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Chemically active bed material in fluidized-bed combustion and related processes
for CO2 mitigation.
CATRIN LINDBERG
Department of energy technology
Chalmers University of Technology

Abstract
There are two technologies of fluidized bed combustion that recently have been de-
veloped with attempt to increase the fuel conversion and enable more efficient CO2
mitigation. These methods are called Oxygen carrier aided combustion (OCAC) and
Chemical looping combustion (CLC), which both uses oxygen carrying bed material.
Research have been done on both synthetic and naturally occurring oxygen carri-
ers.Expensive synthetic materials might not be suitable when operating wilt solid
fuels. These expensive materials are not attractive when operating with solid fuel,
since the process implies formation of ashes and the material have to be replaced
with fresh material. Researcher are currently looking for alternative materials that
can be used in OCAC and CLC, which have to be cheap, accessible at large quanti-
ties and available at close distance. attention have been payed to material streams
from the metallurgical industries.
This study has investigated two potential materials as oxygen carriers which both
are available in large quantities in the metallurgical industries in north Europe to a
lower price than synthetic materials. Magnetite fines is an industrial slag product
from LKAB and copper smelter slag is a by-product from Boliden AB. Experiments
have been done in a lab- scale fluidized bed reactor to investigate the materials re-
activity with oxygen as well as fuel conversion of syngas and methane fuel for CLC
configuration. Experiments were also done for OCAC configuration to investigate
the materials potential to move the combustion reactions down in the bed. Further-
more, the physical properties of each material were investigated visually to identify
any significant changes during operation.
Results from this study shows that magnetite fines and copper smelter slag are
reactive with syngas and moderate reactive with methane in CLC configuration.
Magnetite fines shows no tendency for agglomeration and sintering which was ex-
pected due to the high content of FeO and low concentration of other components
commonly causing this affects. However, copper smelter slag showed tendency for
agglomeration after visual inspection of the material. Further research is however
necessary to fully understand how the physical properties of the materials are af-
fected when operating as oxygen carriers in CLC and OCAC. Lab-scale experiments
with longer operational time and investigation of the physical properties and changes
in chemical composition are interesting for further research.

Keywords: Chemical looping combustion, Oxygen carrier aided combustion, oxygen
carrier, magnetite fines, copper smelter slag.
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1
Introduction

1.1 Introduction
Today’s society stands in front of a challenge to meet a growing demand of energy
supply from energy sources with low greenhouse gas emissions for an increasing part
of the world´s population. Solutions to this problem must be done with care of the
environment and minimum climate impact from the adaptation process itself.
One technology used for energy generation is fluidized bed combustion where a bed
of sand is fluidized with a gas flow and enables conversion of gaseous and solid fuels
to carbon dioxide and water [1].
Development of the technology of fluidized bed combustion have been made to make
fuel conversion more efficient and enable inherent carbon capture from such energy
processes. Chemical Looping Combustion (CLC) is a new concept where the flue
gas flow from the fuel conversion process is separated from the air flow with support
from an oxygen carrier. The separated outlet gas flows enables inherent capture of
CO2 to low cost [2]. Oxygen Carrier Aided Combustion (OCAC) is a development
of fluidized-bed combustion where sand is replaced with an oxygen carrier which
improves the oxygen distribution in the reactor volume which decreases the need of
excess air and improves the combustion rate.
Many materials have been investigated for their potential as oxygen carriers for these
applications. Manufacture oxygen carriers generally have high reactivity which make
them suitable for operation with gaseous fuel. However, these expensive materials
might not be economically viable when operating with solid fuels, as municipal solid
waste and biomass, since the process implies formation of ashes which can hinder
chemical reaction between oxygen carriers and oxygen or fuel components. For
this application research have paid attention to materials of natural ore and waste
material containing metal oxides, which are accessible to a significant lower cost.
One material that is commonly used today is ilmenite, a natural metal ore that is
cheap, available in large quantities and shows properties suitable for improved fuel
conversion. However, more research have to be done to find additional materials like
ilmenite.
In order to find additional materials suitable as oxygen carrier interest have been
payed to other material streams from the metallurgical industries. In particular
of materials containing different metal oxides. With a growing request for circular
economy and resource efficiency in mind, it is of interest to investigate the possi-
bilities to use materials that already are available in large quantities and ideally
are by-products from these industries. Such material is expected to be economical

1



1. Introduction

beneficial and more resource efficient. This study have looked at two materials, one
large-quantity product from LKAB and one industrial slag from Boliden AB.

1.2 Aim project
This study aims to find new low cost and available oxygen carriers to be used
in CLC and OCAC for which two materials are investigated; magnetite fines and
copper smelter slag. The study aim to evaluate if magnetite fines and copper smelter
slag are reactive with oxygen and fuel when operating in a bubbling fluidized bed,
with gaseous fuel. It also aims to evaluate if the bed material have potential to
convert less reactive fuels present in biomass and solid waste fuel for CLC and
OCAC configurations.

1.3 Goal and scope
Fuel conversion properties of the materials is evaluated from experiments in a lab-
scale fluidized bed reactor for CLC batch configuration with syngas at different
bed temperatures. Similar experiments are done with a less reactive gaseous fuel,
methane. Furthermore, experiments are done in OCAC configuration at different
bed temperatures to identify if the bed materials contribute to increase fuel conver-
sion in the bed. Evaluation of sintering and agglomeration is also made by visual
inspection.
Due to limitation in time frame of this project, material properties like sintering
and agglomeration are evaluated qualitatively. No visual evaluations are made in
microscope nor are quantitative measurements of attrition done.

2



2
Theory

2.1 Fluidized bed combustion
Fluidization is a phenomena where solid particles behaves physically as a fluid [3].
It occur when a bed of particles are exposed for a upward-lifting drag force from a
gas or liquid which is larger than the downward force of gravity. At the stage where
the drag force on the particle equals the weight of the particle the bed of particles
becomes fluidized. The required fluid velocity to obtain fluidization is referred to
the minimum fluidization velocity, umf and depends on the size and shape of the
particle as well as the fluid used [1]. For application in combustion processes the
fluid is gas, flowing through a bed of solid particles inside a vessel.
At the minimum fluidization velocity the bed is slightly expanded due to the up-
lifting force, forming a homogeneous bed where the particles are scattered in the
surrounding gas. For higher gas flow rate the homogeneous bed will be disrupted
and gas bubbles will start to form. The bed is then no longer homogeneous and is
in this stage called a heterogeneous fluidized bed or bubbling fluidized bed [1]. The
total volume of the bed is not significantly increased compared to the homogeneous
fluidized bed. In the two-phase system the gas can flow through the bed of particles
either as bubbles or as part of the emulsion phase where particles are mixed with
gas [3]. The total volumetric flowrate of gas through the system is then the sum of
the volumetric flow in the bubbles and in the emulsion phase according to equation
1

Qbed = Qemulsion + Qbubbles = Abedumf + Abed(uo − umf ) (1)

where Qbed is the total volumetric flow rate, Qemulsion is the gas flow rate in the
emulsion phase and Qbubbles is the flow rate of gas passing through the bed as bubbles.
Abed is the cross-section area of the bed and uo is the superficial gas velocity through
the system [3]. The flow rate in the emulsion phase is the dominant part in equation
1 for a system with a gas velocity close to the minimum fluidization velocity. Higher
gas velocity will increase the share of gas in bubbles, Qbubbles, in the two-phase
system. Furthermore, bubbles in a bubbling fluidized bed are small at the bottom
of the bed and will coalesce to fewer and larger bubbles higher up in the bed. If the
velocity is high enough will the bed expand due to large bubbles. This phenomena
with large bubbles are called slugging and can occur both in axial direction along
the reactor and horizontally across the reactor [1], [3]. Slugging causes less contact
between the gas phase and the solid phase, which is unfavourable in terms of chemical
reaction and heat transfer. At even higher gas velocity the bed shows a turbulent

3



2. Theory

state where there is no longer a visible top surface of the bed and the bubbles are
changed to turbulent voids. Therefore is this stage called turbulent fluidized bed.
At this stage may particles be dragged upwards with the gas flow and leaving the
reactor. A cyclone can be used in order to collect particles at the outlet and return
them back to the bed in a cyclic path which is called circulating fluidized bed boiler
[1].
Different states of fluidization is favourable depending on the industrial application.
Bubbling and turbulent fluidized bed is a common performance for combustion
processes due to efficient heat exchange [1]. Furthermore the fluidized bed boiler
can handle a large particle size distribution as well as small particles, fines, which
allows variation of bed material and solid fuel. Additional advantage for fluidized bed
boilers is that the temperature is easily controlled and stabilised and can therefore
operate in large-scale continuous operations [1]. Therefore fluidized bed boilers are
common for combustion of fuels as solid coal or municipal solid waste to generate
heat and electricity. However biomass is also used and is expected to increase as
energy source in the future.
Two new technologies have been developed from the concept of fluidized bed com-
bustion. One technology enables CO2 separation and the other concepts improves
the fuel conversion. Chemical Looping Combustion use chemically active bed mate-
rial to inherently separate CO2 from the other flue gases components and therefor
reduces the cost for CO2 mitigation. Similar bed material is used in Oxygen Carrier
Aided Combustion to improve heat transfer and increase fuel conversion efficiency.
Commercial fluidized bed combustion use silica sand as solid bed material, which
contributes to good temperature distribution and circulation of fuel and oxygen in
the boiler [4]. Silica sand is chemically inert and does not contribute to the com-
bustion reaction itself. Instead of silica sand uses the knew technologies chemically
active bed material.

2.2 Chemical Looping Combustion

Chemical looping combustion (CLC) is a technology with aim to ease carbon capture
in flue gases from fluidized bed boilers. A material that can easily be oxidised and
chemically reduced is used to transport oxygen between two parts of the system.
These materials are therefore called oxygen carriers for which metal oxides have been
found suitable by previous research [2]. One part of the system is the fuel reactor,
where the metal oxide is reduced through reaction with gaseous fuel in a fluidized
bed boiler. Equation 2 shows a general reduction reaction with a hydrocarbon in
the fuel reactor, where MyOx denotes the oxidized for of a metal oxide and MyOx–1
denotes the reduced form after reaction with a hydro carbon [2].

(2n + m)MyOx + CnH2m −→ (2n + m)MyOx−1 + mH2O + nCO2 (2)

The outlet gases from the fuel reactor is only water H2O and carbon dioxide CO2.
The reduced oxygen carrier is led to a second fluidized bed, the air reactor, where
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it is oxidised again as shown in equation 3 ,[2].

MyOx−1 + 1/2O2 −→ MyOx (3)

The flue gases from the air reactor contains nitrogen and unreacted oxygen. The
large flow of nitrogen is in this way separated from the carbon dioxide in the fuel
reactor outlet which makes it possible to avoid expensive and energy demanding
gas separation steps to capture CO2 [2]. The CO2 can then be captured directly by
condensing the steam.
A system with an air reactor and a fuel reactor is commonly designed with two
interconnected fluidized beds as described above [5]. However a more simple design
is possible to use for experimental lab-scale reactors, using one fluidized bed boiler
without cyclone or a second reactor. Oxidation and reduction is operated in the
same reactor in a cyclic process. First is the reactor operating with an air gas flow
in which the bed material is oxidised. Secondly is the reactor operating with inert
nitrogen gas N2 followed by a third step for reduction operating with gaseous fuel.
In a last step the reactor is flushed with N2 again before step one with air is repeated
for the next cycle. Experiments for CLC operation have been done in a batch reactor
system at Chalmers University of Technology which is discussed further in section
3.3 [6].

2.3 Oxygen Carrier Aided Combustion
Oxygen Carrier Aided Combustion (OCAC) is another technology for fuel combus-
tion developed from the concept of oxygen carrier in CLC. The technology is based
on the commercial fluidized bed boiler, but instead of using sand as bed material one
use oxygen carriers as part of the bed interior or totally replacing sand. Similar to
oxygen carriers in CLC, the bed material is reactive with oxygen and can therefore
transfer oxygen from one zone rich in oxygen to another where the concentration of
oxygen is low but has a high fuel content. It enables improved interaction between
oxygen and fuel in areas where gas mixing otherwise would be low and the combus-
tion reaction would be unfavourable. The general chemical reaction is the same as
for CLC, see reaction 2 and 3 The technology has shown potential to increase the
fuel conversion in the boiler compared to commercial bubbling fluidized-bed com-
bustion. Furthermore oxygen carrier has been presented as an alternative to operate
for reduced bubble size in purpose to increase interaction between the gas bubbles
and the emulsion phase in a fluidized-bed. This implies increased conversion ratio
down in the bed, compared to operation with silica-sand at the same gas velocity,
which has shown tendency to reduce incomplete fuel conversion and formation of
NO [7].
Due to improvement of the combustion process OCAC is attractive for combustion
of municipal solid waste and biomass fuels that usually emits large amounts of
unconverted fuel components and products from incomplete combustion, as CO. The
technology might also reduce the amount of NOx formation. OCAC has successfully
been tested in pilot projects and is today used in a number of operating plants
in Sweden and several studies has been made on suitable bed materials, based on
earlier findings of oxygen carriers for CLC [8].
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2.4 Chemically active bed materials
Development of oxygen carriers has been a topic for research during the last two
decades which has resulted in knowledge about the general good properties for an
oxygen carrying material. Important criteria presented in earlier research are i) high
reactivity with fuel and oxygen, with ability of full fuel conversion to CO2 and H2O
ii) low tendency for fragmentation, attrition and agglomeration. iii) low production
cost and minimum environmental impact [9].
Oxygen carriers consists of metal oxides, a chemical compound consisting of one or
a few metal ions and a number of oxygen atoms. For simplicity they can all be
written as MeO or MexOy, where x and y denotes the number of metal ions and
oxygen atoms respectively. Common components of interest within this research
area are oxides of Fe, Mn, Cu and Ni, where Ni has shown the highest reactivity
with fuel. The reactivity for Cu is also high while Fe and Mn are less reactive but
still suitable as oxygen carriers [9]. However the cost is lower for the less reactive
materials which have made them attractive for the application. Research have been
made on natural materials, from different metal ores, waste materials and synthetic
manufactured oxygen carrier material. Manufactured oxygen carriers have been of
highest interest in research, both to investigate their reactivity and to evaluate the
process in large scale for the materials that have shown good potential reactivity.
However the high cost of manufactured oxygen carrier is a large drawback, espe-
cially when operating with solid fuels, as municipal solid waste and biomass, where
reactive ashes accumulate in the bed. The accumulated ashes forms a layer on the
oxygen carrier particles and could limit their reactivity and therefore need to be
replaced with new bed material. If using synthetic oxygen carriers this would be
expensive. Furthermore, manufactured oxygen carriers have high reactivity which is
not as important when operating with solid fuel, as for gaseous fuel. For operation
with solid fuels are instead chemically active materials from natural ore and waste
materials more attractive since they are available in large quantities to a lower price
[9].
One metal ore that has shown properties for an oxygen carrier is ilmenite [9],[10].
Ilmenite is a naturally available metal ore containing oxides of iron, Fe, and Tita-
nium, Ti. The material is mined in large quantities at several places around the
world and is available to a relatively low cost [10]. Ilmenite has shown ability to
convert CO with good conversion rate in CLC and moderate conversion for CH4.
Initial studies on the materials showed an increased reactivity with number of CLC
cycles and no reduction of reactivity have been seen when operating with gaseous
fuel [10].
Ilmenite have also been tested in OCAC for biomass as fuel in a study by Thunman
et al. [11]. This study showed that an increased share of ilmenite in the interior bed
of silica-sand, reduced the concentration of CO and hydrocarbonHC in the furnace,
which indicates an increased fuel conversion compared to when a interior bed of only
inert silica-sand. Since biomass are discussed to become a larger share of the fuels
for energy processes in the future, it is of interest for researchers to find additional
oxygen carrying materials suitable for interaction with biomass.
In today’s industry it is necessary to look at potentials for circular economy and
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industrial symbiosis to make use of all material flows within the society. Therefore is
it interesting to search for alternative oxygen carriers among large quantity products
and by-products from the metal industries. The bulk products have potential to
be cheap, especially the by-products which in many cases is not used for specific
applications but instead used as additional material in construction work, landfill
material or placed in deposit dams [12], [13]. Together with LKAB and Boliden
three materials have been identified which may be of interest for OCAC and CLC
operations; copper smelter slag, magnetite fines and enrichment sand.

2.5 Mechanical stability
Particle characteristics of the bed material are important parameters for the perfor-
mance of an fluidized bed boiler. Operation at high temperature implies a risk for
sintering, agglomeration, attrition and swelling of the bed particles. Sintering and
agglomeration changes the particle size distribution and the fluidization properties.
In turn it influence the chemical reactivity and performance of the boiler [1]. Sin-
tering can also cause defluidization, in which case the boiler must be stopped. One
other important aspect is the materials mechanical stability during long operational
time. Particles in a fluidized bed boiler collide with each other at a high velocity, for
which the material´s mechanical stability have impact on attrition of the material.
Attrition of the particles results in changed particles size distribution, which effects
the heat and mass transfer and the reaction rate. A changed particle size distribu-
tion also affect the fluidization of the bed and causes risk for elutrition of material
[14]. If elutrition occur bed material is lost from the bed and must be replaces with
new fresh feed [15]. Tendency for attrition varies for specific materials, the reactor
geometry, the chemical reaction present and the operational conditions. It is there-
for important to evaluate the mechanical stability in an early stage of investigation
of new bed materials.
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Methods

Experiments were performed in a lab-scale fluidized bed reactor designed and built
at Chalmers University of Technology for previous investigations of OCAC made by
Stenberg et al. [7]. The reactor has also been operated for batch CLC configuration
in experiments by Tsuji [6]. Results from these studies show that the reactor can be
used for lab-scale experiments for both OCAC and CLC and was therefore used for
both processes in this study. This chapter first presents the design of the reactor
together with the connected analysis equipment. The bed materials and calculations
of bed material properties are described in section 3.2 followed by further description
of the experimental setup for CLC and OCAC configurations in sections 3.3 and 3.4.

3.1 Lab scale fluidized bed boiler
The laboratory scale fluidized bed reactor is 1.28m high with inner diameter of
0.08m. It is made of steel and surrounded by an isolating furnace, which can be
electrically heated in three separate sections. Inlet gases are mixed in a T-connection
before entering the windbox at the bottom of the reactor, from which the gas is lead
through 61 holes of 0.6mm in a 5mm thick bottom plate to the fluidized bed [7].
In order to hinder combustion of the fuel already in the windbox when mixing air
and fuel, the temperature here is held below the auto-ignition temperatures of the
fuels with a cooling coil. Cold air flows through the cooling coil which makes several
passes through the windbox. The air flow rate can be regulated manually with a
valve to control the cooling. The auto-ignition temperatures for methane is 537°C,
[16]. The target is therefore to have a temperature in the windbox below 500°C
for experiments where fuel and air are mixed in the windbox. Measurements of the
reactor temperature and pressure is possible in the windbox (H0), just above the
distribution plate (H1) and at additional seven heights above the distribution plate
(H2-H8). The height where each measurement point is located is listed in table 1,
for which the distribution plate is set to zero level.
The temperature is measured with type K thermocouples, of tolerance class 1, which
are placed at the end of a tube ranging from the outside to the inside of the reac-
tor wall. The temperature is measured at high-resolution mode with a NI 9213
measurement module which are connected to the thermocouples. The measurement
module have an accuracy of <0.02°C. Pressure in the reactor is measured at the
same locations as the thermocouples via pressure transducers which are in contact
with the gas flow. The pressure is measured to identify if the bed is fluidized and
to find if leakage or material loss occur.

9



3. Methods

Table 1: Height for measurement points in relation to the distribution plate in
reactor.

Measurement Height from distri-
point bution plate [cm]
H8 79,65
H7 63,65
H6 47,65
H5 31,65
H4 15,65
H3 13,65
H2 8,88
H1 3,65
H0 -4,00

The gas composition can be measured at the same eight heights over the distribution
plate (H1-H8) as for the temperature and pressure. The tubes for gas sampling is lo-
cated at the opposite side of the reactor, relative the previous described measurement
tubes. It has porous metal cups in the end, of nickel-chromium-iron-molybdenum
alloy (316L), which hinders particles larger than 150µm from entering the sampling
tube [17]. The sampling tubes for temperature and pressure measurement can be
flushed with nitrogen to remove bed material. The gas sampling tubes can in a
similar way be flushed with pressurised air to remove fines in the filter.
Gas samples are taken from the gas sampling tubes via a hose, which can be attached
to the gas sampling tubes of interest. the hose is equipped with heating bands and
kept at 190 degrees to reduce the risk of water condensing in the hose. The sampled
gas is then passing two filter, one hot filter and one cold filter. The gas is dried in a
condenser between the two filters. A gas analysis is then done in a SICK GMS810
gas analyser which sends data points to a computer every second. To make sure
that the measurements are reliable was the gas analyser calibrated at the start of
every experiment sequence.

3.2 Bed material
Two industrial metal oxides for use as bed materials have been studied experimen-
tally in this report; magnetite fines and copper smelter slag. Magnetite fines and
copper smelter slag are two material of small solid particles from metallurgical in-
dustries in Sweden. Magnetite fines are iron oxides of the form Fe3O4 where one iron
ion is ferrous (II) and two are ferric (III). The material is produced by LKAB for use
in steel production. Information about the elementary composition was provided by
LKAB and is presented in table 2. Magnetite fines contains 70,96% Fe, given as Fe
of the total mass, 0,65% SiO2 and less than 1% other metal oxides. The second ma-
terial investigated is copper smelter slag, a byproduct from the production process
of copper at Boliden Rönnskär. Today copper smelter slag is used as construction
material in buildings and roads [12]. It contains 42-45% iron oxide, given as FeO and
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33-42% silica dioxid SiO2. In comparison with magnetite fines, copper smelter slag
contains less metal oxide and more inert silica.yet another material was investigated
initially but discarded due to inappropriate physical properties.
Note that in table 2 components for iron Fe is given as the pure element for magnetite
fines and as FeO for copper smelter slag. Weight percent for manganese is given as
MnO for the latter two materials while given as Mn for copper smelter slag. It is
only known how much iron Fe or iron oxide FeO the materials contains. However
it is unknown which oxidation state the iron atoms have. Expected forms of iron
oxides are further discussed in section 2.2.

Table 2: Elementary composition of magnetite fines and copper smelter slag mea-
sured on the original material by LKAB and Boliden. Concentration of iron and
manganese is reported as oxide, otherwise indicated as (Fe) and (Mn) for pure ele-
ment.

Magnetite fines Copper smelter slag
Component Weight percent (w%)

FeO 71,0 (Fe) 42-45
SiO2 0,7 33-42
K2O 0,02 -

Al2O3 0,3 2,0-5,0
CaO 0,2 2,0-5,0
MgO 0,3 0,5-1,5
MnO 0,05 0,4-0,6 (Mn)
TiO2 0,3 -
V2O5 0,3 -
Zn - 0,8
Cu - 0,5-0,8
Cr - 0,2-0,4
P 0,01 -
S - 0,5-0,7

Copper smelter slag can be categorised as sharp grains with a size ranging from a few
micrometres to a few millimetres [18]. Information about the shape magnetite fines
were not available and are thus missing in this report. Magnetite fines are assumed
to have the same shape as copper smelter slag in calculations. Table 3 presents
the accumulated particle size distribution for the materials, as received data from
LKAB and Boliden. Values for magnetite fines were provided by LKAB and for
copper smelter slag the values are the set product target values [18].
The materials were sieved to obtain a material with particle size of 90-212µm. Mag-
netite could be sieved directly while copper smelter slag required further processing
to obtain the required amount material. Copper smelter slag was alternately crushed
and sieved before the target particles size was obtained. The particle size distribu-
tion for magnetite fines and copper smelter slag was calculated from the mass for
each particle size interval, for which data is shown in figure 1. Based on the particle
size distribution was the mean particle size, dp, calculated to 137,0µm for magnetite
fines and to 10,8µm for copper smelter slag. Furthermore was the material bulk

11



3. Methods

Table 3: Accumulated material weight fraction for different particle sizes for mag-
netite fines and copper smelter slag, as received from LKAB and Boliden.

Magnetite fines Copper smelter slag
Particle size Accumulated weight%

<63µm 1,2 2
<90µm 2,6 -
<125µm 9,8 2
<180µm 32,0 -
<250µm 60,9 5,0
<500µm 99,9 20
<1.0mm 100 70
<2.0mm 100 98
<4.0mm 100 100
<5.6mm 100 100

Figure 1: Particle size distribution for magnetite fines and copper
smelter slag after crushing and sieving.

density, ρs, measured with a volume of ISO standard 3923 − 1 : 2008. Magnetite
fines measured a bulk density of 2482,8 kg/m3 and the value for copper smelter slag
was 1663,3 kg/m3. Table 4 in section 3.2.1 lists these values for magnetite fines and
copper smelter slag.

3.2.1 Calculations of properties for bed material
Calculations for additional properties for the bed materials can be done from the
results of the measurements of particle size and bulk density. Depending on the
particle density, particle size and the fluidization gas, each material has a minimum
fluidization velocity. The minimum fluidization velocity is the gas velocity at which
the drag force by upward moving gas is equal to the weight of particles [1]. Calcula-
tions of the material specific minimum fluidization velocity, umf , is made according
to the method presented by Wen and Yu [19]. The minimum fluidization velocity is
related to the Reynolds number as shown in equation 4[3].
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Remf = dpumfρg

µ
(4)

Remf is the Reynolds number at minimum fluidization velocity and dp is the mean
particle diameter in millimetre. ρg and µ are the density and viscosity of air at a
given bed temperature. Remf is further related to the Galiteo expression, NGa,

Remf =
√

33.72 + 0.0408NGa − 33.7 (5)

which is determined experimentally and NGa stands for the expression in equation
6

NGa =
d3

pρg(ρs − ρg)g
µ2 (6)

where dp is the mean particle size and ρs is the solid material bulk density. Ta-
ble 4 presents the calculated value for umf , together with the other measured and
calculated parameter values for magnetite fines and copper smelter slag.

Table 4: Parameter values for magnetite fines and copper smelter slag after prepa-
rations. Calculations are based on the particle size distribution and physical proper-
ties at 800°C.

dp ρbulk ρp umf mbed

(µm) (kg/m3) (kg/m3) (cm/s) (g)
Magnetite
fines

137,0 2484,8 2482,7 1,99 1616,6

Copper
smelter slag

130,8 1663,3 2466,7 1,22 1082,1

3.2.2 Chemical reactions
The two investigated materials contains iron oxides which can be oxidised between
different chemical forms binding more or less oxygen. Which oxidation state the
different materials have is unknown in this project. However, generally is magnetite
an iron oxide of the form Fe3O4 where one iron ion is ferrous (II) and two are ferric
(III). The oxidized state of magnetite is then hematite, according to the oxidation
reaction 7. Hematite is then reduced back to magnetite in the reaction with fuel.
Reaction 8 shows the reduction reaction of hematite with syngas. The reduction
with methane is more complex but can be simplified to reaction 9 for this project
[20].

2Fe3O4 + 1/2O2 −→ 3Fe2O3 (7)

6Fe2O3 + CO + H2 −→ 4Fe3O4 + CO2 + H2O (8)

Fe2O3 + CH4 −→ Fe3O4 + CO2 + H2O (9)
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Reaction 8 gives a mole relation of 6:1 for oxidised magnetite to syngas, while
reaction 9 is unbalanced. However is one (1) mole oxygen required for conversion
of each mole CO and H2. Conversion of methane requires four (4) mole oxygen for
each mole methane.
One alternative form of iron oxide is ferrous oxide Fe(II)O which is oxidised to
hematite according to reaction 10

4FeO + 3O2 −→ 2Fe2O3 (10)

The material is most likely reduced back to Fe3O4 according to reaction 8 and 9

3.3 Experimental setup for CLC operation
The bed materials ability to operate as an oxygen carrier in a fluidized bed was
evaluated through experiments for CLC operation like the one presented by Tsuji
[6]. The previous study by Tsuji used ilmenite as bed material for experiments in
the reactor current for this study. The experiments by Tsuji were carried out at
a bed temperature at 840°C with two different fuels, syngas and carbon monoxide
CO. Results from the experiment showed that the fuels were converted during the
reduction step and oxidised when in contact with air. No ignition occurred that
could indicate that air was mixed with fuel. It could be concluded that the experi-
mental process used successfully demonstrate a lab-scale CLC batch configuration.
Therefore a similar experimental process was used in this study to investigate the
chemical reactivity of magnetite fines and coppers smelter slag. The total gas ve-
locity was reduced in this study to a value that have been shown to give a stable
bubbling fluidized-bed in the reactor [7]. The total gas velocity was set to 0.2 m/s
for both CLC and OCAC experiments. Previous experiments by Tsuji were done
at a bed temperature of 840°C, which is at the lower temperature range for CLC
usually operating between 840-1040 °C. To evaluate if there were any difference in
behaviour of the bed materials depending on the operational temperature were three
different bed temperatures investigated in this study. The bed temperatures evalu-
ated were 840°C, 890°C and 940°C.
To identify the chemical reactivity the fuel conversion of syngas and methane were
observed during the reduction step in a number of CLC cycles. The dry gas compo-
sition was measured at the top of the reactor at measurement point H8, representing
the flue gas outlet, see table 1. Also the temperature and pressure were continu-
ously measured at this position to identify changes in the fluidization quality. A
description of the experimental procedure is given below.
The air flow was set to 6 nlpm (normal litre per minute) and the material was added
to the reactor. The flow was increased to 14 nlpm which gave a flow of 0,2 m/s at
900°C. Initially was the bed material heated to a temperature of 900°C and was left
to operate for one hour. During this step the material was expected to oxidise to its
oxidised state and combustible components (such as any residue from the production
process) to be burnt of, as well as water to vaporise from the solids. Afterwards was
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the electric furnace temperature set to the target bed temperature and regulated
if needed to reach the target bed temperature. When the bed temperature was
reached and stable, as well as the pressure was stable at point H8, the gas flow was
changed to 10 nlpm of N2. The bed was fluidized with N2 until the oxygen level was
below 0,75% in the reactor. The reduction step was then started by introducing the
fuel flow (syngas or methane) at 0.2m/s for one (1) minute. Then the fuel flow was
stopped and replaced by N2 at 10 nlpm for three (3) minutes, or longer until no CO
or CO2 were detected at the outlet. Hence one cycle follows the steps for: oxidation
with air, inert N2, reduction with fuel, inert N2, which is given in detail in table 5
for syngas fuel and table 6 for methane fuel. The oxidation step was then repeated,
followed by the inert flow and reduction step, which together is one cycle for CLC
operation. The CLC cycle was then repeated at least three (3) times.
When the targeted number of cycles were done the bed temperature was changed by
regulating the electric furnace temperature during the oxidation step. The air flow
was changed according to table 5 for operation with syngas and table 6 for methane
to sustain a flow rate of 0,2 m/s during the oxidation and reduction steps. Due to
limitation of the methane flow at 10 nlpm the flow of methane was set to two thirds
of the total mass flow and the rest was inert nitrogen gas, N2.

Table 5: Gas flow and operational time for CLC cycle steps with syngas, CO/H2
at the bed temperature of 840°C, 890°C and 940°C.

Oxidation Inert Reduction Inert
Bed temp. Gas flow

Air N2 CO/H2 N2
(°C) (nlpm) (nlpm) (nlpm) (nlpm)
840 15,06 10,00 15,06 10,00
890 14,41 10,00 14,41 10,00
940 13,82 10,00 13,82 10,00
Operational time for each cycle step

10 min 4 min 1 min 3 min
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Table 6: Gas flow and operational time for CLC cycle steps with methane at the
bed temperature of 840°C, 890°C and 940°C.

Oxidation Inert Reduction Inert
Bed temp. Gas flow

Air N2 CH4 N2 N2
(°C) (nlpm) (nlpm) (nlpm) (nlpm) (nlpm)
840 15,06 10,00 10,00 5,06 10,00
890 14,41 10,00 9,57 4,84 10,00
940 13,82 10,00 9,18 4,64 10,00
Operational time for each cycle step

10 min 4 min 1 min 3 min

3.4 Experimental setup for OCAC operation

Current study used the same reactor and experimental set up as in previous study by
Stenberg et al., to investigate the behaviour of magnetite fines and copper smelter
slag in OCAC operation. Methane was used as gaseous fuel. Experiments with
magnetite fines were done for six temperatures, 600°C, 700°C, 750°C, 800°C, 850°C
and 900°C while copper smelter slag was only investigated at three 600°C, 750°C and
850°C due time limitation for the project. The procedure for OCAC experiments is
described below.
After finished CLC experiments for one bed material, the bed material was kept
in the reactor when the bed temperature was regulated to 600°C and the air flow
to 17,46 nlpm. Once the bed temperature had reached the target bed temperature
methane was added to the inlet gas flow to obtain an air to fuel ratio of 1.05. When
the system reached steady state measurements of temperature, pressure and dry air
composition were examined for a minimum of two (2) minutes for each measurement
point, H1-H8. Similar measurements were done for the different bed temperatures.
Table 7 lists the gas flows used for the corresponding bed temperatures to give an
air to fuel ratio of 1.05.

Table 7: Parameters for OCAC experiments. The gas flows for each bed tempera-
ture calculated for an air to fuel ratio at 1,05.

Bed temp. Gas flow
Total Air CH4

(°C) (nlpm) (nlpm) (nlpm)
600 19,20 17,46 1,74
700 17,23 15,67 1,56
750 16,39 14,90 1,49
800 15,62 14,21 1,42
850 14,93 13,57 1,35
900 14,29 12,99 1,30
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3.5 Evaluation of fuel gas conversion
The materials ability to transfer oxygen is evaluated through the conversion of fuel
during the combustion processes of CLC and OCAC operations. Fuel conversion is
expressed by the CO2 gas yield, γCO2 according to reaction 11

γCO2 = yCO2

yCO2 + yCO + yCH4
(11)

where yi indicates the gas fraction of component i at the reactor outlet [21]. Mass
based oxygen carrier conversion is another measure of how well the bed material is
oxidised and reduced in the combustion process. It is symbolised with ω and is the
ratio between the reduced form of the material, m, and the mass of the oxidised
form of the material, mox.

ω = m

mox

(12)

The oxygen carrier mass cannot be measured during operation ans is therefore cal-
culated as a function of time and the instantaneous mass balance over the reactor
outlet [21] . The following two reactions describes the time integral for operation
with syngas and methane respectively

ωt = ωt−1 −
∫ t

t−1

ṅMo

mox

[2xCO2 + xCO − xH20] dt (13)

ωt = ωt−1 −
∫ t

t−1

ṅMo

mox

[4xCO2 + 3xCO − xH20]dt (14)

where ṅ is the molar flow rate at the reactor outlet, Mo is the molar mass of oxygen
and yi is the gas fraction of component i. The oxygen carrier conversion is expected
to have the value of one (1) at the beginning of the cycle. Furthermore, the concen-
tration of H2O is not possible to measure and is therefore calculated from a mass
balance over the reactor.
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4
Results

Results from experiments in a lab-scale fluidized-bed reactor is presented in this
section. First are results presented for CLC operation with magnetite fines as bed
material, with syngas and methane as fuel, respectively. Secondly are results for
copper smelter slag for CLC operation with syngas followed by the case with methane
as fuel. In a following section are the results from CLC experiments discussed. Later
are results from OCAC experiments presented and discussed for magnetite fines
followed by the case with copper smelter slag. At last are the results for physical
properties presented and discussed together with potential errors of the study.

4.1 Chemical activity in CLC

4.1.1 Chemical activity of magnetite fines
In this section the results for the CLC experiments with magnetite fines are pre-
sented. The results are then discussed together with the results for CLC experiments
for copper smelter slag in section 4.1.4.

4.1.1.1 Reactivity with syngas

Chemical reactivity of magnetite fines with syngas was investigated at 840°C, 890°C
and 940°C in a series CLC cycles. Conversion of syngas resulted in the reaction
products CO2 and H2O in two parallel reactions of CO and H2. Results from ex-
periments with magnetite fines and syngas at 840°C are presented in figure 2 where
figure 2a presents the CO2 dry gas concentration during the reduction stage for
the different cycles. The concentration of CO2 is similar over time for all cycles
with the highest value about 77 vol% of the total gas volume measured. Figure 2b
presents the related concentration of CO, which is measured between 9,5-12 vol%.
Only a few percentage points in gas concentration differs between the cycles which
implies potential of repetitive fuel conversion with magnetite fines at 840°C. Figure
3 shows the mean dry gas concentration of CO and CO2 for the different cycles and
for each bed temperature investigated. As expected are magnetite fines reactive at
the higher temperatures and the mean dry gas concentration of CO2 increase with
higher temperature, indicating higher fuel conversion with increased temperature.
The results also show repetitive cycles for these temperatures, see figure A.1-A.6 in
appendix.
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(a) CO2 concentration over time.

(b) CO concentration over time.

Figure 2: Dry gas concentration over time during reduction stages in
CLC cycle for magnetite fines at 840°C.
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(a) Bed temperature 840°C.

(b) Bed temperature 890°C.

(c) Bed temperature 940°C.

Figure 3: Mean dry gas concentration for CLC cycles with magnetite
fines as bed material and syngas as fuel, for bed temperatures 840°C,

890°C and 940°C.

Concentration of CO2 was significantly higher than of CO for all bed temperatures
when operating with syngas which shows that magnetite fines was chemically active
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with high conversion for CLC operations with syngas. Peak value for concentration
of CO2 was measured to 83.0%76 at both 890°C and 940°C, while the peak value for
840°C was 76.0vol% for 840°C. The trend of increased fuel conversion with higher bed
temperature can also be identified from figure 4, showing the yield of CO2 as function
of the oxygen carrier conversion for different bed temperatures. It is expected that
the fuel conversion increases with the bed temperature. The experiments show up
to 0,92 gas yield for CO2.

Figure 4: CO2 yield as function of the mass based oxygen carrier
conversion of magnetite fines for combustion with syngas, at different

bed temperatures.

4.1.1.2 Reactivity with methane

When operating with methane as fuel for CLC the conversion was expected to be
lower than that of the more reactive syngas. Note that data from experiments at
890°C is missing, due to loss of data during operation. Unlike the case with syngas,
formation of CO is an indication for incomplete combustion when operating with
methane. The mean dry gas concentration for bed temperature 840°C and 940°C
are presented in figure 5. The orange coloured line is the CH4 concentration which
clearly is lower at 940°C than for 840°C. Likewise one can notice the CO2 and the
CO is higher at 940°C than for 840°C. Hence the endothermic two-phase reaction
in the bed is favoured at higher bed temperature. Further more does the results
show that the cycles repeats similar fuel conversion over time. Note that the gas
concentrations in figure 5 is not directly comparable with the concentration for
operation with syngas in figure 3 since operation with methane also have a flow of
N2 during the reduction step. The graph in figure 6 confirms the trend of increased
fuel conversion for higher bed temperature, showing increased CO2 yield for higher
bed temperatures as a function of oxygen carrier conversion.
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(a) Bed temperature 840°C.

(b) Bed temperature 940°C

Figure 5: Mean dry gas concentration for CLC cycles with magnetite
fines as bed material and methane as fuel, for bed temperatures 840°C

and 940°C.
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Figure 6: CO2 yield as function of the mass based oxygen carrier
conversion of magnetite fines for combustion with methane, at different

bed temperatures.
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4.1.2 Chemical activity of copper smelter slag
Chemical activity was also investigated for copper smelter slag, which was more
cumbersome to prepare for experiments in a fluidized bed boiler.

4.1.2.1 Reactivity with syngas

Like the experiments with magnetite fines was the chemical reactivity with syngas
the first experiment in the test series for copper smelter slag. Figure 7 presents the
outlet gas concentration for CLC experiment at 840°C with syngas as fuel. The
CO2 concentration was reduced with the number of cycles, but the curves shows
similar appearances with a value between 66-82 vol%, while the CO concentration
was found to be more or less constant at 30 vol% for all cycles. Values for cycle 1 are
deviant to the other cycles in time and area under the graph. This may be caused
if the start of syngas flow was delayed and run for a longer operational time than 1
minute. It can also be because the oxygen carrier was more oxidized at the first cycle
due to the long time it been exposed for oxygen during the previous step of heat up
of the furnace and boiler. Furthermore, results show that the operation is recitative
for higher bed temperature too. At 940°C was a slight tendency noticed of decreased
CO2 concentration with the number of cycles, in contrast of corresponding increase
of CO. Figure 8 shows the mean dry gas concentrations for operation with copper
smelter slag and syngas at all three bed temperatures. Mean gas concentration
of CO2 was found to be increasing with higher bed temperature, indicating higher
conversion rate for 940°C than for the lower temperatures. The same trend can be
noticed in figure 9, showing the CO2 yield as a function of oxygen carrier conversion.
The CO2 yield is higher for increased bed temperature for the related value of oxygen
carrier conversion.
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(a) CO2 concentration over time.

(b) CO concentration over time.

Figure 7: Dry gas concentration over time during reduction with
syngas in CLC cycle for copper smelter slag at 840°C.
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(a) Bed temperature 840°C.

(b) Bed temperature 890°C.

(c) Bed temperature 940°C.

Figure 8: Mean dry gas concentration for CLC cycles with copper
smelter slag as bed material and syngas as fuel, for bed temperature s

840°C, 890°C and 940°C
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Figure 9: CO2 yield as function of the mass based oxygen carrier
conversion of copper smelter slag for combustion with syngas, at

different bed temperatures.

4.1.2.2 Reactivity with methane

Figure 10 show the dry gas concentration of CH4, CO2 and CO for CLC operation
with copper smelter slag and methane. The results show conversion of methane
fuel to CO2 and CO for all bed temperatures and all cycles during the experiment.
General trends for all bed temperatures noticed were highest concentration of CO2
for the first or second cycle and decreased for every following cycles. In contrary
was the CO concentration increasing with the number of cycles. Furthermore, it can
be noticed that the CO concentration increase towards the end of the cycle while
CO2 was highest at the beginning and thereafter decreased. While the CH4 value
increased at the end of the cycle. Figure 11 shows the mean dry gas concentration
for cycle 2-5, for each bed temperature. The CH4 concentration was lower for high
bed temperature with a difference of 10 percentage points between the lowest and
highest temperature. That trend is expected and can further be seen in figure
12 where the value for CO2 yield at bed temperature 940°C is significantly higher
than for 840°C. Further more can it bee seen that the oxygen carrier conversion
reaches a lower value at higher bed temperature, indicating higher reactivity at this
temperature, as expected.

28



4. Results

(a) CO2 concentration over time during reduction with methane in CLC cycle for copper
smelter slag at 840°C

(b) CH4 concentration over time during reduction with syngas in CLC cycle for copper
smelter slag at 840°C

Figure 10: Dry gas concentration over time during
reduction with methane in CLC cycle for copper smelter slag

at 840°C.
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(c) CO concentration over time during reduction with syngas in CLC cycle for copper
smelter slag at 840°C

Figure 10: Dry gas concentration over time during
reduction with methane in CLC cycle for copper smelter slag

at 840°C.
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(a) Bed temperature 840°C.

(b) Bed temperature 890°C.

(c) Bed temperature 940°C.

Figure 11: Mean dry gas concentration for CLC cycles with copper
smelter slag as bed material and methane as fuel, for bed temperature s

840°C, 890°C and 940°C
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Figure 12: CO2 yield as function of the mass based oxygen carrier
conversion of copper smelter slag for combustion with methane, at

different bed temperatures.

4.1.3 Discussion CLC operation
Magnetite fines and copper smelter slag both show chemical activity in the CLC ex-
periments presented. Both materials converts syngas fuel to CO2 and H2O already
at the lower temperature of 840°C and the conversion increased for higher bed tem-
peratures. The conversion was, as expected, lower for operation with methane fuel,
for which both the materials showed increased conversion for higher temperature.
However methane was not fully converted to CO2 for any bed material or tempera-
ture, showing formation of CO. Incomplete combustion of methane is expected due
to the chemical properties of the methane molecule and the chemical stability of
methane during the relatively short operational time. However it is positive that
some conversion of methane occur since it then can be possible to use the materials
for applications with combustion of biomass and other solid fuels.
Furthermore, the results in fuel conversion is similar between the cycles which indi-
cates that the reactivity may be stable with the number of cycles. This is different
from the reactivity of ilmenite, which reactivity increase with the number of cycles
initially. It is not possible to compare the absolute reactivity of ilmenite with the
results from this study since the reactivity depends on several design and operational
parameters. However the stable reactivity of magnetite fines and copper smelter slag
is positive for operation in CLC. The experiments in this study only investigated
the trends from a few number of cycles (4-6 cycles) and this may be too few for a
reliable perception on the matter of stability. Further experiments with increased
number of cycles are needed in order to settle this matter.
The CO2 yield for combustion for magnetite fines is significantly higher than for
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copper smelter slag, for both syngas and methane combustion, see figure 4, 6, 9,
12. The value of CO2 yield for magnetite fines are also more stable with decreased
oxygen carrier conversion, than for copper smelter slag. This result was expected
since magnetite fines have a higher Fe oxide content than copper smelter slag, which
is the oxygen carrying component in the material.

4.2 Chemical activity in OCAC
To further investigate the chemical activity of the materials experiments for OCAC
operation were carried out at different bed temperatures between 600°C and 900°C.
Methane was used as fuel with an air to fuel ratio of 1.05. Results for experiments
with magnetite fines as bed material is presented in the section below, before the
results from operation with copper smelter slag is presented.

4.2.1 Magnetite fines for OCAC
Experiments for magnetite fines were examined at the bed temperatures 600°C,
700°C, 750°C, 800°C, 850°C and 900°C. The concentration profile of methane for
the different heights over the distribution plate for different bed temperatures are
presented in Figure 13. It can be observed that the methane concentration decreases
with increasing bed temperature for all measurement point. This general trend
is expected for methane due to its limited reactivity. The chemical reaction is
more likely to occur at higher temperature. At 600°C the concentration is the
same as the inlet concentration for H4 to H8, which indicates that there are no
significant combustion at this temperature. 600°C is a relatively low temperature for
conversion of methane and no conversion at this temperature is expected. However,
the concentration at H1, H2 and H3 is lower than it is above the bed which could
indicate that some conversion of methane takes place in the bed already at this
low temperature. The same trend is observed for all other temperatures. The
lower methane concentration in the bed is expected to be caused by the gas-solid
interaction in the emulsion phase of the bed, causing methane conversion to carbon
dioxide and water. However, this trend was not observed at as low temperature
as 600°C in an earlier study by Stenberg et al [7]. Concentration at H1 in that
study was the same as for all other measurement points at 600°C. Furthermore
was it lower for higher bed temperature with a trend to decrease between H1 and
H3 which is not the same as observed for magnetite fines. This may indicate that
some fuel conversion occur directly above the distribution plate when operating with
magnetite fines before the reactivity decrease through the lower part of the bed at
H2, which can be seen in figure 13 where the CH4 concentration increase between
the first and second measurement point. However, for the higher bed temperatures
is it expected that the conversion may decrease higher up in the bed, at H3 and
H4, since it is expected that larger bubbles are formed here which in turn decrease
the heat and mass transfer between the bubbles and the emulsion phase. For bed
temperature 800-900°C can it be noticed that the CH4 concentration decreases from
H2 to H3, which shows that the conversion is not effected by the formation of larger
bubbles.
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Measurements of CO have been analysed to identify if the conversion of methane is
complete or if formation of CO occur as indication of incomplete combustion. Figure
14 presents the concentration of CO at the different measurement points for different
bed temperatures. The first important observation is that CO concentration at the
reactor outlet, H8, is close to zero for all be temperatures. Since the concentration
of CH4 also goes to zero at the outlet, figure 13, has the fuel been fully converted
to CO2 before leaving the reactor. The peak concentrations of CO are low for the
three lower temperatures, 600-750°C, where the fuel conversion is generally low. At
800°C the concentration increases and peaks at H4. The same peak is observed
for 850°C and 900°C. The deviant peak values can possibly depend on where the
gas sampling is made. Gas sampling tube at H4 is located in the free board of
the bed, where the gas sampling is made from the gas surrounding the particles.
While down in the bed is it possible that the gas sampling tubes are located either
in the emulsion phase where fuel conversion can occur, or inside the bubble phase,
containing mainly methane gas. The difference in gas concentration between H2,
H3 and H4 can also indicate that the conditions for formation of CO is favoured
in the free board where the gas bubbles of methane and the emulsion phase with
oxygen carriers are mixed together again. It also indicates that the emulsion phase
reaction in the bed favours formation of CO further down in the bed while at H3
is full conversion to CO2 higher. One possible explanation to the formation of CO
further down in the bed is that CO is the chemical intermediate in the conversion
reaction of CH4 to CO2 and is therefore the first reaction to occur down in the bed,
H2. At H3 does CO react to CO2.

Figure 13: Dry gas concentration of CH4 measured at different height
over the distribution plate at bed temperatures 600°C, 700°C, 750°C,

800°C, 850°C and 900°C for magnetite fines in OCAC.
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Figure 14: Dry gas concentration of CO measured at different height
over the distribution plate at bed temperature 600°C, 750°C and 850°C

for magnetite fines in OCAC.

4.2.2 Copper smelter slag in OCAC
Experiments with copper smelter slag in OCAC were done for three bed tempera-
tures 600°C, 750°C and 850°C. Figure 15 presents the methane concentration for the
different measurement points for all bed temperatures. First it can be noticed that
the methane concentration decreases with increasing bed temperature both in the
free board and the bed, which is the same result as discussed earlier for magnetite
fines. At 600°C the values at all measurement points but two, H0 and H1, are about
the inlet concentration, indicating no conversion of CH44. During heating of the re-
actor from 600°C to 750°C ignition in the reactor was observed at 700°C. For 750°C
there is a change in concentration from H2 to H3 which indicates that combustion
occur in the upper part of the bed. There is a slight increase from H3 to H4 where
the gas from emulsion phase is mixed with the gas from the bubbles. The significant
decrease of methane is however detected in the free board between H4 and H6. Mea-
surements for 850°C shows the same trend as for 750°C even though the methane
concentration is significantly lower already in the bed. Furthermore, for 600°C are
the values for H3 and H6 lower than the expected value for inlet concentration.
Since the values presented are a mean value over 120 seconds the values over the
time interval have been reviewed. During the first 24 seconds the methane concen-
tration decreases from 8.65% gradually to 1.57% and thereafter increases back to
8.58% during additional 20 seconds. Even though the change in concentration is out
of trend compared to values for the remaining 75 seconds, are the measurements one
third of all data point and can therefore not be rejected in mean value calculations.
Any explanation of this results is however uncertain. Measurements of other gases
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did not change during the time interval. Looking at the concentration of CO for the
different bed temperatures gives an indication whether methane is fully converted
to CO2 or not. Figure 16 shows the CO concentration throughout the reactor for
the different bed temperatures investigated. The concentration is generally low for
all three bed temperatures. However at 850°C is one peak of 1% observed at H2
difficult to explain. Most important to observe is that the concentration of CO is
close to zero at H8, the top of the reactor. It proves that methane can be fully
converted in an OCAC operation with copper smelter slag as bed material.

Figure 15: Dry gas concentration of CH4 measured at different height
over the distribution plate at bed temperature 600°C, 750°C and 850°C

for copper smelter slag in OCAC.
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Figure 16: Dry gas concentration of CO measured at different height
over the distribution plate at bed temperature 600°C, 750°C and 850°C

for copper smelter slag in OCAC.

4.3 General observations

Visual inspection of the material was done after all CLC and OCAC experiments in
order to identify tendencies for agglomeration or sintering. Magnetite fines did not
show any tendency for formation of agglomerate or sintered material. However for
copper smelter slag was a few lumps identified in the bed inventory. It is impossi-
ble to say if they were formed during CLC or OCAC, or during both experiments.
Larger particles were noticed on the top of the reactor wall after OCAC, which was
not seen after CLC experiments. One possible explanation can be that OCAC forms
active combustion with flame formation, which causes high local temperature in the
reactor, especially in the free board. The high temperature may effect the properties
of the particles which makes them stick to the reactor wall. However, these larger
particles where easily removed from the reactor wall and was easy to break apart
again, indicating that no significant agglomeration or sintering occurred. Further
investigations of the particle size distribution and particle structure are however
needed for a more reliable data in this matter.
No visual observation of swelling of magnetite fines or copper smelter slag were done.
Measurement of the bulk density after the experiments implies that copper smelter
slag may have increased in particle size, hence showing a lower bulk density than
the original material. Table 8 lists the mass of the bed interior and the bulk den-
sity before and after the experiments for magnetite fines and copper smelter slag.
Copper smelter slag measured a bulk density at 1400,7 kg/m3 after finished experi-
ments compered to 2466,7 kg/m3 for the original material. Further more is the bulk
density for magnetite fines higher after the experiments compared to before, which
can imply attrition of the particles when operating in the fluidized bed. The bulk
density of smaller particles are generally higher than for larger particles. The bulk
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density of a sample of magnetite fines was measured to 2673,4 kg/m3 compered to
2484,8 kg/m3 for the original material. Further information to investigate the effect
of attrition is outside the scope of this study. Parameters to be investigated further
would be particle size distribution, mean particle size and calculation of particle
density.

Table 8: interior material mass and bulk density before and after conducted exper-
iments for magnetite fines and copper smelter slag.

Initial material Material after experiments
mbed ρbulk mbed ρbulk

(g) (kg/m3) (g) (kg/m3)
Magnetite
fines

1616,6 2482,7 1634,4 2673,4

Copper
smelter slag

1082,1 2466,7 1053,2 1400,7

Limitations were observed for the technical equipment used for the experiments.
There is an uncertainty in measurement of gas concentration at specific measure-
ment points. The gas flow for the gas sampling tube should be about 30 litre per
minute to fill the gas analyse chamber. The gas flow measured was less than 30
litre per minute for a number of measuring points, which is believed to be due to
worn out gas sampling tubes or plugged filter at the tubes. This eventually affect
measurements of the gas concentration at measurement point H2 and H6. Mea-
surements from CLC experiments are not affected since only measurement point H8
was used. However, all measurement point were used for the OCAC experiments
which results can be influenced by the low gas flow in the gas analyser. Observing
figure 13 for gas concentration profile through the reactor, with magnetite fines,
measurements at H6 are in line with measurements at H5, H7 and H8 for 600°C.
It may indicate that the measurements at H6 are acceptable even though the gas
flow is low. Corresponding measurements for copper smelter slag however, figure 15
show a deviant value for H6 at 600°C, which indicates there may be an effect on the
results. Measurements at H6 at 750°C and 850°C for copper smelter slag is however
showing the same trends as magnetite fines and earlier measurements by Stenberg
[7].
One additional potential error of the reactor setup was the position of the gas sam-
pling tubes. The sampling tubes was supposed to be placed inside the reactor at 2
cm from the inside of the reactor wall. When taking down the reactor after finished
experiments with magnetite fines (both CLC and OCAC tests), it was noticed that
two sampling tubes was at the wrong position. The tubes at height H5 and H7
was placed too fare out in the construction pipe holding the gas sampling tube in
place, leaving an empty space at the opening of the construction pipe towards the
reactor. The error in the position might have influenced the accuracy of the gas
concentration measurement at H5 and H7. However, the values of gas concentration
are at H7 in line with the values at H6 and H8 and the values for H5 are to expect
compared to results by Stenberg in the same reactor [7]. The gas sampling tubes
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at H5 and H7 were adjusted before continuing with tests for copper smelter slag.
Results for CLC experiments is however not affected since no measurements were
done at other heights than H8.
An other limitation for the equipment was that no measurements of the exact inlet
gas concentrations was possible to get from current reactor design. There was no
instant measurement of the gas concentration at the gas inlet. The inlet was regu-
lated by an automatic vault which furthermore gave an unstable flow when mixing
inlet gases. To get more accurate inlet gas concentration it would be of interest to
have a gas sampling tube at the inlet, measuring the inlet gas concentration parallel
to any of the other measurement points above the distribution plate. Then it would
be possible to set up a mass balance over the reactor which may give more accurate
values for the instant fuel conversion.
An other aspect with the two materials investigated is the product availability in
the region. Since the materials are products and byproducts in the already existing
metal industries in Sweden and Norway, the logistics to use them in northern Europe
may be attractive as an alternative to ilmenite. However, a full analysis of the matter
of available market, logistics and a life cycle perspective is not included in this study.

4.4 Future work on this topic
From current study is it possible to conclude that both magnetite fines and cop-
per smelter slag are reactive with syngas and methane when operating in CLC and
OCAC processes. To further investigate how the reactivity changes over time exper-
iments in lab scale reactor can be done with longer operational time, both for CLC
and OCAC operation. Experiments with longer operational time than done in this
study may also be useful to identify behaviour of the material´s physical properties
and chemical composition.
This study have only investigated the reactivity and properties operating in small
scale lab reactor, which limits the application of the findings at large scale reactors.
To further investigate the behaviour and effects in commercial fluidized bed boilers
is it necessary to do experiments in a large scale reactor. Suggestion is to carry out
a similar experimental setup as used in this study for OCAC in a large scale experi-
mental boiler at Chalmers University of Technology, operating at 30 MW. However,
the operational time should be longer than in this study to identify changes in the
material´s reactivity and particle´s properties over time. Large scale reactors for
CLC is not commercially available today and may therefore not be tested. However,
the material´s reactivity and particle´s properties can be evaluated over a longer
operational time in the same reactor as used in this study.
The material that been used in the reactor, in current study, can in future work be
investigated to quantify elements and locate material properties within the particles.
Relevant methods are X-ray diffraction (XRD) and Scanning electron microscope
(SEM). XRD characterise segments of different solid phases in the particles corre-
sponding to different crystalline elements. XRD can then quantify different metals
and their oxidation phases in the particles which are of interest when calculating
the reaction time and comparing with other materials. Location of different metal
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phases and elements are detected with SEM. With this analyse method it is possible
to see if the metal oxides are located in the centre of the particle or at the particle
surface. The location of the metal oxides effect the availability for chemical reactions
for the combustion process. Therefore SEM can be helpful to further understand the
chemical reactivity and identifying potential changes in reactivity during operation.
XRD and SEM can together also give knowledge about unwanted elements that
may effect the reactivity, toxicity and eventual waste disposal processes of the bed
material. Material used in additional experiments with longer operational time may
also be investigated with XRD and SEM since changes in the material composition
and location of elements can occur after longer operational time than used in this
study.
Future work also includes experiments for OCAC with solid fuel and biomass fuel.
The commercial application of OCAC is energy generating fluidized bed boilers
with solid fuel, municipal solid waste or biomass. Since magnetite fines and copper
smelter slag in this study show reactivity with methane in OCAC experiments there
are potential to be reactive with solid waste and biomass. Experiments with solid
waste and biomass fuel can potentially take place in the same lab scale reactor as
used in this study. However it is necessary to construct a mechanical system that
provides the solid waste to the reactor continuously during operation.
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Two materials from the metallurgical industries of LKAB and Boliden AB have
been investigated as potential oxygen carriers for CLC and OCAC. The materials
are magnetite fines and copper smelter slag. Experiments have been conducted in
a lab-scale fluidized bed boiler at Chalmers University of Technology to evaluate if
the materials are reactive with syngas and methane. Experiments for CLC oper-
ation have been investigated the fuel conversion at three bed temperatures 840°C,
900°C and 940°C. An experimental setup for OCAC operation was carried out at
bed temperatures between 600°C and 900°C.

• Lab-scale experiment of CLC with syngas shows that magnetite fines and
copper smelter slag are reactive with both oxygen and the fuel components H2
and CO, at the bed temperature between 840-940°C.

• Magnetite fines and copper smelter slag are moderate reactive with methane,
CH4, at the bed temperatures between 840-940°C.

• When operating in OCAC configuration magnetite fines and copper smelter
slag shows potential to move fuel conversion down in the bed already at moder-
ate bed temperatures and have potential to decrease the excess air flow needed
for combustion.

• Magnetite fines do not show any tendency for agglomeration from visual in-
spection after CLC operation and OCAC operation up to 940°C.

• Copper smelter slag show tendency for agglomeration after visual inspection
after CLC operation and OCAC operation up to 940°C.

• Enrichment sand in its natural form is not suitable as fluidized bed material
due to its poor physical properties.
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A
Appendix A

A.1 Results for CLC operation

A.1.1 Results for magnetite fines with syngas

Figure A.1: CO2 concentration over time during reduction
with syngas in CLC cycle for magnetite fines at 840°C
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(a) CO concentration over time.

(b) CO concentration over time presented with zoomed y-axis.

Figure A.2: CO concentration over time during reduction
with syngas in CLC cycle for magnetite fines at 840°C
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Figure A.3: CO2 concentration over time during reduction
with syngas in CLC cycle for magnetite fines at 890°C
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(a) CO concentration over time.

(b) CO concentration over time presented with zoomed y-axis.

Figure A.4: CO concentration over time during reduction
with syngas in CLC cycle for magnetite fines at 890°C
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Figure A.5: CO2 concentration over time during reduction
with syngas in CLC cycle for magnetite fines at 940°C.
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(a) CO concentration over time.

(b) CO concentration over time presented with zoomed y-axis.

Figure A.6: CO concentration over time during reduction
with syngas in CLC cycle for magnetite fines at 940°C.
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(a) Bed temperature 840°C.

(b) Bed temperature 890°C

Figure A.7: Mean dry gas concentration for CLC cycles
with magnetite fines as bed material and syngas as fuel, for

bed temperature s 840°C, 890°C and 940°C
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(c) Bed temperature 940°C

Figure A.7: Mean dry gas concentration for CLC cycles
with magnetite fines as bed material and syngas as fuel, for

bed temperature s 840°C, 890°C and 940°C
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Figure A.8: CO2 yield as function of the mass based
oxygen carrier conversion of magnetite fines for combustion

with syngas, at different bed temperatures.
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A.1.2 Results for magnetite fines with methane

Figure A.9: CH4 concentration over time during reduction
with methane in CLC cycle for magnetite fines at 840°C.
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(a) CO2 concentration over time.

(b) CO2 concentration over time presented with zoomed y-axis.

Figure A.10: CO2 concentration over time during
reduction with methane in CLC cycle for magnetite fines at

840°C.
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(a) CO concentration over time.

(b) CO concentration over time presented with zoomed y-axis.

Figure A.11: CO concentration over time during reduction
with methane in CLC cycle for magnetite fines at 840°C.
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Figure A.12: CH4 concentration over time during
reduction with methane in CLC cycle for magnetite fines at

940°C.
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(a) CO2 concentration over time.

(b) CO2 concentration over time presented with zoomed y-axis.

Figure A.13: CO2 concentration over time during
reduction with methane in CLC cycle for magnetite fines at

940°C.
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(a) CO concentration over time.

(b) CO concentration over time presented with zoomed y-axis.

Figure A.14: CO concentration over time during reduction
with methane in CLC cycle for magnetite fines at 940°C.
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(a) Bed temperature 840°C.

(b) Bed temperature 940°C

Figure A.15: Mean dry gas concentration for CLC cycles
with magnetite fines as bed material and syngas as fuel, for

bed temperature s 840°C and 940°C
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Figure A.16: CO2 yield as function of the mass based
oxygen carrier conversion of magnetite fines for combustion

with methane, at different bed temperatures.
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A.1.3 Results for copper smelter slag with syngas

Figure A.17: CO2 concentration over time during
reduction with syngas in CLC cycle for copper smelter slag

at 840°C

Figure A.18: CO concentration over time during reduction
with syngas in CLC cycle for copper smelter slag at 840°C
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Figure A.19: CO2 concentration over time during
reduction with syngas in CLC cycle for copper smelter slag

at 890°C

Figure A.20: CO concentration over time during reduction
with syngas in CLC cycle for copper smelter slag at 890°C
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Figure A.21: CO2 concentration over time during
reduction with syngas in CLC cycle for copper smelter slag

at 940°C

Figure A.22: CO concentration over time during reduction
with syngas in CLC cycle for copper smelter slag at 940°C
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(a) Bed temperature 840°C.

(b) Bed temperature 890°C.

Figure A.23: Mean dry gas concentration for CLC cycles
with copper smelter slag as bed material and syngas as fuel,

for bed temperature s 840°C, 890°C and 940°C
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(c) Bed temperature 940°C.

Figure A.23: Mean dry gas concentration for CLC cycles
with copper smelter slag as bed material and syngas as fuel,

for bed temperature s 840°C, 890°C and 940°C

Figure A.24: CO2 yield as function of the mass based
oxygen carrier conversion of copper smelter slag for

combustion with syngas, at different bed temperatures.
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A.1.4 Results for copper smelter slag with methane

Figure A.25: CO2 concentration over time during
reduction with methane in CLC cycle for copper smelter slag

at 840°C

Figure A.26: CH4 concentration over time during
reduction with syngas in CLC cycle for copper smelter slag

at 840°C
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Figure A.27: CO concentration over time during reduction
with syngas in CLC cycle for copper smelter slag at 840°C

Figure A.28: CO2 concentration over time during
reduction with syngas in CLC cycle for copper smelter slag

at 890°C
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Figure A.29: CH4 concentration over time during
reduction with syngas in CLC cycle for copper smelter slag

at 890°C

Figure A.30: CO concentration over time during reduction
with syngas in CLC cycle for copper smelter slag at 890°C
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Figure A.31: CO2 concentration over time during
reduction with syngas in CLC cycle for copper smelter slag

at 940°C

Figure A.32: CH4 concentration over time during
reduction with syngas in CLC cycle for copper smelter slag

at 890°C
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Figure A.33: CO concentration over time during reduction
with syngas in CLC cycle for copper smelter slag at 940°C

(a) Bed temperature 840°C.

Figure A.34: Mean dry gas concentration for CLC cycles
with copper smelter slag as bed material and syngas as fuel,

for bed temperature s 840°C, 890°C and 940°C
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(b) Bed temperature 890°C

(c) Bed temperature 940°C

Figure A.34: Mean dry gas concentration for CLC cycles
with copper smelter slag as bed material and syngas as fuel,

for bed temperature s 840°C, 890°C and 940°C
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Figure A.35: CO2 yield as function of the mass based
oxygen carrier conversion of copper smelter slag for

combustion with methane, at different bed temperatures.
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A.2 Results for OCAC operation

A.2.1 Results for magnetite fines

Figure A.36: Dry gas concentration of CH4 measured at
different height over the distribution plate at bed

temperatures 600°C, 700°C, 750°C, 800°C, 850°C and 900°C
for magnetite fines in OCAC.
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Figure A.37: Dry gas concentration of CO measured at
different height over the distribution plate at bed temperature

600°C, 750°C and 850°C for magnetite fines in OCAC.

A.2.2 Results for copper smelter slag

Figure A.38: Dry gas concentration of CH4 measured at
different height over the distribution plate at bed

temperatures 600°C, 700°C, 750°C, 800°C, 850°C and 900°C
for copper smelter slag in OCAC.
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Figure A.39: Dry gas concentration of CO measured at
different height over the distribution plate at bed temperature
600°C, 750°C and 850°C for copper smelter slag in OCAC.
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