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SUMMARY

In 2018, approximately 2.01 billion tons of waste was generated in thd.\Bgr2050,

this rumber is expected to increase drastically to 3.40 billion tons of waste annually as
lower incomecountries develop and the world population incre¢keg, Yao, Bhada

Tata, & VanWoerden, 2018)Some of the waste can be combusted to produce heat and
power, leaving residual asfehind.This dso decreases the volunoé the wastdlow by

90 % (Lam, Ip, Barford, & McKay, 2010)As waste generatiois expected toncreas

while the land available for landfilling decreasitgs of interest to recycle as much as
possible from wasteas well as fronash and move towards a mecircular economjyn

which no new raw materials are needed

One technologythat can be used for waste incinerationGgygen Carrier Aided
Combustion QCAC). OCAC is a type of fluidized-bed combustionin which the
conventional inerbedmaterial isreplacedully or in partwith metal oxides, called
oxygen carrierTheoxygen carrier is reduced in fuel rich parts of the reactooaiized

in oxygen rich pas during the combustigrthereby improving the distribution of oxygen
in space and time. This improves the combustion efficiefog.interactio betweerthe
oxygen carrieand fuelashcan lead to an uptake of certain elementsh as zinc, copper,
potasium, calcium and phosphorous among others.

The aim of thehesis wago investigathow major ash componentSi( Al, Fe, Mg, Ca,

K, Na and CJ and the minor ash components Cu and Zn interact with the oxygen carrier
bed mateal ilmenite (FeTiO;) during waste incinerationA focus on Cu and Zn was
chosen since these usually have the highest concentrations out of the trace metals that can
be valable for recyclingas they are higlbost metalandenergy intensive tproduce

The investigation was carriedut by simulating different boiler conditions and
performing thermodynamical equilibrium calculatiof@nstructing phase agrams)

using the software FactSage 7.2.

The simulations indicated thdienite interacts with AlD3;, CaO/CaC@ N&O, K20,
MgO, ZnO and Cu/CtO but does not interact with SiOr'he compounds formed from
interactiondetween ilmenite and asfhich could beelevant fe OCAC applicationsire
FeAlQOs, CaTiCs, (NaO)(TiOz2)3, (NaO)(TiO2)s, ZNFeOa4, (ZNO)TIO2, (CO)(FeOs)

(s2) and(CuO)(Fe0Os) (s3) Experimentally, potassium has been found ass®jiin
ilmenite particles rather than &TizO7 and KeTigO13 as indicated by the simulations.
The compoun&TigO1sis missing in the software database, therefore giving inconclusive
resultsnot corresponding to experimental findings.

Keywords:FactSage, copper, zinmajor ash elementteractions, bed material, combustion,
ilmenite, thermodynamicalequilibrium calculations, phase diagramoxygen carrier, ash

interaction
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1. Introduction

Globalclimate changeds already had observable effects on the environment such as loss of sea ice,
accelerated sea level rise and more intense heat \&&A\, 2020) The global temperature is also
expected to rise as an effect of greenhouse gases producechdny activity(NASA, 2020) At the

same time, the world populatios increasing ahis producingncreasngly more waste that must be
managedKaz et al., 2018)With the world becoming more aware of the effectslwhate change

and the wastgeneration increasg; while the landavailable for landfilling decreasasis of interest

to focuson proceseffectivizationand torecycle as much as possible from wastd move towards

a more circular economyn which nonew raw materials are needddis also, since he pl anet
resources are limited drspent materials must be reused. As more emphasis is payeling, there

has been an increasing interest in finding new ways to recycle maftemal8/unicipal Sold Waste

(MSW) incinerdion ashes, mainly with a focus orggious metalsuch as coppeeincand vanadium
asthese are expensive and energgmsive to producesolid metal pieces are already separated, but
metals bound in different forms in ash padghre notPrevious tudies have investigated leaching

of heavy metals such as Fd, Mg, As, Ba, Cd, Co, Cu, Mn, Ni, Pb, Sr, V and &ith different

acids; not only for their monetary value but also to decrease the volume going to landfill, and since
same metals are toxi¢such as Cr, Cu, Ni and Pland would be beneficial to removefte
landfilling (Tang, 2015)(Karlfeldt-Fedje, 201Q)(Huang, Inoue, Harada, Kawakita, & Ohto, 2Q11)
(Poykio, Malela, Watkins, Nurmesniemi, & Dahl, 2016)Hy k ¢ ,. Soth® Dudli¢sdve focused

on Cu and Zn in particular as they often are the trace metals found in the highest concentrations in
waste(Tang, 2015) (Karlfeldt-Fedje, 2010Q)Leaching has been found to be more efficient for fly
ashes (volidle ash compounds) than the heavy bottom ashes, as the bottom ash is more leet@ésogen
and contains larger particl€ang, 2015)(Karlfeldt-Fedje, 201Q)

1.1.Background

The definition of waste acading to the BJ Waste FrameworBirective isfiany substance or object
which the holder discards or intends or is required to dis¢gedkenberg, @12). Waste occurs when
any organism returns substances to the environrdsaoglly, these substances are recycled by other
organisms(EnvironmentalLiteracyCouncil, 2015Humans, however, produce a large flow of
material residueStemsconsumers throw awashat would overload the capacity of natuedycling
processes and therefore must be mana§etid and fluid, hazardouand nonrtoxic wastes are
generated in households, offices, schools, halspiandndustries Municipal SolidWaste (MSW)

is waste collected from households, commercial bugjslj hospitals and schooMISW consists
primarily of paper, containers and paging, food wastes, yard trimmings, and other inorganic
wastegEnvironmentalLiteacyCouncil, 2@5). In 2018, approximately 2.01 billion tons of waste was
geneated in the world. By 2050, this number is expected to increase drasticalOtoillion tons

of waste annually as lower income countries develop and the world poputetiease¢Kaz et al.,
2018)

For managing wastethere is a \aste hierarchya set of priorities for the efficient use of resosrce
based on thaVaste Avoidance and Resource Recovery Act 200ie waste hiearchy is (as
reproduced froniEPA (2017)

1. avoidanceincluding action to reduce the amount of waste generatéduseholds, industry
and all levels of goernment

2. resourcerecoveryincluding reuse, recycling, reprocessing and energy recovery, consistent
with the mos efficientuse of the recovered resources

3. disposalincluding management of all disposal options ire tmost environmentally
responsible manner.


https://www.epa.nsw.gov.au/legislation/Actsummaries.htm#waarra

MSW (as well as other wastes and biomasa) be combusted to produce heat and porar.
example, i017approximately 240 million tons of municipal solid waste was generatéte U.S.,
(EPA, 2020) Out of the 240 milbn tons 12.7 % were combusted with energy recovétpA,
2020) The incineration of wastevhich falls underesaurce recovery in the waste hierarchig,
desirableover dispsal as it(of course)yecovers energy instead of directly sending it to landfill.
addition to this italso decreases thmlume of the waste flowsiith theremainingashbeng on
average 10%fahe volume of the input, and around 30% of its we{glaim et al., 2010)Although
thevolume decreasesignificantly, the resultingash (the residual materiakft aftercombustion)
which mustbe disposed istill left behind The ash can be seenasew waste flow that can follow
the waste hierarchyrhe ash is usualllandfilled or reused for secondary materiéllam et al., 2010)

The combustion/incineration of waste and biomasssuallydonewith agratefired or fluidized
bedboiler. Fluidizedbedsoffer advantagesuch asetter contadbetween the fuel and angpid heat

and mas transfer ratggreated by the turbulence diet bedand reduction o$ulphurdioxide
emissions (when using liestone)As a result of this, the combustion temperature can be lower;
which in turn reduces tHfermation of nitrogen oxide@ryden, 19&). In fluidized-bed combustion,

an inert bed material d&br exanple coal ash, silica sand and/or limestone
is conventionallyused(Dryden, 1982) For canbustion of waste and biomass, silica santhé
usualchoice ofbed materia(Rydén, Hanning, Cooran, & Lind, 2016) There are two main
categories of atmosphefiaidized bed combustors: bubbling fluidizeééd combustors (BFBC) and
circulating fluidizedbed combustors (CFBC). The main difference bedwehe two is that the
fluidizing velocity islow in a bubbling bed which keeps most of the bed in the combus@dépth
around 1 m); whereas the fluidizing velocity is significantly higher in a circulatlg Bhe higher
velocity in the CFBC resulti;m a higher uniform bed and some of the p&etiare entrained out of
the combustor. They are then guided bacth&éobed through a cyclone. The heat and mass transfer
rates are higher in a CFBC as a result digher slip velocity (difference betweensgand solid
velocity), longer residence andrgact times and moiatense mixingSarkar, 2015)Apart from the
different fluidizing velocities and circulation, thefférent combustors operate similarly. As
mentioned, they operate in the same temperature in{@waakeghem et al., 2012)ir is introduced
below the bed in the combustor and goes through a perforatedplavhich the fluidized bed rests.
The fuel is introduced into the bed where it burns. Volati@mpounds (fly ash) exit in the top of the
boiler and is lead into the convective sectidrere they are cooled and removed. Heavier compounds
(bottom ash) inthe bottom (Miller, 2017), (Sarkar, 2015)A simplified sclematic of an atmospheric
fluidized-bed combustr can beseen inFigurel below.
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Figurel. Simplified schematic of an atmospheric fluidibed combustor



In a fluidized bed, the air antdreby oxygen is dispersed by mixing as a result from turbulence of
the bed. Insufficient mixing in the bed resuh oxygen rich and oxygen poor zones, which can cause
local temperature variations and emissidinburnedspecies.

Another technology fo fluidized-bed combustions calledOxygen Carrier Aided Combustion
(OCAC). In this processhe conventional inetiedmaterial inthefluidized combustion reactor

is replacedully or in partwith oxygen catiers. In OCAC, the oxygen carer bed materibis reduced

in fuel rich parts of ie reactor and oxidized in oxygen rich paltsing the combustiolhis
improves the distribution of oxygen in space and time, which is especially beneficial for managing
hetrogeneous fuels such as waatel biofuelsOCAC has been found to have positeféects on
emissions compared to other methods, whilst also having the advantage of increasing combustion
efficiency and capacit{Gyllén, 2019) (Ryden, Hanning, & Lind, 2018RAlthough the dispersion of
oxygen is improvedtheoxygen carrier itself is subjected toth oxidizing and reducing conditions;

which corresponds to the partial pressure of oxygen.

One oxygen carrier that is used in the OCAC process is ilmenite (FeWidzh is the oxygen carrier
thatwill be sudied in this thesidt can be found in natal mineral oresAlthough ilmenite cannot
achieve as high of a conversion rate as some other oxygen cau@rsagor example F&;,
Al,O; andMnQ, it has the advaage ofhaving a lower cogBreault, 2018and is the most stuelil
oxygen carrier in the world. It is @alghe only one that has been applied in itdlaisscale.

The intent behind the thesis is to investigate interactions between ilmenite (oxygen carrier bed
material) and asforming components from thevaste fuel in a fluidizedbed combustor. For
simulathg the system, a fluidized bed combustor, s@mmnditions must be specified. There are
different types of fluidizesbed combustors, but they all usually operate at a temperature between
800900 °C(Caneghenet al., 2012) There are vessels operatimyder pressurized and atmospheric
conditions respectively, but for this study an atmospheric boiler has been chosen as iwidessthe
application globallySarkar, 2015)The operating pressure in the boiler is thereby 1 @memical
looping combustion (CLG}s a technology in which twimterconnectedldiidized beds, a fuel reactor

and air reactor are usebletal oxides called oxygen cars arecirculated between the two,
transporting oxygen, so that direct contact between fuel and air is avoided. Thisireaul outlet
stream constgg of CQ andH20 allowing for CQ captureg(Lyngfelt, 2013) The air reactor in CLC

can be thought to correspond to the maximal oxidiziagditions (the highest paati pressure of
oxygen) and the fuel reactor in CLC the most reducing conditions. Thereby the highedt pa
pressure of oxygen in the interval investigated is that of oxygen in air: 0.21 atm. A partial pressure of
10 atm can be said to represent the shoeducing cornitions.

1.2.Ashformation

The interaction betwedhe oxygen carrieand fuelashcan lead to aenrichmenbf certain elements
such as zinc, copper, potassium, calcium and phosphorous arimrgio the oxygen carier
particles As previously mentioed, there has been an increadimgrest in recycling trace metals
from ashes. Athebed materiain fluidized bed boilergan contaira preconcentration of the metals
found in wasteit is interesting to evahte the possibilities to extract trace metabm it as well.
Although research has shown that leaching is generally more effective for fly adbott@n ash
(Tang, 2015) (Karlfeldt-Fedje, 201Q) spent ilmenite presents an opportunity as it can be
magnetically separatl from the rest of the bottom ashes and thereby present a more uniform fraction.
For betteunderstanding of how metals can be extrafteah the ilmenite and how the tkfent ash
components interact with the bed matettedre are two different approah experiments with
material characterization and theoretical simulations. In this thdwsretical simulations are



performed. Experimnts were also initiated but nable to be finished. They can however be
continued as future work.

For investigating how ash forming components interact withrillegthe fuel chemistry must be
understood irorder to chose the components to simulaféhen a fuel is burned, it can be said to
undergo three different steps: drying, pyrolysis and char burning. After the particles have been heated
up and dried, pyrobis starts and organic volatile species aleaeed and bua with a visible flame.

In thisstep, some reactive aébrming elements are released. In the next step, char burning, most of
the askforming elements end up in the residual ash. The releasddrashg matter reacts with flue

gas componestand with eeh other(Zevenhoven, Yrjas, & Hupa, 2010\When investigating
interactions with ilmenite in the boiler, both asinming matter and compounds formearfr
interactions between the akirming matterand flue gagomponents should be considered

In waste, the major elements are Si, Al, Fe, Mg, Ca, K, Na and Cl. The most common oxides found
in ash from wastareSiO;, Al>0z, CaO, FeOs, N&O, KoO and MgO(Lam et &, 2010) Silicon is
present in the fuel and/or bed material as silica {S#&Dd does not react substantially under the
combustion conditions but can have sonteractions with the ash. Aluminum is presemivaste in

many forms, and in the furnace pesses they all form alumin&l.Os. The organic calcium
compounds will be converted into calcium oxide (CaO) with Ca&an intermediate middle step.

All the forms of iron will yield iron oxides, and finallfFeOs. Magnesium behaves similarly to
calciumand forms MgO. Sodium and potassium mainly primarily react witfZ&tenhoven et al.,
2010) but can also form oxides &0 andK>O (Lam et al., 2010) For investigating interactions
between ilmenite and major ash components, the components of inter&0Oarél.0z, CaO,
CaCQ NaO, K20 and MgO.FexOsis unlikely to have any significant imection since the system

is already iron ricland does therefore not need to be investigated. €a€&dls to be investigated as

it is a possibility that it might significantly interact with ilmenitefore fornming CaO. Other
carbonatesuch as N#COs, K2COs and MgCQ are not investigated as Ca is egfed to be in higher
concentrations in MSW. #COsz which is considered as a main component in biomass, should under
the conditions in the boiler mostly skin theform of KOH and KO. Wheninvestigating potassm

and sodium, it is especially importantatso look at the subsystems of potassium/sodium, ilmenite
and CI as reactions with this component might be favored over interactions with ilmenite. Sodium
and potasium form NaCl and KCI.

Waste also contaimminor elements such as Cu and Zn, whachthe main focus in this studys

these trace metals usually have the highest concentration in waste and are valuable in recycling, as
they are higkcost metals and fasaving energyCopper is used mainly for eleical purposes in

power transmission and geation, wiring for buildigs, telecommunication and
electronics/electrical producf§SGS, 2019)A lot of pigments also contain coppg@ward, 1972)

but these compounds are unfortunately not available in the FactSage database for simulation. Zinc
predominantlyexists as ZnO as it is used as an additivaeriange of products such as rubber and heat
resistant glass among ote€dones, Bisaillon, Lidberg, & Hupa, 2013)inc as metal is primdy

used for galvanizing steel (stainlesse$tedie casting machine s, in batteries and other electrical
applications. It is also used alloyed with copper to form dssleHav, 2020)

Ash from afluidized bed boiler fired with municipal solid wagtas been shown to contaiopper
metal, CuO, CuO and mixed oxides, such as Ci(Lasseson & Steenari, 201F)ly ash from
municipal solid waste incineration has been shown to conE®, ZnO, hydrozincite
(Zns(OH)s(COs)2), gamite (ZnAkOs), and willemite (ZpSiOs) (Struis Ludwig, Lutz, &
Scheidegger, 2004Both Znc and copper also readily react with Cl to form Z{(Struis et al., 2004)
(Jones et al., 2013nd CuCl(Lasseson & Steenari, 2018rom all compounds mentioned, the main



compounds of interest to investigate for interaction with iimem@nO, CutO and CuO since they

are volatile asffiorming components. Secondary products Zhgjrozincite (ZB(OH)e(CO3)2),
gahnite (ZnAfO4), willemite (ZnSiOs), ZNChk and CuCl indicate that the afbrming components
interact with each other and fluagcomponents to form other stable zinc and comoeenpounds.

The interactions between &3, Qu/Zn-Cl, Zn-H20-CO,, Zn-Si0; and ZrAI.O3 also have tde
investigated to evaluate which interaction is favored. If one of these interactions is favored, it might
significantly affect to what extent Zn and Cuaract with ilmenite. Cl can be considered®in the

forms NaCl, KCl and Gl

1.3. Aim

The am of thethesisis to investigaténow major ash componen(Si, Al, Fe, Mg, Ca, K, Na and ClI)

and the minor ashotnponents Cu and Znteract with ilmenite (ETiO;) duringwaste incineration

A focus onCu and Zn was chosen since these usually have the highest concentrations out of the trace
metals that can be valuable for recyclinghe waste fuel

The investigdon was carried outby simulating different boiler conditions and performing
thermodynangal equilibrium calculations using the software FactSag@eThe results from the
calculations were compared to alemeral analysis ba samge obtained from an industrial OCAC
plant.

1.4. Limitations
This thesis will not:
1 Investigatanteractionof otherminor ash elementhanCuandZn
1 Investigate other bed materials ongmare them to ilmenite
1 Verify the simulated results experimentally
T Discuss the influence of process type on the accumulation aficCidra

1.5. Specification of issue undeniastigation

During the thesis, #hfollowing questions are to lamswered:
T How does ilmenite interact with major ash componesisAl, Fe, Mg, Ca, K, Na and {I
what phases are formed?
T  What phases may berfoed when Cu and Zn interacts with iimendteing waste
incineratior?
T How do heformed phases vary with different boiler conditions?
1 What reactions may theopper and zinphases be formed by?
T How maythe ilmenite oxygen carrier properties affected mactically based on the
theoretically calculed phasegormed frominteractiors?



2. Methodology
In this section themethodfor how theprojectwas executed presented; which includ&EM-
EDX-analysis of a sample of spent iimenhew parameteraere déined andhow the simulation
and calculationsvere carriedut. A sample of ilmenite used during waste incineration was
provided by the company E.ON from their CHP plairtiandeld.A short descption of how the
software and its modules work is alscluded.

2.1. SEMEDX-analysis of obtained sarep

A sample of ilmenite used during waste incineration was provided by the company E.ON from their
CHP plantat Handel6.As mentioned in thentroduction experiments were also initiated in the

thesisbut not dle to be finishedA SEM-EDX-analysis (Scaring Electron Microscope Energy

dispersive Xray spectroscopyof the ilmenite sample obtained from Handel6 Wwewever carried

out. SEM-EDX-analyss with a PhenonfProXwas usedn an attempt o qual apat heet ya
el ements and | ook at the distribution through
i mmobilizing i n epooxanalyzadsd tdcre yc agribveen dti o of ee rveenrte
information.The epoxy saples were grineld to a flat surface anaated with AuThe

samplesnclosed in epoxgave information abouhe cross section of the particles, whereas

the sampl es i mmobi linformatidhn about the partibl@surface aBpoet hg aav e
mapping othewhole particlesand point analysis ipoints of interest were performethe settings

weres et t o max i MVWandthe nterssity tdmaph. et ect or ABSD Ful |l o
used. WEMhanhhEysi s, i ma gedstributfondf dermicapar ti cl es a
el e me n bbst aw Euorete maping, the map resalion was set to 256, the pixel time to

20 msand number of passes to one.

2.2. Simulationconditions

This sectiordescribes how the simulation of the system and howalcellations were caed out. It

also includes short descripti® of how the software and its modules warke software FactSage

7.2 (FactSage, 2020#& used fothe simulation and calculation of the system is thesisFact&ge

is anintegrateddatdbase computing stem in chemical thermodynamics. It can be used for many
applications of which one is combustion. Thegramhasaccess$o data for thousands ebmpounds

as well as to evaluated databases for swlatof metals, liquid and solid oxide solutions, mattes,
molten and solid salt solutions, aqueous solutionsfeten the databases available in the program,
the most relevardnesfor the combustiondiler system is FactPS (pure elements) and FToxidl€ox
mixtures).FTsaltis also relevanivhen investigatingubsystems with CWVith FactSage it ipossible

to calculate conditions for multiphase, multicomponequilibria (thermodynamicagquilibrium
calculations) and there are several tabular and graphical output (Rad&age, 2018)The program
contains different Amodul e sas fof examplel FaBafeephasen t t
diagram which is used in this thesisis however important to keep in mind that the rissake
heavily dependent aiie chosen dabase and input (ratio between species) and that the calculations
do not consider chemical limitations such astivation energies, diffusion limitations and reaction
rates.

2.2.1. FactSage Phase Diagram

In the Fa&tSagePhase diagram moduisary, binaryternary and multicomponent phase diagram
sections can be calculated plotted and editéd axes can be varis.ccombinations of T, P, V,
composition, activity, chemical potential, efthe results can be presentada Y vs X or Gibbs
triangle plot.The ghase diagram calculations work in the same manner as in the Equilib module, but
over interval{FactSag, 2010) The FactSage Equilib module uses Gibbs free energy minimization
to calculate the concentrations dfeenical species when specified elements or compounds react to



reach a state of chemical equilibriflactSage, 2020bA point in the phase diagram corresponds
to an Equilibcalculation. The diagram showswhich phases the compounds/productsteixi the
intervalsthat were specified before talculationgFactSage, 2010)

2.2.2. Inputs to thesoftware

The sampleof ilmenite used during waste incinerati(provided by the company E.ON from the
CHP plant in Handelwas used to estimate the fractions of the different ash components (by
elemental anakjis) for finding the region of interest the phase diagrams. The elemental analysis
can be found in Appendix i

The different component sgsns that were simatedin the present workas motivated undet.1.
Backgroungl are summarized ifable 1 below, in which the components, number of ideal gases,
solids and species/solutioman be seen. For a fulst of what compounds were included in the
simulation of the different systems, s&gpendix i.

Tablel. Summary of simulatecbmponent systems, including components, number of ideal gases, solids and species/solutions
Detaila information about all components included in the simulation can be found in Aggiendi

Componert system # ideal gases| # pure solids| #solution phasesspecies/solutions
FeTiGi O 8 29 32/9
FeTiG i SIGT O 13 50 38/10
FeTiGsi Al,OsT O 15 40 43/9
FeTiG;i CaOi O, 11 43 39/11
FeTiG;i CaCQi O, 21 53 39/11
FeTiG: 1 NaOi O, 21 52 37/9
FeTiG;1 K01 O 11 39 34/9
FeTiG;i NaOi Cli O, 35 63 41/10
FeTiGi KOi Cli O, 35 51 34/9
FeTiG;1 MgOi O, 11 35 50/9
FeTiG;1 ZnO1 O, 9 32 44/10
FeTiG; 1 CuO/CuyOi O 11 39 34/9
FeTiGs1 Zni H,01 COi O, 49 46 44/10
FeTiG:i1 Zni1 SiG T O, 14 54 58/13
FeTiG:1 Zni AlL.Os1 O 16 43 80/12
FeTiG;1 Zni ClT O, 32 39 56/13
FeTiG:;1 Zni ST O 24 56 54/10
FeTiG;i1 Cui Cli O, 34 47 4512

Firstly, a system of only ilmenite and oxygen was simulatddwtestigate the oxidation/reduction
behavor of iimenite andor using as referencéor the other phase diagrams. Then, interactions with
the major ash components $j@l.03, CaO, CaCeNaO, KO and MgO were investigated with
three component systemiilmenitei major ash componeitoxygen.For the major ash components
NaO and KO four component systems including Cl were also investigated as sodium and potassium
are known to readilreact with Cl and to evaluate which interactions are favored.

The minor ash components copper and zinc wals® investigated by three component systef
ilmeniteT ash componerit oxygen as well as four component systems including Cl as copper and
zinc have been known to form ZnGind CuCl. CuO and GO can be invdgyated by the same
simulation as the syasins both contain copper and oxygen. Thengkis thenexpected taetermine

in what areas the respective compounds are stable. In additrorestigating the favored reactions
between Cu/z+Cl/iimenite, four omponent systems & TiOz 1T ZnT ST O, FeTiOzT ZnT HOT



COxi Oy, FeTiOsT ZnTAlOs1 Oz2andFeTiOs T ZnT SiOy O2were investigated as zinc has also
been known to form ZnS, hydrowite (Zrs(OH)s(COs)2), gahnite (ZnAdOs) and willemite
(ZNn2SiOq).

For the investigation of the oxidation/rextiwn behavior of ilmenite, the temperatuamge of 806
900°C in which a fluidized bed boiler usually operates was chosen asatkis. XThissince the
component fraction is known (=1) and to investigate hosvidehavior of the ilmenite varies with
temperature. A temperature of 900°C was chof@nthe other systems, as the simulation of the
system ilmenité oxygen showed that this is the temgdere that captures the largest number of
possible stable phasesrized from the ilmenite.

The threecomponat systemswere simulated, and thghase digrams constructed at 900°C, at
atmospheric pressure with a logarithmic oxygen partial pregggep(0Oz)) ranging from Qo -20

as the yaxis. An additional diagram with a temperature of 800°C was construotetihdé system
iimenite i CaCQ i oxygenas CaCQ forms CaO and Cg(gas) at 893°CThe ash component
fraction between 0 and 1 was ugedthe xaxis as the concentrations can vary significantly in the
heterogeneous fuellhis, to get an overview of whadtappens as the concentration of #sh
component increases. The fraction of ash component obtained from the elemental analysis of the
sample oldined from HandelgAppendix i) was marked on the images as an estimation of the area
of conditions thathe iimenite particlesre exposed tdf the phae diagrams were difficult to interpret

in the marked area, an additional phase diagram was condtwitién the intervals suggested by
the sample conterfestimationwith includederror margins) as the-axis, thus enlarging the same
phase diagrarto the area of interest

Four component systems were constructed in a similar manner, but with thenadiditimponent
having a constant fraction

For easier labeling and understandafgheresultingphase diagras) the stale phasesappearing in
the diagamswere numbered accordingttee listin Appendix ii. All diagrams were marked with an
estimation 6the ash component fraction based on the elemental analysissafipée obtaied from
H&andel§ seen in Appethx i.



3. Results& Discussion
The following sectios presentind interprethephase diagrams resulting from the simulatidm$he
thesiygenoxarrier perf or manceo i sphases sfdlesitee d b
referring to the oxygeretease between different phases and comditibis important to note that
the diagrams can be interprettitferently if different purposes amefined from the beginning.he
results obtained from the simulatioae applicable foOCAC, and analgedfrom that pespective
butcould be used farnderstandingnteractions in th€LC systemswherethe highest oxgen partial
pressure correspogsdo the air reactor and the lowesthe fuel reactor.

The yaxis displaying théogarithmic oxygen partigiressure (in atm) can be interpretedbasations

in the boiler withdifferent concentrations of oxygen (depending on the fuel density and burning) but
also as differentocations within the particle (different depths of the formed layértsihe surface

of the particle, the oxygen access is high, but moving inward ipétiele, the conditions become
increasingly reducing wittessfree oxygen present. An oxygen partmessure of20 is highly
reducing, and very unlikely to occtor the circulating Imeniteparticles as theed is fluidized and
the particlesrein constant motionlt is however still of interest to investigated pressure, as it can
be said to re@sent the iternal partof the particles. The molar fraction of ash component ox-the
axis can be interpreted as the ash component concentration slimgptire ilmenite particles the
boiler, but also as a conceation increasing due to accumulatiohash compoundsn the particle
surface Lines in the plots that are believed torepresentative for the conditions that the ilmenite
particles are sybcted to in an industrial application, will be marked in tlgeifles based on ash
component concentiians determined for sample obtained from Handelo by elemental analysis.

Once againt is important to keep in mind when analyzing the results, thadfteare does not take
reaction rates or diffusion limitatiomsto accountlt is therefore possibl®r compounds that are not
stable over the entire diagram to still be founthm sanpled as bottom ash ilmenite fracti@lue to

the compound having aw reaction rate or getting encapsulated in a layer built upeimenite
particle surface and thedsy not being able to react with other compa.indhe boiler The formation

of a layer could be observed with SEAhalysis of the Handeldé sampldnexpected phases not
showing up in the phase diagrams may also be fexpdrimentallyon the ilmenitedue tomissing
data for those components irethoftware databas€his was for exampléound for he compound
KTigOzs, that has been the main potassiumgehtound exprimentally on used ilmenite particles
This compound is missing from the software database and other phases were therefore predicted as
stable by thesoftware.During combusbn, iron has also been found to migrate to the surface of the
ilmenite particlegCorcoran, Knutsson, Lind, & Thuran, 2018h)Although the stable phases shown
in the phase diagram c@amn titanium, interactions th&rm iron containing phases may be favored
instead if only iron isvailable for eaction.



3.1.SEM-EDX-analysis of obtained sample

Withthe SEMEDX,anasH ayer on the il menite particleséo

in Figure 2 below. The EDXanalysis indiated that e layer consisted mainly of calciyras
previously descrilak by Corcoran, Knutssor,ind, and Thunman (2018a)

Ca

Figure2. SEM and EDX image of an ilmenite particle with a visibkagshformed on the surface

Thelayer formationon the particle means thatheyare not uniformand thathere are conceration
gradientsThis must be kept in mind when againg thesimulated system, as the softwaed not
take layefformationor gradients into consideration; ratheranhesiders diperfectly mixed system.

The SEMEDX-analysiswasmainly intended to maphte Cu ad Zn trace elements (along withe
other elements) ahto observe their distributiorithin the ilmenite particles. Upon analysis of the
samples itvas however discovered that the trace element concentration wiasvttm be reliably
dete¢edimapped.If the software of themicroscopedid not identify the cpper or zindy defaultand

a mapping was requested, titedainednformation wasnisleadingwhere according to the obtained
resultscopper and zinwere present throughout tparticlesandall over the imageAn exampleof

an intensity map over a cressction ofparticles can be seem Figure 3 below.

Zn

Figue 3. ASEMEIX mappin of Zn and Gghowing the distributin of Cu and Zn throughout the particles which was considered
incorrect
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As can be seen in the figyzn and Cu appeatl over the image, including in the epoxy background.
As this isconsidered asnpossiblethe resultavere not further used\s the mappirg time was only
approximately an hour and a half, this bgedurd noisecould posibly have been decreas@hdthe
image become wre reliablg if the time was increasedThis would result in a higher picture
resolution.

In addtion to the maping, point analysiswas used to follow the concentration of Cudaén in
various pats of the particlesAccording to the poiranalysis n&n nor Cuwere detected within the
particles A smallunidentified pek could however beeerfor onepoint-analysisn oneof theEDX-
specta, which likely isacopper or zinsigral. This pointwas located towarthe outer sirface ofthe
ilmenite particle. Looking at Figure 3, it appears thathere is a brigler green layer(higher
concentrationjoward the particle surfacebhis observatiortogethemwith theunidentified peak may
indicate that there isreenichment ofzincin the outer Iger of the particles.

For another sample, an aggregation ofd@uld however beetected, seBigure4, confirming that
Cu can accumulaton the ilmenite particles.

Zn

Figured. SEMED(mapping displayin@n aggregation of Cu, seen as a bright red spdicated by he red arrow

The Cuaggregéon (rightmost image ifrigure4) coud be seen aslarightred spot in the mapping

as indicated byhte red arrowlt appears that the mapping works better when there is a more intense
reference pointAlthough ths SEM-EDX worked for detecting larger aggregations of Cu, it did not
work for the purpose intended; mapping the trace elements throughout the partagesars that

the concentratiorof the elements is too low to lbdle to separate them from baakgnd noiseThe
results mayhowever have been improved if an increhseapping time was es.
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3.2. Oxidation/reduction behavior of ilmenite
The resulting phase diagram for the system ilméndrygen carbe seen irrigure5 below.

FeTiO.-0 .
famm ‘ ?actSage
0 r T r T r T r T r T r T r r T r T r T

M:Os(corundum) + Rutile

- Rutile + Spinel -

12 E [Imenite + Spinel ]

logyy p(O;)/atm
=

16 imenite + Titania_Spinel .
18 T
r e + [Imenite Fe * Rulile 1
20 N 1 N 2 1 N L N 1 N 1 N 1 L 1
800 810 820 830 840 850 860 870 880 890 900
0

Figure5. Phase diagrarfor the system ilmenit@xygen over the boiler temperature interval, for investigating oxidation/reduction
behaviorof ilmenite The MO; (corundum) structure is B&s, the spinel &0, and the titania spinel R&iQ,, found as the main
stable phases by EtSag.

The partial pressure intervals in which the phases are stafylevith approximatelyogigp(O) = 1
atmover the entiregemperaturenterval At alogiop(Oz) of under-18, thereis a variaion in which
phases are stablémenite is stable betweemlogop(Oz) of approximately-19 to-12. Note that a
log10p(O2) of O corresponds to 1 atm which is the conditions in the boiler at which the ilmenite is in
contactwith the maximum amant of oxyge. Starting by looking at the interval where ilmenite
(FeTiO3) andthe spinelphasearestable,it can be seen whahroughequilibrium calculations that

the stablespinelphasas principally negligible. More than 99 % dfdformedstable phae is ilmente.
Looking at what happens when the oxygen partial pressuangeghe ilmenite becomes unstable
when theoxygenpressure increaseBased on the diagram it should then instead form rifi@2]

and spinel (together witbixygen). The spindtructure las the general foriAB 04 whereA, B= Al-
Co-Cr-FeMg-Mn-Ni-Zn. As the system only contains iron out of these compounds, the spinel
structure in this case FexOs, which is also called magnetite. A general reaction for this formation is
presengéd in Equabn (1):

0&ABREpWw O c&A/ @4E (1)

As can be seen in the equatitimough this reactiothe ilmenite is oxidizedJpon further increase
of the oxygen partial pressure, it can be seen in the diagram that the spinel phaseshecsiable
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and transforrainto M2Os (corundum), which irthis caseas FeOs, also called hematite. The rutile
phase remains stabl&.general reaction for this can Hescribed byequation(2):

T8A/ pX © @&A/ )

As can be seein Equation(2), magnetiteis further oxidized. Going back to the interval in which
iimenitefiand spined are stable, it can be seen that the spinel strudtas®©4) becomes unstable and
instead forms titania spinelhich in this cases FexTiOs. The amount of titania spinel is wesmall
compared to the amount of ilmenite, with there being roughly 355 times more stable ilmenite (in
moles).For this titania spinel to be formed from magnetite, it must react with tmereite according

to the gaeral Equation(3) below:

¢ &A1/ P& AA P g8A4E U (3)

As can be seen in Equati¢8), oxygen is released when magnetite reacts with ilmandeherewith

the compounds are reduc&dhen looking at a further reductionlmw oxygen pressuréhe resulting
phase vary with terperature. At temperatures below 815°C, there is no further reduction of the
compound (further release of oxygen) but at temperatures between approximaie84816 there

is one additional reductioit temperatures above 840°C there are further redations which are
described by Equation (4) and (5) beldwoking at the first reduction, the titania spinel becomes
unstable and forms Fe and ilmenite

C&RAAE /0 ¢c&AK E c&A | (4
At lower oxygen partial pressures, ilmenite decomposes to FeitledTiOy):
C&ALP c4E Cc&A (5)

From these results it can be concluded that there are two higher levelsaifomad ilmenite,and
three lower levels / levels of reductidrmoking at the phase diagram, oxygen partial pressures above
approximately-12 can be said teesult inoxidizing conditions, and partial pressures beldwin
reducing conditiondimenite is oxdized to magetite, which is further oxidized to hematite. limenite
is reduced by reaction with magnetite to form titania spinel, ;0kewhich is further reduced by
decomposition tamenite and Fe. At the lowest pressufasthe present stugdyimenite is reduced
by decomposition to rutile and FEhis is however not desirabpgacticallybecauseltere is a larger
energy barrier to oxidize Fe back to:Be than when oxidizing F©4 to FeOs. Furthermore,
defluidization of ilmenite has been linked toghly reducedoxygen carriergLeion, Lyngfelt,
Johansson, Jerndala, & Mattisson, 2008)addition to this, an oxygen partial pressure2f is
highly reducing, and very unlikely to occur fibreilmenite particles as the bed is fluidized and the
particles are in constant motion.The highly reducing conditions can however been as
repregntative for the inner intact paitside of the ilmenite particledepending on how the oxygen
migrates in the particles (which is dependent on for example cracks in and on the particle)

It is alsoimportantto note, as earlier mentioned, that thewsafe does not consider anfiemical
limitations such as diffusion limitations and reaction ratedulihscale applicationthe different
compoundsn the phase diagraman therefore exist sintaheously at the different pressuiés

limited by diffusion or reaction rates to form the predicted stable phases. The software assumes that
every molecule is available for reaction (not limited by diffusion). Practically, tlodevoled particle
volumewould not be available for reacting with oxygen, as the particle is only in contact with the
surrounding oxygen at the surface.
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Leion et al. (2008nvestigated the reactivity of ilmenite towards methane and syngas experimentally
in a laboratory setup, simulating a CLCopess at temperatwén the range o97071 980°C
alternating between reducing and oxidizing conditidieey found through Xay diffraction that the
phases indicated for particles after oxidation weegliOs, FeTisO10, FeOz and possiblysome
FeTiOs. For particles after subsegntreductionthe indicated phases wefeTiOs, Fe&Os, some TiQ
and FeCandpossibly some FE&i3010. This is somewhat consistent with fiesults inFigure5. The
phases shown in the figure are stable, but kisgtiayarole practically, making differemeactions
between the oxidation levels possibléis results in phases not predicted byttltemodynamical
equilibrium calculations being able to forifhe experimental findings also show that tieximal
redueng atmospheréas in a CLC reactoliy notenoughto initiate the reaction in Equation (5). In
addition to Equation (1) (5), Equation(6) i (14) below are also possible, as reproduced fr@mon
et al. (2008)Level 0 corresponds to the oxidation statéd? iron (F€') and level 2 has thexmlation
state 3 for iron (Fé"'),whereas level 1 is a mixture of @&nd 3, & AFe'.

A Oxygen release from level 1 to O0:
C&8R4E/ © @& AB E | (6)
C&A4E/ O @& A/ @4E | (7)
& ©° @&A/I | (8)
A Oxygen release from | evel 2 to 1:
08RAA4E @4E O T&A/ pPAE |/ 9)
08RA4E @4 EO 1&A4E/ / (10)
Q&A / pd B t&A4E/ / (11)
A Oxygen release from | evel 2 directly to O0:
C&A4E C4EO 1 &A4E/ (12)
CQAAE C4E O t1&A/I T4E |/ (13)
c&\/ ©° t&A/I |/ (14)

The additional reactions should noteaff the simulated results significantly with regards to ilmenite
i ash component interactions, as the additional compdiegsOs andFesTizO10) are very similar
to the stable phases considered fromdineulationin Figure5.
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3.3. Interactiondetween ilmenite andskhcomponents

3.3.1. Interactions withmajor ash component SiO
The resulting phase diagram for the system ilmeéni®0O;, (silica sand)i oxygencan be seen in
Figure6 below.SiOy is not only an ash component lsan bemixed with the ilmenite as bed material.

FeTiO, - Si0, - O,
900°C, 1 atm G’actSage“

4 - M:Os({corundum) + Rutile + Si0;(s4) 1

Rutile + Si0:(s4) + Spinel

(FeO)(TiO2) + Si0(s4)

logyy p(0;)/atm
=
T
1

lImenite + Si0(s4) + Titania_Spinel

Fe + limenite + Si04(s4)

Fe + Rutile + Si0;(54)
20 N 1 N 1 N 1 N 1 N
0 02 04 06 0.8 1

Si0,/(FeTiO +Si0,) (mol/mol)

Figure6. Phase diagram for system ilmen@&iQ ¢ O, for investigating interactions between SiO2 and ilmeriitee MOs
(corundum) structure isekO;s, the spinel F€, and the titania spinel R&iQ.

When comparing thehasadiagram(Figure6) to Figure5, ilmenite seemt display exactly the same
behavior, apart from spinel not showing upaastablecompoundin the oxygen partial pressure
interval between12i -10. A possible explanation rfahis is that thevumber of mole®f spinel is

low and thuss neglected in the calculations. The titania spinel formed from the spinel in the adjacent
lower partial pressure interval is however includaithough it is formed from the spinel phasay

3 moles of titania spinel forfrom 1 mol of spinel according &quation (3) leading ta number of
moles sufficiently high to be included in thalculationsand show up on the phase diagrdindoes

not seenprobablefor ilmenite (FeTiQ) to decompose titania spinel TiFexO4)as additional iron is
needed to forntitania spinel.

Looking at the behavior of Si(silica sand), it is stable over the entire interval and no new

compounds appeailt. is therefore not expected toteract with ilmenite under the specified boiler
conditions.
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3.3.2. Interactions with mjar ash componer#l 203

The resulting phase diagram for the system ilménk&O3 i oxygen can be seenkiigure7 below.
Thegreenline indicates th@luminumfraction (approximatel2.4 %9 found in thesample btained
from Handel6

FeTiO, - ALO, - O,
900°C, 1 atm G’actSage“

6,2 Fe;0; + MzO;(corundum) + Rutile 6, 2

IM20:(corundum}) + Rutile + Spinel

10 Rutile + Spinel M:Oa(corundum) + Rutile + Spinel

‘r T

logyy p(Or)/atm

lImenite + Rutile + Spinel
12 k .

14

limenite + Rutile + Titania_Spinel M:Oz(corundum) + Rutile + Titania_Spinel
-16 -

I\ -:

Fe + M;Os(corundum) + Rutile
20 N 1 N 1 N 1 L 1

0 02 0.4 06 08 1

i

-18
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Figure7. Phase diagram for system ilmeng¢@LO; ¢ O, usedfor investigating interactions between,® and ilmenite The number

2 denotes rutile, and 6M,0; (Corundum) wher®! = Al, FeThegreenlineindicates the Afraction (approximately 0.024) found in
the sample obtained from Handelblote that the fraction based on the elemental analysis was divided by two as the compound
(AkQGs) containstwo Al atoms.

As the phase diagram Figure7 is more complex, it can immediately be seen thaDAis not inert

in its behavior. MOs (corundum)in the diagram denotes bothoBe and AbOs. After performing
equilibrium calculations in various points in the diagram,rtfan spinel structuresere identified
asAlz04 andFes0O4. The main titania spinel structgrare FeAlO4, and FeTkOs. This means that
there are interactions between ilmenite and aluminum oxide forming the titania spinel structure
FeAlO4. TheFeAlLO4 forms under the same conditionsFasTkO4, which isstableunder reducing
conditions. Looking at the phase diagram, it be seen that ADs; behavewvery similar to ilmenite,
forming similar structures. At oxidizing conditions, theAlLQO4 is again oxidizd to Als04 and/or
Al203, which suggests that aluminum should not be stablesamok expected taccumulate on the
ilmenite particle surfacever time.However, some aluminum may accumulgt¢he systenas the
titania spinelFeAlO4 is stable under redurg conditions and can be blocked from oxygen contact
through layer formation on the particl8Besides the interactions forming FefDs, the
oxidation/reduction behavior of the ilmenite seems practically unchangedexpeetedoxygen
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carrier performancehsuld also be unchanged as F&£&l contains the same amount of oxygen as
FeTbO4andthereforebehaves similarly over theamepressure interval.

As it is hard to distinguish the phases inrdgion around thaluminumfraction found in thesample
obtaned from Handelggreenline), anadditional phase diagram was construetétiin the intervals
suggested by the sample cont@stimation with error margifgs the xaxis, thus enlarging treeeas
of particular interest of theame phase diagram. Thisagram can bseen inFigure8 below.

FeTiO, - ALO, - O,

900°C, 1 atm G’actSageT"
0 T T T T T T T T T T T T T T T T T
2 | .
4 | .
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6 | .
s T I
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o
< 10 | -
=
=
gﬁ limenite + Rutile + Spinel
- 12 E =
A4 lmenite + Rutile + Titania_Spinel T
16 .
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18 (Fe0)2(Ti0z) + llmenite + Titania-Spinel
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Fe + M;0s(corundum) + Rutile
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Figure8. Phase diagram for system ilmengé\LOs; ¢ O, within the intervals suggested by the sample conf@stimation with error
marging as thex-axisfor investigating interactions betweei,O; and ilmenite

In the figure, the oxygen partial pressure intervals can be seen for the regiostofterest based

on the sample obtained from H&ndelélowever, the same compounds are formed as earlier
mentined: FeOs, Al2O3, Alz0s, FeOs, FeALOs and FeTkOs with an addition of the compound
(FEOX(TIOo) in a small interval.
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3.3.3. Interactions with major ash compon&dO

The resulting phase diagram for the system ilmén@&aO1 oxygen can beeenin Figure9 below.
Thegreenlinesindicate thecalciumfractioninterval (approximatelyl4i 20 % found in thesample
obtained from Handel&ome problems occurred with thactSagsoftware when trying to cstiuct

this curve. Not all tielines were drawn on the diagram and the phases displayed were dhdssre
the software indicated thtte specified conditions did not result in any stable gas phthsgzroblem
could be solved by simulating the systenthaut ideal gases. This resulted in a complete phase
diagram.

H Number Phase
900°C, 1 atm 4 Titania Spinel
0 r T T T 3 Fe (s)
6 M>0; (Corundum)
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2 12 CajFe;0s (s)
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15,16,6| 15 15 CaFe;0s (s)
4 CaTiO: + M;Os(corundum) + Rutile ! 16 CaTiOs (s), Perovskite-A
16; 18 Ca3TipO7-CaiTirOs, solid solution
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Figure9. Phase diagram for system ilmeng@€aOc O, usedfor investigating interactions between CaO and ilmeniteegreen
lines indicate the Ca fraction intetMapproximately 0.140.20) found in thesample obtained from Handeld

In the phase diagram it can be s#®at calcium interacts with the titanium in the ilmenite and forms
the various structureSaTiOs; CasTi2O7, CasTi4013,CasTi20s, CaFeOs, CaFeOasin different parts

of the diagramwith CaTiQ; being the most predominapne At lower concentrations calcium
interacts with the titanium in the ilmenite, and only at concentrations above roughly 50 % it reacts
with the iron.One or more of these calciunorapaunds are stabl¢hrough all pressures and
concentrations. This indicates that calcium should interact readily with ilmenite when it is present
the boilerand accumulate on the particles over timainly in the form ofCaTiGs. The results from

the nodeling correspond well to experimental findings, &s outer layer consisting of mainly
calcium and phosphorus has been shown to form on the ilmenite particles during con{aissiion
confirmed by the SEMEDX analysis performed on the sample obtainethfiténdeld and the main
phase found with Xay diffraction isCaTiO; (Gyllén, 2019) Calcium ta sl sapen bhown to
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sometimes increase theactivity/catalytic abilityofilmenite Thi s 1 ncrease i n ca
explained by the calcium rich laypromotingthe watergas shift reaction and reducing tars in the
pr odu c(Gytién,@@l9)

The diagram also shows a change in the oxidation/reduction behavior oftdnvéhen calawm is

present in high concentratigrabove 50 %(at the particle surfacghe pressure intervals in which
spinel is stable are shifted, and the ilmenite and titania spinel structures become unstable. At very
high concentrations, the spirstucture al® becomes unstable. Thiglicateshat the oxygen carrier
performancemay be affectedif a too thick layer of calcium builds up on the ilmenite particles.
CaFe0s, which is instead stable, does itself work as an oxygen carrier but with onlgvele of
oxidation. Highly reducing conditions are required to rel@xygen. It is hard to determine how this
would impact the oxygen carrier practicallyhe elemental malysis however indicated that the
calcium content in theample obtained from H&aalb of spentilmenite wasapproximatelyl4i 20

%. Within this interval calcium is only stable €aTiCs.

3.3.4. Interactions with major ash compon&@dCQ;
The resulting phase diagram for the system iimén@aCQ i oxygen can be seenkiigurell The
greenlines indicate thecalcium fraction interval (approximatelyl4 i 20 % found in thesample
obtained from HandeldSome problems occurreslith the software when trying to construct the
curve. Not all tielineswere dravn on the diagram and the phadesplayed were incorrect. As CagO
forms CaO and CgJgas) at 893°Cas determineftom Figure10below, includingideal gases in the
simulation is essential and the probleauld nd be solved in the same way as for the CaO cirve
Figure9 (by excluding ideal gases).

CaCO, -0,

1atm Lractsoge'

t

g

= Ca0O +gas_ideal

e 0 CaCOs(s2) J

=

=1

i

=]

= 12 b .
14 | i
161 I893°C 7
18 | I 4
20 ! . . ///—/4%/

500 600 700 800 900 1000

T(C)

Figurel0. Phase diagram displaying the temperature at which Ga@Ebmposes to CaO a@), as ndicated by theyreen
dashed line. Gagleal denotes CO
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As CaO is formedrom CaCQ at893°C and the curve is constructed at 900°C, the curve should be
almost identical to the CaO curve. The temperatsex for the construction of the phaseydin

(90CrC) being so close tthe reaction temperatuoé for CaCQ to form CaO and C&may be related

to the software having problems constructing the correct curve. The problem was solved, and the
correct curve produced, by superimposing the CaO diagram tulmd i i s hszdiayam @a C O
function in the software). The finished diagram for a temperature of 900°C can he Bepmell.

FeTiO, - CaCO, - O,

Number Phase
900°c, 1 atm 1 Ilmenite, FeTiOs
0 T 2 Rutile, TiO;
3 Spinel, AB»Oy
4 Titania Spinel
ok 5 Fe (s)
15 6 M205 (Corundum)
15, 16, ! 11 Monoxide
4 | CaTiO; + M:0z(corundum) + Rutile + gas_ideal 6 21 16: 12 CaFey0s (5)
! 12, 13 Ca:ThO7(s)
21 14 CasTiy043(5)
6 F 15 CaFe 04 (s)
16 CaTiOs (s), Perovskite-A
15' 16, 17 CaCOs (52)
5 8 321 18 CasTi207-CasTixOs, solid solution
£ CaTiOs + Rutile + Spinel + gas_ideal Ll 10 C (s), graphite
= 20 FesC (s), cementite
Q 10 | 21 Ideal gas (COz)
-1 16,12,3,21
b% CaTiOs + limenite f+ Spinel + gas_ideal
=]
12 F 12,13,11, 21
16,3,4,21 |1514,
1| Lo 3,21 12,14,3,21
16,1,4,21
16,14\ 12, 14,11, 21
a6 k 16,11,4,21 11,21 '| L i
[ I
18, 18,12,11,21
18 16,5,4,21  |4g 14|14, T {
) CaTiOs + Fe + Imenite + gas_ideal 521 |5 18,5,11,21
L 16,5,2)21 21
20 CaTiO. + Fe + Fezslj + Rutile C +CallO; + Fe,C + Rutile 19, 18, '20, 11
0 0.2 04 06 0.8 1

CaCO,/(FeTiO;+CaCO;) (mol/mol)

Figurell. Phase diagram for system ilmeng€aCQ ¢ O2usedfor investigating interactions between Ca{add ilmeniteat a
temperature above 893 °Chegreenlines indicate the Ca fraction interval (approximately ©0.20) found in thesample obtained
from Handel®

As can be seen irigurell, the phaseliagram for CaC®@at temperatuieabove 893°dooks fairly
similar to the one for CaQ heilmenite behaves in similarway with regards to oxidation/reduction
behavior and oxygen carrier performapmempaed with he behavior illustrated biyigure9. In the
fraction intervdbased on theample obtained from Handetl@e calcium is stable as Caki@ver the

entire pressure intervalhe carborpresent in the systeonly interects with the ilmenite and forms
FesC under very reducing conditioniselow an oxygen pressure -df9, corresponding to the inside

of the particle This means that the carbon would have to diffuse inward to be able to react with the
ilmenite. Thisgndicatescarbon is unlikely to significantly interact with ilmenite. Apart from this small
interval carbon i®therwise stable as GO

As an OCACDboiler usually operates closer to 850 a&Cwhich theCaCQis stable as a solid,is in

this case insticient to only look at the phase diagram constructed at 900 °C for evaluating the
interactions with ilmeniteTherefore, animenitei CaCQ 1 oxygenphase diagram was constructed

at the lower temperature of 800 °C for investigating howCh€(Q interads with the ilmenitebelow

the temperature of 893 °C. Again, the software had problems constructing the curve. This was solved
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by excluding the gas phase in the simulation. This phase diagram saerbeFigure 12 below.
The solid carbon in the graph would form £0

FeTiO, - CaCO, - O,
900°C, 1 atm

0 T Number Phase
4 Titania Spinel
11 Monoxide
2 14 CasTisO13(s)
16 CaTiOs (s), Perovskite-A
17 CaCOs (s2)
4 CaC0x(s2) + M;0s(corundum) + Rutile 18 Ca3Ti,07-CasTi;Os, solid solution
19 C (s), (COy in this case)
20 Fe;C (s), Cementite
B F -

CaC0s(s2) + Rutile + Spinel

logyp p(O;)/atm
=
T

CaC0a(s2) + llmenite + Titania_Spinel

16 | C + CaTiO; + limenite +

Titania_Spinel

19,17, 16,4

C + CaC0;(s2) + CaTiO, + Titania_Spinel

19, 17
19,16,11,4

C + CaCO4(s2) + CaTiO: + Monoxide

16,11

19,16,20,4 | 1% |19,

C + Ca3dTi207-Ca3Ti206 + CaCO.(s2) + Fe.C ]

-18 C + CaTi0, * Fe,C + menite 16, | 18, _ Y
[ i 14, | 14, | C+Ca3Ti207-Ca3Ti206 + Fe,C + Monoxide
CaTiO; + Fe + FesC + Rutile | C+CaTiO; + Fe:C + Rutile !
20 . I I . 1 20 20 1 N
0 0.2 04 06 08 1

CaCOy/(FeTiO;+CaCO;) (mol/mol)

Figurel2. Phase diagram for system ilmeng€aC®¢ O2usedfor investigating interactions betwedbaC®and ilmenite at a
temperature below 893 °CThegreenlines indiate the @ fraction interval (approximately 0.18.20) found in thesample obtained
from Handeld C in this graph corresponds to.CO

As can be seen in the phasegtaan inFigurel2, a temperature below 893 t€aults in gability of
CaCQin the oxidizing region and only interacting with ilmenite under reducing conditiomsing
CaTiGs, FeC anda CaTi2O7-CasTi20s solid solution(at very high concentrations)
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3.3.5. Interactions with major ash compon&idO (andNaO/Cl)

The resulting phase diagram for the system ilménie>O 1 oxygen can be seenkiigurellbelow.
The greenline indicates the sodiumfraction (approximatelyl.1 %9 found in thesample obtained
from Handel®

FeTiO; - Na,0 - O, Number Phase
900°C, 1 atm 1 Ilma.anite,.FeTiO3
2 Rutile, TiO;
o ! T T 3 Spinel, AB;O;
4 Titania Spinel
5 Fe (s)
2] 6 M;0; (Corundum)
6 22 Slag-liquid, oxide
i 22 23 | Na0)(TiOa: (s)
L Na O)(TiO;); + M:0Os(corundum) + Na:Ti:0,
! (oo ( : ‘ 6, 25,30,22 [ 24 | (NaxO)(TiOe(s)
29 25 NarO (52)
6 by 27 | Na;TiO3(s2)
32, 29 | NayTiO4(s)
||| 30, 30 NagFe;07 (s)
8 H 22 31 NagTisO14 (5)
g ) (NazO)(TiOz): + NaTizO14 + Spinel 32 NaFeO; (5)
= 29, 30,22
e R 22, .
2 u’zgal 3 | :11, 31, 22, 3
g o '3 22,3 i
- 3
14 H 22,3,4 32, 1
25,22
23,1, 4 22 »
I T 23,31, 4 31,22, 4 22,4
16 H 4
22
-18 i
24,52 | 23,24,5 23,5,31 5,27, ZA
-20 1 1 1 1
0 0.2 0.4 06 0.8 1

Na,O/(FeTiO;+Na,O) (mol/mol)

Figurel3. Phase diagram for system ilmengéa,O ¢ O2usedfor investigating interactions between b and ilmeniteThegreen
line indicates the Na fraction (approximately 0.011) found irstireple obtained from Héatel. Note that the fraction based on the
elemental analysis was divided by two as the compditaO) contains twoNaatoms.

In the phase diagnafor the system ilmenité NaeO i oxygen(Figure13) it can beseen hat there

are many compounds formed as a result of interactions between ilmenite #ddTRese are:
(NaO)(TiO2)3, (N&O)(TiO2)s, N&TiO3, NayTiO4, NasFexO7, NagTisO14 and NaFe@ The software
indicated that NéesOg also is a stable phase that can benfxd, butthe ara in which it is stable

was toonarrow to mark on theplot. At low and intermediate concentratiofislaO)(TiOz2)s,
(NaO)(TiO2)s and NagTisO14 are the major phases containing sodium and at higher concentrations
the stable phases from iiméninteration are mainl\NagFeO7 and NaFe@ At lower concentrations

the sodium seems to mainly interact with the titanium in the ilmenite, and at higlvent@ations

the iron.This means that the sodium will mainly interact with the titanium in ilteeand aly react

with the iron if it is already is present at the surface in very high concentration. There are however
stable sodium compounds containingniror titanium in practically all areas in the phase diagram
(through the entire condition intexls spedied in the study. This indicates that sodium will
accumulate on the ilmenite particles over time

Already at low concentrations the sodium starflecting the oxygen carrier behavior and
performance of the ilmenite. Rutil&O2 becomes unstdd underthe studiedxidizing conditions
andthe intervals in which the spinel and titania spinel are stable 8htft.increasing concentration

of NaO, slagliquid phasestable over the whole oxygen partial pressure interval starts forming and
ilmenite reacts vith sodium and forms other stablengogounds.This means that accumulation of
sodiumshouldaffect the performance of the oxygen carrier.
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When adding Clo the systenand constructing a phase diagram (not shown) it couseathat Cl
wasstabk as NaCbver the entire diagranThis indicates that the N& ClI interactions are favored
over Nai' ilmenitewhen Cl is present in the systefss the concentration of sodiumliaav, Cl heavily
impacts what phases are fornt®dtheinteractions between dum andimenite.

As it is hard to distinguish the phases in tbgion around theodiumfraction found in thesample
obtained from Handel(greenline), anadditional phase diagram was construetétiin the intervals
suggested by the sample cont@stimation with errormarging as the xaxis, thusenlarging the areas
of particular interest ahe same phase diagram. This diagram caseba inFigure14 below.

FeTiO, - Na,0 - O,
900°C, 1 atm G’actSage“

0 . — , —

(Na 0)(TiO.): + M;O:(corundum) + Rutile

(Na:O)(Ti0:); + Rutile + Spinel

(Naz0)(TiO;); + llmenite + Spinel
(Na;0)(Ti0O;): + limenite + Spinel

logyy p(02)/atm
=
1
1

12 F 3
14 i
(Naz0)(TiO;): + limenite + Titania_Spinel
-16 | -
18
(Na;0)(Ti0:): + Fe + Rutile

20 N 1 N 1 N 1 N 1 N 1 N 1 L 1 L 1 L

0.0092 0.0097 0.0102 0.0107 0.0112 0.0117 0.0122 0.0127 0.0132 0.0137

Na,O/(FeTiO;+Na,O) (mol/mol)

Figureld. Phase digram forsystem ilmenite; NaxO¢ O, within the intervals suggested by the sample con{@stimation with
error margin$ as the axis for investigating interactions between@aand ilmenite.

As can be seen irigure14, sodium forms(NaO)(TiO2)z and(NaO)(TiO2)s in the region based on
the sample obtained from Handellf the sodiumconcentrations are similar in other uniksring
operation, sodiuns expeted tomainly accumulate as tleumerateghases.
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3.3.6. Interactions with major ash componeftO (andK20/Cl)

The resulting phase diagram for the system ilménikeO i oxygen can be seenkigurel5 below.
Thegreenline indicate the potassiunfraction (approximaely 04 %) found in thesample obtained
from Handel6

FeTiO, - K,0 - O,

o ™
900°C, 1 atm G’actSage
0 T T T I T I — I T
) K;0; + M:O:(corundum) + Slag-lig
4 F KeTi:07 + K;TigOy: + M:O;(corundum)
M:0s(corundum) + Slag-lig Number _Phase
1 Ilmenite, FeTiO3
2 Rutile, TiO2
B 3 Spinel
4 Titania Spinel
5

logyp p(0,)/atm

Fe (s)
N 6 M;0;5 (Corundum)
K Ti:0; + K;TizO:z + Spinel u e
21 Ideal gas
) i Slag-lig + Spinel
o ag-liq + Spine 22 Slag-liquid, oxide
353 33 K0 (s)
ol | 34 KaTis07 (s)
- 35 K;TigO13 (5)
22,3, 4 -
14 ]
1384 Slag-lig
34,22, 4 '

11 22,
22,4 11,22 K 4

18 ! ]
Fe + K:Ti,O; + Slag-li e + Slag-liq + gas_ideal
5,35, 2 5, 34,35 g-ig Fe + Slag-lig r ]
-20 L 1 I

0 0.2 0.4 1

{9

/

\

K,0/(FeTiO;+K,0) (mol/mol)

Figurel5. Phase diagram for system ilmengd<O ¢ O, usedfor investigating interactions betwedfO and ilmeniteThegreen
line indicates th&fraction (approximately).004) found in thesample obtained from Handelblote that the fraction based on the
elementd analysis was divided by two as the compound containgtatoms.

The phase diagram shows thatkforms compounds from interactiowgh ilmenite duringalmast
all the studiedoxygen partial pressures and concentratidiesording to the phasgiagram, kO is
not stable under the studied conditiomkis means tha2O interacts readily with ilmenite when
presentThe main stable compounds formed Ksdiz0; and KoTisO13. The software also indicated
that KeTisO14 was stable impart of the diagna, but the area waso narrowto mark on theplot.

Already at low concentrations the potassium starts affecting the oxygen carrier behavior and
performance of the ilenite in asimilarway to sodiun{both are alkali metalsRutile, TiO> becomes
unstable under apecifiedoxidizing conditions andhe intervals in which the spinel and titania
spinel are stable shifit concentrations above roughly 30%, slaiid phasestable over the whole
pressure interval starts forming. This indesithat the oxygen carrier performarafelmenite is
significantly affected if potassium accumulates on the sudhtiee particlesaandif it is present in
significant concentratianin thecombusted waste.
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When adding Clo the systennot shown)potassiumbehaves like sodiuntl is stable a& Cl over
the entire diagranThis indicates that thi€ i Cl interactions are favored ovi€ri ilmenite
interactions as all existing Cl ingrsystenbinds withpotassium

Experimentally, potassium has been fowasKTisOs6 in ilmenite particles rather than &3TizO7

and KeTigO13. Corcoran et al. (2018hyho received the same results proposed that this is dbe to
iimenite particles not being fully saturated with potassium and thef@hyOs1s is formed as an
intermediateDuring the simulations in this project it was however discovered that daa feD16

is missing in the software. Thismost likely theexplanationfor theinconsistentesults between the
simulations andhe previousxperimental findingsThis highlights that although the software using
thermodynamic calculations may give a good estimation of formed phases, physical and chemical
limitations or communds missing in theoftwaredatabasesan result irpredictions of stable phases
differing from thestalle phase$ound in practice

As it is hard to distinguish the phases inrdgion around thpotassiunfraction found in thesample
obtainal from Héndeld(greenline), anadditional phase diagram was construetétiin the intervals
suggested by threample conter{estimation with error margifgs the xaxis, thusenlarging the areas
of particular interest ahe same phase diagram. Thisgigan carbeseen inFigure16 below.

FeTiO, - K,0 - O,
900°C, 1 atm G’actSageT"

0 r r r r r r . , . T

4 - K:TigO12 + Mz0z(corundum) + Rutile 1

K;Tiz0:2 + Rutile + Spinel

10 b 4

limenite + K;TizO:: + Spinel

logyy p(0:)/atm

12 F E
14 F .
lImenite + K, Ti.O; + Titania_Spinel

-16 - 1

-18

Fe +limenite + K:TizO4,
Fe + K.Ti:O,: + Rutile
20 1 1 1 1 1 1
0.0037 0.0039 0.0041 0.0043 0.0045 0.0047 0.0049 0.0051

K,O/(FeTiO+K,0) (mol/mol)

Figurel6. Phase diagram for system ilmenid:O ¢ O2within the intervals suggested by the sample coni@stimation with
error margin$ as the xaxis forinvestigating interactions betwed®O and ilmenite.

As can be seen in the phase diagraigyrel6), potassium formk,TizO7 and KTisO13in the region
indicated by thesample obtained from Handelo
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3.3.7. Interactions with major ash componevigO

The resulting phase diagram for the system ilménifiggO i oxygen can be seenkigurel7 below.
Thegreenline indicate the magnesiunfraction (approximately3 %) found in the sample obtained
from Handel6

FeTiO, - MgO - O,

Number Phase
900°C, 1 atm 1 Ilmenite, FeTiO3
0 T T 2 Ratile, TiOz
3 Spinel
4 Titania Spinel
2 [1.0+(corundum) + Pseudobrookite + Rutile S Fe (s)
6, 38,3 1,38, 3 (i) M>0; (corundum)
38 Pseudobrookite
4 |- ]
lImenite + Monoxide + Spinel
6 6, 2, 3 1, 3, 4 -1
| 38,2,3 1,3
o
g s 2,3
FE Rutile + Spinel + Titania_Spinel 34
-~ ’ onoxide + Spinel + Titania_Spinel
% 10 ]
s 1 1,8
= .

lImenite + Titania_Spinel
Monoxide + Titania_Spinel

5 38 2 Fe + Monoxide + Titania_Spinel
’

20 .
0 02 04 06 08 1

MgO/(FeTiO;+MgO) (mol/mol)

Figurel?. Phase diagram for system ilmengégO ¢ O, usedfor investigating interactions betweevigO and ilmeniteThegreen
line indicates théVig fraction (approximately 0.8) found n the sanple obtained from Handeld

In the phase diagram, spinel atithnia spinel denotes both the previously mentioned phases
consisting of iron and titanium as well as phases formed mainly between iron and magwagihm
means that the magnesium natgs with the ilmenite The major spinel phase containing magnesium
and the major titanigpinelboth areFeM@Os (different structures)rhe software also indicated that
MgTiOz was a stable phase in part of the phase diagram, but this area waséedo markon the
image.

At low concentrations of MgO, the structures formed in the different oxygen partial pressure intervals
are similar to those formed when the system consist only of ilmenitexggen (sed-igure5) with

an exception of pseudobrookite formed unkighly oxidizing and reducing conditionsithin the
studied interval At the highly oxidizing conditions, thdormed pseudobrookite consist mainly of
MgTiOs and wnder thehighly reducing conditions its a sad solution of MgT{Os, FeTkOs and

Ti3Os with the compounds enumerated according to the expecotesbntrations in descending order.

As the compounds under the oxidizing conditions behave similaitipémite with regards to uptake

of oxygen, tle oxidation of the ilmenite compoundshould not be significantly affected by the
interaction with magnesium. However, a significant amount of pseudobrookite is formed under the
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highly reducing conditions. Thatio between rutile and pseudobrookite isgiiy 1:1 and the ratio

of rutile andsolid iron 1:3. The formation of pseudobrookite from titania spinel takes up oxygen
rather than releasing it, thymssibly affecting the oxygen carrier performance under highly
reducing conditionsAs these reducin conditions however correspond to tirener partsof the
ilmenite particles, the magnesium would have to diffuse inward in the particles for this to occur which
is unlikely to happen

At higher concentrationsf MgO, FeOs and rutile become unstable atine ilmente only displays
reducing behavior, with spinel and titania spinel forming in different oxygen partial pressure
intervals.This indicates that the oxygen carrier performance should be heavily atisdtesliimenite

does not pick up and releagemuch xygenas if the MgO was not present as a ph&seMgO is

in excess, it becomes a stable phase (monoxile¢. or more phases formed from interactions
between magnesium and ilmendee stable in all agas of the phase diagram, which means that
magnesium sould accumulate on the particles with time.

As itis hard to distinguish the phases inrgion around thmagnesiunifraction found in thesample
obtained from Handel(greenline), anadditional phase diagram was construet#tin the intevals
suggested by the sample contéestimation with error margifgs the xaxis, thusenlarging the areas
of particular interest ahe same phase diagram. This diagram caseba inFigure18 below.

FeTiO, - MgO - O,
900°C, 1 atm G’actSage“

0 T T T T T T T T

M203({Corundum) + Pseudobrookite + Rutile

M203(Corundumy} + Rutile + Spinel

Rutile + Spinel

limenite + Rutile + Spinel i

limenite + Spinel

logyy p(0s)/atm
=)
1

llmenite + Titania_Spinel

Fe + limenite

Fe + Pseudobrookite + Rutile
20 N 1 N 1 N 1 N 1 L 1

0.0249 0.0269 0.0289 0.0309 0.0329 0.0349

MgO/(FeTiO;+MgO) (mol/mol)

Figurel8. Phase diagram for system ilmeng&1gO¢ O, within the intervals suggested by the sample confestimation with
error margin$ as the »axis for investigating interactions betwe&gOand ilmenite.

In the diagram the intervala whichmagnesium formspinel titaniaspinel(both have the formula
FeMg@Os) and Pseudobrookite as earlier described candre easilyseen.
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3.3.8. Interactions with minor astomponenZnO

The resulting phase diagram for the system ilménteO1 oxygen ca be seen ifrigurel19 below.
The greenline indicates the zinc fraction (approximately2 %) found in thesample obtained from
Héandel®

FeTiO.-Zn0O -0 Number Phase
3 2 1| Ilmenite, FeTiO3
900°C, 1 atm 2 Rutile, TiO;
0 T T T T T T 3 Spinel
4 Titania Spinel
) 40 Zincite, ZnO; dilute CoO,
<[ i i FeO, Fe;03, MgO, MnO, NiO
M:O:(corundum) + Rutile + Spinel 41 (ZnOW(TiO) (s)
4 .
(Zn0):(TiO;) + Rutile + Spinel
6 -
(Zn0):(TiO;) + Spinel + Zincite
8 | i i .
= Rutile + Spinel
=
=
Q 10| .
2 17
&0
= 12 (ZnO)(TiOz) + limenite + Spinel i
41,3, 4
14 | 41, 40 T
(Zn0):(TiO;) + limenite + Titania_Spinel (ZnOY(TiO,) + Titania_Spinel + Zincite
16 .
18 [ZnO%(Ti0;) + Fe + Imenite 7
(Zn0):(TiO2) + Fe + Rutile (Zn0):(TiO;) + Fe + Zincite
20 N 1 N 1 N 1 N 1 L
0 02 04 06 08 1

ZnO/(FeTiO;+Zn0) (mol/mol)

Figurel9. Phase diagram for system ilméng ZnO ¢ O, usedfor investigating interactions betweefnO and ilmeniteThegreen
line indicates th&nfraction (approximately 02) found in thesample obtained from Handeld

As zinc is a trace element/minor ash element, the leftmost part of the gdagsamis of greatest
interest. As can be seen in the phase diagram, the formed phases and oxydgengsatia intervals
are similar to those of the system with only ilmenite arggen Eigure5). Zinc howe\er interacts
with the ilmenite and forms smel and(ZnO)TiO2. The main spinel structure containing zinc is
ZnFe0a.
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Possible reactiorfer interactiongalso considering between levedsg given as Equatiod®) i (20)
below.

o: 1/ c&ABRAE o: T /YO &A/ pel (15)
T/ c&ABEe/ O : 1K Cc4E (16)
v: 1/ ¢c&ABEe/ O TA ¢:1/14E/ (17)
o: 1/ c&/l €/ ©° o: TA (18)
T/14E ©° :1/Y®Q (19)
T/18&84E €/ © : 1k 4 E (20)

One or more phases formed from zinc @ntknite interactions are stable over the entire oxygen
partial pressure interval, indicating that zinc should accumulate on theténpamniicles over time.

3.3.9. Interactions with minor astomponerg CuO/CyO

The resulting phase diagram for the system ilmén@eO1 oxygen can be seen figure20 below.
Thegreenline indicatesthe copperfraction (approximately 6.%) found in thesample obtained from
Handelowhich corresponds to the fraction CuO. The diagram can also be reac@yrfGuwhich
the fraction corresponding to the sample instead woul3&o(which is still at the very lefend of
the diagranand represented with the same )ine

. Numb Ph
FeTiO,-Cu0O -0, “ngl = Rutile, Tié;e
900°C, 1 atm 42 | (CuO)(Fe05) (s2)
0 T T T T T T T 43 (CuO)(Fer05) (s3)
(CuO)(Fe203)(s3) + M;Os(corundum) + Rutile —

L1 43,42,2 43,35,2

(Cuz0)(Fe;0:)(s2) + Cu:O + Rutile 7
(Cu;0)(Fe;04)(s2) + M;Oa(corundum) + Rutile

gl (Cuz0)(Fe;0:)(s2) + Rutile + Spinel (Cu;Q)(Fe;0:)(s2) + Cu + Rutile

Cu + Rutile + Spinel
10 F ]

Cu + limenite + Spinel
12 F S

logy; p(O:)/atm

A4 Cu + limenite + Titania_Spinel T

16 .

-18

Cu + Fe +limenite

Cu + Fe + Rutile
20 L 1 L 1 L 1 L 1 L
0 02 04 06 08 1

CuO/(FeTiO;+CuO) (mol/mol)
Figure20. Phase diagram for system ilmenge€uO/CuO ¢ O, usedfor investigating interactions betwegduO/CpO and ilmenite
Thegreenline indicates th&ufraction (goproximately 0.06) found in thesample obtained from Handeléhich corresponds to the
fraction CuOThe diagram can also be read for,Qufor which the fraction corresponding to the sample instead would be 0.003.
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As copper is a trace element/minor agimant, the leftmost part of the phase diagram is of greatest
interest(lower concentrations of Culs can be seen in the phase diagram, the ilmenite
oxidation/reduction behavior is unaffected by copper present in the systeler. oxidizing

conditions, cpper forms(CwO)(Fe0z3) (s2) and CuO)(FeOs) (s3)(where s2 and s3 refeto

different solid structurepgossilte for thesame chemical formuldy interaction with ilmenite.

Under reducing conditions, these phases are reduced to solid chppendicates that apper

should still accuralate on the ilmenite particles over time asrgtfforms(CwO)(Fe0z), is

integrated into the ilmenite structure and then solidifies on the suFassible reactions for the
interactiongalso considering betweervid) are given as Equatio2) i (24) below.

o# O/ ¢c&/ ° o#Q &A (21)
¢c# 0O/ &/ o #Q &A €/ (22)
o#0/ c&/ €/ o o#Q &A (23)
#0/ &A1 o #Q &A (24)
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3.4. Interactions between ilmenite anmailtiple ash components

34.1. Interactions with Zn and ClI

The resulting phase diagram for the system ilmenifm i Cl i oxygen can & seen irFigure21
below. The greenline indicates the zinc fraction (appraimately 2 %) found in thesample obtained

from Handeld A constant Cl fraction 020 %was chosen as this was believed to be a high enough
fraction to observe all possible phases of interaction but not be too high as to give unreasonable
results.A decreasend increase t®&/10 and 30 % respectively give the same results (same stable
phases) but somewhat shifted along thexis as the equilibrium concentrations are affected. The 20

% was chosen over tf#10 % for the figure as the phases wergerao disinguish.

Fe-rioa -Zn -Cl - 02 Number Phase
° 1 11 ite, FeTiO3
Cl/(FeTiO,+Zn+Cl) (mol/mol) = 0.2, 900°C, 1 atm menite, Fe 11

2 Rutile, TiO>
0 T T T T T T T T 3 Spinel
4 Titania Spinel
5 Fe (s)
2 F 6 M;0; (Corundum)
I 21 Ideal gas
6,2,21 40 Zincite, ZnO; dilute CoO,
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Figure2l. Phase diagram for system ilmeng&nc Cl¢ O, usedfor investigating favored interactions betwe&nand ilmenite/Cl

Thegreenline indicates th&nfraction (approximately 02) found in thesample obténed from HandeloThe ideal gas is Zn@hd
the salt-liquid is FeGl

As can be seen in the phase diagratrlow zinc fractions (close to tlyggeenline) the phases from
interactions between zinc @fmenite as foud in Figure19 are notstable when Cl is present in the
systemlinstead it formsdeal gagogether with CIZnChk. With anincrease irtconcentratiorfto a Zn
fraction between 0.1 0.2), whenhalf of the available Clis bound to zingpart of the gasbecomes
unstable and the Zstarts interacting with ilmenite afokrms (ZnO)TiOx. It is however very unlikely
that zinc would reach #se higher concentrations anywhere in the boiler, as it is a trace elardent
as indicated by the content in teampleobtained fom Handeld Above a zinc fraction of 0.2,
(ZnOXTiO2 forms as zinc and ilmenite are in excess to Cl.
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As it is hard to distinguish the phases in thgion around theinc fraction found in thesample
obtained from Handel(greenline), anaddtional phae diagram was constructedthin the intervals
suggested by the sample cont@stimation with error margifgs the xaxis, thusenlarging the areas
of particular interest ahe same phase diagram. This diagram caseba inFigure22 below.

FeTiO, - Zn - Cl - O,

Cl/(FeTiO+Zn+Cl) (mol/mol) = 0.2, 900°C, 1 atm G’actSage”
0 T T T T T T T T T T
2 | _
A M203(Corundum) + Rutile + gas_ideal
6 | _
M203(Corundum) + Rutile + Salt-liquid + gas_ideal
g fr i
E Rutile + Salt-liquid + Spinel + gas_ideal
o~
<) 10 | .
[
=
&0
=]
- 12 .
lImenite + Rutile + Salt-liquid + gas_ideal
14 _
16 _
18 | .
Fe + Rutile + Salt-liquid + gas_ideal
20 . 1 . 1 . 1 . 1 N 1
0.0134 0.0144 0.0154 0.0164 0.0174 0.0184

Zn/(FeTiO;+Zn+Cl) (mol/mol)

Figure22. Phase diagram for system ilmeng&n¢ Cl¢ O, within the intervals suggested by the sampétent(estimation with
error margin$ as the »axisfor investigating favorednteractions betweerZnand ilmenite/ClThe ideal gas is a composition of
ZnCJ, FeGland FeGl The saHiquid is FeGl

As can be seen iRigure22, the zinc is stable ams, ZnCJ, rather than (ZnQJTiOy). This indicaes
that zinc will favor interactions with Cl over interactions wimenite under theonditions oflow
zinc concentrations in the boiler.
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3.4.2. Interactions with Cu and ClI

The resulting phase diagram for the system ilmeni@ui Cl 1 oxygen can le seen inFigure23

below. The greenline indicate the copperfraction (approximately0.6 99 found in thesample
obtained from Handel@® constant Cl fraction 020 %was chosen as this was believed to begh

enowh fraction to observe all possible phases of interaction but not be too high as to give
unreasonable resultas for zinc) Increasing or decreasing the Cl content does not change the phases
stable but sffis their intervals along the-axis acording tothe new equilibrium concentrations.

FETIOa -Cu-Cl- 02 Number Phase
) _ o 1 Ilmenite, FeTiO3
Cl/(FeTiO +Cu+Cl) (mol/mol) = 0.2, 900°C, 1 atm 2 Rutile, TiOs
0 T T T T T T T T T T T T 3 Spinel
(CuOD)(Fe203)(s3) + CuQ + Rutile + gas_ideal 6 M;Os5 (corundum)
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2 43,42,2,21 42 | (Cw0)(Fe:03) (52)
43 (CuO)(Fe;03) (53)
6,221 44 Cu (s)
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Cu + Fe + Rutile + Salt-liquid
20 1 1 1 1 1 1
0 0.1 02 03 04 05 06 07 08

Cuw/(FeTiO;+Cu+CI) (mol/mol)

Figure23. Phase diagram for system ilmenge&Cug Cl¢ O for investigating favored interactions betwe@uand ilmenite/CIThe
greenline indicates theCufraction (approximaté/ 0.006) found in thesample obtained from Handel®he ideal gasonsists o&
majority (2/3) ofCu present as (Cughith approximdely a third of Fe@l The saHiquid is FeGl

As can be seen in the phase diagram, the copper behaves quite simifanibenCl is present in
the system. At low copper fractions (close to dgineenline) the phases from interactions between
copper ad ilmenite as four in Figure20, are not stable when Cl is present in theeysinsteadt
formsidealgas,(CuClx, together with CIOnly when all Cl has reacted with copper (at affagtion
above 0.2)the Cunteractswith ilmenite and forms (CuO)(E@s) (s2) and (CuO)(E€©s) (s3)(where

s2 and s3 refe todifferent solid sructurespossilde for thesame chemical formulaThis behavior

is different than that of zinseenin Figure21, aszinc starts to interact witthmenite at lower zinc
concentrations (@) whereasopper startto interact with ilmerte first after raching Cu fraction 0.2
(which is the fraction ©oCl in the entire system)

As it is hard to distinguish the phases in tegion around theopperfraction found in thesample
obtained from Handel(greenline), anadditional phase diagram was construetétiin the intervals
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suggested by the sample cont@stimation witherror margii) as the xaxis, thusnlarging the areas
of particular interest ahe same phase diagram. This diagram caseban Figure24 below.

Figure24. Phase diagram for system ilmeng&u ¢ Cl¢ O, within the intervals suggested by the sample con{estimation with
error marging as the »axisfor investigating faered interactions betwee@uand ilmenite/ClTheideal gas consists of a majority
(2/3) of Cu present as (Cu@jth appraximately a third of Fe€IThe saHiquid is FeGl

As can be seeim Figure24, thecoppe is stable agdeal gas, (CuCg)over a majority of the oxygen
partial pressure intervahtherthan (CuO)(Fg03) (s2) and CuO)(FeOs) (s3). Otherwise it is present
as solid copperCu (s) This indicates that copper will favor interactions with Cl aveeractions
with ilmenite under theonditions oflow copper concentrations in the boil&ecreasing the ClI
content doesat change the phases stable.
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