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Ash interactions with oxygen carriers Glédskal and LD-slag in biomass-CLC
FELICIA ELIASON

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

Chemical-looping combustion (CLC) is a novel combustion technology where fuel
is converted in the absence of air. The process is carried out in two fluidized bed
reactors, one in which a metal oxide (oxygen carrier) is oxidized by air and one in
which fuel is converted to combustion products through reaction with the oxidized
oxygen carrier. The combustion products are thus inherently separated from air and
CO, can be separated for carbon capture and storage without large energy penal-
ties. Much of the current work with implementing conventional scale CLC aims at
evaluating the performance and economic viability of di [erknt oxygen carriers. CLC
of biomass is of interest for sustainability reasons and evaluating if oxygen carriers
are suitable for biomass-CLC includes ensuring that the material can perform well
also in the presence of biomass ashes. Glodskal and LD-slag are two low cost steel
industry by-products that have shown desirable fuel conversion properties in CLC,
and their interactions with some common potassium ash components (KCl, K,COs,
K,S0O,4 and KH,PO,) in reducing atmosphere have been investigated in this study.
Glodskal consists mainly of Fe and Fe oxides and traces of other metals and oil
residues from the process. The main components of LD-slag is Ca-oxides and oxides
of Fe, Si, Mg and Mn. LD-slag also contains lower concentrations of Al, Ti and V.
Utilizing low cost waste materials is beneficial both for economic and sustainable
reasons. The materials have been mixed with potassium salt to obtain a mixture
with 4wt% potassium content. The mixtures have been reduced in a glass quartz
reactor for 8 hours in 850°C. The reduced samples have been analyzed in SEM with
EDS. The mixtures have also been tested in Thermogravimetric analysis. It was seen
that all the salts except for KH,PO,4 had positive e [edt on the porosity of Glodskal.
K,COj3 increased the reduciton rate of Glodskal. KH,PO, caused agglomeration of
Glodskal which had a negative impact on the reactivity. The agglomeration is due
to formation of a K-P-Fe component. Some accumulation of K was seen in both
Glodskal and LD-slag after reduction in the presence of K,SO,4. With K,CO3; and
K,S0,4 K accumulated in LD-slag together with vanadium. K,COj3; deactivated LD-
slag. KH,PO, reacted with Ca in LD-slag and formed a K-P-Ca component which
caused some agglomeration but didn’t al[edt the reduction rate.

Keywords: Chemical-looping combustion, oxygen carriers, Glodskal, LD-slag, ash
interactions, potassium salts, biomass ash
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1. Introduction

The year 2016 was the warmest year on record [1]. Measurements show that the aver-
age global temperature during the period 2013-2017 is likely to have been the highest
ve-year average ever recorded and is close t6Q above the average global tem-
perature measured between 1880 and 1900. It's generally agreed upon by scientists
that a large contributor to the temperature increase is anthropogenic greenhouse
gas emission.

The most commonly reported e ects of climate change are warming and shifts in
precipitation patterns[2, 3]. This in turn has an impact on natural and human
systems through damage caused by heat waves, droughts, oods, cyclones, and
wild res to mention some. The e ects of climate change can be seen on di erent
levels ranging from economic loss caused by damage to assets and food production,
mortality in human populations due to health issues and alterations in ecosystems
when species are forced to shift their geographical range to adapt.

Fossil fuels were covering approximately 80% of the global energy use in 2005 [4].
It is estimated by the United Nations Framework Convention on Climate Change
that fossil fuels will continue to be the main energy source until at least the middle
of the 21st century, since they are cheap, abundant and can be utilized on demand.
This means that CO, will continue to be produced and if emitted to the atmosphere
continue to contribute to climate change. Without additional climate change miti-
gation measures, it's estimated that the global mean surface temperature will have
increased by between 3,7 and £8 by the year 2100, compared to pre-industrial
temperature levels [5].

The e ects on climate change will vary greatly across regions and populations, mak-
ing it not only a matter of monetary or technological challenges but also a question
of equality and human value. The poorest and most vulnerable people in rural ar-
eas in developing countries have been and will be a ected the most but might also
have the least capability to make a di erence. The responsibility for climate change
mitigation thus must be shared by all actors. Adapting to and mitigating climate
change can't be done by any one single approach; place- and context-speci ¢ mea-
sures must be taken on di erent levels in society and the process will be expensive
[2]. The adaptation and mitigation choices that are being done in the close future
will be a factor in the climate change situation throughout the whole 21st century
[4, 2, 5].

One of the technologies that is expected to play an important role in climate change



1. Introduction

mitigation is Carbon Capture and Storage (CCS). The idea of the concept is to
collect and concentrate the C@ and transport it to a location for long term stor-
age. The concept ultimately means combustion of fossil fuels with zero emissions.
In the case of biomass combustion with CCS, (bio-CCS) carbon bound in organic
matter is combusted and stored, leading to what is referred to as negative emissions.
According to a report done by the International Panel on Climate Change (IPCC),
CCS together with other measures could signi cantly reduce the impact of climate
change [4]. CCS and some proposed technological solutions for implementation are
presented and discussed later in this report. One of the main barriers to CCS im-
plementation is that power plants with CCS are still not economically competitive
with conventional power plants, the largest cost associated with CCS being the cost
for CO,-separation [4, 6, 7].

The CO,-separation concept that will be in focus in this report is an emerging tech-
nology called Chemical-Looping Combustion (CLC). The idea behind the concept
is to provide the oxygen for fuel conversion from air indirectly, by having it oxidize

a material that carries the oxygen to a fuel reactor. The combustion products (GO
and steam) is thus inherently separated from the nitrogen and the excess oxygen
in the air, and a stream of pure CQ can be obtained without additional expensive
separation processes. The technology will be described in detail in Chapter 3.2. The
oxygen transporting material is called Oxygen Carrier (OC) and circulates between
the air and the fuel reactor. CLC is a young technology and there are still some
considerable barriers to overcome before the technology can be implemented to full
scale systems. Finding suitable OCs is one of them and there are some criteria that
they should meet. Being economic, reactive, stable, and environmentally friendly
are some of them. The most common suggestions are OCs based on oxides of copper,
nickel, iron, manganese, and cobalt. [7]. This study focuses on biomass combustion
and speci cally interactions between OCs and biomass ash. Ash interactions are
studied to determine the OC's suitability for biomass CLC.



2. Aim and restrictions of study

The overall aim of this work is to investigate the possibility to use two di erent
iron-based steel industry by-products as oxygen carriers in Chemical-Looping Com-
bustion of biomass-based fuels. Biomass contains a range of di erent ash components
that have been seen to interact with oxygen carriers and alter their composition and
properties in CLC. The aim of this study speci cally is to investigate how the mate-
rials Iron mill scale (Glédskal) and LD-slag interact with some potassium salts that
are commonly occurring in biomass (KCl, KCO3, K,SO, and KH,PO,4). Mecha-
nisms like deactivation, erosion or agglomeration of the material could mean that
they must be rejected as oxygen carrier candidates. The goal is that this study will
be part of the extensive screening work that is being done to nd suitable oxygen
carriers that are both e cient in combustion and can be acquired in a sustainable
way. The work will aim at taking one step further towards emission free combustion,
more sustainable energy production and climate change mitigation.

The focus in the project is to only investigate the interactions between the oxygen
carrier and the ash components. Tests regarding fuel conversion, uidization prop-
erties of the oxygen carrier etc. are out of the scope of this project. Previously
published works on fuel conversion and uidization properties of similar materials
is revised and included in the discussion. No tests are done with combinations of
the di erent ash components and the potassium concentrations are the same in all
the tests.
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3. Theory

3.1 Carbon Capture and Storage

The idea with Carbon Capture and Storage (CCS) is to collect the COproduced

in the system, compress it and transport it to a location for long-term storage,
enabling ideally zero-emission combustion [1]. G&eparation has been done by
chemical scrubbing since the 60's with the initial purpose being to produce GO
to be used for carbonating drinks and brine and for enhanced oil recovery. €O
separation in the context of climate change mitigation was rst discussed in late
1980's. The cost of CQ® capture is the largest cost associated with CCS tech-
nologies; in a case study done by Rao and Rubin, 79% of the additional cost for
implementing an amine absorption CCS system to a coal- red power plant is asso-
ciated with capturing the CO, [2, 3]. Carbon capturing can be divided into three
types of methods; decarbonization prior to combustion, oxy-fuel combustion, and
post-combustion CQ separation [3, 4]

Post-combustion CQ separation is mainly done today by absorption in solvents,
adsorption to solid materials or by gas separation in porous membranes [1, 3]. The
operational cost and energy penalty for these techniques are large since a lot of
energy is consumed to regenerate the sorption material. Heat demand values in an
amine absorption process are typically between 2,7 and 3,3 GJ per ton of captured
CO; [1]. Additional energy required for compression and transportation.

In decarbonization prior to combustion, the primary fuel is reacted with steam or
oxygen to produce a mixture of hydrogen and carbon monoxide [1]. The general
chemical reactions using steam (steam reforming) and oxygen (partial oxidation)
can be seen in Reaction 3.1 and 3.2 respectively. The formed mixture is treated with
steam in what is called the water gas shift reaction to produce GCand hydrogen
gas. The water gas shift reaction can be seen in Reaction 3.3.

CiHy + H,0$ XxCO +(x + %)H2 (3.1)
CyHy + goz$ XCO + %Hg (3.2)
CO+ H,;0$ CO,+ Hy (3.3)

The CO, is separated from the hydrogen and can be compressed and stored. The
hydrogen is burned for inherently CQ-free combustion. The most commonly used

5



3. Theory

way of producing hydrogen is steam reforming, using methane as fuel.[8].

The idea behind the last type of method; oxy-fuel combustion, is that the fuel reacts
with oxygen in absence of the other air components, producing a stream consisting
ideally of only CO, and steam. Providing oxygen for the combustion can be done by
separating gaseous oxygen from air in an external air separation unit, which requires
energy. Advantages seen with oxy-fuel combustion are exibility and increased com-
bustion e ciency compared to conventional combustion [5]. An alternative to using
gaseous oxygen is to provide the oxygen from an oxidized material, which is the idea
used in Chemical-Looping Combustion (CLC). Using CLC avoids the gas separa-
tion steps needed in the previously discussed options, which leads to a higher energy
e ciency. CLC is the technology that will be the main topic later in this work and

Is thus only mentioned here.

After capture and compression of the Cg it is transported and either utilized or
stored. The most popular use of C@is in enhanced oil recovery, where CQis
injected into uneconomical oil reserves to extract more oil and natural gas. This
technique has been used for some 40 years, so both the transport and the injection
technology is mature and well-known [6]. C®can also be utilized to some extent
in food production, chemical industries etc. The production, however, by far ex-
ceeds the total utilization possibilities, so to mitigate emission other means of GO
sequestration are required as well [1, 3].

Some alternatives for carbon storage include mineral carbonation (where rock from
magnesium and silica oxides react with COto form a stable solid material) or
dissolving CQ into deep saline aquifers. Injecting the C@deep enough into the
ocean for the CQ to be liquid, sink and create CQ-lakes on the ocean oor has also
been suggested, but is nowadays considered unrealistic from an ecological aspect [3,
6]. Yet an alternative is storage in depleted gas reserves; since they have been long-
term storage locations for natural gas, they should also be good storage locations
for CO,. Some of the risks that must be assessed carefully before storing 06
leakage from geological formations which can harm plants and animals, induced
seismic activity, and altered aquifer chemistry that can a ect drinking water. There

Is also the risk for economic loss in enhanced oil recovery if the injection misses its
target area and the CQ mixes with the oil and gas. The overall health and safety
risks are however comparable with health and safety risks related to other energy
production technologies [6].

The separate components of the CCS concept (separation, transportation and stor-
age) are in use today in the fossil fuel production industry, but the concept has
not yet been implemented to any large-scale power plants [7, 5]. Some of the most
crucial barriers to implementing commercial-scale CCS are, except the already dis-
cussed economic aspects, that there is a need for well-de ned regulations on short-
and long-term responsibilities for storage [4, 9]. Risk associated with provision of
biomass is an additional barrier to investment in bio-CCS power plants.
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3.2 Chemical-Looping Combustion

CLC is a combustion concept where a material is oxidized in one reactor and trans-
ferred to a separate reactor where it provides the oxygen needed to combust a fuel
[4, 10, 9]. A few di erent suggested technological concepts exist, and the most com-
monly discussed technology will be presented in section 3.2.2 Combustion system.
The term Oxygen Carrier (OC) is used to describe the material that is being ox-
idized and reduced in the di erent parts of the system. A range of di erent OCs
have been suggested in previous research and some of them will also be discussed
later, in section 3.5 Oxygen Carriers. The OC typically consists of a metal oxide or

a combination of metal oxides and a support material.

Figure 3.1: Schematic image of the CLC concept

A schematic image of the CLC concept can be seen in Figure 3.1 The terms Air
Reactor (AR) and Fuel Reactor (FR) are used to describe the parts of the system
where the OC is oxidized and reduced, respectively. What makes CLC an option
in CCS is that there are two separate ue gas streams from the system. The OC is
typically oxidized by air in the AR, and the outlet gas consists mainly of nitrogen
and some excess oxygen. The ue gas from the FR is ideally a pure stream of
combustion products, namely C@ and steam. The steam is easily condensed to
obtain a stream of pure CQ.

The cost for using CLC for carbon capturing is lower than the other previously
mentioned technologies. In an estimation presented by Adanez et. al [4], the capture
cost per ton of CG avoided was 6-13, using CLC, 18-37;, using the pre-combustion
technology Integrated Gasi cation Combined Cycle, (IGCC) and 13-3@ for an oxy-
fuel technology with air separation. Carbon capture with CLC has been estimated
to increase the price of electricity production by only 12-22%, making it a promising
candidate for CCS. [4]

The rstidea behind CLC was proposed and patented by Lewis and Gilliand already
in 1954. [4, 11] . Their idea was to oxidize carbonaceous materials by solid copper

7
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oxides and thus produce C@ free from inert gases. The focus was on developing
a method for energy e cient production of CO, to be used in industrial processes.
The concept was later again considered in the early 80's by Richter and Knoche,
who suggested using copper-, nickel-, and cadmium-based OC in CLC with the aim
to decrease the combustion entropy and increase the thermal e ciency in fossil fuel-
red power plants [4]. The concept has been growing and gaining more interest the
last 10-20 years. CLC was still a paper concept in 2000; no continuous tests had
been done and only a few OCs had been tested [4], so the technology is in need of
more research.

3.2.1 Combustion mechanisms

The CLC systems are commonly classi ed according to what type pf fuel is com-
busted; gaseous, liquid or solid fuel. Most of the work in CLC has so far focused
on utilizing gaseous fuels and mainly natural gas and methane [10]. The interest in
researching solid fuels are growing and especially in the context of biofuels and also
coal, which is expected to continue being a main energy source also in the future [4].
Only very limited studies have been done on CLC of liquid fuels. The biggest inter-
est for combustion of liquid fuels is in the fossil fuel industry, with the combustion
of heavy residual oils [9]. It is the combustion of solid fuels that will be in focus in
this work.

When combusting solid fuels in CLC, the reaction mechanisms di er from conven-
tional combustion of solid fuel with gaseous oxygen. The coal is instead rst gasi ed,
and the mechanisms of coal gasi cation can be seen in Reactions 3.4-3.6. Coal is
volatilized (Reaction 3.4) and the remaining char reacts with KD and CO, accord-

ing to Reaction 3.5 and Reaction 3.6. The reaction with D is the same type of
reaction seen in Reaction 3.1.

Coal! Volatiles+ Char (3.4)
Char+ H,O! H,+ CO (3.5)
Char+ CO,! 2CO (3.6)

The formed gases react with the OC in the FR according to Reactions 3.7 and
3.8 where MgO, and Mg,O, ; denotes the OC; a metal oxide in two di erent
oxidation states. The notation "MgO, :/Me,O," is commonly used in context of
oxygen carriers and is called the metal oxide system.

H,+ CO+ Volatiles+ Me,Oy! CO,+ H,O+ Me,Oy (3.7)
H,O+ CO! H,+ CO, (3.8)

As a nal step, the OC is oxidized in the AR according to Reaction 3.9 and is
subsequently recirculated to the FR.

8



3. Theory

1
MeXOy 1+ EOZ ! MeXOy (39)

The oxidation of the OC is exothermic (Reaction 3.9), increasing the temperature
in the AR. The overall reaction in the FR can be either exothermic or endothermic,
depending on the OC. Endothermic reaction between the gaseous components and
OC leads to a temperature drop in the FR, and the solid circulation must be high
enough to not only transfer oxygen but also heat to the FR. [12]. If the overall heat
of reaciton is positive in the FR, the circulation rate can therefore be lower.

The intermediate gasi cation steps (Reaction 3.4-3.6) can be carried out in two
di erent ways; syngas-CLC and in-situ, integrated gasi cation-CLC (iG-CLC) [13].
In syngas-CLC, the fuel is rst gasi ed in an external gasi cation unit, and the gas
Is injected into the FR. In iG-CLC, on the other hand, the solid fuel is inserted
directly into the FR and is mixed with either steam, CQ, or a mixture of the two
gases. If the fuel is reactive enough, CQs su cient for a good solid fuel conversion
[4]. The gasi cation of the solid fuel is the rate-limiting step in the process, and the
reaction is inhibited by the hydrogen formed in Reaction 3.5.

It's been concluded through experimental work that the rate of gasi cation of solid
fuels is higher when OCs are used compared to in conventional systems. [14]. It
Is suggested that the most important reaction is the one between the OC and the
gaseous components that are volatilized from the fuel and formed during the gasi-
cation of the char (Reaction 3.7) [13, 4, 15]. The reaction rate in Reaction 3.7 is
high; hydrogen is e ciently removed from the system by the OC and its inhibiting

e ect on the gasi cation reaction is reduced [13, 16, 14]. It is thus important that
the OC is highly reactive with the gas components and that the residence time in
the reactor is high enough to enable high conversion in the gasi cation reactions
[10]. The solid-solid reaction between the OC and the char does not seem to play
a big role in the combustion process. It has also not been seen that the OC has
any catalytic e ect on the gasi cation process [4]. Based on that, an alternative to
gasi cation of the char inside the FR would be to externally gasify the solid fuel and
inject the gasi cation products into the FR. This is the idea of the earlier mentioned
technology syngas-CLC. Only the Reactions 3.7-3.9 is then taking place inside the
CLC system. The bene cial hydrogen-consumption by the OC in the gasi cation
step is thus not a feature in the syngas-CLC technology. This is an advantage that
IG-CLC has over syngas-CLC. The syngas production process is endothermic, so
either pure oxygen must be used as the gasifying agent, or heat needs to be supplied
to the process [9, 4]. Heat can be supplied from the CLC-system. Air can't be used
in the gasi cation reactor, since then the nitrogen would have to be separated either
from the gaseous fuel or from the ue gas.

An advantage with syngas-CLC is that the injection locations in the FR can be
designed to make sure the fuel residence time is su cient for complete combustion,
which is a challenge in iG-CLC. In iG-CLC, the solid fuel particles are well mixed in
the FR, and gasi cation happens in the bed wherever the char particles are located.
Thus, parts of the gasi cation will take place close to the exhaust gas exit and some

9
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uncombusted gas will escape the FR, leading to loss of fuel and dilution of the €O
stream. The loss can be reduced by installing multiple FR's in series, separate and
recirculate gaseous fuel components, or inject pure, gaseous oxygen after the cyclone
[4]. Another challenge with iG-CLC is that a too low solid fuel particle residence
time in the FR can cause unconverted char particles to be transferred with the OC to
the AR. Char in the AR leads to loss of fuel and char combustion in air, subsequently
leading to CO,-emissions from the AR. Carbon deposition on OC particles causes
similar problems, and can be avoided by choosing a deposition-resistant OC.

3.2.1.1 Chemical Looping with Oxygen Uncoupling

Increasing the overall solid fuel conversion rate can be done by the novel combustion
technology Chemical-Looping with Oxygen Uncoupling (CLOU) [12]. CLOU is
similar to CLC, but utilizes the ability of some oxidized OCs to decompose and
release gas-phase oxygen. OCs have CLOU properties if they oxidize in the AR
atmosphere and decompose according to Reaction 3.10 at the FR oxygen partial
pressure and temperature. The available gas phase oxygen reacts with the solid fuel
in the FR directly, according to Reaction 3.11.

MeXOy $ MexOy >+ Oy (310)
CyHy + goz $ xCO, + %Hzo (3.11)

Since the gasi cation is the rate-limiting step in CLC, avoiding it by direct re-
action between fuel and gaseous oxygen has been seen to drastically increase the
fuel conversion rate. Metal oxide systems that have shown CLOU-properties are
CuO/Cu,0, Mn,03/Mn 30,4 and Co;0,/Co0 [12].

If the overall reaction in the FR is exothermic, this brings with it even more ad-
vantages speci cally in CLOU. A higher temperature in the FR shifts the Reaction
3.10 towards more gaseous oxygen, and thus a higher oxygen partial pressure. A
higher oxygen partial pressure increases the rate of Reaction 3.11. Having an over-
all exothermic reaction in the FR also means that the solid recirculation rate can
be lower, since heat does not need to be transported to the FR. Decreasing the
solid recirculation rate leads to lower temperature in the AR and Reaction 3.10 is
shifted towards more solid-bound oxygen and thus a higher actual oxygen transport
capacity of the OC.

3.2.2 Combustion system

The most commonly discussed CLC technology is based on Fluidized Bed Combus-
tion (FBC). FBC has been used for decades for combustion of solid fuels like coal,
biomass, waste etc. so the technology is mature and well-known [4, 10]. The system
consists of two interconnected uidized bed reactors that make up the AR and the
FR. OC is used as bed material and is uidized by a high-velocity air stream in

10
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the AR. The gas leaves the AR through the top of the reactor with a velocity high
enough to entrain the uidized particles and circulate the OC to the FR [9]. The
OC particles are separated from the air in a cyclone before entering the FR. The gas
outlet from the AR consists mainly of nitrogen and the excess oxygen that is not
consumed in Reaction 3.9. The bed particles reach the FR, which is uidized with a
lower gas velocity. The FR is typically placed higher than the AR, and the particles
are recirculated to the AR from the bottom of the FR by gravity. It has been seen
that using interconnected uidized bed reactors provides a high circulation of solids
and a high exibility when it comes to fuel types [3].

There are some criteria that the reactor system must ful Il for e cient combustion;
there should be good particle circulation between the reactors, the contact time
between OC and air and between OC and fuel must be long enough, and the leakage
between the reactors should be minimized to mention some. Loop seals are installed
between the reactors to avoid gas leakage. Gas leakage from the FR to the AR
gives decreased Cgcapture e ciency; CO, can leak directly from the FR to the
AR, and fuel gas or particles leaking from the FR gets combusted in the AR which
creates CQ emissions there. Gas leaking from the AR to the FR dilutes the ue
gas (the CQ-stream) from the FR and gas separation is needed to achieve pure
CO,-production. If the contact time between the OC and air is insu cient, the
oxygen transport su ers. If the contact time between the fuel and the OC is too
low, fuel conversion is reduced, and energy is lost.

As mentioned earlier, if an iG-CLC system is used, the FR is uidized by either CQ
steam, or a mixture of both. If steam is used it is typically produced externally and
injected into the reactor, bringing with it an extra energy cost. If the fuel is gaseous,
as in syngas-CLC, the fuel itself is the uidizing gas. Some ue gas from the FR is
recirculated to increase the conversion rate.

3.3 Chemical-Looping Reforming

Steam reforming of methane (Reaciton 3.1 was previously mentioned as a way to
separate the carbon already before combustion. Steam reforming is typically real-
ized in a catalyst-packed tube reactor. The reaction between steam and methane is
endothermic and heat must be supplied for the reaction to continue. Partial oxida-
tion of methane (Reaction 3.2), on the other hand, is mildly exothermic and could
be done without addition of heat. [8]. The process is also much faster and could be
carried out in smaller reactors, but requires instead expensive catalysts and air sep-
aration to obtain pure oxygen for the process. A suggestion is therefore to combine
the concepts of partial oxidation and CLC into what is called Chemical-Looping
Reforming (CLR) [17, 4]. CLR is similar to CLC, but with partial oxidation instead

of combustion of the fuel in the FR. The product is thus not heat, but syngas. CLR
enables partial oxidation through Reaction 3.2 without the need for air separation
and without the risks associated with having methane in direct contact with gaseous
oxygen.

Like in CLC, a considerable challenge in implementing CLR is nding suitable OCs.
The OC in CLR must be able to both give a high conversion of methane and a high
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selectivity towards H, and CO. Using Ni-based OC has shown good conversion, but
too high selectivity towards complete oxidation (CQ and H,O). Fe-based oxygen
carriers at low oxidation numbers show good selectivity but too low conversion of
methane [17]. Combinaitons of OCs or metal oxides with catalytic e ects might
have to be considered.

3.4 Oxygen Carrier Aided Combustion

Using OCs has also been suggested as a method to increase the performance in
conventional FBC. Large FBC boilers su er from oxygen-lean areas and thus in-
complete combustion of the fuel. A non-uniform oxygen distribution leads to non-
uniform combustion and hot spots in the boiler [18, 19]. Hot spots can in turn lead
to the formation of thermal NO, and heat loss. One way to deal with incomplete
combustion is to increase the air-to-fuel ratio, but there are some reasons why a
large excess of air in the boiler should be avoided if possible. Excess air ow volume
requires a large boiler size, high fan power consumption and heat loss in the exhaust
gas. A high gas ow velocity also leads to wear of the equipment material. An OC
could act as a bu er in the bed, since it can oxidize in the oxygen-rich areas and
provide oxygen in the oxygen-lean areas of the boiler. This means that the air to fuel
ratio could be reduced without compromising the completeness of the combustion.
The idea of totally or partially replacing the conventional bed material with an OC

in FBC is called Oxygen Carrier Aided Combustion (OCAC) and was rst tested at
Chalmers in 2012 in a 12 MWth circulating uidized bed research boiler [20]. The
silica sand in the boiler was partly replaced by the natural mineral ilmenite, and up
to 80% reduction of CO and 30% reduction of NO emissions could be seen compared
to operation with only silica sand. Up to 40 wt-% of the bed material was replaced
by ilmenite in the test and it was concluded that the addition of the OC improved
the oxygen distribution in the boiler.

Apart from oxygen de ciency, yet another problem is that more chemically stable
gas fuel components like methane are not combusted in the bottom of the bed due
to the cooler temperatures there [21]. The solid-gas reaction with OC adds another
reaction path that does not require the same high temperature as conventional ame-
combustion. This has been seen to enhance the combustion of gaseous components
in the cooler parts of the bed.

What makes OCAC commercially interesting is that the implementation would re-
quire very little modi cation of already existing commercial boilers. Some natu-
rally occurring materials with oxygen carrying properties can be obtained at a cost
comparable to silica sand, so it's easy to see how OCAC implementation can be
economically bene cial. What OCAC practically means for heat and power produc-
ers is that a higher fuel combustion rate can be obtained in already existing and
running plants. The carbon footprint per produced MW of energy is reduced if the
combustion is more complete and if the heat loss is decreased. Lowering emissions
of NO, and CO is also desirable for producers.
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3.5 Oxygen Carriers

Finding suitable OCs is an important area of research in the development of the
CLC technology. The OC consists of a metal oxide or a combination of an active
metal oxides and a support material. There's a list of general criteria that the OC

should ful Il to be considered suitable, and most commonly mentioned in literature

is that the OC should [4, 3, 10].

N

Have good oxygen transport capacity

E ciently convert fuel to CO , and steam.

Have high reduction and oxidation reactivity during many redox cycles
Have good mechanical strength to resist attrition

Be resistant to carbon deposition (this is only likely to be a problem in high
degrees of reduction, such as in CLR)

Have good uidization properties
Be economically viable
Be environmentally friendly.

Fuel type and process temperature puts further context-speci ¢ requirements on the
OC, so choosing an OC is an important step in CLC plant design.

More than 700 OC materials have been developed and tested so far to nd suitable
options [4]. The most commonly suggested materials are based on oxides of iron,
copper, or nickel as active component because of their thermodynamic properties in
fuel and oxygen interaction, and because they are abundant and can be acquired at
a low cost [3]. Cobalt- and manganese-based materials are also commonly discussed
as possible candidates. The metal oxides alone have been seen to not show the
characteristics required for a good OC; they tend to get deactivated and agglomerate
and show other operational problems after a few cycles and need to be replaced [4].
The metal oxide is therefore mounted on a support material, which can give the
material increased reactive surface area and increase mechanical strength, among
other features. Typical support materials are AlO3, MgAl,O,4, SIiO,, and TiO».

Producing synthetic OCs, however, signi cantly increases the cost compared to using
ores and waste products as OCs. Synthetic materials might therefore not be a viable
option for biomass combustion, due to the ash interactions that are expected to take
place with the OC. For combustion of fuels with high ash-content, it could therefore
be more economical to accept lower performance parameters and use a material that
is cheap enough to be regenerated at a higher rate [21].
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3.5.1 Nickel based oxygen carriers

Ni-based OCs have shown very high reactivity at temperatures around 900-11G0
Tests have shown almost complete conversion of methane. Ni-materials don't seem
to be able to perform well without support material; the material in itself has low
porosity and thus low contact area with the gases, and su er from agglomeration
problems [4, 3]. Synthetic OC with Ni mounted on AlO3; has shown good perfor-
mance, but there is a risk of Ni-Al reactions which leads to deactivation. Ni-materials
in themselves are more expensive than other materials and the need of support ma-
terial brings up the price even more. Their very high reactivity could, however, be
worth the investment in some types of applications. Ni is toxic and has a catalytic
e ect on carbon formation. Carbon formation is undesirable and could leads to fuel
loss in CLC, but could be avoided by gasifying the fuel with C®and steam and

Is not expected to be a signi cant problem in uidized beds [4]. Due to thermody-
namic limitations, complete conversion to CQ is not possible using Ni as OC, and
some CO will be present in the ue gas.

3.5.2 Cobalt based oxygen carriers

Cobalt OCs have shown CLOU-properties in CLC applications, but with an overall

endothermic reaction in the FR [12]. Co materials have high oxygen transport
capacity and su er low carbon deposition, making them an attractive suggestion for
CLC applications [4]. Using Co as OC has shown to be di cult though, since there
Is need for a support material that doesn't react with and deactivate the material.

[9]. Cx0, is unstable at temperatures over 90, so only lower oxidation states can

be used in CLC, which negatively a ects the reactivity with the fuel. Co materials

are also expensive and the use lead to some environmental concerns.

3.5.3 Copper based oxygen carriers

High reactivity with both oxygen and fuel has been observed when copper oxides
have been tested as OC. The system CuO/G® can be used in CLOU, and leads
to an overall exothermic reaction in the FR. [12]. Their relatively low melting point
and thus tendency to agglomerate puts a limit on operation temperature, and a
support material is needed with copper OCs [3]. It has also been seen to react with
some Al- and Ti-based support materials, which deactivates them. Cu has like Ni
a catalytic e ect on carbon formation but that's also not assumed to be a problem
in uidized beds as long as process parameters are designed with that in mind [4].

3.5.4 Manganese based oxygen carriers

Due to its many oxidation states, manganese oxides have high oxygen transport
capacity; about 7-10 wt-% depending on boiler temperature. Both the systems
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Mn,0O3/Mn 30, and Mn3zO4/MnO are reactive enough with fuel to convert it in the
boiler [21]. Mn,O3 has been observed to have CLOU-properties [12]. The use of
Mn3;0, leads to overall exothermic reactions in the FR.

Tests with natural manganese ores as oxygen carriers in OCAC showed that the air
to fuel ratio could be signi cantly decreased without increasing the formation of CO
and also showed good operational properties (low agglomeration and attrition etc.)
[21]. As discussed earlier, using low cost, natural ores is bene cial if there is ash
accumulation and interaction with the bed since the required regeneration rate is
expected to be high. Compared to Cu, Ni and Co the cost of Mn materials is low
and in addition, they are considered non-toxic [4].

3.5.5 Iron based oxygen carriers

Iron oxides have been recognized as interesting OC candidates since they are abun-
dant, have low price and have shown good reactivity with both oxygen and fuel [22,
3]. High melting points of the materials enable a wide range of process temperatures
[23]. Fe-based materials have been seen to lead to no or little carbon formation, are
not expected to su er from agglomeration in continuous uidized combustion and
are considered non-toxic. Similarly to with Mn-based OCs, naturally occuring iron
ores can be utilized as OCs in CLC, meaning that the additional cost for producing
synthetic material is avoided.

3.5.6 Illmenite

An OC that has gained much attention in context of biomass combustion is the
natural titanium- and iron-based mineral ilmenite. When used as OC, the metal
oxide system is FgTiOs+TiO ,/FeTiO 3 with possible intermediate oxidation states
[24]. llmenite is abundant and is mined in large quintities, and therefore has a
relatively low cost. It has shown good performance properties in both CLC and
OCAC; as already mentioned, replacing up to 40% of the bed material in a 12 MW
CFB boiler with ilmenite in biomass combustion led to up to 80% decrease of CO
and 30% decrease of NO in the ue gas [20]. When examining the used ilmenite
after the experiment, it could also be concluded that the material has the ability
to capture potassium, which is present as ash in the biomass [19]. The problems
associated with potassium in the boiler is discussed in Section 3.6: Biomass Ash.
When used as OC in a laboratory scale CLC test with syngas as fuel, ilmenite
showed good fuel conversion during many cycles [25]. The material thus seems to
be resistant to deactivation.

3.5.7 LD-slag and Gloédskal

The materials that are being tested on in this study are iron oxide mill scale (Gl6d-
skal) and LD-slag, which are by-products from the steel production industry [26, 27,
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28]. Glodskal is produced when sheets of steel are hot rolled. Iron on the surface
of the steel is oxidized in the process and akes o. Glddskal mainly contains iron
oxides and iron, and can also contain some other metals and oil residue from the
production process [26]. 20-50 kg of Glodskal is produced per ton of hot rolled steel.
A part of the Glédskal can be recycled to the steel-making industry, but some of it
ends up in land Il due to too high content of impurities. LD-slag is a by-product in
the Linz-Donawitz process, where scrap and hot iron is processed into low-carbon
steel [29]. The raw material is melted in a large vessel and calcium-based uxing
agents are added. The slag is produced when oxygen is blown through the molten
metal mixture, and carbon, silica, and other impurities such as manganese, titanium,
vanadium and phosphorous are oxidized and separated from the steel. The slag also
contains uxing agent and magnesium oxide dissolved from the lining material of the
vessel. The most common phases in LD-slag are calcium oxide (CaO), dicalcium
silicate (C&SiO,), dicalcium ferrite titanate solid solution (Ca(Al, Fe),0Os-Ca(Si,
Ti)O 3) and magnesio wustit (Mg, Fe)O) [28]. In a study where several di erent
samples of LD-slag were analyzed, the total iron content of the slag was determined
to be between 17-27 wt%, and the main component to be CaO (39-50 wt%) [28].
Producing one ton of crude steel generates approximately 150-180 kg of LD-slag [27]
and the global generation is approximately 47 million ton per year.

Iron-based industrial residues can be obtained at low cost, and using waste products
reduces the environmental stress of mining and processing virgin materials. A sample
of LD-slag (LDst) and three other iron-based industrial waste materials were tested
as OCs in a laboratory scale uidized bed simulating CLC of syngas [16]. The tests
showed good conversion of the fuel and it was concluded that all the materials could
be possible options in CLC. The Glddskal used in this study is called Glodskal B
and its properties as an OC (uidization properties, reactivity stability and fuel
conversion) has been tested in a study by Leion et. al [30] in a laboratory scale
uidized bed simulating CLC conditions. The OC showed no uidization problems

in operation and high fuel conversion both with syngas and methane. The material
was tested in 25 reduction/oxidation cycles and never reached stable reactivity,
meaning that there is an activation of the material continuing during the whole
test. That the stable reactivity is not reached could be a problem since it might
mean a continuous increase in porosity and thus a risk for the material to decompose
into dust.

In another study, another sample of Glédskal (Glodskal A) and a sample of unpro-
cessed iron ore were tested as OC in FBC of solid fuels (petroleum coke, charcoal,
lignite and bitominous coals) and both showed good conversion rate and good u-
idizing properties over many oxidation cycles [15]. The sample of Glédskal showed
even better gasi cation rates than the previously discussed material ilmenite, and
about twice as high gasi cation rates compared to when silica sand was used as bed
material. Reactivity with syngas was seen to increase after the Glodskal had been
used in solid fuel combustion, and the reason was thought to be that the fuel ash
had a positive e ect on the porosity and thus the surface area of the OC.

The promising results from these tests and the previously discussed advantages
of utilizing industrial by-products gives a motivation to continue researching the
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di erent aspects of using Glodskal and LD-slag in CLC, OCAC and CLR.

3.6 Biomass ashes

The ash content and composition di er greatly between di erent types of biomass
and must be considered in combustion. On a dry mass basis, the ash content can vary
between 0,5 and 20 wt-% [31]. Cereal and agricultural waste have high ash content,
while wood usually has lower. Considering the biomass composition has been seen
to be especially important when designing combustion systems for industrial waste
and energy crops, due to their high mineral content. Compared to coal ashes, that
mainly consist of Si, Al, Ca and S, biomass ashes have higher content of alkali metals
that are prone to cause problems in combustion [32].

The ash components' fate in the boiler depend on the composition of the ash and
the process temperatures. Potassium is the alkali associated with by far the most
problems when it comes to biomass combustion [32]. K exists in biomass mainly
in the form of water-soluble salts, and are available for evaporation and reactions.
Alkali metals react with other components in the ash and are most likely released
in the gas phase as hydroxides, sulfates and chlorides [33, 31]. For this reason,
four potassium salts that are likely to form in the boiler are used in these tests to
simulate the problems that might appear during combustion. The potassium salts
are KCI, K,CO3, K,SO; and KH,PO,4. These compounds can subsequently exit
with the ue gas or deposit on heat exchanger walls, where it causes blockage of gas
ow, corrosion of the material and decreased heat transfer and thermal e ciency.
Precipitating gas phase metal oxides also agglomerates together and become y-
ash in the boiler [31]. Material selection, ue gas treatment and handling of ash are
design factors in which the ash composition of the fuel must be considered. Handling
of contaminated bed material is another aspect in FBC and CLC.

3.6.1 Agglomeration

Agglomeration of bed material is another problem caused by alkali metals in FBC.
Agglomeration negatively a ects the uidization properties and shortens the lifetime
of the material. Heavy agglomeration causes the uidized bed to collapse. Agglom-
eration happens through two mechanisms; either ash components melt and the melt
acts as a glue that holds the particles together, or ash components react with the bed
material and the reaction product is what causes the particles to agglomerate. [33].
Analysis of agglomerates formed in FBC of biomass with silica sand as bed material
showed that potassium was the main contributor to agglomeration [33, 19]. The
potassium from the ash was seen to react with silica and form a sticky potassium-
silica smelt that coats the bed particles and glues them together. A way to deal with
agglomeration in silica sand is to add calcium in the form of calcium-rich fuels or
limestone. Ca has been seen to hinder agglomeration mechanisms in two ways [34,
35, 36]; (i) Ca and Si react and form a layer of CaSi)which protects the particles
from agglomeration, (ii) Ca reacts with the P and K in the biomass ash and forms
a Ca-K-P rich component with high melting temperature. K and P are otherwise
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likely to form sticky components with low melting temperature and contribute to
agglomeration.

3.6.2 Interactions with Oxygen Carriers

Both in conventional FBC and CLC, bed material has been seen to undergo changes
due to interactions with ash components in the fuel [33, 19, 37]. In iG-CLC, the
biomass ash is present in the FR together with the OC at high temperatures, so
interactions between the ash and the OC could be signi cant. The ash might cause
deactivation of the OC surface or alter its internal composition through di usion.

In some cases, interactions with ash components have been reported to have positive
e ects on the OC. In one xed bed laboratory scale test, an iron ore was allowed to
react with ashes from three di erent types of biomass [37]. In two of the cases, the
reactivity with the gaseous fuels CO and Hincreased when using the reacted iron
ore as an OC. The biomass ashes that increased the reactivity of the OC were high in
K,0 and low in SiO, and the increased reactivity was thought to be from increased
BET surface area. Another explanation for increased reduction rate was that the
K in the formed K-Fe-O-component weakens the Fe-O bond and thus enhances the
reduction of the OC. In the same study, another ash high in SiOdecreased the
reactivity with the fuel, with the reason proposed being that the silica-rich ash
created molten potassium silicate which caused the bed particles to agglomerate.

Alkali metals have also been seen to react with F®; in OCs and form eutectic
mixtures with high melting points, thus alkali metals can be captured by the OC
and are then less likely to form those low-temperature melting alkali silicates [33].
This has also been observed in OCAC with ilmenite added to the silica sand bed.
The potassium was captured in the ilmenite by the formation of KTgO,6, and the
OC thus helps decreasing the risk of agglomeration in the bed and evaporation of
alkali and subsequently deposition and corrosion of equipment [19].
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4.1 Chemicals and raw materials

Four analytical grade potassium salts (KCl, KSO,, K,CO3, and KH,PO,) were
used in the tests to simulate ash components in biomass combustion. The molar
mass, melting point, purity and origin of the salts used in the mixtures can be seen
in Table 4.1.

Component Molar Melting Purity Origin
mass [g] | point
KCI - Potassium chlo-| 74,55 776 C >=99,5 Riedel-de
ride Haén
K,CO3 - Potassium| 138,20 891C >=99,8 J. T.
carbonate Baker
K,SO, - Potassium| 174,26 1069C >= 99 Riedel-de
sulphate Haén
KH,PO, - 1 136,09 252,6C | >=99,5 | Merck
Monopotassium
phosphate

Table 4.1: Potassium salts used in the experiments

The OCs that were tested in the study were iron mill scale (Glédskal) and LD-slag.
The LD-slag is provided by Merox. It's been crushed, dried by heat and sieved and
the 150-40@um fraction of the material was provided to Chalmers. The Glodskal
sample (Glodskal B) is provided by SSAB. Glodskal B has previously been tested as
OC in laboratory scale uidized bed simulating CLC, and showed good performance
with methane and syngas as fuel [30]. The elemental compositions of the material
have been measured with Energy Dispersive X-ray Spectroscopy (see Section 4.5)
and the oxygen-free composition in wt-% is presented in Table 4.2.

Material | Fe Si Mn Mg Al P Ca Ti \%
[Wt%]  [wt%]  [wt%] [wt%] [wt%] [Wi%]  [wt%] [Wt%]  [wi%]

Glodskal | 95,1 4,0 0,9 - - - - - -

LD-slag 24,0 10,2 3,6 6,5 1,3 0,5 49,5 1,1 3,3

Table 4.2: Oxygen free elemental composition in wt-% of Gloédskal B and LD-slag
used in the experiments. The composition is analyzed with SEM-EDS.
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4.2 Pretreatment and preparations

To fully oxidize the OC before the reduction tests they were pretreated in an oven at
95C°C for 6 hours. The oven used was an electrically heated Carbolite RHF 16/35
high-temperature laboratory furnace with a maximum temperature of 160C. The
pretreatment was done at ambient pressure and in air to ensure complete oxidation
of the material. After the treatment, the samples were left to cool in air overnight.
The pretreated OCs were mixed with the salt and the mixture was grinded for 4
minutes using a mortar and pestle. Since previous continuous uidized bed combus-
tion experiments showed that the potassium content in the bed material may reach
approximately 4 wt-% [19], the samples were prepared with a potassium content in
the mixture of 4 wt-%.

4.3 Reduction test in a tubular oven

Reduction tests were conducted in a tubular oven on the pure, pretreated OC alone
and on mixtures of one OC and one potassium salt. The salts used in the reduction
tests were KCI, K;SO,, K,CO3, and KH,PO,.

Since the biomass gasi cation happens inside the FR in an iG-CLC system, this

iIs where the oxygen carrier is exposed to the ash components. To simulate the
reducing atmosphere caused by the gasi cation products in the FR, the materials

were exposed to carbon monoxide and steam carried by a ow of inert nitrogen.

The tests were conducted in a cylindrical quartz glass reactor mounted in a Carbolite
tubular oven. A schematic image of the experimental setup is shown in Figure 4.1.
A preheater was inserted into one end of the reactor. During the tests, the gases and
the water were injected into the preheater to allow for mixing and evaporation before
entering the reactor. The preheater and the end of the reactor were both insulated
with glass wool. The sample was placed in a ceramic boat and placed on a ceramic
sample holder equipped with a thermocouple. Hereafter, the sample holder was

Figure 4.1: Schematic diagram of the reduction test setup
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inserted into the reactor at ambient temperature. The reactor was heated at a xed
ramp rate of 15C/min until the desired temperature of 850C was registered inside
the reactor by the thermocouple. Simultaneously, the preheater was heated at a
ramp rate of 10C/min to the set temperature of 300C. The registered temperature
in the preheater was around 25 during the tests. The heating was done under
an inert gas ow of 0,45 NI/min N,. When the desired reactor temperature was
reached, the ow of CO and water was started with a ow of 0,050 NI/min and
0,4ml/min of CO and water respectively. This gave a reducing atmosphere of 45%
N2, 5% CO and 50% steam in the tests. After the heat-up period, the sample was
reduced isothermally for 6 hours and then left to cool for approximately 17 hours
under a ow of 0,45 NI/min of N,. The same setup was used for all 10 reduction
tests.

4.4 Thermogravimetric analysis

The same salts except KCI were used in the TGA. The reason for not using KCl in
the TGA is the risk of corrosion of the equipment. The thermogravimetric analysis
was used to investigate how the OC behaves in repeated reduction and oxidation
cycles. The test was meant to simulate that the OC already has been oxidized in
the AR, enters the FR and is reduced, is transferred back to the AR to oxidize, and
is then nally reduced once more in the FR. The run schedule used in the tests is
presented in Table 4.3. The following section includes a general description of the
equipment and afterward, the parameters used in the tests are presented.

Gas ow Time [min]
Heating 15 C/min 1000 Nml/min N, 45
Stabilizing 1000 Nml/min N, 15
450 Nml/min N ,
Reduction 5 Nml/min CO 60
500 Nml/min steam
Flushing/stabilizing | 1000 Nml/min N 5
L 800 Nml/min N »
Oxidation 200 NmI/min O 5 30
Flushing/stabilizing | 1000 Nml/min N, 30
450 Nml/min N ,
Reduction 5 Nml/min CO 60
500 Nml/min steam
Cooling 1000 Nml/min N,

Table 4.3: Run schedule used in TGA

The temperature and the gas ows are the parameters that were controlled dur-
ing the experiments. The sample is places in the sample holder and the sample
holder is attached to a platinum hanging in a high-precision scale where the weight
Is measured. The atmosphere in the reactor is changed to simulate the di erent en-
vironments; inert, oxidizing and reducing. The weight of the sample in the reactor

21



4. Methods

and temperature are being measured continuously and the weight change indicates
that the material is getting oxidized and reduced during the experiment. The tem-
perature is measured in a thermocouple located close to the sample holder. The
weight change can also be due to other mechanisms, like evaporation of components
in the sample. The gases enter at the bottom of the vessel. Water is pumped to
a hot, porous sintered metal material where it is evaporated. Hereafter, the steam
enters the bottom of the vessel together with the gases. Dry atmosphere in the
reactor chamber is acquired by having the steam bypass the reactor. All reactor
surfaces are heated to avoid condensation of steam. The gas exits the vessel above
the sample and is cooled to allow condensation of the water in the outlet. A stream
of dry helium above the sample holder protects the scale from contamination.

100 mg of sample was used for the experiments. A ceramic®4 cup-shaped sample
holder was used and the sample was inserted into the oven at ambient temperature.
To ensure steady-state steam ow during the whole test, the water pump was started
at approximately 200°C after a period of manually increasing the temperature. The
steam ow was in bypass mode during the heat-up period. The temperature was
kept at 200°C until the steam had reached the condenser and water was seen dripping
out of the system. When the steady-state steam ow was reached, the temperature
was increased by a controller to 85C at a rate of 15C/minute. The gas ows and
the time intervals used in the tests are presented in Table 4.3. The heating, cooling,
and stabilizing/ ushing was done in N,. The reduction was done in 45% N 5%
CO and 50% steam to simulate the environment in the FR. The oxidation was done
in synthetic air; 80% N, and 20% Q to simulate the environment in the AR.

The reason for ushing/stabilizing sections in the test is to purge the reaction cham-
ber to ensure that no gas from the FR simulation will disturb the oxidation, etc.
There can also be gas left in the pores of the sample, which get time to react or
leave the sample during the stabilization time.

The aim of the test is to study possible interaction between the OC and the ash
component, if the gasi cation is inhibited, unchanged or if the ash component itself
even catalyzes the reduction of the OC. Resistance to deactivation by ash compo-
nents is an important feature of the OC, to ensure that the lifetime of the OC is
su cient.

4.5 Sweeping electron microscopy and Energy Dis-
persive X-ray spectroscopy

Scanning electron microscopy (SEM) is a method for analyzing the surface of a
sample to see what the structure looks like and if there are any apparent di erences
in composition throughout the sample.

In SEM, the sample is placed in a vacuum, and electrons are beamed at the sample.
Two di erent types of electrons are emitted from the sample; backscattered electrons
and secondary electrons. Backscattered electrons are primary electrons from the
electron beam that are re ected o the sample. Secondary electrons are valence
electrons that originates from the atoms of the sample, gets energized by the primary
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electron, and are released from the atom. By scanning the sample with the electron
beam, the secondary electrons and backscattered electrons can be registered and
give an image of the sample surface [38].

When the primary electron hits the sample, there is a probability that it causes an
inner-shell electron to be excited. The X-ray photon that is being released when the
atom is again de-excited has an element-speci ¢ energy level. Reading the energy
levels of the photons and utilizing the information to create elemental maps of the
sample is the technique used in Energy Dispersive X-ray Spectroscopy (EDS). The
technique can be used to identify what elements are present in the sample, give an
approximate quantitative elemental analysis, and to identify possible patterns in the
distribution of the elements in the sample.

By mounting the sample particles in epoxy resin and polishing the surface, a cross-

section of the particles can be obtained and analyzed. SEM-EDS analysis of the

cross-section of the particles has been concluded to be a useful tool in analyzing bed
materials with ash layers [33]. The technique has therefore been used also in this
study.

4.6 X-Ray Di raction

X-Ray Diraction (XRD) is used to analyze the crystalline structures of a sample
[39]. X-rays are electromagnetic waves that are in the same wavelength range as the
length between the atoms in the sample. The analysis is based on the e ect that
the atomic electrical and magnetic potential in a sample depend on the distances
between the atoms in the sample. X-rays hitting the sample will be a ected by the
atom's electric and magnetic potential and can thus be used to analyze the sample.
X-rays are beamed at the sample and de ected o, and the de ection angle depends
on the electric and magnetic potential in the sample. Reading the de ection angle
for a range of di erent incidence angles gives a di raction pattern that is compared
with a database of known di raction patterns of di erent crystal structured material.
The analysis method is restricted to identifying crystalline structures and can't be
used to identify the composition of non-crystalline phases.

The oxidized material and the reduced samples have been analyzed with XRD. The
aim of using the analysis in this study was to identify what oxidation states the
pretreated and reduced materials are in and to evaluate if the ash components have
been reacting with the material to form new compounds. The SEM-EDS tells where
the elements are present in the material after reduction, but not in what compounds.
The analyses could thus complement each other to give an idea of the mechanisms
taking place in the interaction reactions. This, in turn, could help conclude how the
ash compounds would a ect the material in the long run.
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5.1 Reduction tests in tubular oven

The weight change in percent from reducing the samples in the tubular oven with
5% CO and 45% steam can be seen in Table 5.1. The weight reduction seen in the
unmixed Glodskal is 3,35%, which corresponds to reduction of hematite ¢&) to
magnetite (FeO3). LD-slag has a lower oxygen transport capacity (1,12 wt-%).

Sample wt. change [%)] Sample wt. change [%]
Glodskal -3,35 LD-slag -1,12
Glodskal + KH ,PO4 | -5,07 LD-slag + KH »2PO,4 | -3,00
Glodskal + K ,CO3 -5,92 LD-slag + K 2COs3 -3,80
Glodskal + K 2SOy -6,85 LD-slag + K 2SOy -4,59
Glodskal + KCI -8,98 LD-slag + KCI -7,53

Table 5.1: Weight changes registered in the reduction tests

5.1.1 X-Ray diraction spectroscopy

The XRD diractograms obtained when analyzing pure, pretreated Glodskal and
the reduced Glodskal samples with and without salt added is presented in Figure 5.1.
The di ractograms show that the pretreated material consists of hematite (F€53).

All the reduced samples show magnetite (g®,). The di ractogram of the sample

of Glédskal reduced with KHPO,4 suggests the presence of KP0n the sample. No
other crystalline compound can be seen from the di ractograms of Glodskal reduced
with KCI, K ,CO3 or K,SO,. This does not prove the absence of formed compounds,
since they can be amorphous or in too low concentration to be detected by XRD.

Corresponding XRD di ractograms of the LD-slag is presented in Figure 5.2. Using
XRD to analyze the samples of LD-slag was seen to be dicult due to the high
number of components present in the sample. Amorphous phases are also likely to
be present in the LD-slag. The sample reduced in the presence of ##D, was also
analyzed with 20 minutes run time, in an attempt to obtain di ractograms with
more information. The di erent run times gave no noticeable di erence in results.
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Figure 5.1: XRD diractograms of the Glédskal samples
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Figure 5.2: XRD diractograms of the LD-slag samples
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5.1.2 Glodskal

SEM-images of the unreduced Glodskal are presented in Figure 5.3A. The pre-
treated material has been grinded before this analysis, for better comparison with
the reduced samples. SEM-images taken of all the reduced Gldédskal samples can
be seen in Figure 5.3B-F. The larger images and the smaller images are taken at
250 and 5000 times magni cation, respectively. The unreduced material is without
larger cracks, and shallow, round pores can be seen on the surface (Figure 5.3A).
The sample reduced with no salt present has some cracks, and the surface shows a

Figure 5.3. Surface images of the samples of Glédskal A) heat treated and grinded
B) reduced without salt, C) reduced in the presence of KCI, D) reduced in the
presence of KCOgs, E) reduced in the presence of $S0O,, F) reduced in the presence
of KH,POy,.
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pyramid-like structure (Figure 5.3B). The sample reduced with KCI present shows
more and larger cracks (Figure 5.3C) and a similar pyramid-like structure on the
surface. The sample reduced in the presence of O3 shows the most cracks (Fig-
ure 5.3D). Its surface shows a more random and potentially more porous structure
than those of the other samples. The image of the sample reduced in the presence
of K,SO, (Figure 5.3E) could suggest that smaller particles have agglomerated onto
the bigger particles. The surface has a crystal-like structure seemingly made up of
thin layers, and thus di ers from the more solid pyramid shaped structure that can
be seen in the rst two reduced samples. The sample reduced in the presence of
KH,PO, shows agglomeration (Figure 5.3F). A few cracks and pores can be seen on
the surface, but the images show a generally smooth structure covering the particles.

The consistency of the sample beds di ered slightly between the ve reduced sam-
ples. The bed of the samples reduced without salt and in the presence of KCI
or K,CO3; were completely loose, like dry sand. The sample reduced with, 8O,
present resembled that of wet, compact sand but was easily worked to nely owing
particles. The sample with KH,PO, present in reduction was in the form of one
solid slab, showing sintering of the particles. It had to be worked with a spatula
to become a loosely owing sand again. The pretreated sample had a similar con-
sistency, suggesting sintering also during pretreatment. Composition bulk analyses
and elemental maps in grey scale are included in Appendix A and C.

5.1.2.1 Pretreated Glodskal

SEM-EDS elemental maps of pretreated Glodskal showing Fe, Si and Mn are pre-
sented in Figure 5.4. The sample was grinded before the analysis, for better compar-
ison with the reduced samples. The analysis shows large particles consisting of Fe
and traces of Mn. Small particles consisting of Si are identi ed in the analysis. Mn

Figure 5.4: SEM-EDS elemental mapsFigure 5.5: SEM-EDS elemental maps
of cross-section of pretreated and grindedf cross-section of Glodskal reduced with-
Glodskal. Fe in red, Si in green and Mnout salt. Fe in red, Si in green and Mn in

in yellow yellow
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