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ABSTRACT

Over the past few decades, combustion of fossisfhas released greenhousesgagich
as CQ and NQ into the atmospere. It has been realized thatmsan temperature
increase of the &th, also known as global warming, hagsulted from the increase of
CO, concentration in the air. hee, there is a growing tendenty establish novel
methods of burning fossil fuels in order to mitigate,@0@ncentration. Chemical Looping
Combustion (CLC) is a metdoof burning fuel with inherent separation of £®hile
curbingthe formation of NQ typically by circulating an oxygen carrier between an air
(oxidation) reactor and a fuel (reduction) reackar.oxygen carrier, mainly a metal oxide,
circulates betweethe reactors providing the oxygen for conversion of fuel to &l
H,O. Thus, having a pure G@tream, CQ@ sequestration becomes economicélgsible
FeOs, due to its availaibity and propertiescould be an appositaxygen carrier for CLC.
Reaction knetics of reduction of Hematite with metharie the absence of gaseous
oxidant was studied. Temperature Program Reduction (TPR) expeamesrecarried
out in a fixed bed tubular reactor. Reduction gas wasposed oL.5% methane and 86
argon. Thermogavimetric Analysis (TGA) was carried out on TPR products using air as
the oxidant. Iron oxide samples were analyzed througfaydiffraction(XRD) analysis
and scanning electron microscopjwo-stage reduction of iron oxide was observed:
Fe0O; reduced td-e;04 and then reduced to FeO. The activation energy of gace was
calculated fromKissingeb snethod. For the fitsand second stage of reductitime
activation energies werd0.58#.86 and 25.77+0.83 kJ/motespectively In addition,
different kinetic models were assumed and compared to the actual Matandom
nucleation mechanism can be assigned to the first stage tar@ddimensional diffusion
mechanism can be assigned to the second stage of the reduction.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND

There is considerable evidence to indicate that accumulation of carbon dioxide in the
atmospheresignificantly increases global warmingtmosphericCO, concentration and
theear t hdés thawenbothbeea atypicaby risingn the previous decad€Kessel,

2000, as seen ifrigs. 1.1 and1.2.

Hence, we are trying to decreas€, emissions by cuibg the release of mo€0;,into

the atmosphere. One of the major sources of €@fissions is a power plant, where fossil

fuels are the source of heat. Sequestratio@under the earthds surf
appropriate geological storage eesirs may pove beneficial. Onthe other hand,
sequestration 0€O, is extremely expensive when the flue gas stream only contains

about 8 to 13 percentO, and the rest is nitrogen, water vapor, oxygen, and trace

amounts of minor pollutants such&8x andNOx.

Current carbon capture methods are not cost effective. Chemical Looping Combustion
(CLC) is a method of burning fuel witinherent separation of C® by using dual
reactorsthe fuel reactor, where the fuel reduces a metal oxide and the air reactor where
the reluced metal oxide burns by air to return to its primary condition. Having a near
pure CQ stream, CQ sequestration becomes more economically feasible. Hematite
(Fe0s), due to its availability and propertiemay be a suitble candidate to be an

oxygen carier for CLC.
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1.2 OBJECTIVES
The objectives of this study were to:

(1) Determinethe reaction kinetics dhereduction of FgO; with CH..

(2) Design and construct a fixed bed tubular reactor.

(3) Carry outTemperature Programeduction (TPRpn FeOsusing CH as reducing
gas.

(4) Carry outThemogravimetic analysis (TGA)on the TPR products using air as
theoxidant.

(5) Assume different kinetic models and compare them WRR data

(6) Determine thdest kinetic model for reaction.

(7) Determine the activatioenergy.

This thesis consists of four sectionSection 2 summarizes the previous studies about
chemical looping combustiomresents former research results regarding kinetic studies
of different reactions and outlines fifent reaction mechanisms thetve been proposed

by their authors. Sectio3 describeshe experimentahpparatus and explains tapplied

test methods. Finally,egtion 4 presents the activation energies and reaction mechanisms
and discusses how the data obtained from experiment is in satisfactory agreement with

theory, followed by conclusiorand recommendations.



CHAPTER 2: LITERATURE REVIEW

2.1CHEMICAL LOOPING COM BUSTION (CLC)

The concept of leemical looping reactiorwas first introduced in 1983 by Richard
Knoche.CLC is a novel combustion method with inherent ,G@paratn. A typical
CLC unitdecomposes the traditional combustion into teactorsas shown in Fig.2.1;
the fuel reactor, where the fuetéduces an oxygen carrie@nd the air reaot where the
reduced oxygen carridurns by air to return to itsitial cordition. The oxygen carrier is
usuallya metal oxide Jernaldet al, 2006).The gases producdcbm the fuel reactor are
CO, and HO.Water can be removetirougha condensatiorprocessand almost pure
CO, will be obtained. Carbon dioxidgeparabn withoutconsuming energy make&3 C

a distinct separation metho@lfoet al, 2009.

N,, O, CO,, H,O
TT MeO (+ Me) ﬁ
P
Air Fuel
reactor reactor
Me (+ MeO)
e
Air Fuel

FigarCshemi cal Loop(bygndgfenbtusanmnadnHi | mer ,

2



The reaction in the fuebactor takes place accordingtie following overallreaction
(2n+m) MeO+GH2mY (2n+m) Mer mH,0+ nCQ (2.1)

where MeOQis a metal oxideand Merepresents a metal or a reduced form of MERs
metal or reduced oxide is oxidized in the air reactor through the following reaction

2Me+0O, Y 2MeO (2.2)

Reaction between air aride metal oxide is basically exothermiwwhile reduction othe
metal oxide by fuel can be endothermic or exothermésed on thenetal type.The
reduced oxygen carrias introducel to the air reactor and absorbgygen and produse
heat. Theflue gas ismostly N0 mixed with the remaining oxygen. Then the oxygen
carrier is transferred to the fuel reactor to complete its cythngfelt et al, 200).
Separation of C®is not the only environmentdbenefit of this method.Another
advantage of this combustion methodhie elimination of NQ formation. This fat can

be explained bylameess oxidation othe metal oxide. In facpxidaion of the metal
oxide completely independent of fuelthe air reactor preventse formation of NQ@ (Jin

et al.,1998)

Among all reactor types, fluidized bed reactors are mostly used when a perfect contact
between fluid andolid particles is needeéluidized bed reactors are also applicable in
industry whensolid particles needo be reactivated, such as catalytic reactions. These
two advantagesin spite of allthe difficulties and complexities of the fluidized bed
reactors,makethem the unsurpasd reactor typdor CLC reactios (Mattissonet al,

2001).

Back in 1995, hemical looping reaction was found appropriate for several industrial
applications It was basicallya cyclic solidgas reaction which could be used for

processes such as catalyticacking, hydrogen generation, sulphur removal, coal
gasifiation and so on. However, it habt yet been analyzed as an alternative

combustion methofishidaet al.,, 1995)

One of he first papers was published by Ishigtaal. (1995) at the Tokyo Institue of

TechnologyinvestigatingNiO as an oxygen carrier and methanetlas fuel. Their

5



research revealed great potentsaich thain the future evea power plant will be able to

use this method of combustioimstead of the traditional fuel burningnd accordingly

can lead to mitigation of greenhouse gases in the atmosghet®98 Ishida et al.
conductedresearchregardingcarbon deposition on the solid partiglés order to apply
chemical looping combustion in power planin ther paper, the kingc behaviour of
carbon deposition waavestigated fodifferent type of oxygen carriers usingriousgas
compositions. The results of their study indicated the conditions in which carbon
depositioncan be thoroughly controlled. As a restifte idea ofusing chemical looping
combuston in power plargwasconsideredo be feasible

In addition to CQ separation, ltemical looping has also been claimed to decrease the
fuel exergy devastation which leads to power efficiency improvenidns. claim has
beenexamined byAnhedenand Svedberg(1998) using two CLC gas turbines. One of
them was using methane as fuel and the other one was using a mixture of CQ and H
which can be assumed as coal gasification predueeOz; and NiO were chosen &ise
oxygen carers. The results of the study showed reduction of irreversibddgused by
combustion comparetb the traditional combustion method. It not only showed that the
net power efficiency was either similar or higher than th@ventionalcombustion
method, buit also mentioned the possibility of increasing the net efficiency even more

by enhancing the system to exploit the remaining exergy of the exhaust gas.

CLC researches mostly investigated gaseous fadtlspugh interest irsolid fuels is

growing rapidly.Considering coal as a major fossil fuel source in the worldnerous

studies have been done asing coal as a solituel for CLC. Among those, Jiet al.

(2004) indicatedhat using coal gas as the fuel for GliGstead of natural gasesults in

a consderable improvement in reactivitgton(2008) intheover vi ew of Canada¢
sectorhas statedi The r eadi | y -eostmakésadaltle ctoioéduel foo w

electricity production in some provinces such Alberta and Saskatchewa and

accoding tothe Statistics Canada website, in 2006 for Alberta, Saskatchewan and Nova

Scotig coal share of total electricity generation was 62.4 %, 52.9% and 57.3%,
respectivelyOf course it will be more inspiring fahese provincesn which coal is the

dominantfuel for power plants.



Leion et al (2008 investigated the possibility of using solid fuel in chemical looping
combustion. Petroleum coke was used as the fuel and gasification intermeciates w
conducting the reaction betwe#éme oxygen carrier ad solid fuel in a laboratory scale
fluidized bedreactor. The oxygen carrieonsisted of 60% E©; and 40% MgAJO,. In
each cycle 0.3y of solid fuel was used, mixed inith 20 g of oxygen carrier. The
gasification process was realized to occur fastahatpresence of iron oxide. On the
other hand, the iron oxide reaction with the intermediatsfication products, which are
mostly CO and kK was observed to occur faster. The gasification reaction was
determinedo bethe limiting step due ta slow rection ratewhencomparedo the iron
oxide reaction witlgasification products. Addition 80O, and steam to the fluidizing gas
provedto be effective in tersiof increasing the conversion rate. Agglomeration was not
observed even after 100 cycles withalianging the particlesAn earlier paperwas
published in 2007 by Leioret al using South African coal as the solid fuel. Haane
results were observed. Ninety five perceohversion was reached at 950 °C within 4 to
25 min while 80% conversion wascaomplished within 2d 10 min depending on the
fuel. Lyngfelt et al. (200) designed a boiler usinthe CLC techniqueA CLC setup
consisting of two fluidized bed interconnected reactors was designed and tested. The
reactors were described as higtocty risers and lowvelocity bed reactors. F®; and

NiO were used athe oxygen carries. Reaction rate foiboth reduction and oxidation

reactions was acceptable ahefeasibility ofthis process wasoncluded.

2.1.10XYGEN CARRIERS

In order to apply ksemicd looping combustion not only dhe lab scale but also in the
industrial plams, it has been realized that having an appropriate oxygen carrier is critical.
As a matter of fact, the circulation rate between reactors and the amount roatesal
needed is contingent othe capacity of the oxygen carriilossainand Lasa 2008)
Oxygen carrier recirculates between two reactors and mamlis name defines, absorbs
andtransferds he air 6 s o0 Xy g e ocaltutate thdrecirctilatididw rateeta ct or .
is necessary to have the reaction rate and also the capacity afg@naarrier (Lyngfelt

et al, 2001). Hence, having the appropriate oxidation and reduction rate appears to be

7



essential for an oxygen cariJernaldet al, 2006). It isalso so important for the oxygen
carrier to convert the fued water and carbon dioxidehich, based on previous studjes
some metabxidesare not capable oFurthermore oxygen carrier should have enough
physical srength in order to maintain thepaticle size due to attrition arfbagmentation
(Choet al, 2009.

A number of studiebave been conducted in several aspestish as thexygen ratio of

the oxygen carrier, which is the maximum transported mass of oxygen for the specific
mass flow of metlaoxide, the melting point andthe heat balance for different metal
oxides.A perfect candidate foanoxygen carrier shouldavea number bspecifications.

It should be highly reactive in both reactions, oxidation by air and reduction by fuel
(Mattissonet al, 2001) It also should have excellent physical and chemical stability
(Haber 1991). To be lowpriced and easily obtaatle would be also a&ignificant
considerationIn addition, it shoulde environmentdy friendly and alsanontoxic Lots

of metds and their correspondingxides hae been examinedh order to determindf
they hae the aforementioned qualificationsNevertheless, kinetic results are only
availabk for a few metal oxides fapplication in CLCincluding Fe, Ni, Co, Mn and Cu
(Lyngfelt et al, 2001)Table2.1 shows a summary olfie previous studies;om 1986 to

1999 on some metal oxides and their oxidation and reduction temperatures.

Many studieshave been done on the mechanical strength of the oxygen cakdenez
and hiscolleagueg2004 have compred different metal oxides. A summary of his study
is shown in Table 2.2. Based on his waditrkcan be concluded that fased oxygen
carriers have great crushing strength value. Theapagipn is important as well. ADs,

TiO, andZrO, are thebest candidates for preparign oxide.



Table2.1 Literature data on oxygen carriers in chemical looping combuftiyngfelt et

al., 2001)
Carrier/support Carrier/support Red. gas i) T ) D, (mm)
(continued)

Fey0s, Fep03/Ni H 700-900 800-1000 0.007
Fe;03/AL0; Hy/H,0
NiO/YSZ, Fe,03/YSZ H, 600,800,1000 700,900,1100 1-3
NiO F&zOg/Aleg
NiO/YSZ H 600,800,1000 600,800,1000 1.8
NiO NiO/YSZ H 600 1000,1200 2
NiO/YSZ, Co304/YSZ, H,,CH, 600 1000 1.8
Fe,05/YSZ CoO-NiO/YSZ
NiO/YSZ Fe,03/YSZ H, /N, 550,600,700
NiO/AL O3 Fey03/Al 03 CO/N> 800,900
NiO/TiO, Fe,03/TiO, €0/CO,

CO/N2/CO;,

CO/N,/H,0
NiO/Al; 04, Co0/MgO H; 600 1000 2.1,1.8
NiQ/Ti02, FepO3/Al203, H,0/CHy 700 1000
NiO/MgO, Fep03/TiOs,
COO/{AhOg, Fl:zngMgO
Co0/TiO,,
NiO/ALO; Hy(TGA) 900 900 0.07

H,/Ar(CR)
NiO CH, 400-700 0.07



Table 22 Crushing strengtiN/mm) of metal xides(Adanez et al., 2004)
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Mattison et al. (2001) haveexposed F3 to several cycles of air and methane to study
the hardness of hematite. eérhatite was choserbased on its lowprice and global
availability. Figure 2 shows asecondary electrommiage of ion oxide particles before
and dter sixcycles ina fixed bed quartz reactor 860 °C. As shown inFig. 2.2, some
breakage of particlesccured whichcan be due to the chemical reactions between iron
oxide and the flow gase3.he fracturesdecrease the efficiency by reducing thedb
replacement period.drimprove the hardness, Miagson has suggested synthesizihg
iron particles on a carrier matrix, which can be made eDAlHe also indicated that

using such materials as binders can improve the reactivity of the hematite.
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As mentioned bfore, the production o& pure stream of CQs the main advantagef
applyingthe CLC method for burnig fuel. Therefore, considerableork hasbeen done
to investigate the capability of the oxygen carrier to entirely convert the fuel @D
H.O. Amorg all of the metal oxides, NMn, Fe, Cu and Co have shown satisfactory
conversion rate (Mattissoet al, 2001). However, cobalt is not a suitable candiddte
to low conversion ratelhe maximum convesion rate for Co is 93% at 108 andit is
fairly expensive. In additigncobalt has some health and safesgues which cannot be
neglected Nickel has alsdbeenfound to be dangerous for human health in spit@sof
high oxygen ratio (0.21jhich eliminates it fron the list of proper oxygen carriers
(Lyngfelt et al, 2008). Table2.3 has summarized a comparisamongthese metal
oxides.

Table2.3 Quditative estimation ofthe active oxidegLyngfelt et al., 2008)

Fe.03/Fe;0y [ Mn;0/MnO | CuO/Cu | NiO/Ni | comments
Re 0.03 0.07 0.20 0.21 |Oxygen ratio
Reactivity +—decreasing _increasing—
Cost —decreasing  Increasing—
Health & Environm.
'I']1m_md}r11amies - <09 5% conv. for Ni0
Reaction with CH4 + Cud exothermic w. CH4
Melting point - 1085°C for Cu

Lyngfelt et al. (2008)havealso indicated that if the fuel is CO og,lthe reaction Wi be
exothermic, althouglising methane as a fuel makes the reaction endothermic except for
Cu. Therefore,using Cugives the process thavantage of maintaininthe temperature

of the oxygen carriewhich makes the circulation of metal oxide to theraactor more
efficient. Choet al. (2004 haveinvestigated the feasibility of using a few metal oxides as
an oxygen carrier for CLCThe research was conducted ooni nickel, copper and
manganese oxides. Particle size was selected in the range -f 8 ZBn. Reduction
behaviour of mm@l oxides was investigatedt 950C, except for cpper which was

investigated at 850C. Nickel oxide and copper oxd oxygen carriers showed
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significantly high reactivity while iron oxide also showed a reasonable reactiyi.
Among the metal oxiels, agglomeration hdmeenfound in ron and cpper oxides, which
can be indicated as their disadvantage. The amount of bed mass was determined to be 80,
200 and 330 kg/MW for nickel, coper and iron oxiderespectively Palaciog2004) has
also conductegome studies on 240 samples of different metal oxides tathmadost
promising CLC oxygen carriers. Applying thermogravimetric analysis with methane as
the reducing gas, the following results were obtained- Gased oxygen caers
prepared with Si@or TiO, as inert materialhaveshown the best properties and the
sintering emperaturavasdetermined to be 98C. The best inert material to prepa@n
iron-based oxygen carries claimed to be AD; and ZrQ. ForaNi-based oxgen carrier,
TiO, wasfound to be the best inert material. All of the results were obtained baskd on

crushing strength artthe reactivity of the oxygen carriers.

2.2KINETIC STUDIES

Kinetic study of a reaction is an indispensible stage in doddesign a reactonn kinetic

studies the main goal is to obtain the concentration chandpe dactant or produs as a
function of time. In this researckhe rate of kmatite (FgOs) reduction with rethane
(CH,) and «idation of FeO and~e;04 with air will be studied. Kinetic resultsvill

provide us with the esseatidat for precisalesignof the CLCreactos (Smith 1981).

Yu Lin et al. (2003 haveconductedesearctonthereduction of iron oxide by hydrogen.
In that study, the TPR methochas been apjd anda two-step reduction was detected.
The first step was reduction of &; to FgO, and the seconstep was further reduction
of iron oxide to metallic Fdue to following reaction:

FesO4(S)+ 4H, (9)Y 3Fe(sy+ 4H,0 (g.) (2.3)
Formation ofFeO as an intermediaferm of oxidewas not observed in thexperiment.
After calculation of activation energies and sintiola of the reaction patterryu Lin
(2003 hassuggested unimolecula mechanism for the first step aadwo- dimensional

mechanism for the second step of the reaction.
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2.2.1KINETIC EQUATIONS

For the following reaction:

gas + solid Y product

The reaction rate can be described as:

rate = 1 [glas] = k (T)[gas] (2.9

where[gas] isthe gas concentratiom the order of red®n, k(T) therate constant given
by the Arrhenius equation, whefeis the temperaturéKelvin), R the gas constant arkel
is the activation energffu Lin et al, 2003. The Arrhenius equation is given by:

E

k(T) = Ae RT (2.5)

The Dllowing reactionoccursbetween iron oxide anghethanewhich is an example of

the abovanentioned general ga®lid reaction:
12 FeOs(s) + CHa(g) Y 8 F@a4(s) +2H,0 (g) +COz () (2.6)

Thereaction rate can be written: as

9 -kt

dt 2.7

where U is the degree of conver(guiLlibetalof mobi l
2003.

The mostcommonly relateckinetic models can belassifiedinto threegroups, which
define diffusion controlled processes, boundaortrolled processes, and processes
involving random nucleatioand subsequent growth of nuclérithmetical expressions
forf(U) @ n@beach of these models are listed in Tabie
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Table 24 Possible controlling mechams for solidstate reactins(Kanervg 2003)

Mechanisms fix) glx)
I Random nucleation (1-a) =In( 1-x)
2 Contracting area (1-a)'” 2(1(1-2)'?)
3 Contracting volume  (1-x)'" 3(1+1-2)'")
4 1D Avrami-Erofeyev  2(1-aXIn(1-2))'” (~In(1-2))"?
5 2D Avrami-Erofeyev  3(1-x) In( 1-2)y™" (~=In(1-x))"”
6 3D Avrami-Erofeyev  4(1-aXIn(1-2)/*" (~In( 1-2))"
7 One-dimensional 1122 ox
diffusion
8 Three-dimensional  3(1-2"/2(1«1-20"")  (1+1-0"*)?
diffusion

The dffusion-controlled mechanism is accuratden the overall rate of the reaction is
determined by the movement of one or more reactant species to or a product from a
reaction interface inside the materiBhase boundary contrallemodels aralefined as
shrinking/unreacted cores or contractigpheres where the reaction is thate
determining step which proceeds topochemicafly Nucleationcontrolled processes
involve uniform internal reduction and occur by the initial randoeamoval of lattice
oxygen atoms until a critical concentratioh vacancies is reachedhe vacancies are
thenannihilated by lattice rearrangement to produce mmtelei. The nuclei then grow
and, as they expand, theduction process accelerates due toitheeasing metametal
oxide interface which is further increased by fobemation of new nucle(Kanervag
2003) The Avramii Erofeev modelis concerned with the nucleation process from the
statistical probability perspectiv8he unimoleculamodel is expeted to be a first order
reactionand the threelimensional diffusion model isquation that assumése reaction

is proceeding eally for all surfaces of theparticles, with the reaction ratBminishing

as aconsequence of increasing thickness of teiér layer (Yu Lin et al, 2003.

! A topochemical reactiois a reversible or irreversible reaction that involves the introduction of a guest
speces into a host structure and that results in significant structural modifications to théUHaT(
Compendium of Chemical Terminology 2nd Edition (1997)
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2.3 KINETIC STUDY M ETHODS

2.3.1TEMPERATURE PROGRAM REDUCTION (TPR)

Thermaanalytical techniques amgell known for the characterization of solid materials.
Temperaturgorogrammed reduction (TPR) is a conveniemtthod for characterizing

metal oxidesTPR has been used to gain qualitative information on the reducibility of
oxide specieg¢Galvitaand Sundmache007).

For a heating program with a constant rate of hegbinge will have:
—=b (2.8

By combiningequation®.5 and 2.7

da A E
£ -2 expl —).f
T35 exp( RT) (a) (2.9

The TPR response curve is obtained by integrdatiagrevious equation:

T

~

. d
on—f (Z):g(a)_ I’? (—)dT (2.10

The maximum reaction rat&an then be calculated following

ed (da 2 -0
8dT dT HT-Tmax (2.1])

By substituton of Eq. 29 into Eq. 2.11we find:

d éA
— —).f(a =0
dTgb Xp (- ) ( )ldT—Tm (2.12

By solving Eq. 2.12two important results can be concluded:

_ - E , et/ Rinax .
RTZ, (df(a)/da)., @13
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apo_, E 1 AaE §
In §=(- =)=—-Ihae—o+C
%2 et R'T. CcA

(2.14

From Eqg. 2.4 and experimentatlata, the value A can be determined By plotting
| n (%) VB. (1/Tuax) the slope of the line will irdate ¢E/R)which is concluded from
Eq. 2.14In this methodt is necessary to ushfferentvalues ofb anddeterminghe Tnax
f or enaddrto (ot the graph andvaluate the@ivation energy (Fig2.3 and2.4).

As showg..Bal winBland mg Q0&Or7) have observed two
test . The first one Ontdoi ;:O0met evhri t het baespv e e sico
phase boundaegcttioonrahdedhe ®edoand heneriesacte
FeOswi t bt htht sremel f or mat i on odesntertiableldi ct hFee . s €l
reacti on ntevedhiameinssm oansal e amatcil ®ra.t i Dmei r experi
are shown iTaab®aeby.. 2. 5 and

By numerically solving Eq. 2.1@U ()T)and consequbeevaldated. f ( U( T) ) ¢
. RT

gla)=2oe w1+

b E) (2.15
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Table2.5Identified reductiormechanisms, activation energesd preexponential
factors for individual reduction step&Galvitaand Sundmachet007)

Reduction step Reduction mechanism A s E, kJ/mol
Fes03 — Fe 04 (peak 1) Random nucleation 74-117
96
Contracting area (= sharp 1.2+ 02°10° 104 + 15"
interface controlled
reaction)
Fes04 — Fe (peak III) 2D Avrami-Erofeyev 70.4
59-69
330 + 60 78 + 12°
3D Avrami-Erofeyev 111
CeO, — Ce,0; (peaks I, V) Diffusion control 95
Diffusion control 127
2DAvrami-Erofeyev (peak 1) 1.45 +0.2°10° 83 + 15
Diffusion control (peak IV) 307 66 + 13

Yu Lin et al (2003)haveapplied the TPR method for kinetic study of reduction of iron
oxide with hydrogenReduction wagletermined to have been in two stagest the
reduction of FgO; to FgO, occursand thenthe reduction of FgO, to Fe. Using the
Arrhenius plot the activation ergies was calculated for both steps and thaltregs
89.13 and 70.41Xmol respectively The TPR pattern was plotted and the simulation
models were compared to the obtained datee unimolecular modefitted well for the
first stage andhe two-dimersional nucleation was fittebestfor the second stage of the
reduction. Jozwiat al (2007)investigated theeduction behaviour of iron oxidesing
the TPR method. Hydrogen and carbon monoxide mixture was used as reducing agent.
Using an in situX-Ray diffraction (XRD) analysis three stage redtion of iron oxide
was observed;eduction of FgO; to FgO, then further reduction to Fe@nd finally

reduction of FeO to Fe.
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2.3.11 TPREXPERIMENTAL CONDITION S

TPR experimental conditions such e amouhof metal oxide, carrier gas and fuel gas
flow rates and heating ratbave to be carefully determineflince the shape of the TPR
peaksarenoticeably affected by these parameters, choosing an appropriatédaiaageh

is critical. Uninformed changem the experimental conditions cdnamatically affect the
results. For this purposbklalet and Caballer@g1983) have defined thparameterP, as

P=bSy/FCo (2-16)

whereS, is the amount of radcible species in the samplejs the gas flow rate and, is

the hydrogerconcentration in théeedgasto the reactarThe Pfactor should be se&s
low as possible and in atlase lower than 20K. Moreover for the calculation of
activation energy itis preferred torun the test with constant P, usirdjfferent

temperature ramp# order to obtai the results with more certainty.

2.3.2 THERMO GRAVIME TRIC ANALYSI S (TGA)

One of the most prevalent methodstlie study of the kinetics of gasolid reactions is
thermogravimetric analysi§TGA), which can be based on either isathal or non
isothermé& data Eversonet al, 200§. Numerous methods have also been developed in
order to evaluate TGA dat&ljarpand Wentworth 1969. Flynn andWall (1960) have

revised five different methods explicitly on TG analysis of polymé@rdr en tfieigr al 0
met hofterenfidial 06 met hodi fafner dindtiifdled emarsdhod have
by Sharpand Wentworth(1969 in their article andthe advantages and disadvantages of
each of the methods have been pointed out.

In TGA, the solid reactant in the form affine powder is placed into a crucible and the

gas streamconsisting of an inert carrier gas and the reactant fifags above the
crucible. The temperature can be set to be constant (isothermal) or be ramped with a
certain rate (notisothermal).As the reactiorproceedsthe solid phase wilbseor gain

weight, based on the nature of the reaction. Evaluatfahis weight change and relating

it to the rate of the reaction is the main concept of this method.

One way to obtain kinetic factors of a reaction fro A results isthe difference
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differential method. Although this method has several weaknessess tommonly used,
and both activation energy atite order of the reaction can be evaluated.

Sometimeghe correspondingesults for the reaction order areaningless or often have

a great value of uncertaintyhe integral methadn contrast,is applied to four diffenat
orders of reactions, which afe 1/2, 2/3 and 1, based on the theoretical explanapibn

the solid phase reactioWith each of these reton ordersa particular plot can be
producedand the best linear plot belongs to the actual reaction rate, which also
determines the enyalent activation energysharpand Wentworth1969).

In 1966, Acharet al. established the differential method fanlid phase reactions, which

cannot be categorized in terms of an order of reactibis.method applies to all reaction

mechanisms as long as the correct reaction mechanism has been already identified.

Considering the fact that the correct mechanism ebation can bé&undin prior works,
knowing the mehanism of the reaction woult longerbea limitation for this method.
Piotrowskiand his research grop009 havedone a comprehensive study ooni oxide
reduction usinghe TGA method. They claimethat the reaction of F©3 to FgO, is a
surfacecontrolled process and as soon as the first layer #8,He formed, the reaction
mechanism changes wiffusion control to form FeO. They have also indichtehat
higher temperature results @ higher reation rate as they chose isothermal TGA
experimens with temperature between 7000 C.

Hematite reductionwith different reducing gaseshas been studied and different
activation energies have been obtained.l§f@&6s hows some of ftshe

results.

22

prev



Table 2.6Activation errgies ofion oxide reductiofiMondalet al,, 2004)

Activation energy (kJ/mol) Reducing agent

74-117 H»

57-73 H>

35 H,

14.6 CcoO

42.1 H

19.8 CcoO

96-106 Ha
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CHAPTER 3: EXPERIMENTAL PROCEDURE

3.1 EXPERIMENTAL A PPARATUS (TPR)

For this study, a tubular fixed bed reactor has been designed and constfinted.
experimental apparatues been categorized into three main sections namesufimy,
reactor and sampling sect®The whoeé setup is illustrateth Fig 3.1.

Fi gurTPR3 .experi mental apparatus

3.11 SUPPLY SECTION

The supply seabn contained two gas lineargon (Praxair, Grade 5.0, 99.999% pure)
which was thecarrier gasand nethane (Praxair, grade 3.7, 99.9pUre), which washe
reactant gs. Twomass flow contrdérs were usedo control the flow rates of thieed
Omega 260A was used forrgon withanaccuracyof + 0.1 liters per minute (LPM)and

Omega 2604A was used forethanewith anaccuracy of .01 LPM
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3.1.2REACTION SECTION

A stainless stedlbe (AISI 316 with 7.75 mm inside diameter and total length of 650
mm) waslocated in an electrical furnace (2238-3ZH). The reactor was placed inside a
mullite process tube. The mullitabe was designei protect the reaor from hea loss
and maintain a constartteating rateln order to fix the iron oxide particles inside the
tube achamberconsisting of two sintered stainless steel plates4S84-60) wasplaced

50 mm down from theery top of the reactofron oxide particles wer located between
the two platesand a Ktype thermocouplevas placed insidéhe chamber to measure
reaction temperaturelhe urnace was equipped with two PID temperature controllers
(Extech, 48VTR); each was connected to-tyjpe thermocouple located tiie middle of

its controlling zone. One of thes&as controlling the heat rate thfe reaction zone (from
the top of the tube to the middle) and the other was controlling the heating thte of
preheat zone (from the middle of the tube to the bottom).t&imperatures were read
through a digital thermometer (Omega, HH21) and we¥eorded manually. A

schematic diagram of the setup is illustrated in Fig. 3.2.
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3.1.3 SAMPLING SECTION

A gas chromatograpfB000A Micro GC, Agilent) wasised(Fig. 3.3 for measuring the
composition of the outlet gasé&/hen the ga left the reaction zonghe gastemperature
wasmore thartherecommended GC inlet temperature (beloR®0soa condensewas

located in ordeto coolit down. Cold tap water was used agooling fluid. As the exit

gascontainedwater as a product of the reactioa,desiccatomwas locatedmmediately

before the GC entranar the streamin orderto absorb the wateand thereforgrotect

the GC columa from possible moisture damage

FigurThe 3A®i0BONMMIi cr o GC

3.1.4PREPARATION STEPS

Preparation steps consisted afleak test, temperature contralalibration and GC
calibration For the leaktest,argon was usedndthe exit valve was closed and 20 psi
pressuravas applied to ensusdl of the couplings anglinctions are well sealebased on

the hazardous nature of thexperiment The temperature controller calibratiowas
conducted with differentates of heaitig, in order todeterminethe appropriatesettings

for thetemperaturegamp Finally, the GC calibrationvas performed by flowing different
ratios of methane to argoto adjust the GC to recognize thedlgas and reduce possible
errors. The first step wasalibration of the GC which was performed without heating.
The rext step was to see if the mixture of methane and argon reacts with anything while

passingthrough the tubesusing actual reactor conditiamwith heating and in high
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temperatures (100%C). Figure 3.4 shows the calibration data for different heatingsrate

As the graph shows, the heat andamosteonstantwas per
for .b=FloOr higher heating rates, such as b=15
heating ra¢ constant.

1000 y =11.776x + 163.79
Rz =0.9929
900 y = 9.4432x + 154.32
R2=0.9914
800 y =6.9294x + 105.39
R2 =0.9995

700 y = 5.5206x + 68.923
o R2 = 0.999
T 600
E :
® =8-r Epm
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e .
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3.2 EXPERIMENTAL A PPARATUS (TGA)

In order to complete a cycle in chemical looping combustion, the reduced iron oxide
should react with air and return to its primary conditigrabsorbing oxygen from aiA

TA Instrumens SDT Q600 TEA systenas shown in Ig 3.5 has been used to evaluate
the oxdation of iron with air Iron oxide samples were placed in an aluminoxide
crucible. The samples were heated up to 1XDOvith threedifferent ramps: 10, 15 and

20 °C/min.

Fi gurSeDT3 .Q%i0Mul t aneous TGA/ DTS
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 IRON OXIDE CHARACTERI ZATION

Iron oxide pelletsvereorderedfrom the Iron Ore @mpany of Canada (IOCThepellets
were then ground and sieved, following a ball mill grinding processBecause of a
complementary researdmn the fon oxide, wo particlesizes(75-90 em and 90125 &m)
were choseno be suitable ithe feed for a pulverized cdalirner.The pulverized coal
burner hasd be designed for the air reactor of the CLC updtray diffraction(XRD)
analysisand scanning electron microscof$EM) was performean the iron oxideThe
SEM andXRD test result areattached in Aopendix A The XRD results shownly the
Fe,Os form of iron oxide in the samplé&SEM imagesof the iron oxide(90-125em) as
raw material, th@aroduct of TPR ad the product of TGA are shown inigs. 4.1, 4.2 and
4.3.Figure 4.1 shows the irregular surfacelwdiron oxide raw material and the porosity
and voidspaces between the particles aoticeable. Figure 4.2 sh@whe microscopic
structure of the iron oxide sample afterating up to 110C in the fixed bed TPR reactor.
The surface became smoothEigure 4.3 shows the same sdenafter oxidation with air
up to 1100C. The shape of the surface has noticeably datnbhis reduction and
oxidation has changed the morphology of the samfsea result of this temperature
treatmenthere is no sign of void space betwebke particles and all of theadhered to
each otheias if it werea single pieceMoreover, the sudce is not irregular anymare
However, there is ngign offracture or breakage in the iron oxide particlese nolar
composition of each sample obtained fr88M can also been reviewed ipgendix A.
Appendix Al shows 8.57 weight ment carbon dissolveth the rav sample and it
reduced to 7.57 weight percent in the final prodéctded carbon improves the hass$s

of the iron. Therefore, &ing carbon could result in reducsttength for the final sample.

As mentioned before, two sets of TPR $egtere carried out. The major difference
between them was the highest temperatha¢ was reacheth the experiment. In test 1

the iron oxide sample was heated up to°8)@vhile in test 2 the maximum temperature
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was 1100°C. Basedon TGA and XRDanalysisof the resultsof thetest 1 productthere

was only FgO, formation after reduction of the sample with methane, whereas in test 2

samples FeO has also been forn@a | vaintda Sundmhab@yent i oned t he
formation of Fe i nstedaddofofF el@.R ad|xhbdaeu grie ntt h e
same as thisgsasttuldey, r ascdu oitgi \He gasometsiboead of
reaswdry t hey have not observed FeO formation.

S-4700 150KV 11.8mm x20.0k SE[L)

Figure 4.1 S&M miocnogxipéd raw materi a
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Figure 4.3 S&M miocnogxiapd (TGA product
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4.2 TEMPERATURE PROGRAMED REDUCTION RESULTS

Four sets of TPR teswith different operational conditionsavebeenperformed.Table
4.1 shows the sumnng of test conditions.

Table 4.1TPR test conditionand flow rates

FeOs; | Methane | Argon Terrlsgature Products | b (°C/min)
Testl | 2g |10 cc/min| 100 cc/min|  100-800 Fe0s 9.4
CO;, HO

F&30s4,

Test2 | 20 mg| 10 cc/min| 100 cc/min 100-1100 FeQ CO,, 55
H.O
F&30s4,

Test 2.1| 20 mg | 10 cc/min| 100 cc/min 1001100 FeQ CO,, 6.9
H.O
F&0s,,

Test 2.2| 20 mg | 10 cc/min| 100 cc/min 1001100 FeQ CO,, 9.4
H.O
FesOy,

Test 2.3| 20mg | 10 cc/min| 100 cc/min 1001100 FeQ CO,, 11.7
H.O

The GC reporst for the tests arghownin Appendix B The final results are presentéad
Fig. 4.4 As shown in Fig4.4, there are two peaks in each graph which staotwso-step
reduction of iron oxideThe first peak can be assigned to the reduction gdf® FeO,.
This reductionoccurs betwen 350-450 °C, depending on the temperature ramp. The
second peak can be assigned to reduction s,/ FeO. ltoccursbetween 6000°C,
depending on the temperature ramp. Parankfsrcalculatedor each run, as shown in
Table 4.2
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Table 4.2 Rraneter P for TPR standard condition

b(UC/ n S (mole) FCo (mole/min) P(K)
Test 2 5.5 0.00012 0.0008 0.82
Test2.1 6.9 0.00012 0.0008 1.03
Test 2.2 9.4 0.00012 0.0008 1.41
Test 2.3 11.7 0.00012 0.0008 1.75
b =.%°C/min
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For anaccurate resultP should be less than 20 End it should be kept as low as
possible. It can be concluded that the results bedasseprecise with increasirig The
GC was able to sample every 5 mirgjtand a greater alue for b results inlarge
temperature intervaBnda smaller number oflatapointsto create the graphs kig. 4.4.
Figure 4.@mshowsan Arrheniusp | ot based on ektrastedfronigg2r1d s

andFig. 4.4 for the first peak whil&ig. 4.5 shows the same plot for the second peak.

The activation energy for both reactions can be calculatedtfietnend line of the plot.

For the first peak, reduction &&0; to FgO,, the activation energy was 10.8kJ/mol)
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and for the second peak, was 38.43 (kJmol). As mentioned before, the activation
energy of reduction of F®; to FeO4 was reported in thiteraturebetween 35 and17
(kJ/mo), if the reducing gas is Hand between 14 arD (kJ/mo), if the reducing gas is
CO (Table 2.6) The ron axide composition and reducing gas type mightiegtwo main
reasons of the difference betwethe obtained results imlifferent studiesAs evident
from Hg 4.5b, the Arrhenius plot fahe second peak is not as accurate as the one for first
peak.
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4.2.1EXPERIMENTAL ERROR IN TPR EXPERIMENT

A TPR test has to bgerformedin a fixed bed reactoin this experiment, the chamber
was designed for 2 gf iron oxide sanple. The gas flow for 2gvas higler than the GC
recommended flow range amalyzethe gas mixture propetiylhis problem required the
use of 50 g of iron oxide and relativgl lower flow rates of the gasHowever, the
chambershould have been designea besmaller in sizein order to stop the particles
from fluidizing. Although the gas flow was tolow, and the filters createa significant
pressure dropjXed bed reactor conditiongere not fully achieved.

In addition,the irability to maintaina constant temperature rangnd as a result of that
having a fluctuatingb instead of a specifi® for eachexperimentprovokesfurther
uncertaintyin the resultgFig 3.4) Equation 2.7 explains the main concept of this method
of kinetic study as assuming a constaninconsistency in the value @®fcan make a

significantdifference inthefinal results.

The conversion rate is calculated by knowing the gas compositidheagxisting gas
temperature. It requires a sampling method in whhehgas is analyze immediatelfter

leaving the reaction zone, where the related gagpéeature is recorded. The gas
component analyzer of this experiment (GC) wsasuringthe samples after the gas
passed the condenser and desiccator. As a result, the gas related temperature has to be
estimatedbased on the gas flow rate and the distdreteveen e reaction zone and the

GC. Many factors were inveéd in this estimation which made inast impossible to be

free of errorsit is worth mentioning that by increasing the temperature the accuracy of

this estimation was decreas&hichexplains the differencén the percentagef the error

for the first peak anthesecond peak.

Table 4.3 shows the error calculation chart for this experiment. The maximum error in
temperature calculation for TPR test w0 °C, which was calculated based ometh
different runs. Table 4.4 shows calculated activation energies for each run. Based on
Table 4.4, the temperature error has resulted different errors in determination of the
activation energies. Thus, activation energies of reduction for the firsteanad sage

were determined to bHE).58 0.86 and25.7# 0.83kJ/mol, respectively.
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Table 4.3 Recorded temperatures for each rurtlaaveragdor each peak

TemperaturéC
Mean value Mean value
_ second _
first peak First peak Second peak
peak
runl 345 565
b=5 run2 339 574 343.6 569.6
run 3 347 570
runl 397 621
b==6 run2 405 632 404 626.3
run 3 410 626
run 1 460 710
b=9 run 2 455 701 462.3 709.3
run 3 472 717
run 1 499 721
b=11 run 2 510 729 509.6 728.3
run 3 520 735
Table 4.4 Calculated activation energies
Activation Maximunm Activation Maximum
energy for | Mean energy for | Mean
. error error
first peak second peak
Run 1 11.39 26.6
Run 2 10.64 10.58 0.86 25.52 25.77 0.83
Run 3 9.72 25.19
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4.3THERMO GRAVIMETRIC AN ALYSIS RESULTS

Thermogavimetric Analysis(TGA) was carried oubn two samples obtained frothe
TPR experiments(test 1 and test 2)TGA method characterization summarized in
Table 4.2 For each temperature ramp two differgraghswasobtained. @e for oxygen
consumption vstemperature and anothdor weight change perceagevs. temperature.
First graph(Fig. 4.6) was used to extract the,dx for each peakThen Arrhenius plots
were obtainedFig. 4.7) in accordance with Eg.2l1and Fig. 4.3. The ®cond graph
(Fig.4.8 showed evidence for theesenceof another kind ofron oxidespeciedor the
samplegathered from TPR test 2. The weight percent increase after oxidatote

calculated as follows

Fe,0O; molar weight=159.@B82

Fe;04 molar weight=231.5356

4 FeOs+ 0,0 6 FeOs (4.1)

(62 1596883 - (4% 2315356
(43 2315356

Weight percent change =3.45%

It can be concluded from above calculation thatweight percent increasbould not be
more than 315% if the sample contains only &, as it did not egeed 345% for the
iron oxide obtained from TPR test 1. Therefore, XRD was choig and the rest is
shown in Appendix A2. Theformation of FeQin the samplegin addition to FgO, is
evident from the XRD analysighe weight percent of FeO to §&& can be obtained
from thes a mp Wweaigbtsgain shownin Fig.4.8 and alsobased on thaletermined
stoichiometry of the reactioa (Eqgs. 4.1 and 4.2)Oxidation of ron oxide happens

according to the following reactions:
6 FeO + Q° 2 Fg04 (4.2)
FeO molar wight= 71.8446

(22 2315356 - (63 718446
63 718446

Weight percent change =7.4%
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Total weight percent changeb% (Fig. 4.8)
FeO toFe;0,= 4.53.45=1.09% Molarweight change
FeOmass fractionn the feed of TGA1.05-7.42=0.14

Regardingthe above equationand calculatios the FeO Mass fraction ithe sample
obtained from TPR & 2was 0.14Activation energies were estimated using Fig. 4.7 and
Eq.2.11. For the first peak and second pilactivation energies are 14.30 kJ/mol and
86.88 KI/mol, respectively

The FgO, conversion to FeO occurs the range o600 to 800C, and continues to
110CC for TPR test 2 coditions and 35 molar percenf the final sample was FeO. It
can be concluded that ftine TPR test 1, which was complet&d800C, the amount of
FeO in the ihal sample was negligible. Thig/pothesisvas examined by XRRxnalysis
and the result showkatonly FeO, was detected in the sample. The TGAghe change
percentage graplalso shows around 3% weight changehich is reasonable for

conversion of Fg; to FeO4.
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Table 4.5TGA test conditions

Iron oxide Temperature | Temperature
particle size | Oxidationgas P o Q, .
range(°C) Ramp°C/min)
(em)
Testl 90-125 Air 507 1100 10
Test2 .
90-125 Air 507 1100 15
Test3 )
90-125 Air 507 1100 20
ngﬁ :;r to 11000 15 4man DSC-TGA File: Ft#w 15 pm 1100C {08-06-1
Mathod: Fe30d ramp 11000 n aw at 1551 Run Date: 08-Jun-2011 10:40
Comment: Fe30d in air o 1100C 15Cmin (0806M11) Instrument: SOT Q500 VB, 1 Build 39
106 iR
104 - /— . 00
£
:
E 1024 -0 &
? »
: :
2
8
100 - =402
S 20 400 s Coel0 0 1000 0
Temperature ("C) Uriversal i 7€ TA insinumenis

Fi gurTeGA4 g8 aph
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4.4 REACTION MECHANISM

To evaluate the reaction mechanisimtegration of Eq. 2.9 should be solved. This

integral has been solved numerically using Maple software and the result was:

g(ﬁ(ﬂﬁ%e_m(l*%) (2.19

Hence functions ofg(((T)), and consequentlyf(((T)), are given. @mbining the result
with Eqg. 2.9 and 2.10simulation of the reaction pattern for differdit) from Table 2.4

would be possible:

da A E
——=.ep( ﬁ)-f(aﬁ))

) 2.9

Figure 4.9 shows simulated patterns for some of the common -gal&d reaction
mechanismsobtained froma MicrosoftExcel spread sheeThe calculations can be seen

in Appendix C

By comparing the simulategtaction patterns witlgraphsobtainedfrom TGA and TPR,
the best mechanism can be assigned for each reathierandom nucleation mechanism
can be assigned to the first peak, reduction gDfdo FeO, and twedimensional
diffusion mechanissican be assignet the second peak, reduction ogBgto FeO as
shown inFig. 4.10 The same result waachieved foithe mechanism of the reactions in

theliterature,althoughthe flow gas was not the same.
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CHAPTER 5: CONCLUSIONS

A lab-scale tubular fixed bed reactor was designed and built in order to investigate the
kinetics of the reduction of hematite with methan&he emperature program reduction
tess wereconducted using a gas chromatograph for evaluation of methasensption.
Thermogravimetric malysis was carried out on the reduced iron oxide to retumits

initial state,in order to simulate a CLC cyelcondition. Two-stage reduction of iron
oxide was observed: F@; reduced to R, and then reduced to Fe®or the first and
second stage of reductiothe actvation energies werd0.58 0.86 and 25.7¥ 0.83
kJ/mol respectivelyIntegrationof theequaion for the reaction kinetics was solved using
MAPLE 13 and different TPR patterns were calculated. The experimental TPR pattern
was compared to the calculated patterns thedandom nucleation mechanism wihg

best fitfor the first stage of reductiocandthe two-dimensional diffusion wathe best fit

for the second stage of reduction. The calculated activation energies and Arrhenius
coefficients werdn satisfactory agreement with the pimys studies in the literatur8y
applying the kinetic data dared in this study, a CLC unit can be modeled and designed
for this specific oxygen carrieandfuel. The results of the SEM and XRD tsbnfirm
thatthe Fe;O3 sample did not show any particular change in the sbafie surfaceafter
reduction with méhane at 1100. However, an obvious change in the sample surface
was dserved after oxidation at 11T0) with air. In order to use the iron oxide for more
than one cyclethe sample should be enhanceddmynekind of binder or additive to
obtain more heatesistivity. It was also concluded thegduction ofFe,0O3 at 800°C only

formedFe;O4, andthe formation of FeQwvasobservednly at higher temperature.
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APPENDIX Al: SCANNIN G ELECTRON MICROSCOP E

(SEM) ANALYSIS

Sample: [ron oxide raw material
Type: Default
I

Spectrum processing; Spectum 1
Peaks possibly omimed: 2.635, 2.987, 3.174 keV

Processing option: All elements analyzed
(Wormalized)
Number of iterations = 4

Standard:

C CaC03 1-Jug-1999 12:00 AM
0 5102 1-Tun-1999 12:00 AM
Mg MgD 1-Tun-1990 12:00 AM
S %102 1-Jun-1999 12:00 AM
Ca Wollastonite 1-Fun-1999 12:00 AM B
Fe Fe 1-Tun-1000 12:00 AM
Br EBr 1-Fun-1999 12:00 AM

Element | Weight's  Afomucte

CK 8.57 19.04
OK 30.53 50,02
MgK | 0.60 0.66
MK 1.10 1.05
CaK 082 0.54
Fel 57.65 2755
BrL 0.74 0.25

Fe
Torals 100.00

Fa

ca
r Fa
FUA
5 1 31 3 4 & B 7
Ful Sesls 5052 cts Curser: 0.082 (3262 211) |
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Sample: Iron oxide TGA product
Type: Defaunlt
1D

Spectmim processing: T
Peak possibly onutted: 5 435 kel *

Processing ophon © All elements analyzed
(Normalized) Fe
Number of iteranons = 4

Standard:

C CaC03 1-Fun-1999 12:00 AM

Q0 502 1-Jun-1990 12:00 AM

Mg MgzO 1-Jun-1999 12:00 AM

Al AI203 1-Tun-1999 12:00 AM

i 5102 1-Juo-199@ 12:00 AM

Ca Wollastomute 1-Tun-1990 12:00 AM “
Ti Tr 1-Tun-1999 12:00 AM
Fe Fe 1-Tun-1990 12:00 AM

Element | Weight®s  Atomuc®s
CK 1.57 1754
OK 2838 4934
MgK 032 0.36
AlK 0.78 0.80
SiK 0.78 077
CaK 0.52 0.36
TiK 1.35 0.90
Fel 60.10 2083
¢
Totals 100.00 Co

95 1 1§ 2 25 3 35 4 45 5§ &5
Full Scale 1874 cis Cursor: 0.032 iH17 clg) o'y
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Samgple: Iron oxide TPR product
Type: Default
ID:

Spectrum processing :
Peak possibly omitted - 2,985 keV o

Processing ophon © All elements analyzed
(MNommalised)
Number of tterations = 4

Standard

C CaC03 1-Ton-1900 12-00 AM

0 5102 1-Jun-1999 12:00 AM

Al AI203 1-Tun-1999 12:00 AM

S S0 1-Tun-1900 12:00 AM

Ca Wollastomte 1-Jun-1999 12-00 AM
Fe Fe 1-Tun-1999 12:.00 AM

Element | Weight®s  Atomuc®s

CK 6.32 1492

OK 29.37 5205 Fe
AK 023 0.25

S1K 0.36 0.37

CaK 0.34 0.4

FeL 63.37 3218 [Fa

Totals 100.00

~

| jU .ME >

o 2 3 4 5
[ull Scake 3052 cts Cursor, 0032 (3179 c15)
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APPENDIX A2:X -RAY DIFFRACTION ANAL YSIS (XRD)

APPENDIX A2.1: XRD SPECTRUM (TGA TEST 2 PRODUCT)

Fe304 powder 10-80 (09-06-11) KPP

2600 —

1o an 33 40 i Bl ™' B2

2-Thafa - Scale
FAIFeace powmeder 10-60 [00-06-11) KPP - Fike: Feciod powdar 10-60 [B9-DE-11 jraw - Type: Locked Coupled - Start: 10,000 * - End: 70,890 * < Stepe 0
Openbions: Backgriund 0077, 1.000 | ngan
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APPENDIX A2.2: XRD ANALYSIS SHOWING THE P RESENCE OF FEO IN
TGA TEST 2 SAMPLE

——

Pattern; 01-0a0-DGET Faghation = 1 BADSO0 Cuaiity © High
FeQ agy Lo ok
P U R - R N R |
206300 | DD 1 o) o)
LR T CLANE L TR A I
oo Gl LU 08 Al 1)
Wunaiite, wm faum! 18 @ 2 2|
Lamios | Face-candarad tubic Mol woight = TH 0§
£.4 7 Fmedm (229) Vedwms [0« B0.00
a = 4.3M00 | D = 8.0%9
|

|
(ge Mooy = Bi01 |
|

|
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Csioulmted Paftern Crignal Memarnks; FEM NOP. Tasl lrom 050 Al st
orw TF mismng. )50 Caleclion Cote: 85510 Tempawturs of Dila
Collasilon: SH K, Notn! Plalvald profls rfinem an) dpfiad AN AX,

| WyokoH Bogeance: b & (Fh3-W), Unii Cell Datn Bource: Pletd o pictls I

' [nis sellentn Bag: Ambient.
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I
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Pulvag, M., Seoeeaid, P, 8, Hiuback, I, ). Soid Btali Cham.,
wolma 134, page 52 [1008)
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APPENDIX A2.3: XRD ANALYSIS SHOWING THE PRESENCE OF FEO4 IN
TGA TEST 2 SAMPLE
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APPENDIX A2.4: XRD SPECTRUM (RAW MATERIAL)
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APPENDIX A2.5: XRD ANALYSIS SHOWI NG THE PRESENCE OF FE;O3 IN
RAW MATERIAL
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APPENDIX A2.6: XRD SPECTRUM (TGA TEST 1 PRODUCT)

Iron Oxide
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APPENDIX A2.7: XRD ANALYSIS SHOWI NG THE PRESENCE OF H=304 IN
TGA TEST 1 PRODUCT
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APPENDIX B1:
( b=5)
First run

GAS CHROMATOGRAPH FILES OF TPR

e

&0
i

| i i 10 : 2z i
3 ‘. £
2 - & .
N
IIIE ; i:ﬂ 2:5 miny
[Rewention|
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1| 0514 | | 2 : Neon
1 0.668 PBE |9.7921e+005|7.612450-005] 91.024650
1oy - - ——
1 | 0866 | | . . Nitrogen
1 1.002 BB |[565710+004]1.200100-004] B.974140 Mathane
1 1.187 z 2 - Carbon Dioxide
1 1.465 - : = Carbon Monoxide
2 0.303 |BBOS | 6.0000e +039 {0.000000+000{ 0.000000
2 0.460 E = . Ethylene
2 | 0515 | PBA | 1674334 |5017/9e-005] 0.001210 Ethane
2 | 0671 ; : : Acetylang

Total norm parcent - 100.00000
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Second run, after 5 minutes

TCD1 A
3 H
] g .
§- =3
3
1 D1ﬂ- 1r ) 'llﬂ ) 21 ) z.lﬁ ) i
TCD2 A
. —u_rﬁ“ F; '_'1'5-"‘_,5_'-' 'Z‘Iﬁ"'—mln
Retention
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.669 BB |9.7630e+005|7.61245e-005| 90.987371 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.003 BB 5.6661e+004[1.29910e-004| 9.011515 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.304 |BBOS |6.2000e+039 [0.00000e+000] 0.000000
2 0.469 - - - Ethylene
2 0.516 PBA 15.37632 |5.91779e-005| 0.001114 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Third run, after 10 minutes

TCO1 A

24900 uW

; 25 3 Ll |

[N

15

1]
—

0.

TCDZ A
il BT TR T 2 25 min
Retention
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.671 PB |9.7206e+005|7.61245e-005| 91.001804 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.005 | BB |5.6317e+004[1.29910e-004| 8.997317 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.304 |BBOS |6.2000e+039 [0.00000e+000{ 0.000000
2 0.469 - - - Ethylene
2 0.516 | BBA 12.08604 [5.91779e-005| 0.000880 Ethane
2 0.671 - - - Acetylene
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Forth run, after 15 minutes

B

TCD A

-

15

[

25

-] ol |
TCD2 A
£ z
g -
08 1 8 2 25 i
Retention
Signal| Time | Type | Area[uV's] | Amt/Area Norm % Name
[min]

1 0.574 _ - - - Neon
1 0.671 BB [9.7320e+005|7.61245e-005] 91.013587 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.005 BB |5.6302e+004|1.29910e-004| 8.985525 Methane
1 1.187 - - - Carbon Dioxide
1 1.485 - - - Carbon Monoxide
2 0.304 | BBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.469 - - - Ethylene
2 0.515 BBA 12.22058 |5.91779e-005| 0.000888 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Fifth run, after 20 minutes

TCDY A

15

25

0.5 1 2 miiny
TCDZ A
05 1 18 2 25 min
Retention
Signal| Time | Type | Area [uV*s] | Amt/Area Norm % Name
[min]
1 0.574 - . - Neon
1 0.671 PB [9.7194e+005|7.61245e-005| 91.048446 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.005 BB |5.5988e+004|1.29910e-004] 8.950505 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.305 |BBOS |6.0000e+039 [0.00000e+000{ 0.000000
2 0.469 - . - Ethylene
2 0.515 | BBA 14.41002 [5.91779e-005] 0.001049 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Sixth run, after 25 minutes

TCD A

E = —p—- T e : B
[ E-] 1 15 2 25 minf
TCDZ A
'8 5 zTu S -rmlq
Retention|
Signal giﬁ Type | Area [uV's] | AmUArea Norm % Name
min
1 0.574 - - - Neon
1 0.672 BB |9.6962e+005|7.61245e-005| 91.028499 Argon
1 0.717 - - - Oxygen
1 0.866 - 3 - Nitrogen
1 1.006 BB |[5.5991e+004[1.29910e-004| 8.970410 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.305 |BBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.469 - - - Ethylene
2 0.515 PBA 1495103 |[5.91779e-005] 0.001091 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Seventh run, after 30 mites

TCDY A
’1 &N
_ e\ i \
Berap s
J
ﬂli 1' ) 1!5 I ZI I 21.5 . min
TCDZ A
15 g'. 28 miir]
Retention
Signal| Time | Type | Area[uV's] | AmvArea Norm % Name
[min]
1 0.574 - - - Neon
1 0.673 PB |9.6642e+005|7.61245e-005| 91.092942 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.008 BB |5.5367e+004|1.29910e-004| 8.906037 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.305 |BBOS |6.2000e+039 |0.00000e+000{ 0.000000
2 0.469 - - - Ethylene
2 0.516 | BBA 13.93573 |5.91779e-005| 0.001021 Ethane
2 0.671 - - - Acetylene
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Eighth run, after 35 minutes

TCD1 A

I 08 I I 1 - ) 18 - Z I ) ) 25 o min|
TCDZ A

S00pY

g
I D.rﬁ ) I I ; I ) i 1!5 ) l ) ;.I‘ I ) ) 2!5 ) I rr'r\!r|'|
Retention|
Signal| Time | Type | Area [uV*s] | Amt/Area Norm % Name
[min]

1 0.574 - - - Neon
1 0.672 BB |9.6909e+005|7.61245e-005| 91.057960 Argon
1 0.717 - - - Oxygen
1 0.866 - - . Nitrogen
1 1.007 BB |5.5760e+004]1.29910e-004| 8.941068 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.305 |BBOS |6.0000e+039 |0.00000e+000| 0.000000
2 0.469 - - - Ethylene
2 0.517 | BBA 13.30884 |5.91779e-005| 0.000972 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Ninth run, after 40 minutes

TCD1 A

15

[

25

Tl

TCDZ A

05

-

i -

25

Ll

|Retention
Signal| Time | Type | Area[uV's] | Amt/Area Norm % Name
[min]
1 0.574 . . - Neon
1 0.673 PB |9.6704e+005|7.61245e-005] 91.038190 Argnn
1 0.717 . E . Oxygen
1 0.866 . - - Nitrogen
1 1.007 BB |5.5776e+0041.29910e-004] 8.960824 Methane
1 1.187 . - - Carbon Dioxide
1 1.465 . . - Carbon Monoxide
2 0.305 |BBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.469 - - - Ethylene
2 0.516 PBA 13.46628 [5.91779e-005] 0.000986 Ethane
2 0.671 - - - Acetylene
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Tenth run, after 45 minutes

TCDY A

ang

§
Dlﬁ 1 'IF5 ;.; 2:5 iy
TCDZ A
2 z
s
hr
g .
J ﬂl‘.'r ': 'Ilﬁ L.; 2:5 I mi
Retention
Signal| Time | Type | Area[uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.673 BB |9.6734e+005|7.61245e-005| 91.077635 Argon
1 0.717 - - - Oxygen
1 0.866 > - - Nitrogen
1 1.007 BB |5.5525e+004|1.29910e-004] B8.921482 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.306 | BBOS | 6.2000e+039 |0.00000e+000{ 0.000000
2 0.469 - - - Ethylene
2 0.517 | BBA 12.06186 |5.91779e-005] 0.000883 Ethane
2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Eleventh run, after 50 minutes

TCD1 A

15

25

Ty

TCD2Z A
g : | . . ,
v 0.8 1 1.5 2 85 min
[Retention
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.673 BB |9.6623e+005|7.61245e-005] 91.105812 _Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.007 BB |5.5268e+004 |1.29910e-004] 8.893154 Methane
1 1,187 - - - Carbon Dioxide
1 1465 | - - - Carbon Monoxide
2 0.306 |BBOS |6.0000e+039 |0.00000e+000f 0.000000
2 0.469 - - - Ethylene
2 0.516 PBA 14.10592 |5.91779e-005| 0.001034 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Twelvth run, after 55 minutes

TCD1 A
. 1‘5 e 5 d 2:5 E rmm
TCDZ A
A TR 5 TR
Retention|
Signal| Time | Type | Area [uV*s] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 | 0673 | PB_|9.6649e+005]7.61245¢-005] 91.137794 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.007 BB |5.50640+004[1.29910e-004] 8.861119 Methane
1 1.187 . - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.306 |BBOS | 6.2000e+039 j0.00000e+000f 0.000000
2 0.469 - - - Ethylene
2 0.516 BBA 14 83378 |5.91779e-005] 0.001087 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Thirteenth run, after 60 minutes

TCDY A
l:ll'.'» ‘; 'Ilﬁ é E‘IG i}
TCDZ A
2 2
F ©
2
Ulﬂ I ‘1I 'I.Iﬁ % I Elﬁ min|
[Retention]
Signal] Time | Type | Area[uV*s] | Amt/Area Norm % Name
[min]
1 0.574 _ - - - Neon
1 0.674 PB [9.6513e+005|7.61245e-005] 91.119110 _Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.008 BB |[5.5115e+004[1.29910e-004] 8.879873 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 _ - - - Carbon Monoxide
2 0.306 |BBOS |6.0000e+039 |0.00000e+000{ 0.000000 _
2 0.469 - - - Ethylene
2 0.518 | BBA 13.85640 |5.91779e-005] 0.001017 Ethane
2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Fourteenth run, after 65 minutes

v

0474

1008 -

TCD1 A

.15,

25

il

TCDZ A

0s 1 15 2 25 min
|Retention
Signal| Time | Type | Area[uV*s] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.674 PB |9.6511e+005|7.61245e-005] 91.190346 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.008 BB [5.4625e+004|1.29910e-004] 8.807965 Methane
1 1.187 - - - Carbon Dioxide
1 1465 | . - - Carbon Monoxide
2 0.307 | BBOS | 6.0000e+039 |0.00000e+000{ 0.000000 _
2 0.469 - - - Ethylene
2 0.516 | PBA 22.99406 |5.91779e-005| 0.001689 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Fifteenth run, after 70 minutes

TCDY A

uv

05 1 1.5 z 25 min
TCD2 A

500

g
bt T bt
[Retention
Signal E’Irﬁ Type | Area [uV's] | AmtArea Norm % Name
min
1 0.574 - - - Neon
1 0.674 PEB |9.6538e+005|7.61245e-005| 91.137809 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.008 BB |5.5000e+004 [1.29910e-004| B.860953 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.307 |BBOS |6.2000e+039 |0.00000e+000{ 0.000000 _
2 0.469 - - - Ethylene
2 0.517 BBA 16.87573 |5.91779e-005| 0.001239 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Sixteenth run, after 75 minutes

TCD1 A

038

15

Ll |

25

1 2
TCDZ A
3
§ 4
g
05 ] S i ) 215 ) min
Retention
Signall Time | Type | Area[uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.674 PB |[9.6411e+005|7.61245e-005| 91.126747 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.008 BB |[5.5004e+004]1.29910e-004] 8.872109 Methane
1 1.187 - - - Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.307 | BBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.469 - - - Ethylene
2 0.517 BBA 15.57319 |5.91779e-005| 0.001144 Ethane
2 0.671 - - . Acetylene
Total norm percent = 100.00000
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Seventeenth run, after 80 minutes

TCD A

rd-] min|

TCD2 A
3 :
: F \5
g
) Gl.‘.!- i 1r ) i.ls ) 11" ) 2r5 ) ‘mlq
Retention|
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.674 PB |9.6362e+005|7.61245e-005| 91.120435 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.008 BB ]5.5019e+004(1.29910e-004| 8.878526 Methane
1 1.187 - - - Carbon Dioxide
1 1465 | - - - Carbon Monoxide
2 0.307 |BBOS |6.0000e+039 [0.00000e+000{ 0.000000 _
2 0.469 - - - Ethylene
2 0.516 | BBA 14.12829 |5.91779e-005) 0.001039 Ethane
2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Eighteenth run, after 85 minutes

1Lty

TED1 A

1177 : Carbon

g
: ﬂlﬁ ; ': ) 'I.Fﬁ ; 2: ; ETG ; i
TCDZ A
0s 1 15 2 28 mi
Retention
Signal| Time | Type | Area [pV's] | AmtArea Norm % Name
[min]
1 0.574 - - - Neon
1 0.674 PB [9.6317e+005|7.61245e-005| 91.117629 _Argon
1 0.717 - - - Oxygen
1 0.866 - - = Nitrogen
1 1.008 BB |5.4992e+004|1.29910e-004| 8.878075 Methane
1 1177 BB 99.57531 |3.01494e-005| 0.003731 Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.307 |PBOS |6.2000e+039 |0.00000e+000{ 0.000000
2 0.469 - - - Ethylene
2 0.516 | PBA 7.68226 |5.91779e-005| 0.000565 Ethane
2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Ninteenth run, after 90 minutes

TCOT A

05

,16’.

[

25 i

1
TCDZ A
2
§ o
g | | |
' o8 1 g z' ' z.'a - lmui
Retention|
Signal| Time | Type | Area[uV's] | Amt/Area Norm % Name
[min]
1 0.574 - . - Neon
1 0.674 PB |9.6253e+005|7.61245e-005] 91.102874 Argon
1 0.717 - - - Oxygen
1 0.866 - - = Nitrogen
1 1.008 BV |5.5033e+004 |1.29910e-004| 8.889188 Methane
1 1177 VB 180.07467 |3.01494e-005] 0.006750 | Carbon Dioxide
1 1.465 - - - Carbon Monoxide
2 0.307 | PBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.430 | BBA | -206.20100 0.00000e+000{ 0.000000
2 0.469 - - - Ethylene
2 0.517 | BBA 16.14540 |5.91779e-005] 0.001188 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Twentieth run, after 95 minutes

TCD1 A
ES
8 1 S
! B
2
I IJF5 ‘1I I 1:5 EI 1:5 I i
TCD2 A
2
§ 4
' 05 1 15 2 25 mi
Retention
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1 0.574 . - - - Neon
1 0.674 PB |9.6285e+005|7.61245e-005| 91.156206 Argon
1 0.717 - - - Oxygen
1 0.866 _ - - - Nitrogen
1 1.007 BY |5.4676e+004 [1.29910e-004| 8.833707 Methane
1 1.177 VB 245.37086 |3.01494e-005| 0.009200 | Carbon Dioxide
1 1.465 - - . Carbon Monoxide
2 0.307 | PBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.469 . - - Ethylene
2 0.517 | PBA 12.05770 |5.91779e-005| 0.000887 Ethane
2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Twentyfirst run, after 100 minutes

TCD1 A
Y ] g 2 T wd
TCDZ A
=
g 8
g
' 08 i 15 2 25 mi
|Retention
Signal| Time | Type | Area [pV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.674 PB [9.6220e+005|7.61245e-005] 91.157967 Argon
1 0.717 - - . Oxygen
1 0.866 - - - Nitrogen
1 1.007 BV |5.4685e+004]1.29910e-004| 8.841359 Methane
1 1177 VB 289.05965 0.00000e+000 0.000000
1 1.465 - - - Carbon Monoxide
2 0.307 |PBOS |6.0000e+039 j0.00000e+000{ 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - . Ethylene
2 0.516 | PBA 9.15568 |5.91779e-005] 0.000674 Ethane
2 0.671 - - . Acetylene
Total norm percent = 100.00000
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Twenty second run, after 105 minutes

TCp A

08

,”‘,

25

1 2 iy
TCOZ A
) *FTH- ) ;: ) z'e. ) 'mu
Retention
Signal [Ti'}mi Type | Area [pV*s] | Amt/Area Norm % Name
min
1 0.574 - - - MNeon
1 0.673 PB |9.6202e+005|7.61245e-005| 91.194668 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.007 BV |5.4424e+004[1.29910e-004| 8.804298 Methane
1 1.176 VB 328.42622 [0.00000e+000{ 0.000000
1 1.465 - - - Carbon Monoxide
2 0.307 |BBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - - Ethylene
2 0.516 | PBA 14.02785 |[5.91779e-005] 0.001034 Ethane
2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Twenty third run, after 110 minutes

TCD1 A
Dlﬁ ; 1.r5 5 ! 21.5 : i |
TCOZ A

3

8

: 0.5 1 15 2 28 min

Retention
Signal] Time | Type | Area [pV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.673 BB |9.6238e+005|7.61245e-005| 91.254418 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.006 BV |5.4041e+004 [1.29910e-004] 8.744750 Methane
1 1.176 VB 42925244 0.00000e+000{ 0.000000
1 1.465 - - - Carbon Monoxide
2 0.307 | PBOS |6.0000e+039 j0.00000e+000{ 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - g Ethylene
2 0.516 | PBA 11.29520 |5.91779e-005| 0.000833 Ethane
2 0.671 - - . Acetylene
Total norm percent = 100.00000
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Twenty forth run, after 115 minutes

TCD A

—_—
05

,15,

i

25

min

uv

TCD2 A

g
08 1 i "N 2 28 mi
Retention
Signal '[Tir;'ui Type | Area [pV's] | Amt/Area Norm % Name
min
1 0.574 - - - Neon
1 0.673 BB |9.6186e+005|7.61245e-005| 91.269544 Argon
1 0.717 - - - Oxygen
1 0.866 - . - Nitrogen
1 1.006 BV |5.3908e+004 |1.29910e-004| 8.729397 Methane
1 1.176 VB 552.58851 10.00000e+000{ 0.000000
1 1.465 - - - Carbon Monoxide
2 0.307 |PBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.429 BBA | -222.70600 }0.00000e+000{ 0.000000 Carbon Dioxide
2 0.469 - - - Ethylene
2 0.516 | BBA 14.34364 |5.91779e-005( 0.001058 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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APPENDIX B2: GAS CHROMATOGRAPH FILESOF TPR ( db=10)
First run
Ri=3F]
) ] 5
. ] 118
g4
"-]‘IE 'HI 1|*5 9.' ?IE iy
Tz &
-
§ it | i | . i | i
) as H 18 2 28 min
Retention|
Signal [Tirnra] Type | Area [pV's] | AmvArea Norm % Name
min
1 0574 . E = MNeon
1 0.667 BE |1.0500e+006|7.61245¢-005| 99.910587 n
1 0717 - - - n
i 0.866 - - - Nitmgon
1 1.007 PB £55.81263 [1.20010e-004| 0.089413 Methane
1 1.465 _ - - . Carbon Monoxide
2 0.303 | BBOS |6.60000+039 |0.000002+000{ 0.000000 _
2 0.424 - - - Carbon Dioxide
2 | 0469 Ethylene
2 0.514 Ethane
2 0.671 - Acetylena
Total norm oercent = 100.00000
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Second run, after 5 minutes

TCDY A

1.5 i

285

05 4 2 mig
TCD2 A
3
8 -
g
) Uh ; ) 13 ) £ I 23 . Imn
Retention]
Signal| Time | Type | Area [uV*s] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.670 BB |9.7883e+005|7.61245e-005| 90.675588 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.006 BB |[5.8978e+004]1.29910e-004] 9.323690 Methane
1 1465 | - - - Carbon Monoxide
2 0.304 |PBOS |6.0000e+039 |0.00000e+0 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - - Ethylene
2 0.515 | PBA 10.02495 |5.91779e-005] 0.000722 Ethane
2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Third run, after 10 minutes

-500
i

TCDY A

08 ‘1I i 11.-5 ) i II.! miln|
TCD2 A
2 :
0
1 e’
;ﬁ_ ] |
08 1 485 2 25 min|
Retention
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - MNeon
1 0.671 PB |9.7353e+005|7.61245e-005| 90.567661 Argon
1 0.717 - - - Oxygen
1 0.866 _ - - - Nitrogen
1 1.008 | BB |5.9407e+004|1.29910e-004| 9.431482 Methane
1 1.465 - - - Carbon Monoxide
2 0.305 |PBOS |6.0000e+039 j0.00000e+000{ 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - - Ethylene
2 0.515 PBA 1185126 [5.91779e-005] 0.000857 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Forth run, after 15 minutes

TED1 A
21 g
ML
o -
2
ﬂ.rﬁ ; I 1‘1.5 2' : Il.ﬂ miiry
TCBZ A
£ :
' g
B-a
8 |
) ﬁ.rﬁ ] : I 11.5 I 2. i Ilﬂ ) il
Retention
Signal| Time | Type | Area[pV*s] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.673 BB ]9.6813e+005|7.61245e-005] 90.592185 Argon
i 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.009 BB |5.8905e+004 |1.29910e-004] 9.406537 Methane
1 1.465 - - - Carbon Monoxide
2 0.305 |BBOS |6.0000e+039 |0.00000e+000] 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - - Ethylene
2 0.516 | PBA 17.56316 |5.91779e-005] 0.001278 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Fifth run, after 20 minutes

TCD A&

15

5

2 min
TCDZ A
08 1 a5 2 25 =
|Retention
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.673 BB |9.6594e+005|7.61245e-005] 90.596127 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.010 BB |5.8745e+004]1.29910e-004] 9.402556 Methane
1 1.465 - - - Carbon Monoxide
2 0.306 |BBOS|6.0000e+039 |0.00000e+000| 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - - Ethylene
2 0.516 PBA 18.06860 [5.91779e-005] 0.001317 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Sixth run, after 25 minutes

TCD1 A

——r
05

15

[N

25

TCD2 A

25

min

[Retention
Signal| Time | Type | Area [uV*s] | Amt/Area Norm % Name
[min]
i 0.574 . - - Neon
1 0.674 PB |9.6449e+005|7.61245e-005] 90.669463 Egﬂn
1 0.717 . - - Oxygen
1 0.866 - - - Nitrogen
1 1.010 BB |5.8154e+004[1.29910e-004] 9.329496 Methane
1 1.465 - - - Carbon Monoxide
2 0.306 |BBOS |6.2000e+039 |0.00000e+000{ 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - - Ethylene
2 0.516 | BBA 14.24130 |5.91779e-005] 0.001041 Ethane
2 0.671 - - : Acetylene
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Seventh run, after 30 minutes

TCDA A

05

purg

- o -

(.

85

s |

TCD2 A
§ . , s . e
' 02 1 15 2 24 min|
Retention|
Signal Tirimi Type | Area [uV*s] | Amt/Area Norm % Name
[min
1 0.574 _ . - - Neon
1 0.674 PB |9.6366e+005|7.61245e-005] 90.840318 Argon
1 0.717 - - - Oxygen
1 0.866 _ - - - Nitrogen
1 1.010 | BB |5.6932e+004|1.29910e-004] 9.158590 Methane
1 1465 | - - - Carbon Monoxide
2 0.306 | PBOS | 6.0000e+039 [0.00000e+000] 0.000000 _
2 0.429 | BBA | -219.88875 |0.00000e+000{ 0.000000 | Carbon Dioxide
-2 0.469 - - - Ethylene
2 0.517 | BBA 14.90843 |5.91779e-005| 0.001092 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Eighth run, after 35 minutes

TCDY A

e
i

158

25 min

TCDZ A

28 mi

0.4 1 1.5 2
Retention
Signal| Time | Type | Area[pV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.674 PB 9.6249e4+005 [7.61245e-005| 90.785751 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.010 BB 5.7236e+004 [1.29810e-004| 9.213184 Methane
1 1.190 BB 233.61829 0.00000e+000f 0.000000
1 1.465 - - - Carbon Monoxide
2 0.306 |PBOS|6.0000e+039 10.00000e+000] 0.000000
2 0.431 | BBA | -199.77285 [0.00000e+000] 0.000000 | Carbon Dioxide
2 0.469 - - - Ethylene
2 0.516 | PBA 14.51803 |5.91779e-005] 0.001065 Ethane
2 0.671 - - - Acetylene
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Ninth run, after 40 minutes

TEDY A
=
a

-
c
"
i
=
B
-

nﬂ,.,.1...,1.5 525 =
TCh2 A

- - * T T - - v 3 - - - T T T + T - - 3 - -
05 1 15 2 25 mir}

Retention
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]

1 0.574 - - - Neon

1 0.674 BB |9.6147e+005|7.61245e-005] 90.864732 Argon

1 0.717 - = - Oxygen

1 0.866 - - - Nitrogen

1 1.010 BV |[5.6636e+004 [1.29910e-004] 9.134265 Methane

1 1.190 VB 568.83473 ]0.00000e+000{ 0.000000

1 1.465 | - - - Carbon Monoxide

2 0.307 | PBOS | 6.0000e+039 j0.00000e+000{ 0.000000

2 0.431 BBA | -119.25200 [0.00000e+000{ 0.000000 | Carbon Dioxide

2 0.469 - - - Ethylene

2 0.516 BBA 13.65545 |5.91779e-005] 0.001003 Ethane

2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Tenth run, after 45 minutes

W

T.070 - Malhana

TCR1 A

15

&F "k

(-] 1 2 mir|
TCDZ A
0% 1 i T 2 28 mig
[Retention
Signal il'ir:w.i Type | Area [pV's] | Amt/Area Norm % Name
min

1 0.574 - - - Neon
1 0.674 PB |9.6063e+005|7.61245e-005| 90.926112 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
i 1.010 BV 5.6167e+004 |1.29910e-004]| 9.072614 Methane
1 1.189 VB 818.80934 ]0.00000e+000] 0.000000
1 1.465 - - - Carbon Monoxide
2 0.307 | PBOS | 6.0000e+039 |0.00000e+000{ 0.000000
2 0.432 | BBA -53.80640 [0.00000e+000] 0.000000 | Carbon Dioxide
2 0.469 - - - Ethylene
2 0.516 | PBA 17.31900 |[5.91779e-005] 0.001274 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Eleventh run, after 50 mutes

TCDY A
2 :
' :
2
E 1
g S e 1 e < R
o5 1 15 2 25 miin|
TCO2Z A
% E
g
05 1 15 2 25 i
|Retention|
Signall Time | Type | Area [pV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.590 PB 15.85863 0.00000e+000{ 0.000000
1 0.674 BB |9.5953e+005(7.61245e-005] 91.051021 ﬂgnn
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.010 BV |5.5256e+004 |1.29910e-004] 8.947934 Methane
1 1.189 VB 1321.52054 |0.00000e+000{ 0.000000
1 1465 | - - - Carbon Monoxide
2 0.306 | PBOS | 6.0000e+039 |0.00000e+000| 0.000000 _
2 0.431 BBA | -51.06100 }0.00000e+000f 0.000000 | Carbon Dioxide
2 0.469 - - - Ethylene
2 0.516 BBA 14.15512 |5.91779e-005] 0.001044 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Twelvth run, after 55 minutes

TCDY A
) u'a ‘1I 'I.rﬁ ::‘ ; 2!5 ) min
TCO2Z A
‘i
g
Y 1 48 2 28 i
Retention
Signal| Time | Type | Area[uV*s] | Amt/Area Norm % Name
[min]
1 0.574 . - . Neon
1 0.590 PB 30.59789 [0.00000e+000] 0.000000
1 0.674 BB |[9.5765e+005|7.61245e-005] 91.182206 Argon
1 0.717 . - - Oxygen
1 0.866 . - - Nitrogen
1 1.010 BV |5.4258e+004 [1.29910e-004] 8.816207 Methane
1 1.189 VB | 2256.02386 |0.00000e+000] 0.000000
1 1.465 . - . Carbon Monoxide
2 0.307 | PBOS |6.0000e+039 |0.00000e+000] 0.000000
2 0.432 | BBA | -117.08250 |0.00000e+000] 0.000000 | Carbon Dioxide
2 0.469 . - - Ethylene
2 0.517 | PBA 21.45154 |[5.91779e-005] 0.001588 Ethane
2 0.671 - - . Acetylene
Total norm percent = 100.00000
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Thirteenth run, after 60 minutes

TCDY1 A
3 *
. £
L8
3 =
=
g1 3
i | E,
ulﬁ ; 'IIE :.; 215 i
TCD2 A
3
g -
g
) I:Ilﬂ ; 1.r5 I ZI ) 21—5 ) i
Retention
Signal| Time | Type | Area[uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.591 PB 68.60849 [0.00000e+000{ 0.000000
1 0.675 B [9.5175e+005|7.61245e-005| 91.584727 ﬂgﬂn
i 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.011 BY |5.1235e+004 |1.29910e-004| 8.413684 Methane
1 1.189 VB S975.48797 [0.00000e+000] 0.000000
1 1.465 - - - Carbon Monoxide
2 0.307 |PBOS |6.0000e+039 |0.00000e+000] 0.000000
2 0.430 | BBA | -234.58838 }0.00000e+000] 0.000000 | Carbon Dioxide
2 0.469 - - - Ethylene
2 0.517 BBA 21.24277 |5.91779e-005] 0.001589 Ethane
2 0.671 - - - Acetylene
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Forteenth run, after 65 minutes

TCD1 &

- -
Bl B R
¥ -
il E
E 4 |
e NEN
‘1I i 1.r5 I 5 : 21‘.!- S rrnirJ
TCD2 A
1
g
2
- 08 il - 15 il - i g‘i " min
|Retention
Signal| Time | Type | Area [uV*s] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.591 BB 150.34202 }0.00000e+000{ 0.000000
i 0.675 BB [9.4391e+005]|7.61245e-005] 92.372385 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.011 B'g’ 4.5667e+004 11.29910e-004] 7.626566 Methane
1 1.188 VB 7736.00153 |j0.00000e+000{ 0.000000
i 1.465 - - - Carbon Monoxide
2 0.307 |PBOS |5.8000e+039 }0.00000e+000{ 0.000000
2 0.424 - - - Carbon Dioxide
2 0469 | - - - Ethylene
2 0.516 PBA 13.78930 [5.91779e-005] 0.001049 Ethane
2 0.671 - - - Acetylene

Total norm percent =

100.00000
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Fifteenth run, after 70 minutes

AT

L% =T =]

TOTT- Walfans
TIT

TCD A

1.5

25 iy

TCO2 A
3
&
g
I T R T R
Retention
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1 0.574 : - - Neon
1 0.591 BB 308.76715 [0.00000e+000f 0.000000
1 0.675 BB [9.1997e+005|7.61245e-005] 94.205151 :Argan
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
L 1.011 BV [3.3161e+004 [1.29910e-004] 5.794849 Methane
1 1.187 | VB | 1.8045e+004 |0.00000e+000] 0.000000
1 1.465 - - - Carbon Monoxide
2 0.307 |PBOS |5.8000e+039 |0.00000e+000{ 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - Ethylene
2 0.514 - Ethane
2 | 0671 , Acetylene

Total norm percent = 100.00000
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APPENDIX B3: GAS CHROMATOGRAPH FILES OF TPR

( dis)
First run
TCDY &
AR S T -
TCDZ A
3
§ -
g
I l:llﬁ I ‘ll 1!! 2|‘ 2lﬂ I il
Retention|
Signal| Time | Type | Area[uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 D.§EE BV 1.04482+006 |7.61245e-005] 99.427932 Argun
1 0.717 _ - - - Oxygen
1 0.786 VB 2989.19250 10.00000e+000{ 0.000000
1 0.866 _ - - - Nitru_gan
1 1.008 BB 3522.65497 11.29910e-004]| 0.572068 _ Methane
1 1.465 | - - - Carbon Monoxide
2 0.302 |BBOS |6.4000e+039 |0.00000e+000{ 0.000000 _
2 0.424 - - . Carbon Dioxide
2 0.469 - - - Ethylene
2 0.514 - - - Ethane
2 0.671 - - - Acetylene
Total norm percent = 10000000
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Second run, after 5 minutes

TCR1 A

15

.

25

TCDZ A

% e 3 e - e
0.5 1 15 F 4 25 miry
|Retention|
Signal| Time | Type | Area[pV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.668 | PV |9.7789e+005|7.61245e-005| 91.387402 Argon
1 0.717 - - - Oxygen
1 0.788 VB 4714.73606 |0.00000e+000{ 0.000000
1 0.866 - - - Nitrogen
1 1.006 BB |5.3997e+004|1.29910e-004] B8.611597 Methane
1 1.465 - - - Carbon Monoxide
2 0.302 |BBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - - Ethylene
2 0.515 | BBA 13.78899 |[5.91779e-005] 0.001002 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Third run after 10 minutes

TCO A

-

05 1

: 15

(.

28

TCD2 A =
2 3 2
g § : -
Ng
b
§
[ =]
g
nla - I *1I 1.I5 ZI : 2!5 i
|Retention|
Signal] Time | Type | Area[uV*s] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.669 BB |9.6947e+005]7.61245e-005] 90.098667 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.007 BB |[6.2422e+004]1.29910e-004] 9.900013 Methane
1 1.465 - - - Carbon Monoxide
2 0.303 | PBOS |6.2000e+039 |J0.00000e+000{ 0.000000
2 0.428 | BBA | -205.39700 |0.00000e+000{ 0.000000 | Carbon Dioxide
2 0.469 - - - Ethylene
2 0.514 BBA 18.27433 [5.91779e-005] 0.001320 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Forth run, after 15 minutes

TCD1 A
2 4
d -
s %\.Ll,\
S B
g-
08 i 48 2 25 min}
TCO2 A
,‘:-=
8 -
' 0.5 1 15 2 28 mir]
[Retention
Signal] Time | Type | Area [uV*s] | Amt/Area Norm % Name
[min]
1 0.574 _ - . - Neon
1 0.670 BB |9.6632e+005|7.61245e-005| 89.945424 Argon
1 0.717 - - = Oxygen
1 0.866 - * . Nitrogen
1 1.007 BB |[6.3289e+004[1.29910e-004] 10.053171 Methane
1 1.465 - - - Carbon Monoxide
2 0.303 | PBOS|6.2000e+039 |0.00000e+000{ 0.000000
2 0.429 BBA | -151.23990 |0.00000e+000{ 0.000000 Carbon Dioxide
2 0.469 - - - Ethylene
2 0.515 BBA 19.41355 |5.91779e-005| 0.001405 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Fifth run, after 20 minutes

100

0870
1008 gﬂﬂhlm

TG A

15

i min|

TCD2 A

= -

15

3

258 Ll |

05
Retention
Signal| Time | Type | Area [uV's] | Amt/Area Norm % Name
[min]
1 0.574 - - - Neon
1 0.670 BB |9.63240+005|7.61245e-005] 89.780037 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.008 BB |6.424304+004|1.29910e-004] 10.218598 Methane
1 1.197 BP 242.08018 ]0.00000e+000{ 0.000000
1 1465 | - - - Carbon Monoxide
2 0.303 | PBOS | 6.0000e+039 |0.00000e+000] 0.000000 _
2 0.429 BBA | -165.38700 }0.00000e+000{ 0.000000 | Carbon Dioxide
2 0.469 - - - Ethylene
2 0.515 PBA 18.84672 |5.91779e-005{ 0.001366 Ethane
2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Sixth run, after 25 minutes

TCD1 A

_ 15 2 <8 min|
TCDZ A
2 :
E ' \ .
Lol
o
g |
= ; i T . ———
Retention|
Signal Eﬂrlmi Type | Area [pV*s] | Amt/Area Norm % Name
min
1 0.574 _ - - - Neon
1 0.671 PB |9.6215e+005|7.61245e-005| 89.840115 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.008 BB [6.3752e+004 {1.29910e-004] 10.158789 Methane
1 1.197 BB 610.95634 10.00000e+000] 0.000000
1 1.465 - - - Carbon Monoxide
2 0.304 | PBOS |6.0000e+039 |0.00000e+000{ 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - - Ethylene
2 0.515 | PBA 15.10490 |[5.91779e-005] 0.001096 Ethane
2 0.671 - - - Acetylene

Total norm percent = 100.00000
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Seventh run, after 30 minutes

TCDY A

0.

(e ]

-

15

2.5

min

TChZ A

15

28

Retention
Signal il’imei Type | Area [pV's] | Amt/Area Norm % Name
min
1 0.587 BB 24.35094 |2.68238e-004] 0.008050 Neon
1 0.671 BB |9.5955e+005|7.61245e-005| 89.994607 Argon
1 0.717 - - - Oxygen
1 0.866 - - - Nitrogen
1 1.009 BB |6.2455e+004|1.29910e-004| 9.996067 Methane
1 1.197 BB 1233.95786 |0.00000e+000{ 0.000000
1 1.465 - - - Carbon Monoxide
2 0.304 |PBOS |6.0000e+039 |0.00000e+000 0.000000
2 0.424 - - - Carbon Dioxide
2 0.469 - - - Ethylene
2 0.515 PBA 17.50215 |5.91779e-005| 0.001276 Ethane
2 0.671 - - - Acetylene
Total norm percent = 100.00000
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Eighth run, after 35 minutes

pv

1070 - Methiang

TCD1 A

.15.

LS

25

iy

Retention
Signal| Time | Type | Area [pV*s] | Amt/Area Norm % Name
[min]

1 0.588 BB 61.76578 |2.68238e-004| 0.020598 Neon

1 0.672 BB |9.5404e+005|7.61245e-005| 90.290948 Argon

1 0.717 - - - Oxygen

1 0.866 - - - Nitrogen

1 1.010 BV |5.9978e+004 [1.29910e-004| 9.687042 Methane

1 1.198 VB 2305.27114 0.00000e+000 0.000000

1 1.465 - - - Carbon Monoxide

2 0.305 |PBOS|6.0000e+039 j0.00000e+000{ 0.000000

2 0.424 - - - Carbon Dioxide

2 0.469 - - - Ethylene

2 0.516 | PBA 19.20300 |5.91779e-005] 0.001413 Ethane

2 0.671 - - - Acetylene
Total norm percent = 100.00000
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APPENDIX B4: TGA GRAPHS

APPENDIX B4.1: TGA GRAPH OF OXIDATION OF IRON OXIDE OBTAINED
FROM TPR TEST 2 WITH AIR, d=15

Sample: Fe304 in air to 1100C 15Cimn DSC-TGA File: Fe304 cxidation 15C pm 1100C (D8-06-1
Size. 1255570 mg Operator. KPP
Mathcd: Fed0d ramp 11000 n & at 15C) Ruin Diate: 08-Jun-2011 10.40
Comment: Fe30d in air o 1100C 15Cmin (0806M11) Instrument: SOT Q600 VE, 1 Build 39
106 01
104 - + - / - -00
5
E
g 2
E {024 =01 b
% B
: :
£
8
100 4 02
96 — T _ —_ —_— —_— L3
¢ 200 400 600 8lo 1000 1200
Temwamm {"E, Universal Vi 78 TA irstrumenis
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APPENDIX B4.2: TGA GRAPH OF OXIDATION OF IRON OXIDE OBTAINED
FROM TPR TEST 2 WITH AIR, d=20

- Fa2(} axidation bo 1100 20Cimi DSC-TGA File: Fe20d oxidation 200 pm 1100C (09-06-1...
Size: 107 4560 mg Cperator: Amir
Mathod: Fe304 ramp 1100 in air at 2000 Run Date: 09-Jun-2011 10:24
Commant: Fe203 codaton to 1100 20Cmin (D61 1) Instrumant SOT CE00 WA 1 Buld 99
106 (i} ]
W4 A oo
-4
E
g 2
E 102 o1 &
: :
£z
a
100 0.2
o8 - T 3
[} 2ho #lio 600 sbo 1000 1200
Temperature [°C) Univerasl 'l JE TA inmtrusards
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APPENDIX B4.3: TGA GRAPH OF OXIDATION OF IRON OXIDE OBTAINED
FROM TPR TEST 2 WITH AIR, d=10
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