applied, such as H.O or CO.. The carbonaceous feedstock,
denoted simply as C, is then converted according to reactions 1a and 1b.

C+H;O+heat> CO +H:; (1a)
C+CO;+heat> 2CO (1b)
C+ 0O, > CO, + heat (2)

Both reactions are endothermic which means that thermal energy needs to be supplied. This can be done
by combusting a part of the fuel, for example by supplying air to the reactor (reaction 2). The heat released
by the combustion can then be utilized for the gasification reaction. The gas created this way is however
diluted with Oz and N2 which are introduced by the air. This means the gas is of lower calorific value and
therefore less valuable. To avoid the dilution, the two processes (combustion and gasification) can be locally
separated from each other, as done in dual fluidized bed (DFB) gasification.

2.1 Dual Fluidized Bed (DFB) Gasification

The technology of DFB gasification is based on two fluidized bed reactors (see Figure 2.1).2%2! In the
combustor, fuel is converted in an exothermic reaction to heat and flue gas. Inside the combustion reactor
(combustor), bed material consisting of small (about 100-300 pum) mineral particles, is fluidized by an
oxygen-containing gas stream. The heat emitted by the oxidation of the fuel is taken up by the bed material
which is transported to the gasifier by the circulating fluidized bed material. In the gasifier, the endothermic
gasification reaction takes place which converts fuel to raw gas. In order for the bed material to sustain the
process, the bed material needs to withstand thermal and mechanical stress which are associated with the
process. During the process, loss of material cannot be completely avoided which is why economic factors
such as availability and low disposal costs need to be taken into account when selecting bed material.??
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Figure 2.1: Simplified illustration of the working principle of a DFB gasifier. In the combustor, fuel is converted in
an exothermic reaction. The heat is transported by fluidized bed material to the gasifier, where the endothermic
gasification reaction converts the fuel to raw gas.

The produced raw gas contains mainly CO, CO,, Hz, H,O, CH, but also other hydrocarbons. This gas can
be further purified for H, production or processed into a precursor for biofuel or other chemicals.>? An
important parameter for the gas quality is the concentration and composition of the hydrocarbons (heavier
than CH,) in the produced gas. Especially the generation of tar, which is the group of larger polyaromatic
hydrocarbons, (such as benzene, toluene and naphthalene) poses a problem to the gasification process.?*%
Tar tends to condensate on downstream equipment, where they cause problems such as clogging which
often requires unplanned shut-downs of the process.?5%" Furthermore, as chemical energy is stored in their
bonds, tars represent a loss of energy in the raw gas. The formation of tars has therefore been identified as
the most critical problem during biomass gasification.?>26-2° While a number of different materials fulfill
the previously mentioned requirements, major research efforts have been made to minimize the formation
of tars, where the application of catalytically active bed material has proven to be an effective strategy.?®%-
33 Several naturally occurring minerals have been tested as bed material, such as quartz, olivine, dolomite,
feldspar, bauxite, ilmenite, as well as mixtures of them.1731-%6

2.2 Silicate Minerals

The majority of the mineral matter found in the earth’s crust are silicate based minerals. As these minerals
are abundant and cheap and at the same time attrition resistant, they present suitable candidates for the
application as bed material. Silicate (SiO4*) is an anion present as tetrahedrons (one Si** in the center and
four O% in the corners), which is the building blocks of many different minerals. Depending on the
composition of the minerals, the charge is balanced by the incorporation of cations or by polymerization of
the silicate tetrahedrons into larger corner-sharing structures. The degree of polymerization of the silicate
tetrahedrons is the basis for classification of the multitude of silicate-based minerals into several sub-groups
(see Figure 2.2).

At low concentrations of silicon, the silicate tetrahedrons are present as isolated islands (Figure 2.2a).
Minerals based on isolated silicate island are therefore called nesosilicates (after Greek ‘nesos’ for island).
The residual charge of the silicate anions is balanced by interstitial cations. One of the most prominent
members of this group is olivine which is a magnesium iron silicate (Mg, Fe).SiOs). Olivine exhibits a
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high crystallization temperature which is why it is one of the first minerals to crystallize upon cooling of
basaltic magma. The concentration of Si in olivine is lower than in basaltic magma, which is why the
magma becomes enriched in Si. Higher concentrations of Si reduce the crystallization temperature of the
magma and necessitate the formation of corner-sharing silicate chains (Figure 2.2b), so called inosilicates
(after Greek ‘inos’ for fiber). The crystallization of inosilicates further enriches the magma in silicate, which
leads to the formation of double-chain-silicates, sheet-silicates and finally tectosilicates. Quartz (SiO5) is
the final product of cooling magma and exhibits a tectosilicate structure (Figure 2.2c). While pure quartz
has a high melting point, small impurities as present in cooling magma decrease the crystallization
temperature to 600 — 700 °C. Due to aluminum present in the magma, Ca-rich plagioclase is formed at the
same temperatures as olivine, and alkali feldspar at the crystallization temperature of quartz. As it is the
first product of cooling magma, olivine is most abundant in the earth’s mantle and the ocean floor whereas
quartz and alkali-feldspar are components of the continental crust. One important property of quartz is its
resistance to chemical weathering which is why it can be found as sand on beaches, and therefore facilitates
its application as bed material.

@) ®

Figure 2.2: Schematic depiction of the silicate framework present in many minerals. (a) nesosilicate, (b) inosilicate,
(c) tectosilicate.



2.3 Biomass Ash

When thermally converting biomass to raw gas, apart from the organic fraction that is converted to raw gas,
the inorganic fraction of the feedstock also needs to be taken into consideration (see Figure 2.3). The
inorganic fraction represents the unconvertable share of biomass, often denoted simply as ash. A part of the
formed ash remains in the system and can react with the material surfaces present in the reactor (e.g. bed
material, refractories). The composition of the formed ash is dependent on the utilized feedstock. While
fast-growing grass species exhibit high amounts of silicon, the major components of woody biomass ash
are potassium and calcium.3"*® Other elements commonly found in biomass ash are magnesium, sodium,
aluminum, iron, sulfur and phosphorous.*

The presence of ash forming species in the gasifier and their interaction with the bed material particles can
have both detrimental and beneficial influence on the process. The ash elements can accumulate in the bed
particles which can cause them to stick together. This leads to the formation of bigger particle aggregates,
often referred to as agglomerates, that eventually leads to loss of fluidization (defluidization). On the other
hand, the presence of ash compounds on the particles’ surface can improve the previously mentioned
catalytic activity of the bed material. Besides ash composition of the used fuel, the decisive factor for either
of these effects to occur is the bed material itself.

Composition of Wood Chips Ash Composition

6.2%

mC mH =N =0 mAsh ENa®Mg=Al =SimP mK mCamMn ®Minor

Figure 2.3: Composition of (spruce and pine) wood chips (wt. %) utilized in the present study and the ash composition
(mol %).

A critical parameter for the choice of bed material is therefore the interaction of the bed material with
biomass ash.?? This interaction has been the focus of a number of studies to investigate under which
circumstances detrimental agglomeration or beneficial catalytic activation occurs. Berdugo Vilches*
investigated the activity of different bed materials over prolonged retention time by measuring the yield of
naphthalene, which is a tar species commonly formed during gasification and thus a suitable indicator for
the bed material activity (see Figure 2.4). The figure shows a decreasing trend for the olivine and feldspar,
whereas prolonged retention time of silica sand is not suitable as the material is prone to agglomerate.
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Figure 2.4: Naphthalene yield for different bed materials used for biomass gasification in the Chalmers DFB gasifier.
Prolonged operating time is not suitable for silica sand due to agglomeration. Reprinted with permission from
Berdugo Vilches.*°

2.4  Agglomeration

Agglomeration describes the process of bed material particles sticking together to larger clusters. This
hampers bed pressure and can in the worst case lead to defluidization of the bed material. The severity of
agglomeration related problems depends on the choice of bed material and the composition of biomass ash
and their interaction.

In the literature, three different mechanisms are described causing agglomeration of bed material, which
are schematically shown in Figure 2.5.4%* Agglomeration caused by melt deposition (Figure 2.5a) is typical
for biomass which is inherently rich in K and Si. Biomass rich in K and Si can therefore lead to
agglomeration regardless of the bed material applied. If biomass rich in K is used, the interaction with the
bed material is to be taken into consideration. K can be released from the biomass as gaseous KOH which
can interact with the bed material, as the mechanism shown in Figure 2.5b. The interaction of KOH g with
the bed material can lead to the formation of low melting K-silicates which can cause agglomeration.
Furthermore, the deposition of ash elements to form a coating can cause agglomeration, as the interaction
of the coating layer with the bed particle can lead to low melting phases (Figure 2.5c).* 3

Alkali silicates which exhibit low melting temperatures, have generally been identified as the determining
species to cause agglomeration.*>4® This can be explained from a thermodynamic point of view as shown
in Figure 2.6. While pure quartz exhibits a melting point of close to 2000 K, any addition of KO (or Na;O)
leads to the formation of melt. Thus, especially the combination of quartz sand and biomass yielding ash
rich in alkali metals, has been reported to cause defluidization of the bed material.***>° Therefore,
alternative bed materials have been successfully applied, which are significantly less vulnerable to
agglomeration than quartz, such as olivine, feldspar and dolomite.364547:%0 Alternatively, the addition of
kaolin or Al,O3 as a substance to bind alkali metals released from the ash has shown beneficial results, as
the formation of low-melting alkali silicates is avoided.**®! Generally, the knowledge of the interaction



between biomass ash and bed material can aid to choose suitable combinations of bed material, biomass,
and additives to prevent or delay agglomeration related problems.
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Figure 2.5: Schematic depiction of different agglomeration mechanisms. (a) agglomeration caused by melt deposition,
(b) agglomeration caused by melt formation due to interaction with gaseous K, (c) agglomeration caused by the
interaction of the coating layer with the bed particle.
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melt is expected at around 18 % K,0.5?

2.5 Activation
2.5.1 Quartz

Besides being available, cheap, and easy to dispose, quartz has sufficiently strong mechanical stability and
can function as a heat carrier for DFB gasification. However, high amounts of tars are formed in the product
gas when quartz is used as bed material. Furthermore, the previously described agglomeration due to the
interaction with ash-derived potassium is most severe for the case of quartz and causes defluidization and
therefore unplanned stops of the process.*142

The accumulation of ash-derived calcium on the surface of the quartz particles has shown increase in
activity towards tar reduction.®® However, this effect is overshadowed by the agglomeration which
necessitates bed material replacement. Due to the increased risk for agglomerate formation with time,
prolonged retention time of the quartz particles in the gasification system, which would be necessary for
the activation, is not practical.

2.5.2 Olivine

Olivine has been successfully utilized as bed material for biomass gasification, as it, similarly to sand,
fulfills the criteria for bed material. Additionally to the mechanical stability and heat transfer, olivine has
shown catalytic activity towards tar reduction.?315 In multiple studies it was further observed that the
activity of olivine could be improved by calcination of the particles prior to application, an effect that was
explained by accumulation of iron on the particles’ surface.®*

Moreover, the interaction of biomass ash with olivine was shown to further enhance the activity of the
material. By prolonged retention time (aging) of the particles in the gasification system the tar concentration
in the product gas could be gradually decreased.> The increased activity with time spent in the gasifier
could be explained by the formation of a layer rich in ash derived elements, such as potassium and calcium.

9



The mechanism of layer formation and its effect on the tar concentration has been the topic of extensive
research.>%5-¢% |t was found that the interaction of ash elements with olivine does not lead to agglomeration
associated problems (as was previously observed in the case of quartz sand), as the uptake of potassium
into the olivine structure is minor compared to that in quartz.®® Instead of the formation of low-temperature
melting potassium silicates, the formation of calcium silicate by a replacement of magnesium and iron from
the olivine lattice was reported.®® Furthermore, the location of potassium was found to be decisive for the
activity of the material. When located close to the surface, potassium could enhance the activity, but due to
migration towards the particles’ cores, it was no longer available at the surface and the material became
deactivated.*

Even though considered as promising bed material, due to the demonstrated activity towards tars, one major
drawback of olivine are the elements nickel and chromium which are often naturally incorporated into the
mineral olivine.>*%! The presence of these heavy metals requires special treatment of the bed material after
its removal from the gasifier (material fraction referred to as bottom ash).>® Alkali-feldspar was therefore
tested as an alternative to olivine bed material.

2,53 Feldspar

Feldspar is mechanically stable and the most abundant mineral in earth’s crust, making it cheap and readily
available and thus a suitable bed material. Furthermore, due to the absence of hazardous heavy metals in
the natural minerals, no special attention needs to be taken when disposing the waste material.

Alkali-feldspar has been successfully applied as bed material for biomass gasification.*626% |t has been
shown that the interaction of feldspar with biomass ash does not cause major problems with agglomeration,
instead activation (as found for olivine) was reported.5263 Again, this was associated with the formation of
layers rich in ash elements.%2% In a study on K-feldspar used for combustion of woody biomass, the
mechanism for the layer formation was described as a substitution of K* by ash-derived Ca?*-ions. This led
to the formation of cracks after prolonged retention time of the particles. The reaction with alkaline species
on the other hand, was found to be low.%*

2.6  Objective

The objective of this work was to comprehensively describe the mechanism of ash layer formation for
different silicate-based bed materials, by applying a novel sample preparation method. It was further
attempted to find similarities regarding layer formation for the three different materials in order to predict
the bed material’s response to changes in process parameters such as fuel composition, temperature, or
presence of additives. As the surface of the bed particles is in contact with the gas phase and therefore
responsible for tar cracking, the knowledge of elemental and crystallographic composition of the bed
material’s surface layer can aid to take advantage of the effect of activation while at the same time avoiding
detrimental agglomeration.
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3 Experimental

To study the interaction of bed material and biomass ash during DFB gasification, several studies were
conducted which are summarized in Figure 3.1. The different experiments are described in more detail in
the following sections. The morphology and composition of the bed particles was analyzed with several
different techniques to study the changes in the bed material induced by its interaction with biomass ash.

: Olivine Quartz Laborato
Expernpental Olivine Aging with Feldspar Aging Acin B Osurg
Campaigns Additives e P

Compositional and Polishing with SiC paper

morphological

Information SEM-EDS
Crystallographic Grinding to powder
Information XRD
Detailed Polishing with BIB
compositional
Information SEM-EDS
Complementary FIB lift-out ToF-SIMS
Analysis

TEM

Figure 3.1: Experimental campaigns and analysis conducted over the course of this work. The experiments conducted
are shown in red, sample preparation in blue and sample analysis in green.

3.1 Bed Materials and Feedstock

Three different bed materials were tested and investigated as bed materials in the Chalmers DFB gasifier —
guartz, olivine, and feldspar. Their composition, as provided by the suppliers, is shown in Table 1. All three
materials contain a major amount of Si. Despite being a natural material, the quartz utilized is of high purity
with only small contaminations with Al and Fe. Olivine contains mostly Mg, Fe and Si and the ratio between
Mg and Fe to Si is slightly lower than 2:1 which would be the case for pure olivine. As mentioned earlier,
olivine contains small amounts of nickel and chromium. The feldspar utilized is a mixture of 40 weight
percent (wt. %) Na-feldspar, 48 wt. % K-feldspar, 6 wt. % Ca-feldspar and 6 wt. % quartz. The majority of
the particles of all materials was between 180 and 500 pum.

Wood chips and wood pellets were used as fuel for the combustor and the gasifier accordingly. Both
feedstocks have relatively low content of ash — 0.5 wt. % (wood chips) and 0.4 wt. % (wood pellets) ash,
respectively. The ash composition of the feedstocks is shown in Table 2. As it can be read from the table,
in both cases, calcium and potassium constitute the major ash components, followed by magnesium and
silicon.

Table 1: Elemental composition of the bed materials studied in the present thesis, as provided by the material suppliers
on an oxygen-free basis.
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mol % Quartz Olivine Feldspar

Na 7.56
Mg 60.48 0.05
Al 0.20 0.44 20.10
Si 99.76 34.11 61.25
P 0.06
K 9.72
Ca 1.17
Ti 0.01
Cr 0.20
Fe 0.04 4.55 0.08
Ni 0.21

Table 2: Ash composition of the utilized feedstocks. Wood chips were fed to the combustor and wood pellets to the
gasifier.

Wood Chips  Wood Pellets
[mmol/kg] [mmol/kg]

Na 1.3 2.2
Mg 7.0 9.1
Al 15 0.7
Si 5.7 2.8
P 2.3 3.2
K 10.2 21.0
Ca 25.0 32.4
Ti <0.2 <0.2
Mn 2.2 11
Fe 0.7 0.4
Ba 0.1 0.1

3.2 Sample Exposures

The first four experimental campaigns shown in Figure 3.1 were exposed in the Chalmers DFB gasifier.
The system consists of a 12 MWy, circulating fluidized bed (CFB) furnace and a 2-4 MWy, bubbling
fluidized bed (BFB) gasifier. A schematic representation of the plant is shown in Figure 3.2. The bed
material is heated up in the furnace (1) where wood chips are combusted with air used as fluidization gas.
The bed material particles are separated from the fine fraction in the gas by the cyclone (4) and transported
by the particle distributor (9) to the gasifier (11). The gasifier has a separate fuel feeding system, where
wood pellets are used as feedstock. From the gasifier, bed material and remaining unconverted char are
transported back to the furnace. To avoid gas leakage, loop seals, which are fluidized with steam, are placed
in between the cyclone and the gasifier, and between the gasifier and the furnace. A detailed description
of the system can be found elsewhere.®
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Figure 3.2: Schematic representation of the Chalmers Dual Fluidized Bed (DFB) gasifier.'®

Each of the bed materials described earlier (quartz, olivine, and feldspar), was utilized in an aging
experiment, which is conducted for a prolonged time without bed material regeneration or additives.
Thereby, the time-resolved interaction of bed material and ash could be studied. In another campaign,
olivine was utilized, and ammonium sulfate was added to control CO emissions. The exact experimental
parameters can be found in the respective publications (on quartz,? olivine,> feldspar® and olivine with
additives'®). The prolonged retention time of the particles in the system lead to an increase in tar cracking
ability of the material in all cases (see Figure 2.4).

The system of biomass ash is complex as it contains a myriad of elements which interact with the bed
material. Studying the effect of single elements separately, is therefore difficult, as other ash-derived
elements might overshadow these effects. This is why the system was further simplified to study the
diffusion of potassium and calcium. Therefore, a laboratory set-up was applied where flat olivine stones
were placed into a tubular furnace under oxidizing conditions at 850 °C for 24 hours. Slurries of K>COs,
K2S04, CaCO; and CaCl,, which are salts of the major biomass ash elements, were placed onto them to
study the interactions with each of the salts separately.
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3.3 Sample Preparation and Analysis
3.3.1 SEM-EDS

To analyze the influence of biomass ash and additives on the bed material, particles were investigated with
a scanning electron microscope (SEM). The particles were mounted on a conductive carbon tape onto a
SEM-stub and information about the morphology was acquired by recording micrographs. Thereby, surface
properties such as porosity could be investigated. However, especially the formation of layers caused by
the interaction of biomass ash and bed material is of relevance for activation or agglomeration. Therefore,
cross-sections of the particles were prepared which necessitates the immobilization of the bed material
particles. This was achieved by two different methods.

In the first method, a mixture of resin and hardener was used for embedding of the bed material particles.
After curing, the samples could be ground and polished with SiC paper (until P2400). To avoid dissolution
of the alkali salts during preparation, this was done without cooling agent. By this method, a great number
of particles (several hundreds) could be immobilized simultaneously which was useful for preliminary
material analysis as well as for statistical analysis. This method is widely used within the field and gives a
good understanding of the materials. However, when grinding material with different mechanical
properties, such as particles and their layers, the mechanically weaker part gets ground quicker which can
cause damage in the ash layer and hamper the analysis. Furthermore, by mechanical grinding one is limited
in the final surface quality that can be achieved.

In order to overcome the enumerated limitations, a second sample preparation method was developed.
Small amounts of sample particles were embedded between two silicon wafers with cyanoacrylate glue.
After curing, the “sandwich” was mounted in a broad ion beam (BIB) system. The process is schematically
shown in Figure 3.3. The lower part of the sandwich was protected from the beam with a mask and only
the topmost few millimeters were removed by the beam. Thereby, cross-sections of a small number of
particles were created at the same time and a surface finish with a higher quality was obtained.

A direct comparison of the two sample preparation methods can be seen in Figure 3.4. The figure shows
two olivine particles from the same sample which has been exposed to biomass ash for 24 hours in the
Chalmers gasifier. From the image it is visible, that only by the second method, sufficient surface quality
can be achieved for further analysis of the ash layer. This is especially important for the early layer
formation, where the ash layer is too thin to be analyzed otherwise.

Furthermore, by utilizing energy dispersive X-ray spectroscopy (EDS), information about the elemental
composition was acquired. Thereby, the distribution of ash-derived elements throughout the surface layer
of the particles can be followed. By studying the composition throughout the ash-layers, conclusions can
be made on whether agglomeration is likely to occur or if tar-reduction can be attributed to the elemental
composition on the particles’ surface. While measuring the composition is useful to derive which elements
are involved in activation of the bed material, no crystallographic information can be acquired by SEM-
EDS.
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Figure 3.3: Schematic representation of the cross-section sample preparation method with broad ion beam (BIB)
milling. The particles were embedded between two silicon wafers with cyanoacrylate glue and subsequently the
topmost part was removed by BIB-milling. Thereby, cross-sections of a few particles were created.
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Figure 3.4: SEM-micrographs of an olivine saple, which was exposed to biomass ash for 24 hours, illustrating the
two different sample preparation methods. (a): grinding with SiC paper; (b): BIB-milling.

3.3.2 X-Ray Diffraction (XRD)

The crystallographic phases were analyzed by X-ray diffraction (XRD). The samples were ground to a fine
powder prior to analysis to improve the statistical distribution of the crystallites. The recorded spectra were
compared qualitatively to the patterns from databases. Together with the data from SEM-EDS, information
on the phases present on the particles’ surface could be acquired. These phases are most likely in contact
with the gas phase, where the breakdown of tar species occurs and are therefore the reason for the bed
material’s activity. However, XRD analysis provides crystallographic information from the whole particle
which can make it difficult to analyze the development of the layer formation. The signal stemming from
the phases which are formed on the surface of the bed material particles is weak, compared to the rest of
the bed material. It can therefore become challenging to precisely identify minor phases formed during the
interaction.

3.3.3 Transmission Electron Microscopy (TEM)

For the purpose of higher resolution analysis, a lift-out (about 6 um x 10 um) of a sample was created by
focused ion beam (FIB) milling using gallium ions. The sample was polished down to a thickness of about
100 nm until it was sufficiently thin for electrons to pass through, to be analyzed by transmission electron
microscopy (TEM). This process requires multiple sample preparation steps making it time-consuming and
expensive. Furthermore, only a small part of the surface of one particle can be analyzed which could make
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it questionable whether the sample is representative of the whole bed material in the gasifier. It is therefore
crucial to conduct the previously described analysis (SEM-EDS and XRD) beforehand and to carefully
select a representative location of the particle. Once the representativity of the sample was ensured, TEM
could be used for high-resolution imaging, elemental analysis (TEM-EDS) and to obtain crystallographic
information by TEM-diffraction.

3.3.4 Additional Analysis

Complementary to the listed techniques, a number of other analysis techniques were applied. To study the
effect of K in surface vicinity, which is likely to positively influence the tar cracking ability of the bed
material, extracted bed material particles were immersed in water to leech out soluble species. The
concentration of soluble K* was analyzed with atomic absorption spectroscopy (AAS). Furthermore, since
the amount of surface area of the bed material available to the gas phase could influence the catalytic tar
cracking reactions, Brunauer-Emmett-Teller (BET) analysis were conducted. Lastly, the elemental
distribution of bed material cross-sections was investigated by time of flight secondary ion mass
spectroscopy (ToF-SIMS) to investigate whether molecular-ions could be found. This information was used
complementary to XRD to derive the nearest neighbors of elements found in the active layers.

3.4  Thermodynamic Modelling

Complementary to the experimental results, thermodynamic modelling offers theoretical information on
the layer development. Therefore, FactSage was used to calculate the inorganic phases which are stable at
the conditions present in the gasification system. The calculations are based on minimizing the Gibbs
energy which results in information on the phases which are thermodynamically stable, without accounting
for the process kinetics. The elemental compositions found with SEM-EDS were used as input data (as their
respective oxides) and the calculations could be used to investigate melting behavior and to support the
results found with XRD. Furthermore, by studying possible reactions, the mechanism of the interaction
between bed material and biomass ash compounds could be derived.
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4 Results & Discussion

Three different bed materials (quartz, olivine, and feldspar) were investigated in the course of this work,
regarding their interaction with woody biomass ash derived elements. The materials were sampled during
different experimental campaigns conducted in the Chalmers gasifier. The interactions were studied by the
analysis techniques described before and their results compared to thermodynamic calculations.

4.1 Morphology

The interaction of bed material with biomass ash leads to change in morphology of the bed particles. This
can be seen from top-view micrographs as recorded on olivine and feldspar particles with different retention
times (see Figure 4.1). The surface changes from exhibiting sharp edges at the beginning of the experiments
towards more smooth features towards later extraction times. This can be attributed to both attrition and
accumulation of ash elements. For the case of feldspar, cracking of the surface layer can be detected, as
indicated with the arrows in Figure 4.1 (e) and (f).

RN 56 S P _ A % o}
Figure 4.1: Top-view SEM micrographs of the olivine particles (a-c) and feldspar particles (d-f) exposed in aging
experimental campaigns in the Chalmers gasifier. Cracking of the ash layer is indicated with arrows.

Cross-sections of the particles extracted from the olivine aging experimental campaign are shown in Figure
4.4. The figure shows the formation of a layer brighter in back-scattered electron (BSE) contrast after 1 day
retention time with an increase in its thickness after 2 and 4 days. A brighter BSE contrast corresponds to
the presence of elements heavier than those originally present in olivine (Mg, Si and O). This is true for Ca
and K which are major biomass ash elements. The formation of a brighter layer can therefore be interpreted
as an accumulation of ash elements on the surface of the bed particles.
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The same was found for quartz and feldspar as shown in Figure 4.2. The figure shows the development of
the ash layer of quartz, olivine, and alkali-feldspar after three days. As can be seen in the figure, in all cases
the particles are covered by a brighter layer. The thickness varies between the different materials and the
layer is most pronounced for quartz and to a lesser extent olivine. The feldspar particle exhibits less
accumulation of ash elements than the other materials and the resulting ash layer is significantly thinner
after similar exposure times.
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FigUre 4.2: SE mlcrogrh of a cross-section of quartz and feldspar particles used as bed material. Formation of
surface layers rich in ash elements is visible for quartz (a) and feldspar (b) after 3 days interaction with biomass ash
in the Chalmers DFB gasifier.

While the core of quartz and olivine particles is largely unaffected by prolonged exposure time in the
gasifier, a change in BSE contrast for the core can be observed for alkali-feldspar particles investigated in
the aging experiment (see Figure 4.3). After 5 hours in the gasifier, the contrast difference between darker
Na-rich feldspar (indicated as ) and the brighter K-rich feldspar (indicated as B) is clearly visible. After 51
hours, however, the amount of darker Na-rich feldspar has significantly decreased. In the sample extracted
after 143 hours, only at the center of a few particles the darker contrast corresponding to Na-feldspar can
be found.

Figure 4.3: BSE mode SEM micrographs of cross-sections of alkali-feldspar particles exposed in the aging
experimental campaign, extracted after different retention times. The contrast corresponding to Na-feldspar and K-
feldspar is indicated with « and S, respectively.
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(b) Day 1

(d) Day 2

Figure 4.4:BSE mode SEM micrographs of cross-sections of particles extracted from the Chalmers gasifier after 1, 2
and 4 days of retention time without bed material replacement or addition of additives.

19



4.2  Layer Structure

To study the formation and composition of the ash layers, EDS line-scans were recorded on micrographs
(see Figure 4.5). The samples shown had been in the gasifier for 3 days and the goal was to compare the
layer formation mechanism for the three materials. The formation of three distinct layers could be found
for all materials investigated, where the highest Mg concentration was found on the surface, the highest Ca
concentration further inside the layer, and finally a primary interaction layer between bed material and
biomass ash at the interface between particle center and the Ca-rich layer. The specific layer formation
characteristics for each material are discussed in the following sections separately.

421 Quartz

The particle shown in Figure 4.5 () is covered by a uniform layer of between 10 and 50 um thickness.
From the micrograph this layer can be divided into three sublayers.

The surface layer which comprises the outer 2-3 um of the particles is slightly brighter in contrast and
contains high amounts of ash elements, distributed as 15 at. % Mg, 40 at. % Ca and 10 at. % P. Compared
to other locations in the sample, the concentration of Si (30 at. %) is particularly low on the surface.
Furthermore, the surface layer exhibits a large number of small pores.

The intermediate layer can be distinguished by the presence of rather defined edges and extends for about
5-10 um into the particles. The characteristic presence of such geometrical shapes indicates the growth of
crystallites from a melt. The intermediate layer contains a higher amount of Si and K (about 50 at. % and
10 at. % respectively) compared to the surface layer, whereas the concentration of Ca within this layer is
lower (30 at. %). Neither Mg, nor P cannot be found in significant amounts. No porosity can be detected in
the intermediate layer.

The inner layer can be characterized by a high concentration of K and Si (up to 20 and 70 at. % respectively)
and a very smooth layer morphology which is interrupted by voids (bubbles) of several micrometer in
diameter. The morphology indicates that this area was in a molten state while the particles were present in
the gasifier. This is supported by the previously suggested growth of crystallites into the melt. The
concentration of Ca is much lower here compared to the intermediate layer.

422 Olivine

Figure 4.5 (b) shows the layer formed on an olivine particle during the experimental campaign where
potassium carbonate and ammonium sulfate were added to the process. One can distinguish two separate
layers from the BSE contrast, one dense inner layer and one more porous outer layer. The thickness of the
dense layer stays rather constant, whereas the outer layer increases in thickness to up to 10 um which is
unevenly distributed throughout the particle. Within the outer layer, several spots of brighter contrast can
be observed which indicate the formation of a separate phase which is mostly located on the surface of the
outer layer. One can therefore once again distinguish three separate layers.

The surface layer is the area which is brighter in BSE contrast. From the EDS line-scan shown in Figure
4.5 (e), one can conclude that this area is rich in Mg and comparably poor in Si. Underneath is the
intermediate layer which is rich in ash derived elements such as Ca and P. As mentioned previously, a high
amount of porosity can be found here. The coincidence of Ca and P indicates the formation of calcium
phosphate. The inner layer is rich in Ca, Mg and Si. Its morphology does not exhibit any pores, and it
appears to be homogeneous in BSE contrast.
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The interaction of K with olivine is of particular interest due to the catalytic activity associated with K.
Compared to quartz, the interaction with olivine is minor and significantly less K is accumulated in the bed
material. This explains why olivine does not tend to agglomerate even when K,COs is added to the process
and instead the bed material increases in activity.>® From the EDS line-scan one can observe the coincidence
of K and S in the surface layer, which indicates the formation of K,SO.. In the study where no ammonium
sulfate was added, the presence of K could not be found in the surface layer which suggests, that the addition
of sulfate provides a binding partner for K.

423 Feldspar

The sample extracted after three days retention time was prepared with the BIB-milling method and a K-
rich feldspar particle is shown in Figure 4.5 (¢). From the BSE contrast one can observe the formation of
two layers. The EDS line-scan shows a maximum in Na-concentration at the location corresponding to the
darker, lower part of the layer. On the surface of the layer, the highest Mg concentration can be observed,
and the Ca concentration is highest underneath. Thus, once again three layers can be described, a Mg-rich
surface layer, a Ca-rich intermediate layer, and a Na-rich inner layer. Si can be found throughout the whole
area. Since the amount of Na in biomass ash is minor, the presence of significant amounts of Na on the
particles’ surface layer requires a diffusion of Na towards the surface. This can proceed by replacing Na
from the feldspar structure by K. This further explains the previously mentioned contrast differences that
disappeared with time between the particles (see Figure 4.3), where all Na-rich feldspar has been converted
to K-rich feldspar.

The study on originally Na-rich feldspar particles showed similar layer formation, a Mg-rich layer on the
surface, followed by a Ca-rich layer. Additionally, the formation of a third layer in between Ca-rich layer
and the bulk was found. This layer was denoted as a K-reaction layer, as the concentration of K was higher
in this layer than in the bulk and the two layers closer to the surface. This observation is in line with the
suggested replacement of Na from the feldspar structure by the ash-derived K.
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(a) Active Quartz

(c) Active Feldspar

[um]
Figure 4.5: BSE (SEM) micrograph and corresponding EDS line-scan of quartz, olivine and feldspar after 3 days
retention time in the Chalmers DFB gasifier.
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4.3  Crystallography
431 Quartz

To investigate which crystallographic phases are present in the sample, XRD was performed on the active
quartz particles, as well as on fresh ones used as a reference (see Table 3). No phases except for SiO; could
be found in the fresh sample. After three days of interaction with biomass ash, trace amounts of CaSiO3
(wollastonite), CaMg(SiOs). (diopside) and CasMg(SiOs). (merwinite) could be found. This indicates the
incorporation of Ca?* and Mg?" into the silicate lattice which leads to a depolymerization of the silicate
structure. As mentioned before, the quartz structure consists of corner sharing silicate tetrahedrons, whereas
in wollastonite and diopside only two out of four oxygens are shared with adjacent tetrahedrons, forming a
silicate chain. In merwinite, each silicate tetrahedron is an island, surrounded by divalent cations which
means that no oxygen is shared.

As Mg is primarily found on the surface of the exposed quartz sample, merwinite is expected to be located
at these locations. The concentration of Si increases towards the center of the particle which is why diopside
is most likely located adjacent to merwinite. Together they make up what was previously described as the
surface layer. The intermediate layer which does not contain any Mg but a larger concentration of Ca, is
therefore expected to consist of wollastonite. Despite being the thickest layer, no phase which exhibits a
high concentration of K, corresponding to the inner layer could be found with XRD. While this could be
due to the high detection limit of the technique (5 wt. %), it can be also explained by the lack of crystallinity
of the layer. Thus, the absence of a phase in XRD, corresponding to the inner layer, supports the previously
speculated hypothesis on melt formation. When the particles are extracted from the gasifier, they are
guenched which could prohibit crystallization of the melt, forcing it to form an amorphous glass structure.

Table 3: XRD analysis of quartz before and after exposure in the Chalmers gasifier. The crystallographic phases and
their respective silicate structure are shown. The abundance of the phases is indicated with stars: *** - major, ** -
minor, * - trace.

Silicate- Quartz
Phase structure Fresh Active
SiO; Quartz tecto Fhx falea
CaSiO; Wollastonite  chain *
CaMg(SiOs)2 Diopside chain *
CasMg(SiO4),  Merwinite island *

432 Olivine

The change of crystallographic phases between the different samples was investigated with XRD and the
results are shown in Table 4. It can be seen that the fresh olivine contains low amounts of MgSiOs
(enstatite), which explains the higher content of Si in the fresh material (Table 1) than expected for pure
olivine.

The sample extracted after one day of aging shows a decrease in the intensity of the enstatite peak. However,
quartz was also present in this sample which could be explained by contamination of the sample with bed
material from previous experimental campaigns, as quartz is not expected to form during the interaction of
olivine with biomass ash. After two days of retention time, Ca-rich phases can be detected with XRD, such
as CaMgSiO, (monticellite) and CasMg(SiOas), (merwinite). At the same time MgO (periclase) can be
found. This trend continues towards the sample obtained after four days, where the peaks corresponding to
monticellite, merwinite and periclase increase in intensity. Similar observations could be made for the
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sample collected after application of additives. Here, Ca,SiO4 (larnite) could be found, as well as K>SO,
which had been predicted from the SEM-EDS results.

Table 4: XRD results from the different olivine samples investigated. The abundance of the phases is indicated with
stars: *** - major, ** - minor, * - trace.

Silicate- Olivine S-K-
Phase structure Fresh Day 1 Day 2 Day 4 Addition

(Mg,Fe)2Si0q Olivine island Fhx Fhx Fhx Fhx falea

MgSiOs Enstatite chain *x * * *
SiO; Quiartz tecto *x

CaMgSiO,  Monticellite  island * ke *
CasMg(SiO4),  Merwinite island * ** *
CazSiO4 Larnite island *
MgO Periclase *x *x **
K>SO, *

The depolymerization of the silicate lattice, as described for quartz, could be confirmed for the case of
olivine, albeit to a lesser extent, as the olivine structure already consists of depolymerized silicate island.
However, the previously mentioned trend can be confirmed by following the disappearance of the peak
corresponding to enstatite, which exhibits silicate chains. These chains can depolymerize due to the
interaction with ash-derived Ca. The interaction of CaO with olivine causes the formation of Ca-Mg
silicates which necessitates the displacement of Mg which therefore forms a separate MgO phase, according
to the reaction scheme (Figure 4.6).

+2 CaO + CaO + CaO
+2 MgO + MgO +MgO

Figure 4.6: Reaction scheme for the interaction of olivine with CaO, leading to the formation of MgO and different
Ca-Mg silicates.

433 Feldspar

The XRD results of the experimental campaign with alkali-feldspar are shown in Table 5. It could be seen
that the peak corresponding to Na-feldspar (albite) decreases significantly in intensity throughout the
exposure, which can be explained by the previously described replacement of Na in the feldspar structure
by K. Furthermore, the presence of CaSiOs (wollastonite) was found, which corresponds to the Ca-rich
intermediate layer. As Mg-containing phases, MgSiOs (enstatite) and CasMg(SiOs4). (merwinite) were
found, which are expected to be present in the surface layer.

Similar to the case of quartz, depolymerization of the silicate structure was found, from a tecto-silicate
structure as in feldspar, to a chain-silicate, as in wollastonite or enstatite, to finally an island-silicate, as in
merwinite.
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Table 5: Crystallographic phases found with XRD in the samples obtained from the feldpsar aging experiment. The
abundance of the phases is indicated with stars: *** - major, ** - minor, * - trace.

Silicate- Feldspar

Phase structure  fresh 5h 21h 51h 76h 143h

KAISizOs Microcline tecto el el falsad falsad falsad falsied
NaAlSizOg Albite tecto falelad bk faked faked faked *
(Na,K)AISiOs  Nepheline tecto * * *

CaSiOs Wollastonite chain * *x *x falsied
MgSiOs Enstatite chain * *
CasMg(SiO4)2  Merwinite island * okl

4.4 Thermodynamic Modelling

Equilibrium calculations (Equilib) with FactSage 7.2 were conducted with the compositions acquired from
the EDS line-scan (Figure 4.5). The concentration of elements found with EDS were used as input values
in their respective fully oxidized form. The calculated phases which are in equilibrium for the measured
compositions are shown in the following chapters.

441 Quartz

The calculations shown in Figure 4.7 are to a large extent in agreement with the previous results. According
to the performed calculations, the inner layer is composed of a melt. The intermediate layer which exhibits
a high concentration of Ca, was calculated to consist mostly of CaSiOs. However, the surface layer, which
is rich in Mg, was found to contain CaMgSi,Os and Ca,MgSi>O; which are more polymerized silicate
structures than the suggested merwinite.

Besides the silicates, CasP,0g was found as the stable P-containing phase. This can be interpreted as the
presence of P in the ash reduces the amount of Ca which can react with the silicate structure, as it causes
the formation of stable calcium phosphate.
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Figure 4.7: Thermodynamic modelling results using FactSage, showing the predominant phases formed if an
equilibrium is assumed for the compositions measured with EDS.
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Furthermore, FactSage was utilized to develop a reaction mechanism for the interaction of quartz with KO
and CaO which is shown in Figure 4.8. It has been concluded from the EDS data that the reaction of quartz
(SiOy) and K occurs first, forming a melt. Indeed, the reaction of K;O with SiO; leads to the formation of
K:SisO9 which has a melting temperature of 771 °C, well below the usual temperature for biomass
gasification (850 °C). The interaction of this melt with CaO leads to the formation of CaSiOs, which
depletes the melt of SiO,. This eventually leads to the formation of K-silicates with higher melting
temperatures. As no such K-silicates were found with XRD, it is expected that they can react again with
quartz, forming the low melting K2Si4Os.

CaSiO, CaSio,

+ +

+K,O0 . + CaO . +CaO _
Si0, — > K,Si,00 K,Si,0; K.,SiO,
Tp=771°C Tn=1046 °C Tn=977°C

Figure 4.8: Reaction mechanism (as suggested by thermodynamic calculations using FactSage) for the interaction of
quartz with oxides of the major ash elements, K,O and CaO. The melting temperatures (Tn) of the K-silicates are

shown.

442 Olivine

As detected with XRD, the phase stable for the composition of the surface layer is MgO and in the
intermediate layer, CasMg(SiOa), was calculated (see Figure 4.9). CaMgSiOs and Mg,SiO4 form a solid
solution (olivine) and are summarized as one phase (Mg.SiO4), which is present at the location of the inner
layer. Minor amounts of melt formation were predicted by FactSage, mostly present in the intermediate
layer. Any P found with EDS was calculated to form CasP,Q., effectively removing Ca from the interaction
with the silicate structure by the formation of a stable calcium phosphate. The coincidence of K and S was
calculated to be due to the formation of K,SOa.
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Figure 4.9: FactSage thermodynamic modelling results showing the predominant phases which are in equilibrium for
the compositions measured with EDS.
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443 Feldspar

According to the calculations (see Figure 4.10), the core of the particle consists of feldspar and quartz. The
two different feldspar types (Na-rich and K-rich) are present in a solid feldspar solution at the present
temperature. In the figure they are therefore added together and denoted as one phase (KAISizOs). The
presence of quartz was calculated, as the concentration of Si was higher than pure feldspar. In the adjacent
inner layer and intermediate layer, the concentration of feldspar decreases, and CaSiOs is the most abundant
phase. The reaction of CaO with feldspar to CaSiOs requires the depletion of Si from feldspar which is why
the feldspathoids leucite (KAISi;Og) and nepheline (Na,K)AISiO4 are expected from thermodynamic
calculations. Additionally, CaMgSi>Os was calculated as the Mg-containing phase. As the concentration of
Si decreases towards the surface layer, the island-silicate Mg.SiO4 was calculated to be present here. As
was found previously for the case of quartz and olivine, CasP.Os is the P-containing stable phase.
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Figure 4.10: FactSage thermodynamic modelling results showing the predominant phases which are in equilibrium
for the compositions measured with EDS.

Considering the change in Gibbs free energy due to the chemical reactions which can occur on the surface
of the bed material, a number of reactions involve a decrease in Gibbs free energy, meaning they occur
spontaneously. For the case of feldspar, the interaction of both types of feldspar with CaO is shown in
Figure 4.11. Both Na- and K-feldspar can react with CaO to form CaSiOs and the respective SiO-reduced
feldspathoid. This phase can undergo another reaction with CaO to form CaSiOs and the respective Na- or
K-AISiO,4 phase. However, the reaction between KAISiO4 and Na-feldspar is spontaneous as well, yielding
K-feldspar and NaAISiO4. This can be interpreted as the explanation for the replacement of Na-feldspar by
K-feldspar. While both phases can react with CaO, only K-feldspar can regenerate by consuming further
Na-feldspar.

Similar reactions are possible with KOH, leading to the formation of K-silicates instead of CaSiOsa.
Depending on ash composition, either CaO or KOH will be the major reaction partner for the feldspar. In
both cases, the replacement of Na-feldspar by K-feldspar will be the outcome.
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Figure 4.11: Suggested reactions associated with a decrease in Gibbs free energy, involving the two types of feldspar
(K- and Na-) and CaO at 1123 K.

45 Minor Ash Elements

For further in-depth analysis, TEM analysis was conducted on the olivine sample extracted after 4 days
retention time in the aging experiment. Therefore, a thin foil was extracted from one particle extracted after
four days by focused ion beam milling and analyzed with TEM. The results are shown in Figure 4.12.

The previously described three layered structure is indicated in the micrograph, showing that the surface
layer which is located in the first 400 nm consists mostly of Mg and Fe. Periclase (MgO), which was found
in XRD, is the phase expected to be present in the surface layer and it can form a solid solution with minor
amounts of Fe0.% Due to the higher oxygen partial pressure on the surface of the particles, a migration of
Fe?* from the olivine structure towards the surface can be expected, where Fe?* oxidizes to Fe**. Therefore,
the formation of magnesioferrite (MgFe.O.) is possible, which could however not be found with XRD.

The intermediate layer spans from 400 nm to 3600 nm. In Figure 4.12, the layer is further subdivided into
a dense outer layer which contains up to 80 at. % Si and a porous inner layer where the concentration of Si
is lower. It is apparent from the TEM-EDS line-scan that high concentrations of Si and Ca are alternating
with high concentrations of Mg and Fe. This is in line with the formation of (Mg,Fe)O or MgFe20. and a
separate Ca-silicate phase. The presence of periclase was confirmed with electron diffraction on the location
marked as “A”. Here, a pattern corresponding to crystal structure of periclase could be recorded. The lower
porosity at locations high in Si could be interpreted as a filling up of pores with Si. Other phases detected
in the intermediate layer are CaTiOs, Cas(PO.), and K,Ca(SO4); which were calculated with FactSage
from the composition recorded at the respective points.

Between 3600 nm and 4700 nm, the inner layer is located, which is rich in Si and Ca except for the Mg and
Fe rich precipitation at 4400 nm. The layer’s composition is about 80 at. % Si and 20 at. Ca which is a
higher ratio of Si:Ca than expected for the suggested CaMgSiO.. This could be caused by the formation of
MgFe.O. due to the oxidation of Fe?* to Fe®* which depletes the silicate structure of cations. A diffraction
pattern recorded on the location indicated with “B”, showed the formation of an amorphous phase. The
formation of amorphous silica has been found previously in oxidation experiments with olivine, where
temperatures above 900 °C where necessary to form crystals of more polymerized silica structures.%:”
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Figure 4.12: Micrograph of the TEM foil and EDS line-scans corresponding to the location indicated with the red
line recorded on an olivine particle extracted after 4 days residence time in the aging experiment. A and B indicate
the locations where the diffraction patterns were recorded. (top) elemental distribution of elements initially present
in olivine: Si, Mg and Fe; (middle) elements suspected to increase the catalytic activity of the bed material: Ca, S and
K; (bottom) other elements found in significant quantities: P, Mn, Ti and Cr.
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46 Summary
4.6.1 Quartz

When utilizing quartz sand as bed material, the interaction can be summarized by the four steps shown in
Figure 4.13. K, which is expected to be present as gaseous hydroxide can rapidly react with quartz to form
K-silicate melt. The diffusion of K*-ions can proceed faster than Ca?* or Mg?* due K* being single charged.
Thus, the formation of K-silicate melt spreads faster than the formation of compounds containing other ash
elements. Melt derived from SiO; exhibits a high degree of polymerization and has therefore a high
viscosity (making it sticky) which explains the tendency of quartz bed material to agglomerate. Conversely,
if ash derived CaO interacts with the K-silicate melt, the formation of CaSiOs occurs. This structure is solid
at 850 °C and can therefore function as a cover for the melt which can decrease the agglomeration tendency.
This effect is decreased in the presence of P which reacts with Ca to form Cas(PO4). which is deposited on
the bed material. The interaction with Mg appears to be minor, as only (comparably) small amounts of Mg
are found in biomass ash. Mg tends to react with CaSiO; forming the less polymerized nesosilicate
CagMg(SiO4)2.

The analysis shows that the interaction of biomass ash with quartz bed particles leads to the accumulation
of Ca, Mg and P on the surface. These elements could therefore be responsible for the increase in activity
towards tar reduction which the bed material shows upon prolonged residence time in the gasifier. While
quartz is generally considered inert, the accumulation of said elements leads to an activation of the particles,
as long as severe agglomeration caused by the K-silicate melt can be avoided. Thus, the utilization of Ca-
or Mg-rich fuel or additives could promote the formation of higher-melting Ca-Mg-silicates which can
function as a protection against agglomeration, since the K-silicate melt is located underneath.
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Figure 4.13: Schematic representation of the interaction of quartz sand with the major components of biomass ash.
4.6.2 Olivine

A schematic summary of the interaction of olivine with the main ash elements is shown in Figure 4.14.
Contrary to quartz, KOH does not interact strongly with olivine which is why the first step is the reaction
of CaO with olivine. Thereby, a mixed Ca-Mg-silicate is formed and MgO is expelled from the olivine
structure. Ash-derived P is deposited as Ca-phosphate which limits the interaction potential of Ca with
olivine. CaMgSiO; is expected as an intermediate Ca-Mg-silicate which will be replaced by CasMg(SiOs).
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on the surface due to further replacement with Ca. As the formed ash layer exhibits porosity, small amounts
of a K-rich phase can be incorporated. Prolonged retention time of the particles leads to the formation of
several alternating CasMg(SiO.)2/MgO layers.

In previous studies on olivine activation, Ca has often been speculated to be responsible for the increased
activity of the bed material towards tar reduction. The analysis done in the present study show that a layer
of MgO is present on the outer surface which is therefore the phase which is most likely in contact with the
gas phase. To efficiently increase the activity of olivine bed material, the choice of fuel and additives should
therefore be made to promote the formation of a MgO layer.
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Figure 4.14: Schematic depiction of the interaction of the main ash elements with olivine.
4.6.3 Feldspar

The interaction of alkali-feldspar with biomass ash is schematically shown in Figure 4.15. The interaction
of CaO with both types of feldspar leads to the formation of CaSiO3 and Si-reduced feldspathoids. As the
reaction of the KAISiO4 with Na-feldspar leads to the formation of NaAlISiO4 and K-feldspar, eventually
all Na-feldspar will be replaced by K-feldspar. This process is amplified by K-derived ash interacting the
bed material. Conversely, the presence of P in biomass ash causes the deposition of Cas(POa). which
reduces the interaction potential of Ca with the bed material. Mg from the biomass ash can interact with
CaSiOs3 to form CasMg(SiOa)s.

The depolymerization of the silicate network is similar to what was previously described for quartz;
however, no detrimental melt formation was found. As an increase in activity towards tar reduction of
alkali-feldspar bed material was found, a beneficial effect of depolymerizing the silicate network seems to
exist. By utilizing feedstock rich in Ca and Mg, and poor in P, the depolymerization can be amplified which
could reduce the residence time required for the bed material to achieve an active state.
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Figure 4.15: Schematic depiction of the interaction of biomass ash with alkali-feldspar.
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5 Conclusion

The interaction of biomass ash with silicate bed material under gasification conditions was investigated on
quartz, alkali-feldspar, and olivine. Prolonged residence time of the bed material particles causes the
accumulation of ash-derived elements, of which the major elements are Mg, P, K and Ca. The accumulation
of ash-derived Ca (and to a lesser extent Mg), causes the depolymerization of the silicate lattice of quartz
and feldspar, as shown in Figure 5.1. This effect is reduced by the presence of P in the fuel ash which
decreases the amount of Ca to react with the bed material by the formation of stable Cas(POa).. For the case
of olivine, further depolymerization of the tectosilicate is not possible, which is why a replacement of Mg
and Fe from the olivine lattice by Ca occurs. This leads to the formation of a MgO surface layer with small
amounts of Fe.
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Figure 5.1: Schematic depiction of the general mechanism of structure change found for the three bed materials
investigated. The structures shown are the tectosilicates quartz (I a) and K-feldspar (I b), the inosilicate wollastonite
(11), the sorosilicate dkermanite (I11), the nesosilicate merwinite (1V), and periclase (V). O: red, Si: inside the blue
tetrahedrons, Ca: turquoise, Mg: orange, K: purple.®

For all investigated bed materials, the development of less polymerized silicate minerals was found at the
same time as an increase in activity towards tar reduction was recorded. While these findings have strong
implications towards possible active minerals, further studies are required to test the activity of the pure
minerals, as other factors such as porosity might have an effect on the activity.
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6 Future Work

This work provides an overview on how silicate bed materials interact with biomass ash. The results point
on a beneficial effect of less polymerized silicate structures caused by increasing the concentration of Ca
and Mg. Besides the chemical composition of the surface which can be altered by additives and ash
interaction, factors such as morphology and porosity of the bed particles should be studied to further
investigate the impact of surface area on the bed material’s activity. Furthermore, the underlying
mechanism for the catalytic activity of the bed material should be further investigated by measuring oxygen
carrying ability or the release of active species from the material.

The choice of fuel is not only limited to biomass, but waste streams could be applied as an alternative. Since
their ash composition differs from biomass, it is important to study whether the interactions are comparable
to biomass and an increase in activation can be achieved following a similar pathway.

Furthermore, studies should be conducted to analyze the impact of additives, for example Ca-Mg-
carbonates such as calcite, magnesite, or dolomite, in order to achieve an active state of the bed material
without the requirement of prolonged retention time. Investigations on the impact of additives on the layer
structure can aid to choose synergistic combinations of fuel, bed material, and additives. This knowledge
can be used to apply these materials for other thermal conversion technologies, such as combustion of
biomass.
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