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ABSTRACT

Over the past few decades, combustion of fossil fuels has released greenhouse gases such
as CO; and NOy into the atmosphere. It has been realized that a mean temperature
increase of the Earth, also known as global warming, has resulted from the increase of
CO; concentration in the air. Hence, there is a growing tendency to establish novel
methods of burning fossil fuels in order to mitigate CO, concentration. Chemical Looping
Combustion (CLC) is a method of burning fuel with inherent separation of CO, while
curbing the formation of NOy, typically by circulating an oxygen carrier between an air
(oxidation) reactor and a fuel (reduction) reactor. An oxygen carrier, mainly a metal oxide,
circulates between the reactors providing the oxygen for conversion of fuel to CO, and
H,0. Thus, having a pure CO, stream, CO, sequestration becomes economically feasible.
Fe,03, due to its availability and properties, could be an apposite oxygen carrier for CLC.
Reaction kinetics of reduction of Hematite with methane, in the absence of gaseous
oxidant, was studied. Temperature Program Reduction (TPR) experiments were carried
out in a fixed bed tubular reactor. Reduction gas was composed of 15% methane and 85%
argon. Thermogravimetric Analysis (TGA) was carried out on TPR products using air as
the oxidant. Iron oxide samples were analyzed through X-ray diffraction (XRD) analysis
and scanning electron microscopy. Two-stage reduction of iron oxide was observed:
Fe,Os reduced to Fe;O4 and then reduced to FeO. The activation energy of each stage was
calculated from Kissinger’s method. For the first and second stage of reduction the
activation energies were 10.58+0.86 and 25.77+0.83 kJ/mol, respectively. In addition,
different kinetic models were assumed and compared to the actual data. A random
nucleation mechanism can be assigned to the first stage and a two-dimensional 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
atmosphere significantly increases global warming. Atmospheric CO, concentration and
the earth’s temperature have both been atypically rising in the previous decades (Kessel,

2000), as seen in Figs. 1.1 and 1.2.

Hence, we are trying to decrease CO, emissions by curbing the release of more CO; into
the atmosphere. One of the major sources of CO, emissions is a power plant, where fossil
fuels are the source of heat. Sequestration of CO, under the earth’s surface into some
appropriate geological storage reservoirs may prove beneficial. On the other hand,
sequestration of CO, is extremely expensive when the flue gas stream only contains
about 8 to 13 percent CO, and the rest is nitrogen, water vapor, oxygen, and trace

amounts of minor pollutants such as SOy and NOx.

Current carbon capture methods are not cost effective. Chemical Looping Combustion
(CLC) is a method of burning fuel with inherent separation of CO, by using dual
reactors; the fuel reactor, where the fuel reduces a metal oxide and the air reactor where
the reduced metal oxide burns by air to return to its primary condition. Having a near
pure CO, stream, CO, sequestration becomes more economically feasible. Hematite
(Fe203), due to its availability and properties, may be a suitable candidate to be an

oxygen carrier for CLC.
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Figure 1.1 The Keeling Curve of atmospheric CO, concentrations measured at Mauna

Loa Observatory (Tans, 2011)

06

Global Temperatures l

0.4
—— Annual Average

— Five Year Average

Temperature Anomaly (°C)

1880 1900 1820 1540 1980 1980 2000

Figure 1.2 Global mean surface temperature difference relative to the 1961-1990 average

(Hansen et al., 2006).



1.2 OBJECTIVES

The objectives of this study were to:

(1) Determine the reaction kinetics of the reduction of Fe,O3 with CHa.

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

(3) Carry out Temperature Program Reduction (TPR) on Fe,Os using CHy as reducing
gas.

(4) Carry out Thermogravimetric analysis (TGA) on the TPR products using air as
the oxidant.

(5) Assume different kinetic models and compare them with TPR data.

(6) Determine the best kinetic model for reaction.

(7) Determine the activation energy.

This thesis consists of four sections. Section 2 summarizes the previous studies about
chemical looping combustion, presents former research results regarding kinetic studies
of different reactions and outlines different reaction mechanisms that have been proposed
by their authors. Section 3 describes the experimental apparatus and explains the applied
test methods. Finally, Section 4 presents the activation energies and reaction mechanisms
and discusses how the data obtained from experiment is in satisfactory agreement with

theory, followed by conclusion and recommendations.



CHAPTER 2: LITERATURE REVIEW

2.1 CHEMICAL LOOPING COMBUSTION (CLC)

The concept of chemical looping reaction was first introduced in 1983 by Richard
Knoche. CLC is a novel combustion method with inherent CO, separation. A typical
CLC unit decomposes the traditional combustion into two reactors as, shown in Fig. 2.1;
the fuel reactor, where the fuel reduces an oxygen carrier, and the air reactor where the
reduced oxygen carrier burns by air to return to its initial condition. The oxygen carrier is
usually a metal oxide (Jernald ef al., 2006). The gases produced from the fuel reactor are
CO; and H,0.Water can be removed through a condensation process and almost pure
CO; will be obtained. Carbon dioxide separation without consuming energy makes CLC

a distinct separation method (Cho ef al., 2004).

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

Figure 2.1 Chemical Looping Combustion (Lyngfelt and Hilmer, 2005)



The reaction in the fuel reactor takes place according to the following overall reaction:
(2n+m) MeO+C,Hyn— (2n+m) Me+ mH,0+ nCO, (2.1)

where MeO is a metal oxide and Me represents a metal or a reduced form of MeO. This

metal or reduced oxide is oxidized in the air reactor through the following reaction:
2 Me+0; — 2 MeO (2.2)

Reaction between air and the metal oxide is basically exothermic, while reduction of the
metal oxide by fuel can be endothermic or exothermic, based on the metal type. The
reduced oxygen carrier is introduced to the air reactor and absorbs oxygen and produces
heat. The flue gas is mostly N, mixed with the remaining oxygen. Then the oxygen
carrier is transferred to the fuel reactor to complete its cycle (Lyngfelt et al., 2001).
Separation of CO, is not the only environmental benefit of this method. Another
advantage of this combustion method is the elimination of NOy formation. This fact can
be explained by flameless oxidation of the metal oxide. In fact, oxidation of the metal
oxide completely independent of fuel in the air reactor prevents the formation of NOy (Jin

et al., 1998).

Among all reactor types, fluidized bed reactors are mostly used when a perfect contact
between fluid and solid particles is needed. Fluidized bed reactors are also applicable in
industry when solid particles need to be reactivated, such as catalytic reactions. These
two advantages, in spite of all the difficulties and complexities of the fluidized bed

reactors, make them the unsurpassed reactor type for CLC reactions (Mattisson et al.,

2001).

Back in 1995, chemical looping reaction was found appropriate for several industrial
applications. It was basically a cyclic solid-gas reaction which could be used for
processes such as catalytic cracking, hydrogen generation, sulphur removal, coal
gasification and so on. However, it had not yet been analyzed as an alternative

combustion method (Ishida et al., 1995).

One of the first papers was published by Ishida et al. (1995) at the Tokyo Institute of

Technology investigating NiO as an oxygen carrier and methane as the fuel. Their

5



research revealed great potential, such that in the future even a power plant will be able to
use this method of combustion, instead of the traditional fuel burning, and accordingly
can lead to mitigation of greenhouse gases in the atmosphere. In 1998, Ishida et al.
conducted research regarding carbon deposition on the solid particles, in order to apply
chemical looping combustion in power plants. In their paper, the kinetic behaviour of
carbon deposition was investigated for different type of oxygen carriers using various gas
compositions. The results of their study indicated the conditions in which carbon
deposition can be thoroughly controlled. As a result, the idea of using chemical looping

combustion in power plants was considered to be feasible.

In addition to CO, separation, chemical looping has also been claimed to decrease the
fuel exergy devastation which leads to power efficiency improvement. This claim has
been examined by Anheden and Svedberg (1998) using two CLC gas turbines. One of
them was using methane as fuel and the other one was using a mixture of CO and H,
which can be assumed as coal gasification products. Fe,O3; and NiO were chosen as the
oxygen carriers. The results of the study showed reduction of irreversibility caused by
combustion compared to the traditional combustion method. It not only showed that the
net power efficiency was either similar or higher than the conventional combustion
method, but it 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 fuels, although interest in solid fuels is
growing rapidly. Considering coal as a major fossil fuel source in the world, numerous
studies have been done on using coal as a solid fuel for CLC. Among those, Jin et al.
(2004) indicated that using coal gas as the fuel for CLC, instead of natural gas, results in
a considerable improvement in reactivity. Ston (2008), in the overview of Canada’s coal
sector, has stated: “The readily available and low-cost makes coal the choice of fuel for
electricity production in some provinces such as Alberta and Saskatchewan” and
according to the Statistics Canada website, in 2006 for Alberta, Saskatchewan and Nova
Scotia, coal share of total electricity generation was 62.4 %, 52.9% and 57.3%,
respectively. Of course it will be more inspiring for these provinces, in which coal is the

dominant fuel 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 intermediates were
conducting the reaction between the oxygen carrier and solid fuel in a laboratory scale
fluidized bed reactor. The oxygen carrier consisted of 60% Fe,O3 and 40% MgALOs. In
each cycle 0.2 g of solid fuel was used, mixed in with 20 g of oxygen carrier. The
gasification process was realized to occur faster at the presence of iron oxide. On the
other hand, the iron oxide reaction with the intermediate gasification products, which are
mostly CO and H,, was observed to occur faster. The gasification reaction was
determined to be the limiting step due to a slow reaction rate when compared to the iron
oxide reaction with gasification products. Addition of SO, and steam to the fluidizing gas
proved to be effective in terms of increasing the conversion rate. Agglomeration was not
observed even after 100 cycles without changing the particles. An earlier paper was
published in 2007 by Leion ef al. using South African coal as the solid fuel. The same
results were observed. Ninety five percent conversion was reached at 950 °C within 4 to
25 min, while 80% conversion was accomplished within 2 to 10 min, depending on the
fuel. Lyngfelt et al. (2001) designed a boiler using the CLC technique. A CLC setup
consisting of two fluidized bed interconnected reactors was designed and tested. The
reactors were described as high-velocity risers and low-velocity bed reactors. Fe,O; and
NiO were used as the oxygen carriers. Reaction rate for both reduction and oxidation

reactions was acceptable and the feasibility of this process was concluded.

2.1.1 OXYGEN CARRIERS

In order to apply chemical looping combustion not only at the lab scale but also in the
industrial plants, 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 of bed material
needed is contingent on the capacity of the oxygen carrier (Hossain and Lasa, 2008).
Oxygen carrier recirculates between two reactors and mainly, as its name defines, absorbs
and transfers the air’s oxygen to the fuel reactor. To calculate the recirculation flow rate it
is necessary to have the reaction rate and also the capacity of the oxygen carrier (Lyngfelt

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



essential for an oxygen carrier (Jernald et al., 2006). It is also so important for the oxygen
carrier to convert the fuel to water and carbon dioxide which, based on previous studies,
some metal oxides are not capable of. Furthermore, oxygen carrier should have enough
physical strength in order to maintain their particle size due to attrition and fragmentation

(Cho et al., 2004).

A number of studies have been conducted in several aspects, such as the oxygen ratio of
the oxygen carrier, which is the maximum transported mass of oxygen for the specific
mass flow of metal oxide, the melting point and the heat balance for different metal
oxides. A perfect candidate for an oxygen carrier should have a number of specifications.
It should be highly reactive in both reactions, oxidation by air and reduction by fuel
(Mattisson et al., 2001). It also should have excellent physical and chemical stability
(Haber, 1991). To be low-priced and easily obtainable would be also a significant
consideration. In addition, it should be environmentally friendly and also nontoxic. Lots
of metals and their corresponding oxides have been examined in order to determine if
they have the aforementioned qualifications. Nevertheless, kinetic results are only
available for a few metal oxides for application in CLC including Fe, Ni, Co, Mn and Cu
(Lyngfelt et al., 2001).Table 2.1 shows a summary of the previous studies, from 1986 to

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

Many studies have been done on the mechanical strength of the oxygen carriers. Adanez
and his colleagues (2004) have compared different metal oxides. A summary of his study
is shown in Table 2.2. Based on his work it can be concluded that Fe-based oxygen
carriers have great crushing strength value. The preparation is important as well. Al,O3,

TiO, and ZrO; are the best candidates for preparing iron oxide.



Table 2.1 Literature data on oxygen carriers in chemical looping combustion (Lyngfelt ez

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 2.2 Crushing strength (N/mm) of metal oxides (Adanez et al., 2004).
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Mattisson et al. (2001) have exposed Fe,O;3 to several cycles of air and methane to study
the hardness of hematite. Hematite was chosen based on its low price and global
availability. Figure 2.2 shows a secondary electron image of iron oxide particles before
and after six cycles in a fixed bed quartz reactor at 950 °C. As shown in Fig. 2.2, some
breakage of particles occurred, which can be due to the chemical reactions between iron
oxide and the flow gases. The fractures decrease the efficiency by reducing the bed
replacement period. To improve the hardness, Mattisson has suggested synthesizing the
iron particles on a carrier matrix, which can be made of Al,O;. He also indicated that

using such materials as binders can improve the reactivity of the hematite.
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Figure 2.2 Secondary electron image of: a) unreacted hematite particles, and b) hematite
particles that were exposed to six alternating cycles of 180 s CH4 and 665 s air. The white
marker indicates a length of 300 um (Mattisson ef al., 2001)
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As mentioned before, the production of a pure stream of CO; is the main advantage of
applying the CLC method for burning fuel. Therefore, considerable work has been done
to investigate the capability of the oxygen carrier to entirely convert the fuel to CO, and
H,0. Among all of the metal oxides, Ni, Mn, Fe, Cu and Co have shown satisfactory
conversion rate (Mattisson et al., 2001). However, cobalt is not a suitable candidate due
to low conversion rate. The maximum conversion rate for Co is 93% at 1000°C and it is
fairly expensive. In addition, cobalt has some health and safety issues which cannot be
neglected. Nickel has also been found to be dangerous for human health in spite of its
high oxygen ratio (0.21) which eliminates it from the list of proper oxygen carriers
(Lyngfelt et al., 2008). Table 2.3 has summarized a comparison among these metal

oxides.

Table 2.3 Qualitative estimation of the active oxides (Lyngfelt 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. -
Thermodynamics . <99.5% conv. for NiQ
Reaction with CH4 + CuD exothermic w. CH4
Melting point - 1085°C for Cu

Lyngfelt et al. (2008) have also indicated that if the fuel is CO or H,, the reaction will be
exothermic, although using methane as a fuel makes the reaction endothermic except for
Cu. Therefore, using Cu gives the process the advantage of maintaining the temperature
of the oxygen carrier, which makes the circulation of metal oxide to the air reactor more
efficient. Cho ef al. (2004) have investigated the feasibility of using a few metal oxides as
an oxygen carrier for CLC. The research was conducted on iron, nickel, copper and
manganese oxides. Particle size was selected in the range of 125-180 pm. Reduction
behaviour of metal oxides was investigated at 950°C, except for copper which was

investigated at 850°C. Nickel oxide and copper oxide oxygen -carriers showed
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significantly high reactivity, while iron oxide also showed a reasonable reactivity.
Among the metal oxides, agglomeration has been found in iron and copper oxides, which
can be indicated as their disadvantage. The amount of bed mass was determined to be 80,
200 and 330 kg/MWy, for nickel, copper and iron oxide, respectively. Palacios (2004) has
also conducted some studies on 240 samples of different metal oxides to find the most
promising CLC oxygen carriers. Applying thermogravimetric analysis with methane as
the reducing gas, the following results were obtained. Cu- based oxygen carriers,
prepared with SiO; or TiO, as inert material, have shown the best properties and the
sintering temperature was determined to be 950°C. The best inert material to prepare an
iron-based oxygen carrier is claimed to be Al,O3; and ZrO,. For a Ni-based oxygen carrier,
TiO, was found to be the best inert material. All of the results were obtained based on the

crushing strength and the reactivity of the oxygen carriers.

2.2 KINETIC STUDIES

Kinetic study of a reaction is an indispensible stage in order to design a reactor. In kinetic
studies the main goal is to obtain the concentration change of the reactant or products as a
function of time. In this research, the rate of hematite (Fe,O3) reduction with methane
(CHy4) and oxidation of FeO and Fe;O4 with air will be studied. Kinetic results will

provide us with the essential data for precise design of the CLC reactors (Smith 1981).

Yu Lin ef al. (2003) have conducted research on the reduction of iron oxide by hydrogen.
In that study, the TPR method has been applied and a two-step reduction was detected.
The first step was reduction of Fe,O; to Fe;O4 and the second step was further reduction
of iron oxide to metallic Fe due to following reaction:

Fe;04 (s)+ 4H, (g)— 3Fe (s)+ 4H,0 (g.1) (2.3)
Formation of FeO as an intermediate form of oxide was not observed in the experiment.
After calculation of activation energies and simulation of the reaction pattern, Yu Lin
(2003) has suggested a unimolecular mechanism for the first step and a two- dimensional

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

For the following reaction:

gas + solid — product

The reaction rate can be described as:

rate = — [gas] = k (T)[gas] " (2.4)

where [gas] is the gas concentration, »n the order of reaction, k(T) the rate constant given
by the Arrhenius equation, where T is the temperature (Kelvin), R the gas constant and £
is the activation energy (Yu Lin ef al., 2003). The Arrhenius equation is given by:

E

k(T)= Ae * (2.5)

The following reaction occurs between iron oxide and methane, which is an example of

the above mentioned general gas-solid reaction:
12 Fe;0s (s) + CH4 (g) —8Fe304 (s) +2H,0 (g) +CO1 (g) (2.6)

The reaction rate can be written as:
da

kD) (@) o)

where a is the degree of conversion of mobile oxygen in the solid reactant (Yu Lin ef al.,

2003).

The most commonly related kinetic models can be classified into three groups, which
define diffusion controlled processes, boundary-controlled processes, and processes
involving random nucleation and subsequent growth of nuclei. Arithmetical expressions

for f (o) and g (a) for each of these models are listed in Table 2.4.
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Table 2.4 Possible controlling mechanisms for solid-state reactions (Kanervo, 2003)

Mechamsms fix) glx)
Random nucleation (1-a) =In( 1-x)
2 Contracting area (1-2)'? 2(1«1-2)'"?)
3 Contracting volume  (1-2)'" 3(11-2)'")
4 ID Avrami-Erofeyev  2(1-a)In(1-2))'" (~In(1-2))"?
5 2D Avrami-Erofeyev  3(1-2) In(1-2))™" (=In( 1-2))""
6 3D Avrami-Erofeyev  4(1-aXIn(1-2)y"" (~In( 1-2))"*
7  One-dimensional 1122 ox
diffusion
8 Three-dimensional  3(1-2"/2(1«1-20"")  (1+1-0"*)?
diffusion

The diffusion-controlled mechanism is accurate when 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 material. Phase boundary controlled models are defined as
shrinking/unreacted cores or contracting spheres where the reaction is the rate
determining step which proceeds topochemically ' . Nucleation-controlled processes
involve uniform internal reduction and occur by the initial random removal of lattice
oxygen atoms until a critical concentration of vacancies is reached. The vacancies are
then annihilated by lattice rearrangement to produce metal nuclei. The nuclei then grow
and, as they expand, the reduction process accelerates due to the increasing metal-metal
oxide interface which is further increased by the formation of new nuclei (Kanervo,
2003). The Avrami—Erofeev model is concerned with the nucleation process from the
statistical probability perspective. The unimolecular model is expected to be a first order
reaction, and the three-dimensional diffusion model is equation that assumes the reaction
is proceeding equally for all surfaces of the particles, with the reaction rate diminishing

as a consequence of increasing thickness of the barrier layer (Yu Lin ef al., 2003).

" A topochemical reaction is a reversible or irreversible reaction that involves the introduction of a guest
species into a host structure and that results in significant structural modifications to the host.( [UPAC
Compendium of Chemical Terminology 2nd Edition (1997))
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2.3 KINETIC STUDY METHODS

2.3.1 TEMPERATURE PROGRAM REDUCTION (TPR)

Thermo-analytical techniques are well known for the characterization of solid materials.
Temperature-programmed reduction (TPR) is a convenient method for characterizing

metal oxides. TPR has been used to gain qualitative information on the reducibility of
oxide species (Galvita and Sundmacher, 2007).

For a heating program with a constant rate of heating, 3, we will have:

dT
Rt 2.8
7 (2.8)
By combining equations 2.5 and 2.7:
da A E
——=—.exp(-—).f(a) 2.9
ir ~ j RT 29)
The TPR response curve is obtained by integrating the previous equation:
T da At -E
———=g(@)=— | exp(——)dT (2.10)
WA B J RT
The maximum reaction rate can then be calculated following:
d da
— () =0 2.11)
dT dT |, ;. ..
By substitution of Eq. 2.9 into Eq. 2.11 we find:
d {A E
— | —.exp(——).f (0!)} =0 (2.12)
dT | p RT 1
By solving Eq. 2.12, two important results can be concluded:
_E ﬁeE/RTmax
(2.13)

A= X
RT,, (df(a)/da),;
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(2.14)

From Eq. 2.14 and experimental data, the value A can be determined. By plotting
In(B/T*Max) VS. (1/Tnmax) the slope of the line will indicate (-E/R) which is concluded from
Eq. 2.14. In this method it is necessary to use different values of B and determine the Tpax

for each B in order to plot the graph and evaluate the activation energy (Fig. 2.3 and 2.4).

As shown in Fig.2.3, Galvita and Sundmacher (2007) have observed two peaks for each
test. The first one indicates the conversion of Fe;Os3 to Fe;O4, which they described as
phase boundary controlled reaction and the second one is related to the further reaction of
Fe;O4 with H; that results in the formation of metallic Fe. They described the second
reaction mechanism as two-dimensional nucleation reaction. Their experimental results

are shown in Fig.2.5 and Table 2.5.

By numerically solving Eq. 2.10, g(a(T)) and consequently f(a(T)) can be evaluated.

gla)=""e ¥ (1+=—) (2.15)
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Figure 2.3 Experimental H,-TPR profiles of Fe,O3 —Cey 5Zr( 50O, at three different heating
rates (Galvita and Sundmacher, 2007).
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Figure 2.4 Sample TPR final graph to determine activation energy.
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Figure 2.5 Comparison of experimental H,-TPR profiles for Fe,O3; —Ceg sZr 502, Fe;O;
and Ce 5Zro 50, samples; heating rate: =10 °C/min (Galvita and Sundmacher 2007).
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Table 2.5 Identified reduction mechanisms, activation energies and pre-exponential

factors for individual reduction steps (Galvita and Sundmacher 2007).

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 ) 1.45 £0.2°10° 83 + 15"
Diffusion control (peak IV) 307 66 + 13

Yu Lin et al. (2003) have applied the TPR method for kinetic study of reduction of iron
oxide with hydrogen. Reduction was determined to have been in two stages; first the
reduction of Fe,O3; to Fe;O4 occurs and then the reduction of Fe;O4 to Fe. Using the
Arrhenius plot the activation energies was calculated for both steps and the result was
89.13 and 70.41 kJ/mol, respectively. The TPR pattern was plotted and the simulation
models were compared to the obtained data. The unimolecular model fitted well for the
first stage and the two-dimensional nucleation was fitted best for the second stage of the
reduction. Jozwia et al. (2007) investigated the reduction behaviour of iron oxides using
the TPR method. Hydrogen and carbon monoxide mixture was used as reducing agent.
Using an in situ X-Ray diffraction (XRD) analysis, three stage reduction of iron oxide
was observed; reduction of Fe,O; to Fe;O4 then further reduction to FeO, and finally

reduction of FeO to Fe.
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2.3.1.1 TPR EXPERIMENTAL CONDITIONS

TPR experimental conditions such as the amount of metal oxide, carrier gas and fuel gas
flow rates, and heating rate have to be carefully determined. Since the shape of the TPR
peaks are noticeably affected by these parameters, choosing an appropriate range for each
is critical. Uninformed changes in the experimental conditions can dramatically affect the

results. For this purpose, Malet and Caballero (1988) have defined the parameter, P, as:
P= BSo/FCo (2-16)

where Sy is the amount of reducible species in the sample, F is the gas flow rate and Cy is
the hydrogen concentration in the feed gas to the reactor. The P factor should be set as
low as possible and in all cases lower than 20 K. Moreover, for the calculation of
activation energy it is preferred to run the test with constant P, using different

temperature ramps, in order to obtain the results with more certainty.

2.3.2 THERMO GRAVIMETRIC ANALYSIS (TGA)

One of the most prevalent methods in the study of the kinetics of gas-solid reactions is
thermogravimetric analysis (TGA), which can be based on either isothermal or non-
isothermal data (Everson et al., 2006). Numerous methods have also been developed in
order to evaluate TGA data (Sharp and Wentworth., 1969). Flynn and Wall (1960) have
revised five different methods explicitly on TG analysis of polymers. The “integral”
method, “differential” method and “difference-differential” method have been compared
by Sharp and Wentworth (1969) in their article and the advantages and disadvantages of
each of the methods have been pointed out.

In TGA, the solid reactant in the form of a fine powder is placed into a crucible and the
gas stream, consisting of an inert carrier gas and the reactant gas, flows above the
crucible. The temperature can be set to be constant (isothermal) or be ramped with a
certain rate (non-isothermal). As the reaction proceeds, the solid phase will lose or gain
weight, based on the nature of the reaction. Evaluation of this 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 from TGA results is the difference-
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differential method. Although this method has several weaknesses, it was commonly used,
and both activation energy and the order of the reaction can be evaluated.

Sometimes the corresponding results for the reaction order are meaningless or often have
a great value of uncertainty. The integral method, in contrast, is applied to four different
orders of reactions, which are 0, 1/2, 2/3 and 1, based on the theoretical explanation of
the solid phase reaction. With each of these reaction orders a particular plot can be
produced and the best linear plot belongs to the actual reaction rate, which also
determines the equivalent activation energy (Sharp and Wentworth, 1969).

In 1966, Achar et al. established the differential method for solid phase reactions, which
cannot be categorized in terms of an order of reaction. This method applies to all reaction
mechanisms as long as the correct reaction mechanism has been already identified.
Considering the fact that the correct mechanism of a reaction can be found in prior works,
knowing the mechanism of the reaction would no longer be a limitation for this method.
Piotrowski and his research group (2005) have done a comprehensive study on iron oxide
reduction using the TGA method. They claimed that the reaction of Fe,O3 to Fe;O4 is a
surface-controlled process and as soon as the first layer of Fe;O4 is formed, the reaction
mechanism changes to diffusion control to form FeO. They have also indicated that
higher temperature results in a higher reaction rate as they chose isothermal TGA
experiments with temperature between 700-900 C.

Hematite reduction, with different reducing gases, has been studied and different
activation energies have been obtained. Table 2.6 shows some of the previous study’s

results.
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Table 2.6 Activation energies of iron oxide reduction (Mondal et al., 2004)

Activation energy (kJ/mol) Reducing agent

74-117 H,

57-73 H,

35 H,

14.6 CcO

42.1 H,

19.8 CcO

96-106 H,
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CHAPTER 3: EXPERIMENTAL PROCEDURE

3.1 EXPERIMENTAL APPARATUS (TPR)

For this study, a tubular fixed bed reactor has been designed and constructed. The
experimental apparatus has been categorized into three main sections namely the supply,

reactor and sampling sections. The whole setup is illustrated in Fig 3.1.

Figure 3.1 TPR experimental apparatus

3.1.1 SUPPLY SECTION

The supply section contained two gas lines: argon (Praxair, Grade 5.0, 99.999% pure),
which was the carrier gas and methane (Praxair, grade 3.7, 99.97% pure), which was the
reactant gas. Two mass flow controllers were used to control the flow rates of the feed;
Omega 2600A was used for argon with an accuracy of 0.1 liters per minute (LPM), and

Omega 2604A was used for methane, with an accuracy of = 0.01 LPM.
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3.1.2 REACTION SECTION

A stainless steel tube (AISI 316 with 7.75 mm inside diameter and total length of 650
mm) was located in an electrical furnace (2238-24-3ZH). The reactor was placed inside a
mullite process tube. The mullite tube was designed to protect the reactor from heat loss
and maintain a constant heating rate. In order to fix the iron oxide particles inside the
tube a chamber consisting of two sintered stainless steel plates (SS-4F-K4-60) was placed
50 mm down from the very top of the reactor. Iron oxide particles were located between
the two plates and a K-type thermocouple was placed inside the chamber to measure
reaction temperature. The furnace was equipped with two PID temperature controllers
(Extech, 48VTR); each was connected to a K-type thermocouple located at the middle of
its controlling zone. One of these was controlling the heat rate of the reaction zone (from
the top of the tube to the middle) and the other was controlling the heating rate of the
preheat zone (from the middle of the tube to the bottom). The temperatures were read
through a digital thermometer (Omega, HH21) and were recorded manually. A

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

A gas chromatograph (3000A Micro GC, Agilent) was used (Fig. 3.3) for measuring the
composition of the outlet gases. When the gas left the reaction zone, the gas temperature
was more than the recommended GC inlet temperature (below 90°C), so a condenser was
located in order to cool it down. Cold tap water was used as a cooling fluid. As the exit
gas contained water as a product of the reaction, a desiccator was located immediately
before the GC entrance in the stream, in order to absorb the water and therefore protect

the GC columns from possible moisture damage.

_———
Figure 3.3 The Agilent 3000A Micro GC

3.1.4 PREPARATION STEPS

Preparation steps consisted of a leak test, temperature control calibration and GC
calibration. For the leak test, argon was used and the exit valve was closed and 20 psi
pressure was applied to ensure all of the couplings and junctions are well sealed, based on
the hazardous nature of the experiment. The temperature controller calibration was
conducted with different rates of heating, in order to determine the appropriate settings
for the temperature ramp. Finally, the GC calibration was performed by flowing different
ratios of methane to argon to adjust the GC to recognize the flue gas and reduce possible
errors. The first step was calibration of the GC which was performed without heating.
The next step was to see if the mixture of methane and argon reacts with anything while

passing through the tubes using actual reactor conditions with heating and in high
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temperatures (1000 °C). Figure 3.4 shows the calibration data for different heating rates.
As the graph shows, the heating ramp was perfectly constant for B=5 and almost constant
for p=10. For higher heating rates, such as f=15, the controllers was not able to keep the

heating rate constant.

1000 y=11.776x + 163.79
R?=0.9929
900 y =9.4432x + 154.32
R?=0.9914
800 y =6.9294x + 105.39
R%=0.9995
700 y = 5.5206x + 68.923
) R? = 0.999
£ 600
£
> = (3=10
8 500 P
=5
S §
400 == =12
—— =7
300 — Linear (=10)
200 - — Linear (f=5)
. Linear (f=12)
100 - - - " —— Linear (B=7)
10 60 110 160
Time (min)

Figure 3.4 Thermometer calibration graph, temperature vs. time
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3.2 EXPERIMENTAL APPARATUS (TGA)

In order to complete a cycle in chemical looping combustion, the reduced iron oxide
should react with air and return to its primary condition by absorbing oxygen from air. A
TA Instruments SDT Q600 TEA system, as shown in Fig 3.5, has been used to evaluate
the oxidation of iron with air. Iron oxide samples were placed in an aluminum oxide

crucible. The samples were heated up to 1100 °C with three different ramps: 10, 15 and
20 °C/min.

Figure 3.5 SDT Q600 simultaneous TGA/DTS.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 IRON OXIDE CHARACTERIZATION

Iron oxide pellets were ordered from the Iron Ore Company of Canada (I0C). The pellets
were then ground and sieved, following a ball mill grinding process. Because of a
complementary research on the iron oxide, two particle sizes (75-90 um and 90-125 pum)
were chosen to be suitable as the feed for a pulverized coal burner. The pulverized coal
burner has to be designed for the air reactor of the CLC unit. X-ray diffraction (XRD)
analysis and scanning electron microscopy (SEM) was performed on the iron oxide. The
SEM and XRD test results are attached in Appendix A. The XRD results show only the
Fe,Os form of iron oxide in the sample. SEM images of the iron oxide (90-125 um) as
raw material, the product of TPR and the product of TGA are shown in Figs. 4.1, 4.2 and
4.3. Figure 4.1 shows the irregular surface of the iron oxide raw material and the porosity
and void spaces between the particles are noticeable. Figure 4.2 shows the microscopic
structure of the iron oxide sample after heating up to 1100°C in the fixed bed TPR reactor.
The surface became smoother. Figure 4.3 shows the same sample after oxidation with air
up to 1100°C. The shape of the surface has noticeably changed. This reduction and
oxidation has changed the morphology of the sample. As a result of this temperature
treatment there is no sign of void space between the particles and all of them adhered to
each other as if it were a single piece. Moreover, the surface is not irregular anymore.
However, there is no sign of fracture or breakage in the iron oxide particles. The molar
composition of each sample obtained from SEM can also been reviewed in Appendix A.
Appendix Al shows 8.57 weight percent carbon dissolved in the raw sample and it
reduced to 7.57 weight percent in the final product. Added carbon improves the hardness

of the iron. Therefore, losing carbon could result in reduced strength for the final sample.

As mentioned before, two sets of TPR tests were carried out. The major difference
between them was the highest temperature that was reached in the experiment. In test 1

the iron oxide sample was heated up to 800°C, while in test 2 the maximum temperature
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was 1100 °C. Based on TGA and XRD analysis of the results of the test 1 product, there
was only Fe;O4 formation after reduction of the sample with methane, whereas in test 2
samples FeO has also been formed. Galvita and Sundmacher (2007) have mentioned the
formation of Fe instead of FeO. Although the method of TPR experiment was almost the
same as this study, using H, as the reductive gas instead of methane could be one of the

reasons why they have not observed FeO formation.

S-4700 1506V 11.8mm x20.0k SE(L)

Figure 4.1 SEM micrographs of iron oxide raw material

31



100um

S-4700 150KV 12.2mm x20

Figure 4.2 SEM micrographs of iron oxide (TPR product)
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] 1 [}
700 150KV 12 Tmm SE(L) 2.00urm

Figure 4.3 SEM micrographs of iron oxide (TGA product)
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4.2 TEMPERATURE PROGRAMED REDUCTION RESULTS

Four sets of TPR test, with different operational conditions, have been performed. Table

4.1 shows the summary of test conditions.

Table 4.1 TPR test conditions and flow rates

Fe,O3 | Methane Argon Tem?)ecr)ature Products | B (°C/min)
Test1 | 2g | 10ce/min | 100 cc/min | 100-800 FesOs 9.4
CO,, H,O
Fes0y,
Test2 | 20mg | 10 cc/min | 100 cc/min 100-1100 FeO, CO,, 5.5
H,O
FesOy,
Test 2.1 | 20 mg | 10 cc/min | 100 cc/min 100-1100 FeO, CO,, 6.9
H,O
Fe;0y4,
Test 2.2 | 20 mg | 10 cc/min | 100 cc/min 100-1100 FeO, CO,, 9.4
H,O
Fe;0q4,
Test 2.3 | 20mg | 10 cc/min | 100 cc/min 100-1100 FeO, CO,, 11.7
H,O

The GC reports for the tests are shown in Appendix B. The final results are presented in

Fig. 4.4. As shown in Fig 4.4, there are two peaks in each graph which shows a two-step

reduction of iron oxide. The first peak can be assigned to the reduction of Fe,O3 to Fe;Os.

This reduction occurs between 350-450 °C, depending on the temperature ramp. The

second peak can be assigned to reduction of Fe;04 to FeO. It occurs between 600-800 °C,

depending on the temperature ramp. Parameter P is calculated for each run, as shown in

Table 4.2
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Table 4.2 Parameter P for TPR standard condition

B(°C/min) Sy (mole) FCy (mole/min) P(K)
Test 2 5.5 0.00012 0.0008 0.82
Test 2.1 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=5.5 °C/min
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Figure 4.4 Experimental CH4 TPR profiles of Fe,O; at three different heating rates.

For an accurate result, P should be less than 20 K, and it should be kept as low as
possible. It can be concluded that the results became less precise with increasing 3. The
GC was able to sample every 5 minutes, and a greater value for B results in larger
temperature intervals and a smaller number of data points to create the graphs in Fig. 4.4.
Figure 4.5a shows an Arrhenius plot based on Kissinger’s method extracted from Eq.2.12
and Fig. 4.4 for the first peak while Fig. 4.5b shows the same plot for the second peak.
The activation energy for both reactions can be calculated from the trend line of the plot.

For the first peak, reduction of Fe,Os to Fe;O4, the activation energy was 10.97 (kJ/mol)
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and for the second peak, it was 28.43 (kJ/mol). As mentioned before, the activation
energy of reduction of Fe,O3 to Fe;O4 was reported in the literature between 35 and 117
(kJ/mol), if the reducing gas is H, and between 14 and 20 (kJ/mol), if the reducing gas is
CO (Table 2.6). The iron oxide composition and reducing gas type might be the two main
reasons of the difference between the obtained results in different studies. As evident
from Fig 4.5b, the Arrhenius plot for the second peak is not as accurate as the one for first

peak.
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Figure 4.5 Arrhenius plots for TPR of Fe,O3 a) for Fe,O; to FesO4 conversion (first peak)

and b) for Fe;O4 to FeO conversion (second peak).
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4.2.1 EXPERIMENTAL ERROR IN TPR EXPERIMENT

A TPR test has to be performed in a fixed bed reactor. In this experiment, the chamber
was designed for 2 g of iron oxide sample. The gas flow for 2g was higher than the GC
recommended flow range to analyze the gas mixture properly. This problem required the
use of 50 pg of iron oxide and relatively lower flow rates of the gas. However, the
chamber should have been designed to be smaller in size, in order to stop the particles
from fluidizing. Although the gas flow was too low, and the filters created a significant

pressure drop, fixed bed reactor conditions were not fully achieved.

In addition, the inability to maintain a constant temperature ramp, and as a result of that
having a fluctuating B instead of a specific B for each experiment provokes further
uncertainty in the results (Fig 3.4). Equation 2.7 explains the main concept of this method
of kinetic study as assuming a constant . Inconsistency in the value of B can make a

significant difference in the final results.

The conversion rate is calculated by knowing the gas composition at the existing gas
temperature. It requires a sampling method in which the gas is analyze immediately after
leaving the reaction zone, where the related gas temperature is recorded. The gas
component analyzer of this experiment (GC) was measuring the samples after the gas
passed the condenser and desiccator. As a result, the gas related temperature has to be
estimated, based on the gas flow rate and the distance between the reaction zone and the
GC. Many factors were involved in this estimation which made it almost impossible to be
free of errors. It is worth mentioning that by increasing the temperature the accuracy of
this estimation was decreased, which explains the difference in the percentage of the error

for the first peak and the second peak.

Table 4.3 shows the error calculation chart for this experiment. The maximum error in
temperature calculation for TPR test was £10 °C, which was calculated based on three
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 first and second stage

were determined to be 10.58+ 0.86 and 25.77+ 0.83 kJ/mol, respectively.
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Table 4.3 Recorded temperatures for each run and the average for each peak.

Temperature °C
Mean value Mean value
first peak second First peak Second peak
peak
runl 345 565
B=5.5 run2 339 574 343.6 569.6
run 3 347 570
runl 397 621
B=6.9 run2 405 632 404 626.3
run 3 410 626
run 1 460 710
=9.4 run 2 455 701 462.3 709.3
run 3 472 717
run | 499 721
p=11.7 run 2 510 729 509.6 728.3
run 3 520 735

Table 4.4 Calculated activation energies.

Activation . Activation .
Maximum Mean Maximum
energy for Mean energy for
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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4.3 THERMO GRAVIMETRIC ANALYSIS RESULTS

Thermogravimetric Analysis (TGA) was carried out on two samples obtained from the
TPR experiments (test 1 and test 2). TGA method characterization is summarized in
Table 4.2. For each temperature ramp two different graphs was obtained. One for oxygen
consumption vs. temperature and another for weight change percentage vs. temperature.
First graph (Fig. 4.6) was used to extract the Tyax for each peak. Then Arrhenius plots
were obtained (Fig. 4.7) in accordance with Eq.2.11 and Fig. 4.3. The second graph
(Fig.4.8) showed evidence for the presence of another kind of iron oxide species for the
sample gathered from TPR test 2. The weight percent increase after oxidation can be

calculated as follows:

Fe;O3 molar weight= 159.6882

Fe;O4 molar weight=231.5356

4 Fe304 + O, = 6 Fe 03 (4.1

(6x159.6883) —(4x231.5356) —3 45%

Weight percent change =
SLP 5 (4x231.5356)

It can be concluded from above calculation that the weight percent increase should not be
more than 3.45% if the sample contains only Fe;Oy, as it did not exceed 3.45% for the
iron oxide obtained from TPR test 1. Therefore, XRD was carried out and the result is
shown in Appendix A2. The formation of FeO in the sample, in addition to Fe;O,, is
evident from the XRD analysis. The weight percent of FeO to Fe;O4 can be obtained
from the sample’s weight gain, shown in Fig.4.8, and also based on the determined
stoichiometry of the reactions (Egs. 4.1 and 4.2). Oxidation of iron oxide happens

according to the following reactions:
6 FeO + O, — 2 Fes0y4 (4.2)
FeO molar weight= 71.8446

(2x231.5356) — (6x 71.8446)
6x71.8446

Weight percent change= 7.4%
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Total weight percent change= 4.5% (Fig. 4.8)
FeO to Fe;04=4.5-3.45=1.05% Molar weight change
FeO mass fraction in the feed of TGA: 1.05+7.42=0.14

Regarding the above equations and calculations, the FeO Mass fraction in the sample
obtained from TPR test 2 was 0.14. Activation energies were estimated using Fig. 4.7 and
Eq.2.11. For the first peak and second peak the activation energies are 14.30 kJ/mol and
86.88 kJ/mol, respectively.

The Fe;O4 conversion to FeO occurs in the range of 600 to 800°C, and continues to
1100°C for TPR test 2 conditions and 35 molar percent of the final sample was FeO. It
can be concluded that for the TPR test 1, which was completed at 800°C, the amount of
FeO in the final sample was negligible. This hypothesis was examined by XRD analysis
and the result shows that only Fe;O,4 was detected in the sample. The TGA weight change
percentage graph also shows around 3% weight change, which is reasonable for

conversion of Fe;Os to FezOy.
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Figure 4.6 TGA graph of oxidation of iron oxide with air at different temperature rates
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Figure 4.7 Arrhenius plots obtained from TGA of iron oxide with air.
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Table 4.5 TGA test conditions

Iron oxide
. . — Temperature Temperature
particle size Oxidation gas R N .
range (°C) Ramp(°C/min)
(nm)
Testl 90-125 Air 50 — 1100 10
Test2
90-125 Air 50-1100 15
Test3
90-125 Air 50-1100 20
mgﬁ :;uunmc 15Cimn DSC-TGA Fie: r.#w 15C pen 1100C {08-06-1
Mathod: Fe304 ramp 1100C in ar al 15C/ Run Diate: O8-Jun-2011 10.40
Comment: Fe304 in air to 11005 15Cmin (08061 1) Instrument: SOT Q500 VB, 1 Build 39
106 0
[T - / . - 0.0
:
:
E 1024 -0 &
? »
: :
£
8
100 4 ]
e © 200 400 Coebo S oe0 1000 0
Temperature {*C) Universal 4 2E T4 instrumenis

Figure 4.8 TGA graph of oxidation of iron oxide obtained from TPR test 2 with air,

B=15°C/min
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4.4 REACTION MECHANISM

To evaluate the reaction mechanism, integration of Eq. 2.9 should be solved. This

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

E

AE —

slam)=" e <1+%)

(2.15)

Hence, functions of g(a(7)), and consequently f(a(7)), are given. Combining the result
with Eq. 2.9 and 2.10, simulation of the reaction pattern for different f{a) from Table 2.4

would be possible:

da A E
= E.exp(—ﬁ)-f (a(T)) (2.9)

Figure 4.9 shows simulated patterns for some of the common solid-gas reaction
mechanisms, obtained from a Microsoft Excel spread sheet. The calculations can be seen

in Appendix C.

By comparing the simulated reaction patterns with graphs obtained from TGA and TPR,
the best mechanism can be assigned for each reaction. The random nucleation mechanism
can be assigned to the first peak, reduction of Fe,O; to Fe;O4 and two-dimensional
diffusion mechanisms can be assigned to the second peak, reduction of Fe;O4 to FeO as
shown in Fig. 4.10. The same result was achieved for the mechanism of the reactions in

the literature, although the 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 methane. The temperature program reduction
tests were conducted using a gas chromatograph for evaluation of methane consumption.
Thermogravimetric analysis was carried out on the reduced iron oxide to return it to its
initial state, in order to simulate a CLC cycle condition. Two-stage reduction of iron
oxide was observed: Fe,O; reduced to Fe;O4 and then reduced to FeO. For the first and
second stage of reduction, the activation energies were 10.58+ 0.86 and 25.77+ 0.83
kJ/mol, respectively. Integration of the equation 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 and the random nucleation mechanism was the
best fit for the first stage of reduction and the two-dimensional diffusion was the best fit
for the second stage of reduction. The calculated activation energies and Arrhenius
coefficients were in satisfactory agreement with the previous studies in the literature. By
applying the kinetic data gathered in this study, a CLC unit can be modeled and designed
for this specific oxygen carrier and fuel. The results of the SEM and XRD tests confirm
that the Fe,O3 sample did not show any particular change in the shape of the surface after
reduction with methane at 1100°C. However, an obvious change in the sample surface
was observed after oxidation at 1100°C, with air. In order to use the iron oxide for more
than one cycle, the sample should be enhanced by some kind of binder or additive to
obtain more heat resistivity. It was also concluded that reduction of Fe,O3 at 800°C only

formed Fe;04, and the formation of FeO was observed only at higher temperature.
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APPENDIX Al: SCANNING ELECTRON MICROSCOPE

(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
¥ ' 7 . T v T

Ful Scals 5052 s Curser: 0,032 (1283 1) LI
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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
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Ti Tr 1-Tun-1999 12:00 AM
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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
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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
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0 5102 1-Jun-1999 12:00 AM
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Element | Weight®s  Atomuc®s
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CaK 0.34 0.4

FeL 63.37 3218 [Fa
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APPENDIX A2:X-RAY DIFFRACTION ANALYSIS (XRD)

APPENDIX A2.1: XRD SPECTRUM (TGA TEST 2 PRODUCT)
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APPENDIX A2.2: XRD ANALYSIS SHOWING THE PRESENCE OF FEO IN
TGA TEST 2 SAMPLE
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APPENDIX A2.3: XRD ANALYSIS SHOWING THE PRESENCE OF FE;O4 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 SHOWING THE PRESENCE OF FE,O; IN

RAW MATERIAL
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APPENDIX A2.6: XRD SPECTRUM (TGA TEST 1 PRODUCT)
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APPENDIX A2.7: XRD ANALYSIS SHOWING THE PRESENCE OF FE;O4 IN

TGA TEST 1 PRODUCT
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APPENDIX B1:

(B=3)

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

65




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 minutes

TCDY A
’1 &N
_ ‘ 5\
8 & =Rt
J
0.8 T T
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 min
TCDZ A
2 z
s
hr
g .
J ﬂlﬁ ': 'Ilﬁ 2' 2:5 mil
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

ikl |

25

1 2
TCO2 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
3
8 1 S
' B
8
I IJFﬁ I . ‘1I I 1:5 I EI 1:5 I i
TCDZ A
2
§ al
' 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 BV |5.4676e+004 |1.29910e-004] 8.833707 Methane
i 1.177 VB 24537086 |3.01494e-005| 0.008200 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 FILES OF TPR (B=10)

First run
FEbT A
) E -
i / ’ ’
g4
"-Il‘lﬁ 'HI 1I'5 9.' ?IE iy
Tz &
§ i i | i . i |
) as H 18 2 28 min
Retention|
Signal '[TIn'l'-i 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 - Acetylene
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
0
o
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

05

1.5

25

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

=
EY

-
c
"
i
=
B
-

TEDY A

g -
nlu ‘1I ) 'I.Iﬁ 5 ) 2!5 ) min|
TCD2 A
ﬂl-!l- '} - 'IIF.I . i i ) ETE ) 'rn1n|
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

-

05

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 minutes

TCDY A
2 :
' :
2
E 1
g = e B S F < 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

v

oaTE - Argen

581

1077 - Msthane

TCD1 &

‘1I i 1.r5 I 5 : 21‘.!- S rrnirJ
TCh2 A
1
g
-3
o8 il - 15 il - *gg " 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 BV |4.5667e+004|1.29910e-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

(B=15)
First run
TCDY &
AR S T -
TCDZ A

3

§ -

g

I l:llﬁ I ‘ll 1!! 2|‘ 2IU 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 _ - - - Nitrugen
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

: 15

(.

28

1 min|
TCD2 A
1 g =
J§1 § Vimamn
Ng
b
§
[ =]
g
ﬂlﬂ ‘1I 1.I5 zl : 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
1.008 gmlrﬂ

TG A

15

i min|

TCD2 A

=]
Le]
= -

15

3

258 Ll |

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

_ 1.5 2 25 i
TCDZ A
2 :
E ' \ .
Lol
o
g |
= ; i T o~ I—
Retention|
Signal [Tirlrwzi 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

1
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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, B=15

Sample: FeX0d in air to 1100C 15Ciman DSC-TGA File: Fe304 cxidation 15C pm 1100C (D8-06-1
Size. 1255570 mg - KPP
Mathed: Fed0d ramp 1100C n a at 150/ Ruiny Diate: 08-Jun-2011 10:40
Comment: Fe30d in air o 1100C 15Cmin (0806M11) Instrument: SOT Q500 VB, 1 Build 39
106 iR
104 - / " -0.0
=3
E
g 2
E i+ 01
: :
’ .
8
100 - 0.2
96 —— r — —_ —_— —_— 4.3
¢ 200 400 600 a00 1000 1200

Temperature ("C) Universal W 78 T4 instrumenis
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APPENDIX B4.2: TGA GRAPH OF OXIDATION OF IRON OXIDE OBTAINED
FROM TPR TEST 2 WITH AIR, B=20

- Fa2(1} axidation bo 1100 20Cimi DSC-TGA File: Fe20d oxidation 200 pm 1100C (09-06-1...
Size: 107 4560 mg Cperator: Amir
Mathod: Fe304 ramp 1100C o air a1 2007 Run Date: 09-Jun-2011 10:24
Commant: Fe2(03 codaton 1o 1100 20Cimin (0906 1) Instrument: SOT 0600 V8.1 Buld 93
106 o1
(TP i oo
E
E
g 2
E 102 01 B
2 :
£
a
100 e 02
o8 - T 3
[ 20 o 500 slo 1000 1200
Temperature (*C) Unfeernal V425 T4 berumans
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APPENDIX B4.3: TGA GRAPH OF OXIDATION OF IRON OXIDE OBTAINED
FROM TPR TEST 2 WITH AIR, B=10

Sample: Fe203 oxdaticn 1o 1100 10CImI D$C-TG#« Filn: Fad0d oxidation 100 pm 11000 {08-06-1
Size: 1294310 mg Ciparator: Amir
Mathod: Fel0d ramp 1100C in a at 1001 Run Date: 09-Jun-2011 13:55
Comment: Fed03 oxdabon o 1100 10CImin (D906/11) Instrument: SOT Q600 V.1 Buikd 89
106 005
- 000
104 -
£05 :EE
g 2
15 102 E
-
= ;
000 g
100
F 4015
9 e —— e e e 0320
( 200 aho 0o ol 1000 1200
Temperature (*C) Uriversal V4.2E TA strumenis
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APPENDIX B4.4: TGA GRAPH OF OXIDATION OF IRON OXIDE OBTAINED
FROM TPR TEST 1 WITH AIR, B=20

Sample: Fe304 in air to 1 100C | 20CHmn) DSC-TGA Fite: Fe30d ooodation J0C pen 1100C (06-05-1,
Sire: 1153060 mg Operator: KPP
Mathed: FadiOd ramp 1100C in ar at 200/ Fun Diaba: 2011 1219
Coamment FelOd powder condized m ar bo 1100C (0505/11) nstrumenl. SOT W1 Build 99
i) 0.05
WW | 0.00
103 -
e
Lans B
z 2
E 12
1 ?
L1010 E
101 -
- <015
1oa T 020
) 200 400 500 aba 1000 1200
TM{'C] Universa W4 28 TA instrumsni

115



APPENDIX B4.5: TGA GRAPH OF OXIDATION OF IRON OXIDE OBTAINED
FROM TPR TEST 1 WITH AIR, B=10

Bample: Fed0d powder heat 10Cmn n ai DSC_TGA File: Fa304d oodation 10 pm 11000 {20-04-1..
Sow: 114773 mg Oparator: KPP
Mathod: Fa304 Ramp 1 100G in air @t 1007 Fun Date: 20-Apr-2011 11,32
Comment: Fe30d powder 30 1o 125 microns. Irstrument: SOT Q600 VE 1 Build 99
L] o2
_ W%W 00
103
=002
e
: 2
E 102 Los &
£ £
g
- -0.06 S
101 -
|- 008
1o r 010
0 200 a0 &00 8o 1000 1200

Temperature [("C) Urivaraal Wi 2 TA atarasls
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APPENDIX C: MICROSOFT EXCEL SPREAD SHEET

Table C.1 and Fig. C.1 shows the calculation of the two-dimensional diffusion

mechanism. The variables of the table are defined as following extracted from Maple:
x= (E/RT)
P(x)=(EXP(-x)/x)((674.56+(57.42x)-(6.55(x*))(x*))/(1699+(841x)+(49(x*))(8(x*))-(x")))
Q=EXP ((P(x)*)/ (-2))

f(0)= Q(-2LN(Q))*(1/2)

d (a)/dT=(EXP(-x))f(0)

Table C.1 Microsoft excel spread sheet for two-dimensional diffusion mechanism

X P(x) Q f(a) d(a)/dT

10.72047 1| 2.13045E-07 1| 2.12831E-07 | 4.70104E-12
0.974588 11 0.1095408 | 0.994018 | 0.108885567 | 0.041087715
0.510499 21 | 0.385699436 | 0.928317 | 0.358051337 | 0.214901059
0.345822 31 | 0.711286242 | 0.776496 | 0.552310772 | 0.390836463
0.261475 41 | 1.055659015 | 0.572806 | 0.604687945 | 0.465558433
0.210205 51 | 1.409072015 | 0.370559 | 0.522144646 | 0.423155332
0.175745 61 | 1.767513264 | 0.209705 | 0.370657084 | 0.310918836
0.150993 71 | 2.129035657 | 0.103685 | 0.220749373 | 0.189812253
0.132351 81 | 2.492581494 | 0.044758 | 0.111563389 | 0.097733212
0.117807 91 | 2.857527124 | 0.016861 | 0.048181795 | 0.04282722
0.106143 101 | 3.223481155 | 0.005542 | 0.017864255 | 0.016065249
0.096581 111 | 3.590185598 | 0.001589 | 0.005704429 | 0.005179259
0.088599 121 | 3.957463521 | 0.000397 | 0.001572395 | 0.001439075
0.081836 131 | 4.325189541 | 8.67E-05 | 0.000374778 | 0.000345329
0.076032 141 | 4.693272331 | 1.65E-05 | 7.73421E-05 | 7.16796E-05
0.070996 151 | 5.061643799 | 2.73E-06 | 1.38334E-05 | 1.28853E-05
0.066587 161 | 5.43025214 | 3.95E-07 | 2.14615E-06 2.0079E-06
0.062693 171 | 5.799057242 | 4.98E-08 | 2.89001E-07 | 2.71439E-07
0.059229 181 | 6.168027564 | 5.48E-09 | 3.37967E-08 | 3.18531E-08
0.056128 191 | 6.537137964 | 5.25E-10 | 3.43384E-09 | 3.24641E-09
0.053336 201 | 6.906368155 | 4.39E-11 | 3.03234E-10 | 2.87484E-10
0.050808 211 | 7.275701584 3.2E-12 | 2.32812E-11 | 2.21278E-11
0.048509 221 | 7.645124616 | 2.03E-13 | 1.55445E-12 | 1.48085E-12
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0.046409 231 | 8.014625914 | 1.13E-14 | 9.02813E-14 | 8.61872E-14
0.044483 241 | 8.384195977 | 5.44E-16 | 4.56197E-15 | 4.36348E-15
0.042711 251 | 8.75382678 | 2.29E-17 | 2.00594E-16 | 1.92206E-16
0.041075 261 | 9.123511502 | 8.41E-19 | 7.67644E-18 | 7.36752E-18
0.039559 271 | 9.493244305 | 2.69E-20 | 2.55705E-19 | 2.45787E-19
0.038151 281 | 9.863020165 | 7.52E-22 | 7.41493E-21 | 7.13737E-21

0.03684 291 | 10.23283473 | 1.83E-23 | 1.87202E-22 | 1.80431E-22
0.035616 301 | 10.60268423 | 3.88E-25 | 4.11522E-24 | 3.97123E-24
0.034471 311 | 10.97256535 | 7.18E-27 | 7.87754E-26 | 7.61062E-26
0.033397 321 | 11.34247519 | 1.16E-28 | 1.31322E-27 | 1.27008E-27
0.032388 331 | 11.7124112 | 1.63E-30 | 1.90661E-29 | 1.84585E-29
0.031438 341 | 12.08237112 2E-32 | 2.41099E-31 | 2.33638E-31
0.030543 351 | 12.45235292 | 2.13E-34 2.6556E-33 | 2.57572E-33
0.029697 361 | 12.82235484 | 1.99E-36 | 2.54792E-35 | 2.47337E-35
0.028896 371 | 13.19237526 | 1.61E-38 | 2.12954E-37 | 2.06888E-37
0.028138 381 | 13.56241276 | 1.14E-40 | 1.55054E-39 | 1.50752E-39
0.027418 391 | 13.93246604 | 7.06E-43 | 9.83543E-42 | 9.56942E-42
0.026734 401 | 14.30253394 3.8E-45 | 5.43545E-44 | 5.29206E-44
0.026084 411 | 14.6726154 | 1.78E-47 | 2.61712E-46 | 2.54974E-46
0.025464 421 | 15.04270949 7.3E-50 | 1.09793E-48 | 1.07032E-48
0.024873 431 | 15.41281532 2.6E-52 | 4.01325E-51 | 3.91466E-51
0.024309 441 | 15.78293211 8.1E-55 | 1.27822E-53 | 1.24752E-53

0.02377 451 | 16.15305914 2.2E-57 3.5474E-56 | 3.46407E-56
0.023255 461 | 16.52319576 | 5.19E-60 | 8.57874E-59 | 8.38154E-59
0.022761 471 | 16.89334135 | 1.07E-62 | 1.80782E-61 | 1.76713E-61
0.022288 481 | 17.26349538 | 1.92E-65 3.3198E-64 | 3.24662E-64
0.021834 491 | 17.63365732 | 3.01E-68 | 5.31257E-67 | 5.19783E-67
0.021398 501 | 18.00382671 | 4.12E-71 | 7.40868E-70 | 7.25183E-70
0.020979 511 | 18.37400312 4.9E-74 | 9.00386E-73 | 8.81693E-73
0.020577 521 | 18.74418616 | 5.09E-77 | 9.53618E-76 | 9.34197E-76
0.020189 531 | 19.11437543 4.6E-80 | 8.80209E-79 | 8.62616E-79
0.019816 541 | 19.48457062 | 3.63E-83 | 7.08057E-82 | 6.94164E-82
0.019456 551 | 19.85477139 2.5E-86 | 4.96396E-85 | 4.86831E-85

0.01911 561 | 20.22497746 1.5E-89 | 3.03299E-88 | 2.97558E-88
0.018775 571 | 20.59518854 | 7.84E-93 | 1.61511E-91 | 1.58507E-91
0.018452 581 | 20.96540439 | 3.58E-96 | 7.49598E-95 | 7.35893E-95

0.01814 591 | 21.33562475 1.4E-99 | 3.03216E-98 | 2.97765E-98
0.017838 601 | 21.70584942 | 4.9E-103 1.069E-101 | 1.0501E-101
0.017546 611 | 22.07607817 | 1.5E-106 | 3.2848E-105 | 3.2277E-105
0.017263 621 | 22.44631082 | 3.9E-110 | 8.7975E-109 | 8.6469E-109

0.01699 631 | 22.81654718 9E-114 | 2.0536E-112 2.019E-112
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0.016725 641 | 23.18678707 | 1.8E-117 | 4.1783E-116 4.109E-116
0.016468 651 | 23.55703035 | 3.1E-121 | 7.4097E-120 | 7.2887E-120
0.016219 661 | 23.92727684 | 4.8E-125 | 1.1453E-123 | 1.1269E-123
0.015977 671 | 24.29752642 | 6.4E-129 | 1.5431E-127 | 1.5186E-127
0.015742 681 | 24.66777895 | 7.3E-133 | 1.8121E-131 | 1.7838E-131
0.015514 691 | 25.0380343 | 7.4E-137 | 1.8548E-135 | 1.8263E-135
0.015293 701 | 25.40829235 | 6.5E-141 | 1.6549E-139 | 1.6298E-139
0.015078 711 | 25.77855298 5E-145 1.287E-143 | 1.2677E-143
0.014869 721 | 26.1488161 | 3.3E-149 | 8.7242E-148 | 8.5955E-148
0.014665 731 | 26.5190816 | 1.9E-153 | 5.1549E-152 | 5.0799E-152
0.014468 741 | 26.88934938 | 9.9E-158 2.655E-156 | 2.6169E-156
0.014275 751 | 27.25961936 | 4.4E-162 1.192E-160 | 1.1751E-160
0.014087 761 | 27.62989144 | 1.7E-166 | 4.6645E-165 | 4.5993E-165
0.013905 771 | 28.00016555 | 5.7E-171 | 1.5911E-169 | 1.5692E-169
0.013727 781 | 28.37044161 | 1.7E-175 | 4.7312E-174 | 4.6667E-174
0.013553 791 | 28.74071955 | 4.3E-180 | 1.2263E-178 | 1.2098E-178
0.013384 801 | 29.11099929 | 9.5E-185 | 2.7706E-183 | 2.7337E-183
0.013219 811 | 29.48128077 | 1.9E-189 | 5.4564E-188 | 5.3848E-188
0.013058 821 | 29.85156393 | 3.1E-194 | 9.3673E-193 | 9.2458E-193
0.012901 831 | 30.22184871 | 4.6E-199 | 1.4018E-197 | 1.3838E-197
0.012747 841 | 30.59213505 6E-204 | 1.8286E-202 | 1.8055E-202
0.012597 851 | 30.96242289 | 6.7E-209 | 2.0794E-207 | 2.0534E-207
0.012451 861 | 31.33271218 | 6.6E-214 | 2.0612E-212 | 2.0357E-212
0.012308 871 | 31.70300288 | 5.6E-219 1.781E-217 | 1.7592E-217
0.012169 881 | 32.07329493 | 4.2E-224 | 1.3415E-222 | 1.3253E-222
0.012032 891 | 32.4435883 | 2.7E-229 | 8.8083E-228 | 8.7029E-228
0.011898 901 | 32.81388293 | 1.5E-234 | 5.0416E-233 4.982E-233
0.011768 911 | 33.18417879 | 7.6E-240 | 2.5155E-238 | 2.4861E-238

0.01164 921 | 33.55447583 | 3.3E-245 | 1.0941E-243 | 1.0814E-243
0.011515 931 | 33.92477402 | 1.2E-250 | 4.1483E-249 | 4.1008E-249
0.011393 941 | 34.29507332 4E-256 | 1.3711E-254 | 1.3555E-254
0.011273 951 | 34.6653737 | 1.1E-261 | 3.9503E-260 3.906E-260
0.011156 961 | 35.03567512 | 2.8E-267 | 9.9218E-266 | 9.8117E-266
0.011041 971 | 35.40597756 | 6.1E-273 | 2.1724E-271 | 2.1485E-271
0.010928 981 | 35.77628097 | 1.2E-278 | 4.1463E-277 | 4.1012E-277
0.010818 991 | 36.14658534 | 1.9E-284 | 6.8988E-283 | 6.8246E-283

0.01071 1001 | 36.51689062 | 2.7E-290 | 1.0006E-288 | 9.8997E-289
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two-dimentional diffusion

da/dT

Temperature (°C)

Figure C.1 Simulated graph of two-dimensional diffusion mechanism made by Microsoft

Excel.
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