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Abstract

The purpose of this thesis focused on the investigation of the use of non-stoichiometric
oxides as oxygen carrier materials for chemical looping H, production. It concentrated on the
use of strontium doped lanthanum ferrite (Lao.¢Sro.aFeOs.5, LSF641) for the chemical looping

water-gas shift reactor.

Chemical looping consists of the cyclic oxidation and then reduction of a solid oxygen carrier
material. This process is used to split a redox reaction into its two half reactions using the
solid as an intermediate. In a water-gas shift reactor this consist of the oxidation of CO to

CO; and the reduction of H,0 to Hs.

It was shown that theoretically such a system would achieve higher conversions than a
conventional reactor; 50% when operated at 1093 K for the conventional reactor and
complete conversion when operated using a suitable non-stoichiometric oxide in a chemical
looping system. When studied experimentally it was found that such a system could achieve
conversions of 88% for both the reduction and oxidation half cycles. The system was also
shown to continue to achieve these high conversions for over 1000 cycles without noticeable

degradation in product quality or oxygen carrier material.

By using the thermal and chemical expansivities of LSF641 it was possible to determine its
oxidation state of the LSF641 in operando. This was carried out through the use of
synchrotron x-ray diffraction, this showed that how the gradient in chemical potential

changed along the bed as a function of time.

This was compared with the results of an equilibrium limited thermodynamic model of the
system. Both the outlet gas composition and the internal chemical potential of the system
were compared to experimental results and showed good agreement. This indicates that the
system operates close to its thermodynamic limitations making it a worthy system for

further study.
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Figure 5.4: Conversion of CO and H,O as a function of cycle number. This was carried
out in counter-current chemical looping reactor using 1.43 g of LSF641 as the OCM.

The reactive feeds were of 5mol% CO and 5 mol% H,O with 120 s inert purges
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between. The experiment was carried out with nominal molar flowrates of
3.4x10° mol st (50 ml/min NTP) and at a temperature of 1073 K. The duration of the
reactive feeds was varied, with 60 s feeds being used for the first 15 cycles (Region A)

48 s for cycles 16 to 30 (Region B) and 120 s feeds for the final 15 cycles (Region C).

Figure 5.5: Representative outlet gas composition as a function of time for the half
cycle duration optimization experiment. Three oxidation and reduction cycles
indicating the effect of redox duration on the outlet gas compositions (A) 60 s, B)

48 s and C) 120 s) are shown. The experiment used 5% mole fraction of reactive gas
in a balance of Ar with nominal molar flowrates of 3.4x10> mol s (50 ml/min NTP)
with an OCM mass of 1.43 g at 1073 K. The uncertainty in any measurement was less

than +100 ppm based on the analysis from Chapter 2.
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Figure 5.6: Conversion of reduction (grey) and oxidation (blue) half cycles using a
counter current flow reactor using 2.08 g of LSF641 as the OCM. For the first 20
cycles 5 mol% H,0 and 5 mol% CO were used as the reactive gasses, from then for
the duration of the experiment 5 mol% H; and 5 mol% CO, were used. The
experiment was carried out with nominal molar flowrates of 3.4x10° mol s

(50 ml/min NTP) at 1093 K.

93

Figure 5.7: Outlet composition versus time for four representative cycles of WGS
followed by RWGS operation. The four cycles shown are; A) cycle 15 during WGS
operation, B) cycle 21 overall and cycle 1 of RWGS, C) cycle 50 overall or 30 of RWGS
and D) cycle 80 overall or 50 of RWGS. The experiment was performed using 5 mol%
reactive gas in a balance of Ar, CO and H,0 for WGS and H; and CO, for RWGS. The
nominal flowrate was 3.4x10 mol s* (50 ml/min NTP) with an OCM mass of 2.98 g.
The uncertainty in any measurement was less than +100 ppm based on the analysis

from Chapter 2.
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Figure 5.8: Conversion versus cycle number for 1100 cycles. H,0 (blue) and CO (grey)
conversion as a function of cycle number with 60 seconds feeds of 5 mol% CO and 5
mol% H>0. The bed consisted of 2.79 g of 80-160 um LSF641 and a molar feed rate of
3.4x10° mol s (50 ml/min NTP) was used.
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Figure 5.9: Outlet composition versus time from the long-term stability experiment.
Six oxidation and reduction cycles indicating the evolution of the bed into a steady-

cycling regime (Cycles 1 (A), 2 (B), 5(C), 10(D), 50(E) and 1000(F)) are shown. The
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system used 60 seconds feeds of 5 mol% CO and 5 mol% H,0. The bed consisted of
2.79 g of 80-160 um LSF641 and a molar feed rate of 3.4x10° mol s (50 ml/min NTP)
was used. The uncertainty in any measurement was less than £100 pmol based on the

methodology detailed previously.

Figure 5.10: SEM micrographs of LSF641. A) fresh (before cycling) and B) used (after
1100 cycles)
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Figure 5.11: X-ray diffractogram of LSF641 (A) fresh (before cycling and (B) used from
the reduced end of the bed (after 1100 cycles)

99

Figure 5.12: A (top), time averaged temperature, calculated using the rietveld
refinement of the Y,03, of sections of the bed with no reaction. The error bars are
equal to the one standard deviation as found by the rietveld refinement. The
oxidising feed end is the top of the reactor B (middle), time averaged temperature
difference between temperature measurement with no reaction compared with
that measured during cycling between 5% CO and 5% H,0 in Ar and between and
1:10 and 1:1 CO,:CO buffer gas feeds. The error bars are equal to the standard
deviation of the data collected over a cycle. C (bottom), Temperature of one point in
the reactor as a function of time over three cycles of 1 minute feeds of 5% CO and
5% H,0 in Ar, no noticeable changes or trends are present. The error bands are one

standard error based on the rietveld refinement.
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Figure 5.13: Conversion versus cycle number operando buffer gas feed experiment.
1:1 CO2:CO (blue) and 1:10 CO,:CO (grey) conversion as a function of cycle number
with 60 seconds feeds of 5% 1:1 CO,:CO and 5.5% 1:10 CO,:CO in a balance of Ar.
The bed consisted of 2.2 g of 80-160 um LSF641 and 0.4 g Y,0s. A molar feed rate of
3.4x10° mol s (50 ml/min NTP) was used.
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Figure 5.14: Outlet composition versus time from operando buffer gas feed
experiment. One representative cycle from steady state conditions is shown. The
system used 60 seconds feeds of 2.5% CO, and 2.5% CO (a 1:1 ratio of CO,:CO) and
0.5% COz and 5% CO (a 1:10 ratio of CO2:CO) in a balance of Ar. The bed consisted of
2.2 g of 80-160 um LSF641 and 0.4 g Y,03 and a molar feed rate of 3.4x10° mol s*
(50 ml/min NTP) was used. The uncertainty in any measurement was less than

+100 pmol based on the methodology detailed previously.
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Figure 5.15: The delta state of the bed as recorded using operando XRD during cycling
between buffer gas feeds. The system used 60 seconds feeds of 5% 1:1 CO,:CO and
5.5% 1:10 CO2:CO in a balance of Ar. The bed consisted of 2.2 g of 80-160 um LSF641
and 0.4 g Y,03 and a molar feed rate of 3.4x10™ mol s (50 ml/min NTP) was used. The
uncertainty in these measurement is one standard error based on the averaging of
values recorded after each half cycle. The gas oxidising gas is fed from the left hand
side while the reducing is from the right. The bed is 170mm long and has a 4mm

diameter.
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Figure 5.16: Delta state of one point in the bed 128 mm from the oxidising feed end
verses time for a representative steady cycle, for a reverse-flow reactor being fed
5% CO, and 0.5% CO in Ar as the oxidising gas and 2.5% COzand 2.5% CO in Ar as the
inert gas with inert feeds in-between. The bed is a 2.2 g, 170mm length and 4mm
diameter packed bed of LSF641 with 0.4 g of Y,03. A molar feed rate of

3.4x10° mol s (50 ml/min NTP) was used. The errors bands are equal to the effect

of one standard deviation from the rietveld refinement.
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Figure 5.17: Conversion versus cycle number operando WGS experiment. The system
used 60 seconds feeds of 5 mol% H,0 and 5 mol% CO in a balance of Ar. The bed
consisted of 2.2 g of 80-160 um LSF641 and 0.4 g Y,0s. A molar feed rate of

3.4x10° mol s (50 ml/min NTP) was used.
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Figure 5.18: Outlet composition versus time from operando WGS experiment. One
representative cycle from steady state conditions is shown. The system used 60
seconds feeds of 5 mol% H>0 and 5 mol% CO in a balance of Ar. The bed consisted of
2.2 g of 80-160 um LSF641 and 0.4 g Y,03 and a molar feed rate of 3.4x10 mol s
(50 ml/min NTP) was used. The uncertainty in any measurement was less than

+100 umol based on the methodology detailed previously.
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Figure 5.19: The delta state of the bed as recorded using operando XRD during WGS
cycling. The system used 60 seconds feeds of 5 mol% H,0 and 5 mol% CO in a balance
of Ar. The bed consisted of 2.2 g of 80-160 um LSF641 and 0.4 g Y>03 and a molar feed
rate of 3.4x10° mols? (50 ml/min NTP) was used. The uncertainty in these
measurement is one standard error based on the averaging of values recorded after
each half cycle. The gas oxidising gas is fed from the left hand side while the reducing

is from the right. The bed is 1770mm long and has a 4mm diameter.
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Figure 5.20: Delta state of one point in the bed, 40 mm from the H,0 feed end verses
time for a representative steady cycle, for a reverse-flow reactor being fed 5% CO in
Ar and 5% H,0 in Ar with inert feeds in-between. The bed isa 2.2 g of LSF641and 0.4 g
Y,03, 170mm length and 4mm diameter packed bed of LSF641. The errors bands are

equal to the effect of one standard deviation from the rietveld refinement.
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Figure 5.21: Conversion versus cycle number for 23 cycles. H,0 (blue) and CO (grey)
conversion as a function of cycle number with 60 seconds feeds of 5% CO and H,0 in
Ar. The experiment was carried out with nominal molar flowrates of 3.4x10° mol s!

(50 ml/min NTP) with a mass of 1.15 g LSM821 and a temperature of 1093 K
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Figure 5.22: Outlet composition versus time from the long-term stability experiment.
Six oxidation and reduction cycles indicating the evolution of the bed into a steady-
cycling regime (Cycles 1 (A), 2 (B), 3(C), 5(D), 10(E) and 23(F)) are shown. The
experiment used 5% mole fraction of reactive gas in a balance of Ar with nominal
molar flowrates of 3.4x10° mol s** (50 ml/min NTP) with an OCM mass of 1.15 g at a

temperature of 1093K.

114

Figure 5.23: Conversion versus cycle number for 115 cycles. H,0 (blue) and CHa4 (grey)
conversion as a function of cycle number with 60 seconds feeds of CH4 and H;0. The
experiment was carried out with 5% mole fraction of reactive gas in a balance of Ar
with nominal molar flowrates of 3.4x10° mol s (50 ml/min NTP) with an OCM mass

of 2.79 g and a temperature of 1093 K
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Figure 5.24: Outlet composition versus time from the long-term stability experiment.
Six oxidation and reduction cycles indicating the evolution of the bed into a steady-
cycling regime (Cycles 1 (A), 2 (B), 3(C), 5(D), 25(E) and 100(F)) are shown. The
experiment used 5% mole fraction of reactive gas in a balance of Ar with nominal
molar flowrates of 3.4x10° mol s (50 ml/min NTP) with an OCM mass of 2.79 g at a

temperature of 1093K.
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Figure 5.25: SEM micrographs of LSF641. (A) fresh (before cycling) and (B) used (after

115 cycles)
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Figure 5.26: X-ray diffractogram of LSF641 (A) fresh (before cycling and (B) used from
the reduced end of the bed (after 300 cycles of SMR)

120

Figure 6.1: Experimental and simulated (outlet gas mole fractions verses time for a

representative steady half cycles for a reverse-flow reactor. The reactive gas feeds
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were 5% CO (A) and 5% H,0 (B) separated using inert purges. The bed isa 2.2 g,
170mm length and 4mm diameter packed bed of Lag.¢Sro.4FeOs.s. These simulations
were carried out using the model detailed in Section 6a, and the model detailed in

6a.i with literature values for the diffusivities.

Figure 6.2: Effluent gas mole fractions verses time for a representative steady cycle
for a reverse-flow reactor being fed A) 5% CO in Ar and 5% H,0 in Ar or B) 5%CO
with 0.5% CO; and 2.5%CO with 2.5% CO,with inert feeds in-between. The bed is a
2.2 g, 170mm length and 4mm diameter packed bed of Lag.¢Sro4Fe0s.s. The solid
lines are the values predicted by the simulation of the bed convoluted with the
systems response to a step change, while the points are the values obtained using a

mass spectrometer for a lab based system.
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Figure 6.3: Effluent gas mole fractions verses time for a representative steady cycle
for a reverse-flow reactor being fed A) 5% CO in Ar and 5% H,0 in Ar or B) 5%CO
with 0.5% COz and 2.5%CO with 2.5% CO,with inert feeds in-between. The bed is a
2.2 g, 170mm length and 4mm diameter packed bed of Lag.cSro4Fe0s.s. The solid
lines are the values predicted by the simulation of the bed convoluted with the
systems response to a step change, while the points are the values obtained using a

mass spectrometer for a lab based system.
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Figure 6.4: The delta state of the bed at 20s increments simulated using a
thermodynamically limited model for a 60s feed of 5% CO in Ar to a bed that had
reached steady cycling and as recorded using operando XRD, the uncertainty in
these measurement is less than the marker size. The gas is fed from the left hand
side. The bed is 170mm long, 4mm diameter and is 2.2g. With uncertainty of 1

standard deviation plotted on the experimental data.
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Figure 6.5: The delta state of the bed at 20s increments simulated using a
thermodynamically limited model for a 60s feed of 5% H,0 to a bed that had
reached steady cycling and as recorded using operando XRD, the uncertainty in
these measurement is less than the marker size. The bed is 1770mm long, 4mm
diameter and is 2.2g. With uncertainty of 1 standard deviation plotted on the

experimental data.
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Figure 6.6: The delta state of the bed at 20s increments simulated using a

thermodynamically limited model for a 60s feed of 2.5% CO; and 2.5% CO in Arto a
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bed that had reached steady cycling and as recorded using operando XRD, the
uncertainty in these measurement is less than the marker size. The gas is fed from
the left hand side. The bed is 170mm long, 4mm diameter and is 2.2g. With

uncertainty of 1 standard deviation plotted on the experimental data.

Figure 6.7: The delta state of the bed at 20s increments simulated using a
thermodynamically limited model for a 60s feed of 5% CO2 and 0.5% CO in Arto a
bed that had reached steady cycling and as recorded using operando XRD, the
uncertainty in these measurement is less than the marker size. The bed is 170mm
long, 4mm diameter and is 2.2g. With uncertainty of 1 standard deviation plotted on

the experimental data.
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Figure 6.8: Delta state of one point in the bed, A) 40 mm from the H,0 feed end
verses time for a representative steady cycle, for a reverse-flow reactor being fed
5% CO in Ar and 5% H,0 in Ar with inert feeds in-between. B) 128 mm from the
oxidising feed end verses time for a representative steady cycle, for a reverse-flow
reactor being fed 5% CO, and 0.5% CO in Ar as the oxidising gas and 2.5% CO; and
2.5% CO in Ar as the inert gas with inert feeds in-between. The bed isa 2.2 g,
170mm length and 4mm diameter packed bed of Lag.6Sro.4Fe0s.s. The solid line is the
value predicted by the simulation of the bed while the points are the values
obtained by analysis of the XRD results. The errors bands are equal to the effect of

one standard deviation from the rietveld refinement.
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Figure 6.9: Outlet composition versus time from the long-term stability experiment.
Six oxidation and reduction cycles indicating the effect of reactor temperature on
the outlet gas compositions (A) 720°C, B) 770°C, C) 820°C, D) 870°C and E) 920°C)
are shown. The experiment used 5% mole fraction of reactive gas in a balance of Ar
with nominal molar flowrates of 3.4x10 mol s> (50 ml/min NTP) with an OCM mass
of 2.39 g at a variety of temperatures. The packed bed had internal diameter of
0.007 m and a length of 0.06 m. The uncertainty in any measurement was less than

+100 ppm based on the analysis Chapter 2.
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Figure 6.10: Representative outlet gas composition as a function of time for the half
cycle duration optimisation experiment compared to the prediction of the
thermodynamic model. Three representative oxidation and reduction cycles

indicating the effect of redox duration on the outlet gas compositions (A) 60 s, B)
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48 s and C) 120 s) are shown. The experiment used 5% mole fraction of reactive gas
in a balance of Ar with nominal molar flowrates of 3.4x10°> mol s (50 ml/min NTP)

with an OCM mass of 1.43 g at 1073 K.

Figure 6.11: Sensitivity analysis of the delta state of one point in the bed, 40 mm from
the H,O feed end (left) and H,O and CO outlet gas composition (right), without
convolution, verses time for a representative steady cycle, for a reverse-flow reactor
being fed 5% CO in Ar and 5% H,0 in Ar with inert feeds in-between. The bed is a 2.2
g, 170mm length and 4mm diameter packed bed of LagsSroaFeOs.s. A: The effect of
changing the value of K, by one standard deviation in either direction. B: The effect
of changing Ky, by one standard deviation. C: The effect of varying the H,0, H; and
O3 equilibrium constant by one standard deviation. D: The effect of varying the CO,,
CO and O equilibrium constant by one standard deviation. E: the effect of varying the
total mass of sample present by 10%. F: the effect of varying the pressure that the
reactor is operated at by 10%. G: the effect of varying the temperature of the reactor

by 10 K.
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Nomenclature

Symbol Description Units

A Site in perovskite crystal structure, defined in Figure 1.8 -

B Site in perovskite crystal structure, defined in Figure 1.8 -

Dgxco The axial diffusivity of CO in Ar for the packed bed m?s?t

Daxco, The axial diffusivity of CO; in Ar for the packed bed m2s?t

Doxn, The axial diffusivity of H; in Ar for the packed bed 25t

Daxn,o The axial diffusivity of H,0 in Ar for the packed bed m? st

F total volumetric flow rate ml min™
(STP)

I Current mA

K* Equilibrium constant defined in Equation 2a.11 -

K, Equilibrium constant for 6a.11 -

Kre Equilibrium constant for 1b.7 -

Ky Equilibrium constant for 6a.15 -

Koy Equilibrium constant for 1b.6 -

Kwes Equilibrium constant for the water-gas shift, defined in -

Equation 3a.2

LSF Strontium doped lanthanum ferrite -

LSM Strontium doped lanthanum manganite -

M Molar mass of sample g mol !
Mo, Molar mass of oxygen gmol !
[M] Thermodynamic activities of the metal = bar
[MO] Thermodynamic activities of the metal oxide bar
NTP Normal temperature and pressure

ocm Oxygen carrier material -

PTy Pressure measured by transducer x bar
SEM Secondary electronic multiplier -

STP standard temperature and pressure -

T Temperature K

WGS water-gas shift -

XRD X-ray diffraction -
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Acup

Ahex

Ccub

Chex

AH

AG
AS

unit cell parameter

unit cell parameter at 0 K and 6=0

unit cell parameter of a cubic or pseudo cubic crystal
structure

unit cell parameter of a hexagonal crystal structure
unit cell parameter of a pseudo cubic crystal structure that is
perpendicular to the direction of a,

unit cell parameter of a hexagonal crystal structure, the
height of the hexagon

rate constant

Sample mass

Molar flow rate

Partial pressure of CO

Partial pressure of CO;

Partial pressure of H;

Partial pressure of H,0

partial pressure of O,

radius

rate of consumption of CO

rate of consumption of H,O

time

molar flux during the reduction half cycle

molar flux during the oxidation half cycle

Extent of substitution of La by Sr

mole fraction

Denotes change in
Change in enthalpy
Change in Gibbs energy

Change in entropy
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Xchemical
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standard error
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Chapter 1: Introduction

1a Background
H, is a common and important raw material in many industrial processes, where it is used

either as a major feed stock as in the Haber Bosch Process or in hydrogenation reactions.

The Haber Bosch process is the main synthesis method for ammonia, a feed stock for
fertilisers and other nitrogenous compounds like nitric acid. The process consists of the
exothermic reaction of elemental nitrogen and H, over an iron catalyst (Czuppon et al 2000).
With over 450 million tonnes of nitrogen fertilizer are produced each year (Vaclav S 2004)
ensuring the Haber Bosch process is as environmentally friendly as possible is of vital

importance.

While, hydrogenation is a process that saturates unsaturated hydrocarbons with H,, it is
often carried out over a nickel, palladium, or platinum based catalyst. It is commonly carried
out in the food industry, converting oils into fats, to produce margarine (Rylander 2005).
Ensuring the source of this H; has as little impact on the environment as possible is a key

concern.

H, has also been used as a lifting agent for lighter than air flight almost since its discovery in
1766, with the first manned H, balloon flight taking place in 1783 (Gough, J.B. 1974).
However, this practise was stopped after the Hindenburg disaster in 1937 which resulted in

36 fatalities (Archbold 1994).

Additionally, H, is used as a rocket fuel for the space programs (Mayer and Tamura 1996) as
in liquid form it is able to release massive amounts of energy when oxidised. H, has the most

intensive and efficient oxidation reaction per unit mass of rocket fuel.

In terms of ground based locomotion, where rockets would be unsafe and impractical, there
are two main routes to obtain the energy stored in the H,, an internal combustion engine or
a fuel cell. An advantage of the internal combustion engine is that existing engines can be
retrofitted to run on H, allowing for a quick change over once storage and production
methods are optimised (Dieges 1974). As internal combustion engines are heat engines, the
inevitable heat losses of the system lowers the efficiency. On the other hand, a fuel cell
generates electricity via an electrochemical reaction which can be used directly by the

vehicle, a more efficient system. Solid oxide fuel cells suffer from either high operating



temperatures (circa 800-1000°C) (Boudghene 2002) and other varities are more susceptible
to poisoning. This means that the H, used in fuel cell systems must be of a very high purity
(Hoogers 2003). Industry standards are for less than 1 ppm of impurities. (Dincer 2015,
Vaidya and Rodrigues 2006).

Currently there are three challenges that need to be overcome before H, can be used as a
fuel for automobiles. The first of these is its storage, both for point of use and large scale
transport. H, gas only has an energy density of 5.6 MJ/L while petrol has one almost six
times larger (33MJ/L) meaning the fuel tank on a H, fuelled vehicle would have to be six
times larger than that of a petrol powered one. There are other methods being researched
including liquefaction of the H, (requires cryogenic systems), metal hydrides or liquid organic
H, carriers which could work to improve the energy density (US department of Energy,
2004). The second challenge is the lack of a distribution network, currently there is no way
to get H, from large scale plants to the consumers. This would necessitate the production of
a network of pipes or tankers to move the H, from the production locations to fuel stations.
Another option is the use of existing natural gas pipework, where the addition of H, would
not affect the natural gas uses, with downstream separation processes (Pivovar et al 2018).
The final hurdle is a low carbon method for H, production (Chu and Majumdar 2012). The
work detailed in this thesis aims to address the requirement for a low carbon production
method, this hurdle was selected as improvements to H, production methods would limit
the environmental impact of H, produced for industrial purposes therefore having an impact
on climate change whether or not the other two hurdles are solved. Ideally this production
method would also have the potential to be scaled to be part of a distributed H, production

system reducing the need for a large scale distribution networks.

The main production method for H, is steam methane reforming which involves the partial
oxidation of hydrocarbons by steam to form a mix of H,, H,0, CO and CO,, which must then
undergo expensive separation processes to obtain the product H, with further separations

being required to obtain CO, of storage or utilisation. The details of both this method and

other existing H, production systems are laid out in Section 1b.

1b H; production methods
H, when combusted produces only H,O meaning that if it is produced via a renewable
energy or “green” process it can be thought of as environmentally friendly. However,

currently most production methods require the use of fossil fuels either as an energy source
2



or as a feed material. Any method of production using fossil fuels will release CO, into the
atmosphere unless some form of carbon capture system is employed (Simbeck 2004). While
several of the methods outlined in the following sections do allow for H, production that
would not require carbon capture and storage, either through using nuclear energy or some
other renewable energy source, in-depth study of them are still in early stages excluding

them from wide industrial use but do show promise.

1b.i Steam methane reforming

Steam Hydrocarbon reforming is the dominant technology in the market for H, production, it
accounts for 48% of global H, production (Raissi and Block 2004). Methane is the most
common reducing gas and is reacted with steam, in Equation 1b.1 at 700-850°C and

pressures ranging from 3 to 25 bar over a nickel oxide catalyst (Ding and Alpay 2000).
CHs+ H,0 = CO + 3H> 1b.1

Steam Methane Reforming is carried out in two stages, in the first the methane is reacted
with the steam to form a mix of CO, CO, and H,. This stage is carried out at high
temperatures due to its highly endothermic nature. The second stage is exothermic and is
used to increase the yield of H, by reacting CO formed by the first stage with the remaining

steam, this is referred to as the H,0-gas shift (WGS).
CO + H,0 = COz +H2 1b.2

The WGS reaction occurs in two reactors, the first at 350°C and the second at a lower
temperature of 250°C, this is done to minimise the CO content of the product stream as it is

a reversible exothermic reaction (Barelli et al 2000).

The mixture of CO, CO,, H, and H,0 must then be separated such that high purity H, can be
produced. If necessary the low concentrations of H,0 cab be removed by cooling the mixture
such that the H,O condenses out, this method would not work to remove the CO and CO,.
To separate the remaining components pressure swing adsorption is required. This is

expensive both in capital and operation costs (Sircar and Golden 2000).

1b.ii Partial oxidation of hydrocarbons
H> can also be produced through the partial oxidation of hydrocarbons, where the ratio of
oxygen to hydrocarbon is below the stoichiometric ideal (Roman J. et al 2008). This means

the hydrocarbon is only oxidised to a mix of CO and H, rather than completely to CO, and
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H,O. This can occur non-catalytically at temperatures above 1000°C but this is lowered to
725°C using a nickel catalyst (Dissanayake et al 1991). The process, as with steam methane
reforming, requires further separation steps such as pressure swing adsorption to achieve

the high purity H, required by most industrial applications.

1b.iii Hydrocarbon decomposition

Hydrocarbon decomposition occurs in a complete lack of oxygen, producing elemental H,
and carbon. This can occur over a temperature range of 500-1300°C depending on the
catalyst used. This system offers a method for H, production from hydrocarbon sources
without CO, release or the need for carbon capture and storage. The disadvantage of this is
that either high temperatures or expensive catalysts that are easily poisoned by the carbon
deposition are required (Ahmed et al 2009). This system would allow for H, production
without pressure swing adsorption but does require the catalyst to have the solid carbon,

which has been deposited during reaction, removed.

1b.iv Electrolysis

H, can also be produced through the dissociation of H,O by an electrical current. This
produces gaseous H, and oxygen. The most common method used is alkaline electrolysis but
solid oxide and proton exchange membrane cells are being developed (Holladay et al 2009
and Grigoriev et al 2006). This system has the potential to be carbon neutral if the electricity
to force the separation is also carbon neutral and green practises are used during
manufacturing. However when the electricity is from non-renewable sources the process can
emit more CO, than steam methane reforming, due to inefficiencies in the production and
transportation of the electricity required. Additionally, studies by Koroneos et al (2004)
found that even H, production via photovoltaic or biomass resulted in more CO, in the
atmosphere than steam methane reforming due to CO produced during the manufacture of

equipment.

1b.v Thermolysis

This is the thermal decomposition of H,0 in gaseous H, and oxygen. H,O dissociates at

2770 K (Holladay et al 2009) when not in the presence of a catalyst. This high temperature is
a major disadvantage to the use of this method for H, production. While it can be lowered
through the use of an appropriate catalyst, the system produces a stream of H, and oxygen
which can easily recombine to reform the H,O if not separated before the system is allowed

to cool. This results in the system requiring an inherent separation process to be feasible.
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1b.vi Bio H, routes

Some bacteria produce H; if put in a stressed environment through a photosynthesis like
system. These biological systems have the potential to be carbon neutral but biological
systems are sensitive to environmental factors and mutations that lower efficiency.
Additionally the rate of production achieved by these bio H, routes are slow, with only
nanomoles per hour being produced using current technology, with improved scale up

technology this could be improved but it is still in its infancy (Hemschemeier et al 2009).

1c Chemical looping

Fan (2011) defines chemical looping as dividing a single reaction into multiple sub-reactions
each typically carried out in a different reactor through the use of “chemical intermediates
that are reacted and regenerated” for the purpose of linking the separated sub reactions.
Through using solid intermediaries, such as metal oxides, it is possible for redox reactions to
be performed linking sub reactions into one reaction. This separation of the oxidation and
reduction half equations of a redox reaction means that separation processes are not

required to produce pure product streams.

Techniques similar to chemical looping has been used for H, production since 1903 by
Howard Lane (Hurt 1939). The process for H, production was later refined and named the
steam iron process by Messerschmitt (1910) but has gained recent recognition as a method

for H, production with inherent carbon capture and storage.

Using a chemical looping reactor results in the system having inherent carbon capture and
not requiring the pressure swing adsorption used by the other hydrocarbon-based H,
production methods detailed here. The lack of separation stages decreases both operating
and capital costs for H, production as well as decreasing plant footprint making a distributed

H, production system easier to design.

Additionally, because the reactant feeds are never mixed, chemical looping systems have the
potential to achieve conversions in excess of those of a conventional reactor. This is because
without the entropic loses associated with mixing the reactants overall thermodynamic
limitations of the system are moved so that higher conversions are achievable (Metcalfe et

al 2019). The thermodynamics of such a chemical looping system are detailed in Chapter 3.



Chemical looping can produce H, in two different ways, through the oxidation of the carrier
by H,0 producing H, or through the reduction stage by the partial oxidation of hydrocarbons
to syngas, a mixture of CO and H,. It allows for the production of high purity H, without
expensive separation steps that would be required to remove carbon-containing compounds

present in the outlet of a conventional reactor.

Ic.i Reactor configuration

Chemical looping reactors have three configurations: packed bed, fluidised bed and
circulating reactors. Packed and fluidised beds reactors separate the half reactions
temporally with different gasses being flowed through the reactor at different times with
both the reduction and oxidation occurs in the same vessel. This contrasts with the
circulating reactors or fluidised beds where separation is achieved spatially. That is the OCM
moves between different reactors, where it is either reduced or oxidised. This allows for
continuous production without multiple reactor setups but has increased attrition and

operation costs do the movement of the solids both inside and between the reactors.

The advantages and disadvantages of packed bed and circulating fluidised set ups are
detailed below. Fluidised beds are rarely used outside of laboratory conditions as they
neither allow for the high conversion and OCM life time that a packed bed achieves nor the

continuous production afforded by circulating fluidised beds.

Ic.i.a Packed bed reactors

Early work on the Steam-Iron process originally used a packed bed system, which allowed
only for periodic reduction and oxidation of the OCM. This resulted in an inability to sustain
continuous production while utilising only one reactor. Packed bed reactors also suffer from
cold spots or temperature gradients in the bed due to poor heat transfer inside the reactor
and the exothermic or endothermic nature of the reactions occurring. The reactor can also
have issues due to the pressure drop across the system either causing fluidisation or bed
displacement leading to channelling, where the gas bypasses the OCM and leaves the vessel
unreacted. Unreacted reactants lowers the yield and increases separation costs down

stream decreases the viability of the system. (Noorman 2009)



There are many systems consisting of multiple reactors for chemical looping H, production in
literature, but they all are fundamentally reliant on the same principle. That is multiple fixed
bed reactors with gas supplies connected via alternating valves (Hamers et al 2013,
Noorman et al 2010). A system meeting these requirements can be seen in Figure 1.1. It is
possible, using this configuration, to switch the reactors between reduction and oxidation
simultaneously whenever product production rate drop below an acceptable level.

H, o,
|

co co

Reactor 1
Reactor 2
Reactor 1

Reactor 2

Co, H;

H,0 H,0

Figure 1.1: A two reactor system for continuous H, production via a chemical looping
method.

The reactor system shown in Figure 1.1 shows a counter current system, where the oxidising
and reducing gasses flow in opposite directions through the packed bed. Literature studies
of the effectiveness of counter current and co-current flow packed bed reactors have shown
that counter-current systems are less prone to OCM deactivation and utilise the reducing
and oxidising gasses more effectively (Heidebrecht et al 2008). This reactor set up was more

efficient and the study suggested the use of short cycle duration to improve the

performance further.



Heidebrecht and Sundmacher (2009) also studied the thermodynamics of counter current
packed beds and found that the highest possible purity of the products from the reactor was
dependent on the oxidation state of the solid at the outlet of the reactor and not limited by
the equilibrium point of the mixed reactant streams. By using a counter current flow system
this allows for high conversions to be obtained, with the outlet gasses from each half cycle

being in equilibrium with the optimal phase change.

It was also found that as the gas phase is of significantly lower density than the OCM there is
a discrepancy between the gas and reaction front velocities when phase changes are
occurring. If the reaction kinetics are fast enough this would cause each phase change that
the OCM goes through to have an independent reaction front, each of which can move
through the bed individually. Knowing how these fronts move through the bed can allow for
optimal switching between reducing and oxidising gasses increases yields. In order to fully
understand this system an understanding of how the internals of the bed change during

reaction would be required. (Heidebrecht and Sundmacher 2009)

Ic.i.b Circulating Fluidised Beds

In a circulating fluidised bed reactor, the solid OCM travels between two or more distinct
reactors. A simplified reactor system is shown in Figure 1.2. Typically, the reduction reactor,
ariser, has a smaller diameter and uses a higher flowrate of the reactive gas to fluidise the
OCM. Once the OCM reaches the top of the reactor it is removed and sent to the oxidation
reactor. The OCM would then fall through the oxidation reactors, where the lower gas
flowrate means that the solids can exit the reactor towards its base. To ensure that only the
OCM moves between the reactors, so that there is no gas cross over occurring, cyclone

separators and loop-seals are used. (Basu and Butler 2009, Kolbitsch et al 2010)
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Figure 1.2: Circulating fluidised bed reactor system with (A) two or (B) three stages

Fluidised bed reactors require high flowrates to ensure that the OCM is fluidised and that
the material is capable of leaving the reactor at the top when compared to a fixed bed
reactor. These increased flowrates complicated reactor design if optimal conversions are to
be achieved. Additionally, the movement of the solids both inside the reactors and between
them increases the attrition and formation of fine powders. Attrition can decrease the
surface area of specialist OCM structures lowering the reaction rates and decreasing yields.
Fine powders produced by attrition can escape solids traps and cyclones so would pass
downstream into the separation equipment or to the final products. These fines would
damage the separation equipment, potentially causing system failures and requiring
expensive refits or becoming a safety risk. If the fines were present in the H, feed leaving the
plant, they could cause physical damage to fuels cells or cause side reactions in other

chemical processes decreasing yields and conversions.

In a fluidised bed the OCM are much more uniform in their oxidation state due to the
effective mixing that occurs during fluidisation. This mixing and uniformity means that the
material leaving the reactor, which under ideal conditions would still be in equilibrium with
the OCM at the gas outlet, is limited to the equivalent conditions of a conventional reactors
mixed gas equilibrium. This results in a lower purity gas phase and lower conversions when

compared to fixed bed reactors.



Ic.ii Reducing agents

During chemical looping H, production in order for the oxidation of the OCM to produce H,
the OCM must first be reduced. Different gasses can be used as this reducing agent with
differing kinetics, potential oxygen content, thermodynamics and cost. The choice of the
reducing gas has a large impact on the operation of the chemical looping systems. One
potential reducing agent is methane, found in natural gas, this is commonly used in many
industrial processes and in chemical looping power generation reactors (Thursfield et al
2012). Methane oxidation, however, has poor selectivity and can form carbon on the surface
of the OCM decreasing the reactivity of the material. Other options for the reducing gas like
biogas or natural gas have similar problems with selectivity and carbon deposition. The use
of syngas or CO diminish the chance of carbon deposition, but these agents have a higher

cost as they need to be processed or produced from other sources before they can be used.

Ic.ii.a Methane and natural gas

Methane is the primary component of natural gas with the remaining mole fraction
consisting of higher order hydrocarbons such as ethane or butane and impurities like CO,
and H, sulphide. The use of methane as a reducing agent in a reforming process was first
proposed in 2002 and demonstrated experimentally in 2006 (Ryden and Lyngfelt 2006).
Methane can undergo partial or complete oxidation depending on the availability of oxygen
in the carrier material. In higher equivalent partial pressures of oxygen the production of CO,
and H,0 will dominate but in less oxygen rich environments the methane is only partially

oxidised to H, and CO (Diego 2009).
Full oxidation of methane:
CH4+202 —>COZ+2H20 lcl

Partial oxidation of methane:
CHy+30; - CO +2H, 1.c.2

Partial oxidation of methane is the preferred reaction route due to the higher economic
value of H, and CO (Enger 2008). However this partial oxidation limits the amount of

reduction that the OCM would undergo which would have a knock on effect on the oxidation
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half cycle. The total H, production from the reduction half cycle can be further increased by

using the water-gas shift reaction to convert the CO into CO, while reducing the H,O to H,.

However, carbon deposition is a significant problem when using hydrocarbons as reducing
agents, due to the catalytic effect of iron containing OCMs (Ermakova 2001 and Go et al
2009). This deposition of carbon onto the OCM both decreases reactivity and causes the H,
produced during the oxidation stage to be contaminated with CO formed by the reaction of

H,0 with the deposited carbon.

Carbon can be formed via a variety of different paths; through thermal cracking of the

hydrocarbons present (Go et al 2009), the Boudouard reaction or via the reduction of CO

and CO; by Ha.

At higher temperatures the Boudouard reaction and CO and CO; reduction become less
thermodynamically favourable but thermal cracking becomes more pronounced. Olsson et al
(1974) conducted a study that showed that CO and CO, reduction was lowered significantly
by increasing the temperature above 1073 K. It is also possible to reduce the rate of carbon
deposition from the Boudouard reaction through the addition of H, to the feed gas. However

the addition of H, does promote the reduction of CO and CO,.
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Figure 1.3: Rate of carbon deposition at different temperatures and H, contents in the
system of 660 mg of iron taken from Olsson et al (1974).
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If iron based OCMs were used (further details about the properties of oxygen carrier are
found in Section 1c.iii), an additional complication arises when using with methane or
natural gas as the reducing agent. This is the potential to form iron hydroxides and iron
carbides. The formation of either of these compounds leads to the deactivation of the OCM.
However, the formation of iron hydroxides is highly unlikely when the system is operated
above 683 K. The formation of iron carbide in the system is thermodynamically more likely
than the formation of iron hydride. Zhou et al (2017) carried out a density functional theory
study that showed in the temperature range of interest to chemical looping H, production

the most likely reaction route would be:

3Fe+ 2CHy & Fe3C+4H, +C AGi923k = —80 KJ/mol 1.c.3

Iron carbide can also be formed through the reaction of the CO, formed by the partial
oxidation of methane, with the OCM. Svoboda et al (2008) studied these reactions between
400 and 900 K and found that it was thermodynamically possible to form Fe3C at 900 K

through the reaction of magnetite with CO but that other routes were less favourable.

Akiyama et al (2004) has shown that the iron carbide formed can be removed through
reaction with steam at temperatures ranging from 550 to 1400 K. When the iron carbide was
reacted, CO, CO,, H, and hydrocarbons were formed. In chemical looping H, production this
would occur during the oxidation half cycle, regenerating the OCM but contaminating the

exit gasses with difficult to separate by-products.

Ic.ii.b CO

CO is often used by researches as a reducing agent in chemical looping due to the simplicity
of the reduction reaction. CO also decreases the tendency towards carbon formation, and
therefore the OCM deactivation that is seen when using hydrocarbons like methane as the
reducing agent. This is because solid carbon can only form via the Boudouard reaction and
not through the reduction of CO or CO, by H, or by the thermal cracking that can occur when

using hydrocarbons.

Solid carbon formation can be mitigated by performing the reduction at higher temperatures
where the Boudouard reaction is less favourable. A study carried out by Mondal et al (2004)

showed that carrying out the reduction in the presence of metallic iron leads to the

12



formation of solid carbon species. Adding 15 vol% CO, to the reducing gas has been found to
avoid the formation of metallic iron as the feed is less reducing so does not drive the

reaction. It was also found that increasing the temperature increased the rate of reduction

Industrially the use of CO is limited as in order to produce a pure CO stream expensive
separation steps would be required increasing costs when compared to hydrocarbons or

syngas.

Ic.ii.c Syngas

Syngas is produced from coal or biomass using gasification (lv et al 2007 and Li et al 2010) or
by reforming natural gas or oil. Multiple studies have been carried out showing its utility as a
reducing agent in chemical looping H, production (Cleeton et al 2009, Miiller et al 2011 and

Gupta et al 2007))

Syngas typically contains 30 to 60 vol% CO and 25 to 30% H,. The remainder consist of a
mixture of methane, CO,, H,0, H, sulphide and carbonyl sulphide, with the exact
composition depending on the feedstock and process used in its acquisition. The presence of
sulphur containing compounds can require the feed to be purified before entering the
chemical looping reactor due to its ability to deactivate and damage the system. However,
Huebler et al (1969) carried out a study that found that the presence of small amounts of
sulphide contaminates can benefit the process by inhibiting the deposition of carbon,

increasing the OCM’s stability.

Previous work by Hacker et al (1998) showed that, when using iron containing OCMs, the
presence of amine and sulphur containing impurities and hydrochloric acid in simulated
syngas did not affect the kinetics of the reaction. They found that even with these impurities
the system had high H, production stability at 1173 K. It was also found that the quantities of
impurities harmful to downstream processes in the H, stream were low enough for fuel cell
technology to operate without interference (<4ppm of HCl and <1 ppm of H,S). Miller et al
(2011) had similar findings, showing that the contaminants in the syngas did not adversely

affect the cyclic stability of the OCM.
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1c.ii.d Biomass and coal

Biomass can undergo gasification to produce syngas which is then used in chemical looping
H, production. Biomass covers a wide range of materials with different sources having
different ratios of cellulose, hemicellulose, lignin and other organic compounds. This results
in different materials needing different processing procedures. In general, the first stage of
processing biomass is the conversion to pyrolysis oil, which consists of heating the solid
biomass in an absence of oxygen. This produces a liquid combination of 65-75 wt% pyrolysis
oil with the majority of the remainder being H,O. Pyrolysis oil, as a liquid, is easier to process
and contains lower concentrations of metals and minerals than soild biomass or coal. This
means that it would be a better option for use directly as a reducing agent than direct
injection of solids. It can also be further processed into syngas. (Bleeker et al 2007, Bleeker

et al 2010, Omae 2006)

Pyrolysis oil gives advantages with a lack of upstream processing for producing H, via
chemical looping from a renewable source and can be used in similar manner to CO and
syngas. Yet the impurities present, such as methane and other organic compounds, cause
solid carbon to be deposited on the iron oxide causing deactivation. The presence of carbon
containing compounds in the H;, product stream requires additional separation steps. In
addition to this, pyrolysis oil has been found to form tar and soot during the reduction step
that causes the loss of reactivity in the process. This effect is partially mitigated by the
present of H,0 in the oil which prevents the formation of metallic iron but this effect was

not enough to stop high losses of surface area (Bleeker et al 2010).

Coal can also undergo gasification to obtain syngas. As with biomass there are many
impurities that are present in this fuel. These impurities vary with quality and source of the

coal used.

Coal has also been used for direct reduction though solid-solid reaction in fluidised bed
systems (Yang et al 2008) and it was found that impregnating potassium in to the coal aided
fuel conversions. Additional Aspen Plus studies have been carried out (Gnanapragasam et al
2009) comparing the efficiency of using coal directly verses using gasification to convert to

syngas first. It was found that direct injection of the solid material lowered capital costs
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associated with the gasification processes and increased H, production for the same raw

materials. This comes at the cost of increased solids handling for circulating bed reactors.

Ic.ii.e Alternative fuels

Steinfeld et al (1999) carried out a design study exploiting solar energy as the reducing
agent. This two stage process involved the heating of the OCM to high temperatures such
that decomposition occurred (2100 to 2500 K) then cooling the material and oxidising the
material using H,0 to produce H,. The main limitation found in the study was producing a
solar reactor capable of concentrating enough solar energy to efficiently reach these
temperatures. Additionally this study fails to specify the materials used to construct a

reactor capable of withstanding these high temperatures.

1c.iii Properties of good oxygen carrier materials

The OCMs used for chemical looping systems must be able to survive harsh operating
conditions not limited to highly reducing atmospheres, high temperatures and oscillating
conditions. As the performance and efficiency of the overall system is highly dependent on
the properties of the OCM (Bohn et al 2008, Mattisson et al 2001, Ada’nex et al 2004 and
Fan 2011). As such literature suggests several general requirements for ideal OCMs (Rydén

et al 2008, Fan et al) namely:

e The material must have a large capacity for oxygen take up and release.

e The material must exhibit high reactivity and fast kinetics with both the reducing and
the oxidising agent.

e The material must have favourable thermodynamics for the chemistry involved.

e The material must demonstrate a low tendency to attrition, agglomeration,
fragmentation and other thermal or mechanical degradation. Thus resulting in a long
life time for the material.

e The material should not promote the deposition of solid carbon during reduction and
must be resistant to other contaminants, such as sulphur or nitrogen containing
compounds, present in the feeds.

e The material should have a low production cost.

e The material’s production should have minimal impact on the environment.
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There are also additional specific requirements and specifications for different chemical
looping processes or reactor types. In a fluidised bed there is a greater dependence on the
materials resistance to attrition as the material is required to be recirculated multiple times
and should the particle size break down too quickly the makeup rate of material would need
to be higher, increasing costs. In comparison, for a packed bed reactor it is much more
important that the material can be manufactured in such a form that the pressure drop
across the bed is small without compromising on the kinetics of the system or the diffusion
time from the solid bulk to the reaction sites. (Noorman 2009) As this work concentrates on
packed bed systems this criteria shall be weighed more heavily when judging the suitability

of the OCMs here studied.

Ic.iii.a. Iron oxide

Iron oxide has been, and continues to be, used as the oxygen carrier for chemical looping
since its advent in the Steam-Iron process in 1903 (Thursfield et al 2012, Hacker et al 2000
and Bohn et al 2008). Iron oxide is a good candidate due its low manufacturing costs even
when compared to simple OCMs like nickel and copper oxides (Solunke et al 2010). Iron ore
is a cheap source of iron oxide but contains impurities such as silica, alumina and traces of
other metals. The exact make up of iron ore changes depending on the particular source of
iron oxide. Sponge iron, made from the direct reduction of metallic iron, is an alternative
that for a higher cost has much lower concentrations of impurities. (Selan et al 1996

Bandopadhyay et al 1996)

Iron oxide naturally occurs in three possible oxidation states. The most oxidised of these is
haematite (Fe203) where the iron ions have an oxidation state of +3. The next most oxidised
of these is Magnetite (Fes04) where the iron ions have a mixed oxidation state of +2 and +3.
The final iron oxide phase is wistite (FeO) in which the iron ions exhibit a +2 oxidation state.
W iistite can exist in an iron-deficient state, with an iron/oxygen ratio as low as 0.9 but for
the purposes of this work this is ignored and the ideal case of a ratio of one is used (Svoboda

et al 2007 Hacker et al 1998). Further reduction of wistite gives metallic iron.

When used to produce H; via the steam iron process the iron oxide is reduced using CO to
form CO,, as stated in the section on reducing agents syngas is an almost equivalent
reducing agent. The reduced OCM is then re-oxidised using steam to produce H,. As the
chemical looping is carried out the iron oxide exists in two or three different states at

different points in the cycle.
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As steam is used as the oxidising agent the thermodynamics of the system means that
haematite cannot be formed and wiistite is only stable above 838 K (Svoboda et al 2007,
Pineau et al 2006, Lin et al 2003, Graham et al 1975). When the material changes phase
oxygen is released or taken up. Iron oxide cannot supply or take oxygen from the gas phase
without undergoing a phase change. A Baur-Glaessner phase diagram in Figure 1.4 shows

the interaction between different gas environments and the phase of iron oxide present.
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Figure 1.4: Baur-Glaessner phase diagram for different partial pressure of oxygen for both
reducing condition and oxidising condition at different temperatures. Note that wistite only
occurs above 838 K and haematite is unable to be formed due to thermodynamic limitations
when H,0 is used to oxidise iron. (Bleeker et al 2007)

As steam is not capable of oxidising the material beyond magnetite (Bleeker et al 2007) the
only way to increase the oxygen capacity of the material would be to ensure that the
reduction feed gas is capable of producing metallic iron in the reactor. However, metallic
iron promotes carbon deposition on the material, which as discussed previously decreases

the activity of the material and can cause contamination of the H, product stream. (Go et al

2009 Svoboda et al 2007).

A method for limiting carbon deposition is the use of a three stage reactor where the iron
oxide is reduced, then partially oxidised using steam before being fully oxidised using air or
oxygen. The air or oxygen feed burns off any deposited carbon on the OCM ensuring that
there is no loss of surface area of in the OCM due to carbon deposition. However, the
exothermic nature of both the oxidation of the OCM and the oxidation of the deposited

carbon could cause thermal sintering of the OCM which would further reduce its activity as
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well as limiting the H, production possible as some of the reducing potential of the reduction

feed goes to reaction with the O, rather than the H,0.

As the life time of the material is of vital importance to the economic viability of a chemical
process Bohn (2010) studied the effect of repeated cycling between steam and CO on the
quality and quantity of H, production. This was carried out at three different temperatures
and can be seen in Figure 1.5. For all three temperatures studied the quantity of H,
produced dropped rapidly with cycle number, with the 10t cycle only producing
approximately 17% of the H, that was produced during the 1°. Of the temperatures studied
1173 K, the highest studied, initially produced the largest quantity of H, but also saw the
quickest decrease in production. It was suspected that this was caused by thermal sintering,
precipitated by the higher temperature, which led to a decrease in the reactivity and

therefore the H, production.
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Figure 1.5: H, production versus cycle number at three different temperatures using 1 g of
iron oxide reduced with CO and then oxidised with steam at 900 °C. Theoretical maximum
yield of H, can be produced from 1 g of Fe;03 is 16700 pumol. (Bohn 2010)

The study also used mixtures of CO and CO, as the reducing gas such that the iron oxide
would be unable to be reduced past the wiistite phase. This was carried out to increase the
materials life time and limit the decrease in H, yield. It was found that the total H,
production was lower but that the decrease in H, production was much less pronounced
with the 10™ cycling only dropping to 80% of the 1%, a much larger fraction than was found

when using pure CO as the reducing agent.

For chemical looping H, production the majority of reactions studied are gas-solid reactions.
Direct feed coal or the use of pyrolysis oil would require solid-solid or liquid-solid kinetics but
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these were not considered outside of the literature review. The kinetics governing the
reaction of direct solid and liquid feeds are complicated and this paired with the additional
intricacies for the design of such a system make the operation, for chemical looping H,
production, less appealing than the use of gas feeds. Consequently, the discussion of studies

and models for packed bed reactors has been limited to gas-solid systems only.

For gas-solid interactions, in packed beds of iron oxide, a variety of mechanisms have been
proposed in the literature, these include, but are not limited to, the shrinking core and

cracking core model. The most basic of those conventionally used is the simplified gas-solid
reaction mechanism, which was detailed by Szekely et al (1976). This consists of separating

the reaction into a series of steps. These are:

1. Reactant gasses moving from the bulk phase to the surface of the OCM

2. Gas molecules diffusion through pores in the OCM to the surface of an unreacted
core

3. Gas molecules adsorb on to the surface

4. The reaction between adsorbed molecules and the solid phase occurs

5. The products desorb and return to the bulk phase back along the path detailed in

step 1 and 2.

The kinetics limiting the reduction of iron oxide were explored by Alamsari et al (2011) based
on the assumption that when the OCM is reduced layers consisting of the different iron
oxide phases would form, as detailed in Figure 1.6. The study describes the reduction as
initially starting by the gaseous molecules and the (non-reactive) ash on the outside of the
OCM particles. These molecules reduce the outer haematite layer to metallic iron while a
core of wiistite remains unreacted, as the reaction progresses the gas penetrates deeper
into the particle forming layers of different iron oxide phases. This model indicates that the

rate of reduction depends highly on the rate of the diffusion into the particle.
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Figure 1.6: Shrinking core model of an iron oxide particle taken from Alamsari et al (2011),
showing the iron oxide phases present in the particle during reduction.

The shrinking core model assumes that the kinetic equation is not dependent on the
concentration of wistite and magnetite, which becomes invalid in some situations during
fixed bed chemical looping such as when under strong reduction, where the proportion of

the metal oxide, in comparison to the metallic iron, is higher. (Alamsari et al 2011).

Park and Levenspiel (1977) developed a cracking core model to simulate both oxidation and
reduction during chemical looping H, production. The cracking core model assume that the
pores present in the particle increases, with the iron oxide particle therefore becoming more
porous, during reduction due to fragmentation. This increased pore size and fragmentation
creates new routes for the gas-solid interaction, increasing the surface area and allows for

higher rates per unit mass. The increased pore size also increases the gas diffusion rate.

Hossain and de Lasa (2010) proposed a more complex kinetic model where nuclei are
formed during the initial portion of the reaction, allowing the reaction to progress. As the
reaction spreads these nuclei grow and proliferate through the particle, increasing the rate
of reaction. Over time these growing nuclei overlap and combine. This formation of these
nuclei requires a larger activation energy when compared to the shrinking or cracking core
models. Lorente et al (2008) modelled this behaviour using the Johnson-Mehl-Acrami-
Kolmogorov equations, which is based on the nucleation model. The results of this
simulation were compared to those collected using a thermogravimetric differential reactor
and showed good agreement. This was carried out at 600 K to 720 K a much lower

temperature that conventionally used for chemical looping H, production and as the
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temperature of the reactor is increased it is expected that the nuclei growth rate would

increase, speeding up the reaction rate.
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Figure 1.7: Diagram of nucleation and mechanism of nuclei growth on the surface of an OCM
during reduction reaction (Hoosain and de Lasa 2010)

Pefia et al (2006) suggests a combination approach, using the shrinking core model for the
initial stage of the reaction before transitioning to the cracking core and nucleation models
in later reduction stages. It was found that this methodology successfully predicted the

behaviour under reducing conditions.

The utilisation of support materials has been shown to increase the lifetime of iron oxide.
Kierzkowska et al (2010) used three different loading of alumina on iron oxide and compared
the performance to pure iron oxide. It was found that a 40 wt% loading of alumina
consistently outperformed the other loadings (0, 10 and 20 wt%) regardless as to whether
the material was reduced past the wiistite phase or the reaction was stopped once this was
reached. The higher stability of this mixture was attributed to the formation of FeO.Al,O3

spinels.

Murugan et al (2011) also used 40 wt% alumina on iron oxide in a 150 cycle campaign, using
CO and steam as the reducing and oxidising agents respectively. It was found that the
reactivity of both stages was stable for the first 40 cycles at which point the material began
to degrade causing the reactivity to drop until the 80t cycle from which point the material

remain steady and a new lower reactivity.
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Numerous studies have been carried out exploring the use of additives to the iron oxide
systems with the aim of reducing the temperature of reaction and improving material life
time. Otsuka et al carried out two experiments looking at the addition of 5 mol% of various
metals (Otsuka et al 2003a and Otsuka et al 2003b), it was found that the addition of Al, Cr,
surface area of these materials was studied using the Brunauer-Emmett-Teller(BET) method
before and after cycling, it was found that the surface area dropped over cycling regardless
of the additives present. However of those studied Al and Cr had the least loss of surface

area.

Takenaka et al (2004) studied the effect of adding Rh and Mo both independently and co-
operatively. It was found that both reduced the apparent activation energy required to
oxidise the material using steam but when either was present on its own the material
underwent sintering at a faster rate than for Fe,03 alone but that the combination of the

two additives was capable of lower the operating temperature while improving stability.

Work has also been carried out using transition metal ferrites for chemical looping H»
production. The more notable of these include Kodama et al’s (2002) work using nickel,
cobalt and zinc ferrites for cycling using methane as the reducing agent and steam as the
oxidising agent. This work produced high carbon-content syngas and H, as the product
streams but required high energy inputs due to the endothermic nature of the process. The
authors intended for the use of solar energy to account for this. Of the ferrites studied nickel

ferrite performed best and when supported on zirconia showed high stability.

Copper ferrite was also studied by Kang et al (2008) for methane reforming reactions. It was
found that the addition of the copper inhibited the decomposition of methane decreasing
carbon depositions but enhancing kinetics for the reaction. It was also found that supporting
the material on ceria or zirconia improved reactivity, with ceria having the larger impact,
with increased selectivity for CO formation and increased H, production during the oxidation

half cycle.

Ic.iii.b Nickel oxide
In chemical looping combustion for electrical power generation, nickel oxide is often used
due to high redox reactivity, high melting point and large oxygen capacity. These properties

are also useful for chemical looping H, production. However, these nickel oxide OCMs have
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been found to have lower reactivity with H,O for H, production compared to iron oxide

based systems (Mattisson et al 2001).

In the regime of interest nickel oxide can only exist in two oxidation states, metallic nickel
and nickel oxide (NiO), this limits the potential oxygen content of the OCM. The necessity of
forming a metallic phase also increases the chance of carbon deposition in the system.
Additionally, Cho et al (2004) found that this material promotes methane cracking, causing
OCM deactivation. The material also suffered from sulphur poisoning and thermal sintering,

which would adversely affect the materials ability to perform as an OCM.

Nickel oxide is particularly vulnerable to sulphur poisoning; Jerndal et al (2006) and Wang et
al (2008) both found that the presence of small quantities of H,S causing the formation of
nickel sulphides. This destroys the oxygen capacity and reactivity of the material, decreasing
redox activity. Garcia-Labiano et al (2009) found that unless the concentration of H,S was
keep below 100 vppm there would be an unacceptable loss of redox activity in a chemical

looping plant using nickel oxide as the OCM.

Nickel oxide is often supported on inert materials like Al,O3 to form spinel NiAl,O4 to
increase the rate of both reduction and oxidation reactions. It has also been shown to lower
the rate of thermal sintering which occurs in the reactor. Supported nickel oxide has been
reduced with sulphur containing CO, this was seen to limit the poisoning effect when
unsupported material was used. It was found that the OCM was unaffected after 10 redox

cycles. (Shen et al 2010)

Murugan et al (2011 and 2012) tested supported nickel oxide (20 wt%) using cyclic
temperature programmed reduction and temperature programed oxidation experiments
between steam as the oxidising agent and CO as the reducing agent. These confirmed the
presence of only one possible phase change in the system, due to the presence of only one
peak in the temperature programed oxidation experiment. During the reduction carbon was
deposited onto the OCM, which increases the H, production but decreased the product
purity. Although there is high reactivity the presence of carbon deposition and the
thermodynamic limitations for H,0 splitting makes nickel oxide based OCMs unsuitable for

chemical looping H, production processes.
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1c.iii.c Copper oxide
Copper oxide has also attracted interest as an OCM, given its capacity for high conversion of
methane when compared to nickel or iron oxide. Its high redox activity and thermodynamic

properties make it an attractive option.

Copper oxide has an increased lifetime in chemical looping systems when supported SiO; or
ZrO;. Unsupported copper oxide has been shown to suffer from 90% drop in performance
over three cycles, while the supported copper oxide had a much larger survivability.
Additionally, the supporting materials increases the oxidation rate and the material stability
by decreasing carbon deposition. (Diego et al 2004) These increases were found to not be a
strong function of the preparation methods, with co-perception and mechanical mixing

performing equally well and wet impregnation performing fractionally better.

The redox reactivity of copper oxide supported on Al,03 and SiO, was studied using synthetic
syngas (1:1 CO:H,) as the reducing agent and 20 mol% H,O0 in nitrogen as the oxidation
agent. The material supported on Al,03 was found to achieve a higher conversion rate than
that supported on SiO; when at 923 K. Increasing the temperature above this point led to
the formation of CuAl,04 spinel decreasing the conversion. At temperatures below 923K the
kinetics of reaction were found to drop as expected by the authors. The oxidation reactivity
was found to be more favourable at lower temperatures but the domination of kinetic

effects meant that by 623K the H,0 conversion had dropped to 2%. (Son et al 2009)

Ic.iii.d Manganese oxide

Manganese oxide has a low melting point, 733 K for MnO; and 1093 K Mn;0s. This limits its

use in chemical looping processes to those at low temperatures. At these low temperatures
Mattisson et al (2001) found that manganese oxide out performed nickel and iron oxide. For

chemical looping H, production this low temperature threshold is non-ideal.

Ic.iii.e Iron containing perovskites

Recent studies on chemical looping H, production have concentrated on the use of iron
containing perovskites (Schouten 2008, Dudukoic 2009, Kappagantula et al 2018).
Perovskites-type material have an ABOj3 cubic structure. The B site is conventionally
occupied by a transition metal ion while the A site is occupied by an alkali, rare earth or

alkaline earth metal. The material is often in a cubic structure with the A ions in the
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dodecahedral sites and the B ions sit in octahedral sites (Abazari and Sanati 2013, Bhalla et al

2000, Vasala et al 2014, Xu et al 2010). This structure can be seen in Figure 1.8.

Figure 1.8 — ABOs structure of cubic perovskite (Xu et al 2010)

This class of material shows particular promise for chemical looping technologies due to
their ability to store, release and transport oxygen. This oxygen mobility is due to oxygen
vacancies formed when the A and/or B site of the material is doped with ions of different
radii or valances. (Kim et al 2014, Shen et al 2014, Sun et al 2014). If the total charge of the A
and B sites does not equal 6, the system cannot maintain a perfect crystal structure and
charge neutrality. If the sites are doped correctly the structure rejects oxygen ions to
balance the charge, forming oxygen vacancies (Xu et al 2010, Abazari and Sanati 2013). This
causes mixed valence states in the material and causes the material to be a mixed ionic

electronic conducting material.

The nature of these oxygen vacancies results in perovskite materials exchanging oxygen with
the gas phases in contact with them without undergoing phase changes in the lattice
structure. This differs from more conventional OCMs, like iron which changes phase to
release oxygen. This lack of a phase change during oxygen release or take up allows for the
oxygen content of the material to change at any partial pressure of oxygen and with a
decreased energy barrier stopping oxygen release from the material. This is a useful
property for chemical looping H, production as lower energy barriers to oxygen release

lowers activation energy decreases costs or increases rate constants.

The nature of the movement of the oxygen in the lattice is often explained using a defect
chemistry model. Point defects in the perovskite are used to determine the electrical and
oxygen conductivity of the material. Point defects can be defined as either stoichiometric or

non-stoichiometric. Stoichiometric point defects are often found in ionic solids and maintain
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charge neutrality, they can be further classified into Schottky and Frenkel defects. These can
then be used to predict the oxygen transport properties of perovskite materials (Kittel 2005
and Fierro 2005). Schottky defects form in perovskites when there are equal concentrations
of cations and anions with the same charge. These defects maintain the charge neutrality
and causes the density of the solid to decrease. Schottky defects often form in crystal
structures with similar sized cations and anions. In comparison Frenkel defects occur when
there is a large difference in the sizes of the anions and cations and does not change the
density of the solid. Frenkel defects form when a small ion in the matrix moves from its

normal position into an interstitial site creating a vacancy in the original location of the ion.

A wide range of ions that can be doped on the A and B site have been studied in the
literature (Benamira et al 2014, Emmerlich et al 2014, Franca et al 2012, Feng et al 2014,
Karen 2006, Kim et al 2014,Lankhorst et al 1997, Nagai and Iro 2014, Shen et al 2014, Smyth
2000, Stolen et al 2006, Vasala et al 2014, Wang et al 2014, Xu et al 2010). Dopants in a
perovskite change the nature of the relationship between the oxygen content and the pO;
that it is in equilibrium with. Dopants also change the structure of the material increasing
residence to sintering and attriction or change the melting point of the material allowing for
the use of hotter reactors. Dopants can also help to catalysis the reduction or oxidation half
reactions improving rate constants. Different dopants increase the suitability for some
applications while decreasing the suitability for others. The use of the correct dopant, to the
precise degree necessary, can give optimal properties for a chemical looping system. For
example: the use of strontium on the A site or Cobalt on the B site can increase the oxygen
transport properties but decreases lifetime due to a reduced resistance to phase segregation

in reducing gas atmospheres (Martin 2003).

Iron containing perovskites have been shown to have good cyclic stability and to be resistant
to carbon deposition (Murugan et al 2011). Of particular interest for chemical looping H,
production is the lanthanum strontium ferrite series (LSF). This series has general formula
La1xSrkFeOs.sand has only iron ions on the B site while the A site is doped with a ratio of La3*
and Sr?*. The iron ions, for the LSF series, are stable in a variety of different valences which
gives a high oxygen ion conductivity, providing a wide electron distribution in the crystal

structure. This helps with the reaction rates and stability of the material.

Lao.sSro.4Fe0s.s (LSF641) has attracted technological interest as a chemical looping oxygen

carrier material for H, production (Murugan et al 2011; Metcalfe et al 2019), SOFC cathode
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material and as a ceramic membrane. LSF641 is of particular interest as it is consistently
single phase in the oxygen partial pressures and temperatures of interest to looping and

sensor technologies. (Dann et al 1994)

The relationship between oxygen content and pO; of LSF641 was studied in the literature at
a variety of temperatures and partial pressures of oxygen (pOz) (Kuhn et al 2011, Mizuzaki et
al 1985, Sogaard et al 2007). However, the thermochemical expansion of this material
obtained in these studies concentrated on the solid oxide fuel cell application so that the
range of pO,'s investigated has been largely limited to ~ 10" bar. For chemical looping
applications, the relevant pO extends to ~10722 bar and as part of this thesis it is intended to

extend previous investigations into this lower range.

To understand how a non-stoichiometric perovskite behaves in a chemical looping H»
production scheme, a knowledge of the governing thermodynamics controlling the
interaction between the material and reducing or oxidising potentials is required. (Murugan
et al 2011, Sogaard et al 2007, Mizuzaki et al 1985). The oxygen non-stoichiometry (3-6) has
been found with good reproducibility in literature (Kuhn et al 2011, Mizuzaki et al 1985,
Sogaard et al 2007). The defect chemistry model used in these studies assumed that the gain
and loss of oxygen of the solid is accompanied by a change in oxidation state of the iron ions
through the linear combination of the oxidation reaction and the disproportionation

reaction near an oxygen vacancy site:

2Fe3t + 0.50, + V;° = 2Fe*t + 0?7, 1.b.6
2Fe3t = Fe*t + Fe?t, 1.b.7
Here V/;* is the oxygen vacancy in the lattice as denoted in the Kroger-Vinc notation.

Combining material balance with conservation of cationic and anionic sites in the lattice and
charge neutrality, the equilibrium partial pressure of oxygen, PSZ, can be related to the
degree of non-stoichiometry of the solid, &, via

595125 —x+1)
(3—=6)%5(26 — x)

Kre (B3=0)"(x+1-26) ok 1.b.8
Kox = 895(28 — x)P;,**°

x 0.25 _ .
XPOZ - — Dox

where x is the extent of substitution of La by Sr, in this case 0.4; K, and K, are the

equilibrium constants for Equations 1b.6 and 1b.7, respectively (Mizusaki et al 1985). The
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oxygen non-stoichiometry of the material as a function of the equivalent oxygen partial

pressure that would be in equilibrium with it for LSF641 at 1093K can be seen in Figure 1.9

3.05

295
29

UIO 2.85
(0]

28

275 F

2.65 1 1 1 1 1 1
-25 -20 -15 -10 -5 0 5 10

log PO," / log bar
Figure 1.9: Oxygen non-stoichiometry of Lao.sSro.4FeOs.sas a function of equivalent oxygen
partial pressure at 1093K
As is exemplified by Figure 1.9, perovskites vary continuously in non-stoichiometry with
changing chemical potential. This characteristic of the material can increase the life time of
the material as the OCM must maintain integrity and be stable over prolonged operation.
Operational life time can be increased if phase transition and segregation are both
minimized, since phase segregation can cause significant changes in the chemical and

electrical activity of the material (Lein et al 2006).

Studies of electronic conductivity of perovskite materials at different temperatures have
been carried out by Singh et al (2013) who found that strontium doped lanthanum ferrite
perovskites as the temperature increased the electronic conductivity also increased. This
indicates that the transportation of oxygen most likely relies on vacancy diffusion as
opposed to interstitial diffusion. Elshof et al (1997) found that for LSF641 the bulk diffusivity
of oxygen through the material was not a function of oxygen pressure and that the
equilibrium process between the gas and solid phase was governed by the surface exchange

for low oxygen partial pressures.

Another advantage for strontium doped lanthanum ferrite perovskites (LSF) is that they are
highly stable. Murgan et al (2011) showed that this class of material has showed a greatly
increased lifetime when compared to alumina stabilised iron. Both LSF641 and alumina

stabilised iron oxide were cycled 150 times between CO and H,0, initially the stabilised iron
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oxides higher oxygen capacity allowed it to produce more H, but over time the material
degraded until by the 150" cycling is was very similar to the LSF731 and still showed a strong
negative trend, in comparison after the first 10 cycles the LSF731 showed very stable H,

production without significant degradation.

1c.iii.f Manganese containing perovskites

Another perovskite material of interest is strontium doped lanthanum manganite (LSM). This
material has a larger oxygen capacity, in the pO, regime of interest, than the LSF series.
Mizusaki et al (1991) compared LaoeSro.aMnQOs.s LSM641 and LSF641. As can be seen in
Figure 1.10 that the oxygen content of the LSM641 goes through a much larger change than
that seen in LSF641 for the range of pO, used in H, production, 108to 10%? bar. However, it
was also found that the material underwent phase segregation and decomposition at a
much higher pO,. This means that it would be expected to decompose into a Brownmillerite
phase, potentially irreversibly, well before the reducing conditions expected at the reducing
gas feed location in a packed bed chemical looping reactor system for H, production ~10%?
bar. This decomposition would limit the life time of the material either increases operation
costs to replace the material or limit the profitability of the plant due to decreased

conversions and yields.
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Figure 1.10: Comparison of oxygen non-stoichiometry in La1-xSrxMOs.s (M= Cr, Mn, Fe, Co)
from Mizusaki et al (1991)

It is important to note that the study of Lag.7Sro.3CrOs.s was not carried out in detail as studies
my Meadowcroft (1969) and Mizusaki et al (1984) showed that this material requires

temperature above 1273 K to be suitably reactive. This high a temperature would not be
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limits the effectiveness of the system and increases operational heating costs and capital

costs for insulation.

However, Manganese ions in LSM are only stable in oxidation states of 3+ and 4+, and hence
its oxygen ion conductivity is significantly lower than that of LSF. (Noh et al 2013). This would
adversely affect the rate of reaction in both the reduction and oxidation half cycles.
Additionally, the oxygen stored deeper in the looping material would be unable to interact

with the gas environment decreasing the viable oxygen content of the material.

Wang K et al (2000) also showed that this manganese based materials can catalyse carbon
deposition which would decrease the number of active sites and lead to carbon containing

compounds contaminating the H, product stream.

1c.iii.g Thermodynamic advantages of non-stoichiometric oxides
As well as the increased life time and fast kinetics, due to the high conductivity of oxygen
through the lattice, variably non-stoichiometric oxides offer thermodynamic advantages to

chemical looping systems when compared to simple metal/metal oxide systems.

A variably non-stoichiometric oxide has a range of pO,s where there is a one to one
relationship between oxygen content and pO,, so it is possible to design a reverse flow
packed bed system where each end of bed has an oxygen content that would be in
equilibrium with one of the two feeds. In such a system, with rapid enough kinetics to
approach the thermodynamic limitation, the gas leaving the reactor during a half cycle
would be in equilibrium with the OCM at the outlet which is in equilibrium with inlet feed of
the other half cycle. With the use of suitably pure inlet feeds, it would be possible to achieve
arbitrarily high conversions. Without a one to one relationship between oxygen content and
pO; a conventional metal/metal oxide OCM is not capable of achieving these high

conversions, with the conversions limited by the pO; at which the phase changes occur.

The methodology and theory underpinning the thermodynamic limitations of chemical

looping systems using different OCMs is detailed and examined in Chapter 3.

By circumventing the limitations of a conventional reactor large savings can be achieved.
These savings come from reduced feed costs, as less feed is required to produce the same
amount of high value products, and reduced capital costs as there is less need for the design

and operation of the complex separation systems required to purify products.
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1.d Purpose of study
A chemical looping reaction allows for the separation of the reduction and oxidation half
reactions resulting in H, production in a separate outlet stream to that of the carbon

containing products and reactants.

Before a chemical looping technology could be implemented at an industrial scale a better
understanding of the reactions and the system would be required. The main objective of this
thesis is to study a chemical looping reactor for H, production. This will concentrate on the
comparison between a steam methane reforming or conventional water-gas shift reactor, as

the current main industrial methodology of H, production, and a chemical looping system.

The comparison with conventional reactor systems seeks to demonstrate how and why the
thermodynamic limitations of a chemical looping reactor with a non-stoichiometric OCM
reaction allows an arbitrarily high conversion. This would also circumvent the limitations of a

chemical looping reactor using a stoichiometric OCM like iron oxide.

The chemical looping system studied will consist of a non-stoichiometric oxygen carrier like
LSF or LSM using CO or CH4 as the reducing agent. The material will be oxidised using steam,

to increase H, production.

The system will be studied by analysing the reactor outlet gas and using synchrotron
operando x-ray diffraction (XRD). Operando x-ray diffraction allows for the internals of the
reactor system to be studied as it undergoes reaction. The reactor system will also be
studied through the use of mathematical modelling. Both the gas analysis and the reactor
internal conditions, as probed using XRD techniques, will be compared to the model to aid

validation. A fully validated model will aid scale up and help to optimize the reactor system.
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Chapter 2: Experimental set up
This chapter details the design and operation of the different process systems used as part
of this thesis. This includes the flow system used at Newcastle University and on beam line
ID22 at the European Synchrotron Research Facility (ESRF), the in-situ neutron detectors on
the High Resolution Powder Diffractometer (HRPD) at the ISIS neutron and muon source,
and the in-situ x-ray diffraction detector crystals on beam line ID22 at ESRF. Additionally the
methodology for material synthesis are also detailed along with the methodology used to

analyses the outlet gas composition.

2a Reactor flow system
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Figure. 2.1. Flow diagram of the fixed bed reverse flow integral reactor. Flow is continuous
for all reactive gases and the type of gas introduction to the reactor is governed by two
electronic 4-way valves V1 and V2. Flow direction in the reactor is directed by V3. V4 and V5
are used for gas analysis calibrations bypassing the reactor. Flow rate is set and regulated by
computer at 3.4 x10° mol s (+/- 3.4x10”7 mol s*).or 50 ml/min NTP (+/- 0.5 ml/min).

The flow system consists of five automatic 4-way valves (VICI) to control flow direction and
seven mass flow controllers (MFC) were used to control the flow rates of the feed gasses,
these consisted of four for calibration with three feeding reacting gasses to the reactor in
the furnace. Pressure transducers (Omega, PG309-100GV) were used to measure and
monitor the pressures in various positions throughout the system. PT1 records the inlet
pressure to the reactor while PT2 measures the outlet pressure. PT3 is used in conjunction
with PT2 to obtain a measure of how the flowrates through the system change as different

gases are fed to the reactor.
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The mass flow controllers are connected to a computer controlled central unit which
governed their set points, additionally this controlled a gas shut off solenoid valve attached
at their outlet. This was present as the MFCs are not able to act as on/off valves, so when
the flow rate through a MFC was set to zero this valve would shut off ensure no flow would
pass through. Additionally these solenoid valves would shut off in the event of an interlock
shutdown when a failure was diagnosed by the system or if the system is disconnected for

more than 5 minutes.

The 4-way valves V1 and V2 were used to control whether Ar, 5+0.025 mol% CO in Ar, or
5+0.025 mol% steam in Ar was being fed to towards the bed and were connected to and
controlled by the central unit. The reacting gases were then sent to V3 which controls the
gas feeding direction towards the bed, this ensures that the system was running in a counter
current configuration. The outlet gasses then go to V4, this then feeds the reacted gas
stream towards the gas analysis system (QGA, Hiden Analytical). In order to calibrate the gas
analysis system, calibration gasses are feed through V5, either Ar, 5+0.025 mol% CO in Ar,
5+0.025 mol% CO, in Ar, and 5£0.025 mol% H, in Ar through the calibration gasses inlet or
H,0 from the outlet of V2. Additional experiments changed the reducing and oxidising
gasses fed to the reactor. The CO in Ar was replaced with 5+0.025 mol% methane in Ar to
test the materials ability to achieve methane activation. Also the CO in Ar was replaced with
H, in Ar and the steam in Ar was replaced with CO; in Ar. All the gasses were supplied by

BOC.

All metal pipe lines which had contact with H,O moisture were wrapped in trace heating
lines, this prevented H,0 condensation in the system. H,O condensation leads to incorrect
moisture contents reaching the bed and being recorded by the gas analysis system. This
would have led to the recorded value for the H,O conversion being much lower that the

reactor actually achieved.

In order to achieve a stable stream of 5 mol% steam in Ar a Liquid Filled Permeation Tube
(LFPT) was used. This consists of a H,0O filled reservoir separated from the flow of Ar by a
H,O permeable membrane. The use of a membrane results in steady H,0 diffusion
regardless of the laboratory temperature as the system can be fit inside an external
computer controlled furnace. The diffusion rate, and therefore the total amount of H,0

transferred across the membrane, is a function of only the oven set point, as long as the
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reservoir still contains adequate quantities of H;0, so the percentage of H;0 in the gas feed

can be controlled by varying the furnace temperature or the gas flow rate.

The H;0 analysis system is used to ensure the H,O stream consists of the correct proportion
of H,0. It consists of a chilled H,O hygrometer (the H,O analysis system in Figure 2.1). This

measured the dew point of the gas between 228 K and 323 K with an uncertainty of 0.2 K.

In order to ensure consistent flowrates through the system computer controlled mass flow
controllers (SLA5850, Brooks Instrument) were used. In order to avoid pressure heads
passing through the system needle values were added to the end of vent lines and before
the analysis systems. These were used to make sure the pressure drop between gas feed
locations and the bed were consistent regardless of gas. This was carried out by comparing
the different pressure indicators values with the pressure transducers (PG309-100GV,
Omega), PT1, PT2and PT3. PT1 and PT2 were used to measure the pressure drop across the
bed while PT2 and PT3 were compared to each other to determine the ratios of the molar
flowrates through the bed. This was done by applying Equation 2b.1. This allows for an

oxygen balance to be carried out comparing half cycles.

2a.1

PT22 — PT32
PT22 — PT32

n is the molar flowrate, PT2 is the pressure by PT2 and PT3 is the pressure recorded by PT3.

The reactor itself was a 5 mm inner diameter quartz tube plumbed into the flow system
using Ultra Torr fittings (Swagelok). The oxygen carrier material (OCM) used in each
experiment was packed into the bed between two plugs of quartz wool, which are used to
fix the bed in place. Additionally, quartz rods were paced inside the tube, on either side of
the bed, to minimise the dead volume of the reactor. These rods also prevented the bed
moving when the flow direction changed. Figure 2.2 shows a packed bed, note that the OCM
was loaded from the left causing that plug to be darker in colour from picking up residual

particles left on the side wall of the quartz wool
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Quartz plug

Figure 2.2: Photograph of a packed bed reactor. This packed bed is 5.97 g of Lag.sSro.4FeOs.s
and is 60 mm long.

2a.i Leak detection

Air leaking into the system or reacting gasses leaking out of the system was a major cause of
experimental failure. The failures can take the form of high partial pressures of oxygen from
the air reaching the bed causing over oxidation of the oxygen carrier material or the reacting
gasses not reaching the mass spectrometer. As a result, leak detection and minimisation
were of vital importance as part of this project. Snoop leak detection fluid was applied to all
connections to check for large leaks, while small leaks were identified by pressure testing
immediately before the experiment. This was done by pressurising the system to 2 bar-a
using Ar and sealing the ends using shut off valves. Any drop in pressure over time was
attributed to the presence of leaks in the system, and was used to determine the leak rate.
The leaks in the system were deemed negligible once the change in pressure was less than

100 Pa (the detection limit of the pressure indicators) over one hour.

During experiments the mass spectrometer data can be used as an indication of leaks in the
system. The presence of a 4:1 ratio of m/z= 28 (N,) to 32 (O;) indicates there is a leak in the
system if other gasses with these ratios are not being fed into the system at the time.
However this can also occur should the flowrate through the system drop below the draw
rate of the mass spectrometer (16 ml(STP)/min) as this causes air to be pulled up the
exhaust line. Additionally spraying helium towards the pipe connections can aid leak
detection, where its small radius allows it to penetrate into leaking areas and can be used to

pinpoint leak locations as this helium would then be picked up by the mass spectrometer.

2a.ii Laboratory reactor system

While the reactor flow system was used at Newcastle University it was used in conjunction
with a tubular horizontal furnace (Lenton). This furnace acted as a heat source, heating the
reactor to the 1093 K required to achieve equilibrium unity for the mixed water-gas shift

reaction. This furnace has a 100 mm isothermal zone making this the maximum bed length.
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The ends of the tubular furnace were plugged using quartz wool to prevent heat loss and the

condensation of H,0.

2b Gas analysis

All gas analyses were carried out using data collected from a quadrupole mass spectrometer
(QGA, Hiden Analytical). It has a heated flexible silica capillary inlet to ensure no H,0
condensation occurs blocking the inlet or damaging the internals of the mass spectrometer
and to ensure the accurate measurement of steam in the outlet stream. The system has an
input stream flow rate of 20 ml/min (STP), an inlet pressure of 1 bar and has a sampling rate
of 8 measurements per second. The filament used in the system was oxide coated iridium.
Oxide coated iridium allows lower temperature analysis than either tungsten/rhenium
filaments allowing for residual gas analysis, additionally tungsten filaments produce carbon
oxides by products when exposed to oxidising gasses which are important gasses to record
in this work. Lanthanum hexaboride filaments were not used due to the decreased life time

when used for continuous gas analysis.

The high sampling rate of the QGA was achieved using a Secondary Electronic Multiplier
(SEM) detector, this allows for small ion currents to be detected by physically amplifying ion
signals. This is achieved by applying a positive voltage to the electrons entering the mass
spectrometer, which increases the sensitivity and lowering the partial pressure that can be
detected. However use of the SEM required the operating pressure to be less than 10 torr

to prevent pyrolysis of the dynodes by the H,0 vapour in the system.

The mass spectrometer produces a constant background current for each mass to charge
ratio when it is not being fed with a gas with that ratio. A zero point reading was taken

where only the Ar was fed, this was then subtracted from the data to get a true current.

To account for the splitting of larger molecules such as CO, into smaller molecules a splitting
factor was applied to the currents. The proportion of the current measured with mass to
charge ratio 28 that is due to CO is equal to the total current for 28 minus 0.19 of the current
for mass to charge ratio 44. The proportion of the current measured with mass to charge
ratio 2 that is due to H, is equal to the total current minus 0.02 of the current for mass to
charge ratio 18. These splitting factors were found and based on currents that had had the

background value subtracted.
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A calibration factor is then applied to take into account that the gasses sampled each have
different sensitivities so are more or less likely to interact with the system. The calibration
factors drifted constantly throughout the experiment. To ensure accurate results, molar
concentrations of each gas were fed to the mass spectrometer directly, bypassing the
reactor, and linear interpolation was then used to determine the calibration factor as a

function of time.

In order to convert the calibrated currents into the molar percentages, they are divided by

the total calibrated current. This means the molar percentages can be found using Equations

2b.1to 2b.4.
128 —0.19X 144 _ ICO zero value 2b.1
Yeo = CO calibration
co 128 —0.19X 144 — ICO zero value 144 — ICOZ zero value
CO calibration CO, calibration
12 —0.02 X 118 — IHZ zero value + 118 — IHZO zero value 140
H, calibration H,0 calibration = Ar calibration
144 _ ICOZ zero value 2b.2
_ CO, calibration
Yeoz 128 —0.19 X 144 — ICO zero value 14-4 — ICOZ zero value
CO calibration CO, calibration
12 —0.02 X 118 _ IH2 zero value 118 — IHZO zero value 140
H, calibration H,0 calibration = Ar calibration
12 —0.02 X 118 — IHZ zero value 2b.3
_ H, calibration
Yaz 128 —0.19 X 14-4 _ ICO zero value 144 _ ICOZ zero value
CO calibration CO, calibration
12 —0.02 X 118 _ IHZ zero value 118 _ IHZO zero value 140
H, calibration H,0 calibration ~ Ar calibration
118 — IHZO zero value 2b.4
_ H,0 calibration
YH20 128 —0.19 X 144 _ ICO zero value 144 — ICOZ zero value
CO calibration CO, calibration
12 —0.02 x 118 _ IHZ zero value 118 — IHZO zero value 140
H, calibration H,0 calibration = Ar calibration

Where y denotes the mole fraction of each gas and I denotes the current for the given mass

to charge ratio.

In order to calculate a molar flowrate through the system these mole fractions would then

be applied to Equation 2b.5.

yF 2b.5

" =50 x 22400
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F is the total volumetric flow rate ml/min (STP), y is the mole fraction of the gas and n is the
outlet molar flowrate (mol/s). From the ideal gas law it is known that 1 mole of gas has a

volume of 22.4 L at standard temperature and pressure.

Each of the variables in Equations 2b.1 to 2b.4 have an associated uncertainty. As the values
for the zero points and calibration factors for CO CO; H; and H,0 are calculated as part of
the data analysis by taking the average of values when fed with gasses of known
concentrations. The standard error can then be found as part of the calculation. For the

other variables in the equation the precision is used as a measure of the uncertainty.

The uncertainty is then propagated through the system using the following equations

assuming that the covariance is zero:

f=aA of = a‘oy 2b.6

f=aA+bB o?=a20ﬁ+azo,§ 2b.7

2 2 2b.8
04 0 p
f=AB 0]%=AZBZ<<—A ) +<—B ) )
2 2
AZ O.A O.B 2b9
f=A=B G%=—2<<T> +<?>>

By applying Equations 6 to 9 to Equations 1 to 4 to get an equation for the uncertainty for
the molar concentrations. Where fis the result of the operation, a and b are constants
without uncertainties, A and B are measured variables with known uncertainties and o2 is

the variance of variable x.

To calculate the conversions of H,0 into H, and of CO into CO; the mole fractions of the
products and unreacted reactants were integrated over each of their feed times. The
conversion was then found using equations 2b.9 and 2b.10, as the molar flow rate is

constant.

End of Cycle
[Endorycle 2b.9
Start of Cycle ” H2
End of Cycle
de + fStart of Cycle Yizo4t

fEnd of Cycle
Start of Cycle Vi

J-End of Cycle Yt 2b.10
Start of Cycle “ co2

End of Cycle End of Cycle
f ¥, dt + f Y oop At
Start of Cycle” co Start of Cycle 7 co2
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In order to propagate the uncertainty through the integration the results were offset by one
standard deviation before repeating the integration to obtain upper and lower bounds for

the uncertainty.

2¢ In-situ x-ray diffraction

X-Ray Diffraction (XRD) is a technique that is used to determine the atomic structure of a
crystalline material. The regular spaces between the atoms, seen in crystalline solids,
because a beam of incident x-rays to diffract into specific directions. Through measuring the

intensity and angles of these transmitted rays the structure can be obtained.

The work detailed here involves in-situ XRD, this is when the sample is measured while in the
environment of interest, as opposed to ex-situ XRD where the sample is measured at
ambient conditions. In-situ XRD has many advantages over ex-situ experiments. In-situ has
the advantage that it allows for how and when the changes in structure occur during
reaction and therefor an understanding of the kinetics involved to be obtained. The
disadvantage is that the sample needs to be maintained at a set temperature and gas
environment for the duration of the experiment, and the geometry of a given piece of

equipment can limit the degrees of freedom when planning an experimental campaign.

In-situ x-ray diffraction was carried out on ID22 of the European Synchrotron Research
Facility (ESRF). ESRF consists of an 844 m circumference electron particle accelerator that
operates at an energy of 6 GeV. The source for ID22 is an in-vacuum undulator, sitting on a
curve in the particle accelerator, which is capable of producing x-rays with energies from 6
keV to 80 keV. This beam is then monochromated before passing though the sample to the
diffractometer. The diffractometer consists of nine silicon 111 crystals, which due to their
very small acceptance angle act as a filter removing rays not parallel to the detector, and
nine detectors. The filtering crystals and detectors are all mounted on a single rotational
stage that moves through the 26 angle allowing for peaks in the range of 0 to 25° to be
recorded. The nine detector system is arrayed in fan like geometry meaning that a large
selection of 20 angles can be recorded while moving the stage a much smaller amount, this

can be seen in Figure 2.3.
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9 detectors

Figure 2.3: Schematic drawing of the mulianalyser stage, from Hodeau et al (1998)

This facility is uniquely suited for this experiment. It is optimized for the x-ray energies
necessary for this experiment, due to the need to operate at high energies to overcome the
large, for XRD experiments, sample size while avoiding the lanthanum K edge of 39 keV. It

also gives high fluxes of x-rays allowing for the peak structure to be determined to within

high levels of certainty rapidly.

The quality of its analyser crystals allows for high resolution, giving the sharp peaks
necessary to monitor the small shifts in peak positions expected when the material is
oxidised and reduced without going through a phase change. They also allow the evolution
of peak splitting due to phase changes to be detected. In order to test a working reactor bed
a reactor tube with a diameter on the order of 5 mm is necessary, which would make a
conventional area detector unpractical as diffraction from the front and the back of the
sample would broaden the beam and obscure subtle changes to the peak shape and shifts.
There are very few facilities in the world with either enough flux at the required x-ray energy

or the analyser resolution necessary for this experiment, and ID22 at ESRF has both.

For the experimental campaign detailed here the x-ray source was calibrated for 35 keV
operation with a spot size of 1 mm x 1 mm. The dectrors moved at a rate of up to 30

degrees/minute and moved through 2.2 ° to cover 18.2° due to the fan of 9 detectors.

The flow system used on the beamline is the same as that detailed in Section 2b with the
addition of a vertical split furnace and a smaller inner diameter tube. This custom
manufactured vertical split furnace (IGl systems) achieved an isothermal zone of 200 mm at

a maximum temperature of 1273 K. The furnace also had a thin vertical window on either
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side to allow x-rays to pass through the bed so that the in-situ XRD measurements can be
made at different points along the reactor. The furnace was wrapped in a thin layer of
aluminium foil, this is used to minimise the radiative heat loses through these windows and
due to the thinness of the sheet the contribution to the diffraction pattern picked up by the

detectors is smaller than the detectible limit of the system.

The quartz tubes used for these experiments had an inner diameter of 4 mm, this smaller
diameter was used as it reduces the amount of material that the x-rays must pass through
before reaching the detectors, increasing the count rate for the detectors, ensuring that high
quality fits can be achieved. It was decided to keep the sample mass consistent between
laboratory and in-situ studies as this keeps the ratio of moles of the reactants to moles of
OCM the same, meaning that optimization of cycle duration did not need to be carried out
by Mak (2017) need to be carried out again. This leads to a longer bed length when

compared to the beds detailed in Section 2b as can be seen in Figure 2.4.

Figure 2.4: (Left) Photograph of a packed bed reactor for use in the vertical split furnace
used for in-situ XRD studies. This packed bed is 2.2 g of LagSro.4FeOs.s and is 170 mm long.
(Right) Vertical split furnace used for in-situ XRD studies in use at ID22 with the x-ray
detectors.
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The in-situ studies carried out in this campaign were focused on LaoeSro.aFeOs.s (LSF641)
however for some experiments, yttrium oxide, sieved to 10 — 20 um, was added to the bed
in @ mass ratio of 1:5. Yttrium oxide does not have diffraction peaks that overlap with those
of LSF641 and remains inert at the temperatures and oxygen partial pressures involved,
more details are available in Section 2f. Using the yttrium oxide’s expansivity it is possible to
determine the in-situ temperature of the sample rather than the furnace wall. Also should
the ratio of the LSF641 phase and yttrium oxide phase deviate from the known ratio, it

implies than one of the materials has become amorphous and lost its crystalline structure.

The recorded diffraction patterns were analysed using the Rietveld method (Young 1995)
using TOPAS software (Coelho 2012). A Rietveld refinement consists of minimising the
difference between a theoretical diffraction pattern and the measured results. The

refinement system used was a least squares approach.

The theoretical diffraction pattern is based on different crystal structures present, as well as
the temperature and stress on them. The angle at which the different peaks are recorded
are defined by the size and symmetry of the unit cells present in the system, while their
intensities are dependent on where the atoms interacting to give that peak are located
inside the structure, giving the internal structure. The strain on the system as well as the size

of the crystallites define the peak widths.

By starting with an estimate based on literature values, through knowing the expected
crystalline material present in the sample, it is then possible to carry out a refinement
varying the size of the unit cell and the stresses present in the cell to minimise the least
squares difference between the theoretical pattern and the recorded one. Additionally the
relative intensities of the peaks associated with different phases for the quantity of theses
expected phases to be determined. This refinement technique also gives a measure of error
for the fit which can be used to determine if other crystalline phases not predicted are
present. For each of these phases the unit cell parameters that define the structure are

determined along with the uncertainty.

2d In-situ neutron scattering
Neutron scattering differs from XRD because neutrons and x-rays have different scattering
properties and provide complementary information. X-rays interact primarily with the

electron cloud surrounding the atoms, so interact more strongly with the atoms with larger
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atomic numbers and therefore more electrons, for LSF641 this is the lanthanum and
strontium, while the neutrons interactions are more complex as they interact directly with
the nucleus of the atoms. This means that each isotope of an element would interact
differently. For LSF641 the oxygen interacts strongly when compared to the metal ions, this
means that as well as determining the size of the unit cell in the sample the quantity of
oxygen is also obtainable to a reasonable level of certainty. This is carried out during the
refinement process by varying the crystal structure based on the presence of an oxygen to

determine the optimal fit.

In-situ neutron elastic scattering was carried out on the High Resolution Powder
Diffractometer (HRPD) at the ISIS neutron and muon source. The neutrons used are
produced by the bombardment of a tungsten target with high energy H, ions. The produced
neutrons are then pass through a moderator, slowing them. The neutrons then travel down
a 96 m supermirror neutron guide, this long primary flight path allows for one of the highest-
resolutions possible on neutron powder diffractometers in the world. The wavelength of the
neutrons is controlled using ‘time of flight’ by opening the shutter a set length of time after
the target is hit and closing shortly after that only neutrons that travelled the 96m in the

correct length of time, thereby defining their speed and energy, make it to the sample.

The neutrons then pass through the sample environment and are scattered. The scattered
neutrons are then detected by the three banks of detectors. These three banks are the
backscattering, 90° bank and low angle bank. The backscattering and 90° banks use ZnS
scintillator fibre coupled to photomultiplier tubes and the low angle bank uses 3He gas
tubes. These banks mean that scattering pattern of the material can be fully captured
decreasing uncertainty in the shape of the curves. These different detectors convert neutron
fluxes into currents. 3He gas tubes detects neutrons by adsorbing thermal neutrons
producing *H and 3H ions while the ZnS scintillator fibre produces tritium ions and an alpha

particle when neutron adsorption occurs.

HRPD was used for this campaign due to its high resolution, the highest in the world as of
2009 (Ibbserson 2009). This high resolution allows for the very small changes in the unit cell
parameter to be determined with a high degree of certainty, while also obtaining its oxygen

occupancy straight from the refinement.
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The flow system used consists of a manifold connecting the different gasses used to control
oxygen partial pressure of the sample environment. Each mass flow controller is paired with
an on/off valve that is used to ensure that when the mass flow controller is shut no flow

enters the system

Five different gas environments at atmospheric pressure were used to vary the equivalent
oxygen partial pressure the sample was exposed to, a pure Ar feed was also used to purge
the whole system. These gasses were 5+£0.025% oxygen, 5£0.025% CO, with 0.05+0.00025%
CO, 5+0.025% CO, with 0.5+0.0025% CO, 2.5+0.0125% CO, with 2.5+0.0125% CO and
0.5+0.0025% CO, with 5+£0.025% CO, with the balance being Ar in all cases (These gases
were supplied by BOC). CO, and CO buffer gasses were used both because these gasses are
expected to be produced by a working chemical looping reactor and because the reduction
of LSF641 by CO or the oxidation by CO, is almost heat neutral between these buffer gasses.
The consequence of this is that in a given buffer gas the oxygen content of the sample
remains constant over a large temperature range, which can be exploited to determine the

thermal expansivity whilst the oxygen vacancy remains constant.

In each case, the inlet gas was supplied from the bottom of the sample environment with a
flowrate of 70 ml/min at 293 K and 1 bar. The outlet gas conditions were recorded and
measured using the mass spectrometer set up detailed in Section 2a, this was used to define
when the system had reached equilibrium conditions. Equilibrium conditions were defined
for when the gradient of the gas analysis was zero and the values were the same as the feed

gas.
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Figure 2.5: Flow diagram of the in-situ neutron elastic scattering reactor. Flow is not
continuous and the type of gas introduction to the reactor is governed by the mass flow
controllers and needle valves. Flow direction in the reactor is always top down. Flow rate is
set at 70 ml/min (+/- 0.5 ml/min).

The total mass of sample studied was 2.96 g of LSF641 and the sample had particle sizes in
the range 80-160 um. The sample was placed inside a specialist 10 mm inner diameter
double quartz tube cell with a sintered quartz plate to support the sample. The sample sat

on the quartz plate and formed a 30 mm tall bed.

The sample environment was plumbed into the flows system and placed inside a vacuum
furnace. The furnace internals are held under vacuum to minimise neutron interactions that
are not related to the sample being studied. The furnace used was a Risg furnace with a
vanadium element with maximum temperature of 1273 K allows for the sample. The sample
was studied over a temperature range of 973 Kand 1173 K in each of the five gas
environments. The temperature was controlled using two K-type thermocouples, one inside

the cell 10 mm above the sample and the other is in-between the double walled quartz tube.
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Figure 2.6: Photograph of the sample environment used for in-situ elastic scattering of
neutrons studies. This packed bed is 2.96 g of LageSro.aFe0Os.s and is 30 mm long.

Two different types of experiment were undertaken using this set up, the main type was
carried out when the system had reached equilibrium conditions both chemically and
thermally. Once this had been achieved the interaction between the neutrons and the
sample was recorded until the total current produced by the detectors was 20 UA, this was
repeated until 5 such files had been produced before changing either the temperature or the
gas environment. The other type of experiment was carried out while the system was
reaching equilibrium with the diffraction pattern being recorded in set 5 minute intervals
continuously until the system had once again reached equilibrium. For both of these
experiments the ‘time of flight’ for the neutrons was 10-110 ms, this was used to optimise

the data collection in the range of interest from both the 90° and backscattering detectors.

The recorded diffraction patterns were then analysed using the Rietveld method (Young
1995) using TOPAS software (Coelho 2012). This gives the same advantages as detailed in

Section 2c as well as allowing for the oxygen content of the material to be calculated.

2e Material Synthesis

Single phase LSF641 was synthesised via the Pechini sol-gel method using stoichiometric
ratios of Fe (NOs)s3 (H20) ¢ (>99.95% Sigma Aldrich 216828), La (NOs)3 (H20)s (>99.99% Sigma
Aldrich 61520), and Sr (NOs)2 (>99.995% Sigma Aldrich 243426) mixed with citric acid
(>99.5% Sigma Aldrich 791725) and ethylene glycol (>99.8% Sigma Aldrich 324558) in molar
ratios to the total cations present of 1:1 and 1.2:1 respectively. Deionized H,0 is then added

in @ mass ratio of 4.5:1 to the mixture to produce a homogeneous solution which was
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subsequently dried at 373 K for 48 hours. The resulting precursor was lightly crushed and
placed in a covered alumina high form crucible (700 mL) and calcined to 1323 K at 1 K/min
and held for 18 hours. The resulting powder underwent controlled cooling at 1 K/min to
room temperature. The composition of the sample was then analysed using the

experimental set up detailed in Section 2c. This can be seen in Figure 2.7.
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Figure 2.7: (Top) X-ray diffraction patterns of synthesised material at room temperature
after synthesis in air, the data was collected using the experimental set up detailed Section
2c. The refinement carried out found the value of @, to be 5.5 A and cj,to be 13.5 A.
(Bottom) Difference between X-ray diffraction scan and expected peaks shapes from the
Rietveld refinement of synthesised material at room temperature after synthesis in air.

2f. Thermogravimetric Analysis
Thermogravimetric analysis was carried out using a Rubotherm dyntwo THERM unit with

Brooks mass flow controllers. Two experiments were carried out using this equipment.

The first of these was carried out to confirm the thermodynamics of LSF641 in the
temperature and pO; ranges detailed in the literature (Mizusaki et al 1985, Sggaard et al
2007, Kuhn et al 2011 and for comparison to those recorded as part of the neutron
scattering experiments. Full discussion and results can be seen in Chapter 3The sample

consisted of 0.25 g of LSF641 sieved to 80—-160 um and placed in the cradle. The sample was
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exposed to 8.8x103 mol/min of 5£0.025 mol% oxygen in Ar (BOC) and heated at 1 K/min
then held at 973 K, 1013 K, 1053 K, 1093 K, 1133 K, and 1173 K. To ensure that the sample
had reached equilibrium conditions the sample was held until the mass change was less than
5x107° g/min. The sample mass change was recorded between each of these temperatures,
this was then equated to the variation in oxygen content A by Equation 2f.1.

M, - Am
A5 = s 2f.1
M, -m
With Ms the molar mass of the sample, M, the molar mass of oxygen and m the sample
mass. The gas buoyancy effect on the sample was negligible when compared with the mass

changes resulting from oxygen release so was omitted from the calculations.

The second experiment was to ensure that yttrium oxide remains unreactive when exposed
to the reducing gases and the temperatures that occur in chemical looping H, production, so
that it can be used as an in-situ temperature gauge for XRD experiments. This experiment
consisted of 0.53 g of yttrium oxide sieved to 10 — 20 um. This sample was heated at 20 K /
min in Ar until it reached 1093 K when it was exposed to 8.8E-3 mol/min of 5+0.025 mol%
CO in Ar (BOC) for 1.5 hours. The sample mass change was recorded over this period and any
mass change observed was expected to be due to a combination of carbon deposition or
reduction on the material. No increase in mass greater than the uncertainty variation in
measurement from the machine was found. The material is an adequate choice for in-situ

temperature measurement during XRD experiments.
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Figure 2.8: Mass change of 0.53 g of yttrium oxide during a 5+0.025 mol% CO in Ar. The noise
in that data is much larger than any trend that can be seen over the 15 hours. The first five
hours have a larger scatter as they were recorded during the day when larger number busses
and cars driving past the laboratory can affect the mass measurement.
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Chapter 3: Thermodynamic studies of LageSro4Fe0s.s
The strontium doped lanthanum ferrite LaosSro4FeOs.s (LSF641) was selected as the oxygen
carrier of choice for study using operando x-ray diffraction (XRD). It is a non-stoichiometric
material which offers a variety of advantages for packed bed chemical looping H,

production.

The aims of this chapter are two fold; to show how the thermodynamics of suitable non-
stoichiometric material increase reactor conversions and to show that the non-stoichiometry
of LSF641 fulfils these criteria to ensure that the material is capable of achieving these high

conversions.

3a Thermodynamic advantages of using a non-stoichiometric material

Metcalfe et al (2019) showed that a packed bed chemical looping system achieves higher
conversions of H,0 and CO than a conventional water-gas shift reactor when operated using
a non-stoichiometric oxygen carrier. Metcalfe et al (2019) show that using a chemical
looping reactor, where the product streams are not mixed, means that it is possible to

achieve these conversions without requiring energy intensive separation processes.

This section concentrates on the chemical looping water-gas shift reaction using CO as the
reducing agent. This makes it possible determine how a packed bed chemical looping reactor
can be used to circumvent the thermodynamic limitations of a conventional reactor due to
the relative simplicity of overall reaction, Equation 3a.1. The underlying principles would still
govern chemical looping reactors regardless of the different oxidising or reducing agents

involved.
H,0+CO = H,+CO, 3a.1

The base case that any improvements must be compared to would be that of a conventional
reactor. These operate by mixing the reactants, H,O and CO, then co-feeding them into the
reactor. Assuming that the kinetics are fast enough, these reactants would then undergo
reaction until equilibrium is achieved. As these systems are normally operating below 10 bar
it can be assumed that the products, reactants and any inert carrier gasses behave as ideal
gasses. Which means that if equilibrium is achieved the partial pressure of the outlet gases

would be described by, (Demirel and Azcan 2012, Finlayson 2012, Yeo 2017)
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Kwes \Pco / gusier PHz / utiet

where Ky s is the water-gas shift equilibrium constant and p is the partial pressure of the

gas components.

At an operating temperature of 1093 K the water-gas shift equilibrium constant becomes
unity (Callaghan 2006). This results, if a feed made up of equal parts CO and H,0 without CO;
or H, was fed to the reactor, in a 50% conversion of both CO and H;0. That is to say that the
outlet would contain a 1:1:1:1 ratio of CO,:CO:H,0:H,. This means that, at this temperature,
it is easier to compare a conventional reactor with a chemical looping reactor as it is easier

to quantify the effect of the increase in CO and H,0 conversions.

Any improvement on these conversions without using expensive separation steps, carrying
out temperature changes or changing the ratio of the reactant’s individual flowrates would
indicate that the thermodynamic limitations of a conventional reactor has been
circumvented. It is worth noting that as Reaction 3a.2 is equimolar with equal number of
moles of gas on both sides of the reaction changing the pressure would not improve

conversions while the system reaches its thermodynamic limit.

Throughout this chapter the thermodynamics of the reactor system are compared to that of
heat exchange to highlight how the changes to reactor design circumvent the limitations of a
conventional reactor. In such a comparison temperature can be thought of as equivalent to
oxidising potential and energy as oxygen capacity. An equivalent system to a conventional
reactor is a co-current heat exchanger, with both feeds entering at the same location then

over the length of the reactor exchanging heat until both are at the same temperature.

3a.i Single phase change materials
The simplest chemical looping system would use an oxygen carrier that would only be able
to be in one of two phases, i.e. a metal/metal-oxide system. In such a system the reduction

and oxidation half cycles would involve the following reactions.
MO+ CO =M+ CO, Reduction 3a.3
H,0+M = H, + MO Oxidation 3a4

Here M represents a metal and MO that metal’s oxide.
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The CO; acts as a reducing agent, changing the MO into a metallic form as it is oxidised to
CO,, then the feed is changed to that of H,0 which then acts as an oxidising agent, returning

the M back to its oxide form, MO, while being converted to H..

The equilibrium gas composition which would leave the reactor is defined by the M/MO
system. During reduction the metal and metal oxide must coexist while reduction proceeds,
and if the gas phase is at equilibrium conditions, the ratio of CO,:CO must be one that is in
equilibrium with the phase transition. This means that at the phase transition the ratio of

C0O,:CO is set by the equilibrium relationship of Reaction 3a.3.

(pcoz) B [MO] 3a.5
- 3a.3__K3a.3

Pco PT [M]
Where [MO] and [M] are the thermodynamic activities of the metal oxide and metal, PT
denotes the value associated with the phase change and Ks, 3 is the equilibrium constant for

Reaction 3a.3.

The thermodynamic activities of stoichiometric solids is unity, resulting in the ratio of
C0O,:CO in equilibrium with the phase change remaining constant for a given temperature.
This then leads to the outlet gas composition depending on this ratio when equilibrium
conditions dominate the gas-solid interactions. This gives the outlet composition of the

reactor during the reduction half cycles as,

Pco, Pco, 3a.6
D =\7 = K343
Pco / putiet Pco/ pr
Carryout out the same analysis for the oxidation half cycle leads to,
<PH20> _ <PH20> 1 3a.7
P, outlet PH, PT K3a'4

with K3, , being the equilibrium constant of 3a.4

If the outlet gas for both the oxidation and reduction half cycles are in equilibria with the
respective phase transition, then they must be in equilibrium with each other. It follows that
the outlet compositions must also be in equilibrium with each other. This means that such a

system would have the same thermodynamic limitation as the mixed reactor.

For the analogy of heat exchange there is an equivalent system using a theoretical gas-liquid
system as the energy vector to exchange heat between two separate streams. The gas-liquid

system would have an infinitesimally small heat capacity but a boiling point at a set
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temperature (T K) when at a pressure of 1 bar. As the cold stream is heated using the
enthalpy of condensing the saturated gas it would be heated to T K but could not be heated
further as the energy vector of the gas/liquid system has no more potential to donate energy
to the stream even if the vector’s temperature was decreased further. The inverse is true
during the cooling of the hot stream which would also be limited to being cooled to T K. If

T K'is correctly chosen then such a system could achieve the same temperature change as
the co-fed heat exchanger detailed earlier, but if the temperature of the phase change is not

optimal then this system would underperform compared to a conventional reactor.

It would appear that selecting a material with a phase change at a ratio that favoured the
oxidation half cycle, one with a H,0:H, or CO,:CO ratio in equilibrium with the phase change
being smaller than 1:1, would increase the amount of H, produced. Such a methodology
would not increase H, production or conversion if the system was to be operated with
symmetrical cycles. Under such a sytem by the end of the oxidation half cycle the material

had returned to the same state as before the preceding cycle.

To illustrate this, imagine a material with a phase transition associated with a low ratio of
H,0:H,, 1:4. Assuming that the operating temperature is 1093 K such that the water-gas shift
equilibrium is unity and that the feeds contain negligible quantities of the product gasses for
the purposes of calculating the reactant conversions, which shall be assumed from here on.
The more reducing nature of the phase transition will result in high conversions of H,0 into

H. resulting in the outlet gas compositions being given by:

<PH_20> _1 30.8
sz outlet 4

Which is a conversion of 80% of the feed H,0 into H.. The problem arises in the conversion

of CO to CO; during the reduction half cycle where:

(Pc'oz) _1 3a.9
4

Pco / putiet

Which is a conversion of only 20% of the fed CO into CO..

This would increase H, production above that of a mixed reactor, however when an oxygen
balance is carried out on the oxygen carrier material (OCM), it becomes clear that the
amount of O taken in by the OCM during oxidation half cycle must equal the amount of O

removed during the reduction half cycle.
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To achieve the conversions above only 1 in 5 moles of CO fed to the reactor remove oxygen
from OCM while 4 in 5 moles of H,O donate oxygen to the OCM. This means that for the
conversion above to be realised then 4 times more CO would have to be fed to the reactor
to satisfy the oxygen balance, requiring more CO to be fed to the reactor when compared
H,0 and most of that CO would pass through the reactor without reacting. This would
increase the operational costs and not allowing for symmetrical cycles. Symmetrical cycles
allow for simpler plant control and operation schemes and allows for continuous production
using only two reactors, if this was to be achieved using asymmetrical cycling more than two

rectors would be required.

The optimal case for a reactor is when both outlet streams are in equilibrium with the OCM
and neither the H;0 nor CO conversion is limited by the oxygen balance. This would

maximise the product of the two conversions.

3a.ii Multiple phase change materials

However, when a more complicated system is used, where multiple phase changes exist, it
becomes possible to overcome this limitation. For example: a metal/metal-oxide system that
undergoes two phase changes, an M/MO and an MO/MO; transition. This allows for the
design of a system that uses the former phase transition (M/MO) to produce a low H,0/H,
ratio and the latter (MO/MO) to produce a high CO,/CO ratio. This system would need to
undergo reverse flow such that an axial composition profile can be developed. Such a system
can be seen in Figure 3.1. The axial composition profile can be seen to be present in both the
oxidation and reduction stages. The left hand side, where the CO feed enters, remains
metallic while the right hand side, where the H,0 feed enters, remains fully oxidised. Such a
composition profile results in the CO feed passing over the reduced M phase before passing
across the MO phase and being partially oxidised then exiting in equilibrium with the MO,
phase. In contrast the H,O feed would flow in the opposite direction, with the feed entering
over the MO; then passing over the MO phase and being partially reduced as it come into
contact with the MO phase, then being converted to a low ratio of H,0:H; as it comes into

contact with the M phase and leaves the reactor.
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CO Feed : CO, Rich
Mix of CO and CO, Product
ﬁ ﬁ
H, Rich MO,
Product Mix of H, and H,0 H,0 Feed

Figure 3.1: Inlet and outlet of a reverse feed chemical looping reactor making use of a 2
phase change OCM. As the system undergoes reaction the location in the reactor of the
transitions between the different metallic phases will move, during reduction these locations
will move to the right and under oxidation they would return to the left. While the material
is operating cyclically high conversions can be obtained as long as the locations of the phase
transitions do not reach the outlet of the reactor.

The conversion of such a system would be dependent on the gas ratios associated with the
phase changes. An example case would be the transition at the more reduced conditions,
M/MO, being at

<PH20> _ (pwz) _ 3a.10
Pu, PT red Pco PT ,red 4

| =

while the transition at the more oxidised conditions, MO/MO; being

<PH20> _ (pwz) —a 3a.11
PH, PT ,ox Pco’/ pr ox

It can be seen that if the gas leaving the reactor is always in equilibrium with the optimal
phase transition, then the outlet compositions for the oxidising half cycle would be 80% H»
and 20% H,0 while the outlet composition leaving the reduction half cycle would be 80%
CO2 and 20% CO. Which would equate to conversions of 80% for both half reactions,
considerably higher than the 50% limitation imposed in a conventional reactor. This does not
suffer from the same issue that a one phase change system has due to the oxygen balance as
long as the equilibrium of the two phase changes are reciprocals of each other. Both half

cycles exchange the same amount of oxygen with the OCM.

Returning to the analogy of heat exchange, with temperature being paralleled to oxidising

potential and energy being equivalent to oxygen capacity. Adding an additional phase
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change to the OCM, is equivalent to utilising an additional phase change to the heat
exchange system, utilising the liquid/solid phase change in addition to the gas/liquid. If the
liquid/solid phase change occurred at 273 K, it would then be possible to cool the hot stream
further. If the system was operated counter currently the hot stream would come into
contact with the gas phase, where it would be unable to exchange heat, meaning that it
would keep the same temperature, it would then come into contact with the saturated
liquid, which would be capable of exchanging heat, boiling the liquid and cooling the stream
to 373 K. The stream would then come into contact with the solid phase, which could once
again exchange heat, further cooling the product stream to 273 K as the solid melts. The cold
stream would then undergo the opposite effect, passing first the solid with which it is unable
to interact, then the liquid with which it starts to react, increasing its temperature to 273 K
as it freezes the liquid. Before finally reaching the gas and being heated to 373 K as it

condenses the gas.

In this system it becomes clear that for such a chemical reactor the maximum achievable
conversion, assume an ideal material with optimal phase changes would be limited by the
nature of the feed gasses. Until now it has been assumed that the feed gasses are pure but
in reality a H,0 feed would also have small quantities of H, present and a CO feed would
have small quantities of CO.. To maximise conversion the oxidising potential of the phase
changes should match the potential of the feeds. If phase change required a gas ratio either
more reducing than the CO rich feed or more oxidising than the H,O rich feed then the
phase change would be unable to occur inside the reactor as the feeds would not be capable

of reducing or oxidising the material into the new phase.

<PH20> _ <szo> _ (Pcoz) 3a.12
PH, inlet PH, PT ,0x Pco PT ,ox

(sz) _ (Pcoz) _ (pHZO) 3a.13
Pco Pco/ pr ;red PH, PT red

inlet

The outlet compositions of each feed would then also be dictated by these phase changes

giving,
(Pcoz) _ (Pcoz) _ (pH20> _ <pH20> 3a.14
Pco’/ sutet Pco/ pr ox PH, PT ox PH, inlet
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<PH_20> _ (pH20> _ (pcoz> _ (pcoz) 3a.15
PH, / gutet Py, PT ox Pco’ pr ox Pco/ intet

It can be seen that the CO,:CO and H;0:H; ratios in the product streams are then limited
only by solid equilibrium opposite end which has been selected to be equal to the inlet ratio
of the other feed stream allowing for very high conversions to be achieved. Applying an
oxygen balance to these equations shows that average conversions of both the reducing and
oxidising streams must be equal, when using symmetrical cycling. This means that the
conversions of both half cycles would be limited to the worse of the two conversions that

can be calculated using Equations 3a.14 and 3a.15.

It is therefore theoretically possible, using suitably pure gas feeds, to achieve arbitrarily high
conversions when using an OCM that has at least two phase transitions at the appropriate
oxidising and reducing potentials. The complication with such a system is the difficulty of
finding a “perfect” OCM for each reaction. Furthermore should the conditions inside the
reactor deviate from the prescribed conditions, either a small change in feed conditions or a
change in the temperature of the reactor, the system would cease to operate optimally
reducing the conversions. If the inlet purity of the system drops below the first phase
change, or the changing temperature of the reactor changes the pO; of the phase change
beyond the inlet purity then the phase transition would no longer occur in the reactor
converting the material into either a single phase change material or removing the capability
for phase change at all. This could lead to the conversion of such a reactor dropping below

that of a conventional reactor, or even in extreme cases down to zero.

3a.iii Non-stoichiometric materials

Building on the potential of a multiple phase change material to theoretically overcome the
limitations of a conventional reactor, the next step would be to select a material capable of
remaining flexible to changing inlet conditions and external temperature effects change the
pO; of the phase changes in the system. Non-stoichiometric oxides can be used to this
effect. Non-stoichiometric oxides have the property that they accommodate a continuously
variable amount of oxygen according to the oxygen chemical potential that they are in
equilibrium with. This continuous variability can be thought of as being effectively the same
as having an infinite number of phase transitions, each with a small change in oxidation state

at arbitrarily small differences in oxidising potential.
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Within the analogy of heat exchange such a material would be equivalent to using a solid
with a high heat capacity, but which did not undergo any phase changes, to exchange the
heat between the two streams. When the energy vector comes into contact with the hot
stream it is capable of heating up to the point where it is at the same temperature as the
stream. The metal then comes into contact with the cold stream, which if operated counter
currently and assuming a thermodynamically ideal system, is then heated up to the
temperature the metal started at, which is the temperature of the hot stream. This would
lead to the metal being the temperature of the cold stream when it then subsequently
meets the hot stream again, cooling that hot stream to the temperature of the cold stream.
It is clear that such a system would be resilient to changes in the temperature of the hot and
cold streams, always exchanging energy between them and giving outlet temperatures for

each stream equivalent to the inlet temperature of the other.

When comparing to the analogy of heat exchange, a system comparable to a counter current
heat exchanger would be a better option, like a membrane reactor. However for the
temperatures required in the water-gas shift, organic membranes would struggle to operate
and ceramic membranes are brittle and prone to cracking. As the duration of each feed
decreases or the total heat capacity of the reactor increases the chemical looping system
detailed here approaches the same limitation as a counter current heat exchanger. This
means that a chemical looping system is the best option to achieve these aims. For the
chemical system this indicates that for the chemical looping water-gas shift reactor the
reactor should have as a large an oxygen capacity as possible, as opposed to heat capacity,
or very short feed durations. As longer feeds can simplifying plant operation and minimise
wear on parts required to change flows it is therefore necessary to increase the oxygen

capacity of the system.

The ideal non-stoichiometric material for such a purpose would remain non-stoichiometric in
the full range of equivalent oxygen partial pressures present in the reactor. That is no ratio
of H,0:H; that could be present in the reactor that should cause the material to undergo a
phase change. It is also important that no ratio of H,O:H; causes the material to deactivate.
The material would ideally have a large capacity for oxygen per mole of OCM in the expected
range of pO;’s to reduce the capital cost of the reactor and the total mass of OCM that

requires purchasing.
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3b Defect chemistry model of LSF641
Understanding if LSF641 is an adequate choice for use in a chemical looping H, production,
requires knowledge of the materials non-stoichiometry and the oxidising potential of the gas

phases in equilibrium with it.

The interaction between the oxygen partial pressure of the gas environment in equilibrium
with LSF641 and its oxygen content, that is to say its degree of non-stoichiometry is
commonly, in the literature, understood through the use of defect chemistry models. The
defect models are described using the Kroger-Vink notation, where the superscript denotes
the electronic charge, » describes one positive charge, x denotes a null charge and ' denotes
one negative change, the subscript denotes the lattice site the species is on and Vindicates a

vacancy.

Studies by Kuhn et al (2011), Sg@gaard et al (2007) and Mizusaki et al (1991) have detailed the
interactions between the different ions and defects present in the lattice. It was found that
the thermodynamics were dominated by [V°],[S7/.], [Fere]land [Fey.,.]. Where the effects
of [Fef,]| or [Fe,.] dominate is dependent on the oxygen potential in the crystal. When
under oxidising conditions [Fey,] is found to dominate while under reducing conditions
[Fer.] has a larger impact. It was further shown that the La and Sr ions on the A site are only

found in single valance states while the individual Fe ions are only present in 2+, 3+ or 4+.

For any strontium doped lanthanum ferrite only the oxygen in the system is in a state of
non-stoichiometry. As the A site and B site ions are of a set stoichiometry and the A site ions

do not change charge the following equations are defined.
[Laj,] +[Sri] =1 3b.1
[Fef,] + [Fep.] + [Fep.] =1 3b.2

Where [Fey,], [Fef,] and or [Fep,] are the molar concentrations of Fe(IV), Fe(lll) and Fe(ll)
respectively and [Laj,] and [S1{,] are the molar concentrations of La(lll) and Sr(ll) which are

known from the stoichiometry to be 0.6 and 0.4.

While the concentration of oxygen in the unit cell is not constant the maximum oxygen
capacity per mole of material is capped at 3 mol, meaning that the sum of the oxygen

present and the holes in the structure must obey:

[05] + V5] = [05] +6 =3 3b.3
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The reduction or oxidation of the material is adequately described by two equations. The
first of these is the change in the valence of the Fe on the B site associated with the
incorporation of oxygen into the material structure. This incorporation of the oxygen results
in the destruction of an oxygen vacancy. This is shows in Equation 3b.4. The second reaction

is the disproportionation of FeZ, into Fey, and Fef, which can be seen in Equation 3b.5.
~0, + V5 + 2Fefl, = 0F + 2Fef, 3b.4
2Fef, = Fey, + Fef, 3b.5

These reactions therefore have the following equilibrium constants.

_ [05][Fez.]? 3b.6
T p0gS[Fet,]?
i [FerellFer] 3b.7
re [Fef.]?

Using Equations 3b.1 to 3b.7 it is then possible to eliminate all Fe terms and derive the
following expression linking the oxygen non-stoichiometry of LSF641 to the equivalent

oxygen partial pressure that it would be in equilibrium with.

595(26 + 0.6) Kre (3—108)"°(1.4-26) (05 3b.8
(3—-6)05(26 — 04) Koy 695(28 — 0.4)p0025 ox

Kuhn et al (2011), Sggaard et al (2007) and Mizusaki et al (1991) have experimentally found

% pOS.ZS —

the enthalpy and entropy of reaction for Equations 3b.4 and 3b.5 allowing for the calculation
of K,, and K, for a given temperature. The values obtained by each of them can be seen in
table 3.1.

Table 3.1: Standard enthalpy and entropy change for the oxygen incorporation reaction and

standard enthalpy and entropy change of the disproportionation reaction of Fej,. Data by
Kuhn et al (2011), Sggaard et al (2007) and Mizusaki et al (1991).

Kuhn et al 2011 S@gaard et al 2007 Mizusaki et al 1991
AHo (kI molt) | -95,62+4.18 -90.049.5 98.79+11.17
ASo (I mol-+ K) | -54.27+4.43 -57.747.6 -65.3918.26
AHee (kI mol?) | 95,75+2.05 114.8+13.4 127.50+24.76
ASe. (Jmol-* K1) | -21,63+2.13 -10.2+10.8 -4.02+16.52
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These data show good agreement with the values all agreeing to within a 95% confidence
interval. Combining these values with Equation 3b.8 it is possible to predict the oxygen
content of a sample of LSF641 at a given temperature and gas environment. For 1093 K the 6
state of the material was plotted as a function of pO, using the thermodynamics extracted

from Kuhn et al (2011), Sggaard et al (2007) and Mizusaki et al (1991)..

0.3

025

02

0.15

1:10 11 10:1 100:1
CO,:CO CO,:CO CO,:CO CO,:CO
HzO:Hz HzO:Hz HzO:Hz HzO:Hz
1093K 1093K 1093K 1093K

005 SR TR T JR

1623  1E21 1E19 117 1615 1E13  1E11  1E09  1E07 1E05 0001 0.1 10 1000
PO,/ Pa

01 |

Kuhn

Mizusaki Segraad

Figure 3.2: A plot of 6 as a function of pO2 at 1093 K. With ratios of CO, to CO and H,0 to H,
that are expected to be present in the reactor. (Kuhn et al (2011), Sggaard et al (2007) and
Mizusaki et al (1991) and Burgess (2018)).

In Figure 3.2 key ratios of CO, to CO and H,O to H, are marked. At 1093 K the Gibbs free
energy of reaction of the water-gas shift reaction is 0 KJ/mol so at a set ratio, one of these
pairs will be in equilibrium with the same set ratio of the other (Burgess 2018). The material
theoretically remains variably non-stoichiometric in the range of interest at this temperature
showing capability to be used to overcome the equilibrium limitations of a conventional

water-gas shift reactor.

To ensure that the synthesised material behaves as expected from the literature the oxygen
non-stoichiometry of LSF641 as a function of temperature in 5% oxygen (at atmospheric
pressure) was investigated using three different methods: thermogravimetric analysis,
Rietveld fit of occupancy parameters of in situ neutron diffraction patterns and oxygen
balance calculated from the outlet gas composition measured in the neutron diffraction
experiment. These results are shown in Figure 3.3 and compared to the values predicted
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using Equation 3b.8 and the enthalpy and entropy of reaction reported by Kuhn et al (2011),
Sg¢gaard et al (2007) and Mizusaki et al (1991).
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Figure 3.3: 6 state of LagsSroaFeOs.s as a function of temperature in 5% oxygen calculated
from the Rietveld refinement and outlet gas conditions, both with one standard deviation,
compared to predicted values obtained from thermodynamics in the literature (Mizusaki et
al 1985, Spgaard et al 2007, Kuhn et al 2011) and TGA results with one standard deviation
being less than the size of the marker. The gas and chemical expansion methods are only
capable of obtaining relative values so the results for 973 K is used as a reference.

The outlet gas analysis and TGA results only measure the change in oxygen content between
two states. In order to compare these results, it was assumed that the oxygen vacancy
content (6 in the molecular formula LageSro.4Fe0s.s) at 973 K was 0.021, the value derived
from literature (Mizusaki et al 1985, Sggaard et al 2007, Kuhn et al 2011) under the same

conditions.

It is worth noting that, with this assumption, the starting stoichiometry of oxygen in the
material used in the TGA experiment was found to be 3.001 at room temperature, slightly
higher than the expected value of 3.000 predicted by literature (Mizusaki et al 1985, Sggaard
et al 2007, Kuhn et al 2011). As shown in Figure 3.2 the 6 state of the material increases with
increasing temperature, as the total amount of oxygen in the material decreases under a
constant pO,. This difference is larger than standard deviation in the measurement of the

mass, which is of the order of 10™.
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An offset of 0.024 has been applied to the oxygen content data obtained through the
Rietveld refinement Figures 3.3, and throughout the rest of this thesis, to account for an
underestimation found in the Rietveld refinement. This offset was applied because the
average value of the oxygen content for the fully oxidised sample was found it be 2.96
(standard uncertainties on individual values ~0.017 and the standard deviation was 0.024).
Evidence from Kuhn et al (2011), Dann et al 1994 and Sogaard et al 2007 suggests that the
true oxygen content under these conditions should be 3.0; that is that the 6 value should be
0. The average corrected oxygen content for data collected between 868 and 1093 K was
2.76. Schmidt and Campbell (2001), who studied the crystal and magnetic structures of
SraFe;0s, also found that Rietveld refinement of oxygen content from neutron diffraction

experiments under predicted the expected oxygen content in these temperature ranges.

It can be seen that the values of 6 determined from the TGA, gas analysis from the neutron
diffraction and the predictions from based on the work of Kuhn et al (2011) are in good
agreement. The results from Mizusaki et al (1985) and Sggaard et al (2007) over predict the
absolute values from the TGA work, but as the gradient of the curves are consistent with the
gas analysis from the neutron diffraction studies but have a constant offset. Additionally the
refined oxygen occupancy yielded higher oxygen vacancies above 1100 K even after the offset
discussed previously was applied, although the relative change in oxygen vacancy with
temperature, away from the 1100 K transition, was similar to that obtained from other
methods. This step increase does bring the results into line with the values predicted by
Mizusaki et al (1985) and Sggaard et al (2007) but the step increase does not agree with the
TGA work and the oxygen balance from the neutron diffraction gas analysis. Additionally the
thermodynamic constants from Mizusaki et al (1985) and Sggaard et al (2007) were calculated

for data above 1073 K so require extrapolation to this regime.

The discontinuity in the values of & for the higher temperatures is most likely due to
uncertainties in the fitting or the vibrations of the oxygen decreasing the interaction with the
neutrons. It may also be due to the presence of disordered oxygen in the sample that fails to

be quantified using purely crystallographic measures as in Oswald and Bruckner (2004).

The atomic displacement parameters found from the Rietveld refinement for the O ions were
found to increase linearly with increased temperature in this regime. In the 0-0-0 direction
the atomic displacement increases with temperature, starting at 0.018 A2 at 973 K then

increasing to 0.021 A2at 1173 K. The displacement in the direction of the Fe-O-Fe bond is more
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complex with the value of 6 have a greater effect. Increasing the temperature still increases
the degree of displacement. The displacement is 0.061 A2 at 973 K then increasing to 0.071 A2
at 1173 K.

To confirm the thermodynamics in a lower range of pO; Figure 3.4 shows how the § state of
the material changes as a function of pO; for the Fe 3*/Fe?* transition at a set temperature of
1093 K. The values for the 6 state are obtained using the Rietveld refinement. This was then
compared to expected values based on the model values obtained from literature sources
(Mizusaki et al 1985, Sggaard et al 2007 and Kuhn et al 2011) Additionally the outlet gas
analysis of the system can show the change in 6 state during the changes in gas analysis,
through the assumption that Kuhn et al’s (2011) thermodynamics of the system are correct
for a pO; of 0.05 bar the expected and measured differences can be compared. The gas
analysis and model results agree very well while the occupancy from the Rietveld
refinements shows less agreement but for the values with a 6 < 0.2 they agree to within the

uncertainty.
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Figure 3.4: 6 state of the material calculated using the Rietveld refinement from neutron
diffraction data (with error bars showing one standard deviation) and the outlet gas
conditions compared to predicted values obtained from thermodynamics from literature
(Mizusaki et al 1985, Sggaard et al 2007, Kuhn et al 2011). The outlet gas composition
method is only capable of obtaining relative values so the results for 5x10? Pa obtained
using Kuhn et al (2011) is used as a reference, and both have error bars smaller than their
markers. Values are for 1093 K and gas atmospheres of 1:10, 1:1, 10:1, 100:1 CO;:CO ratios
and 5% O; all in a balance of Ar at atmospheric pressure.
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This shows that Kuhn et al (2011) extracted thermodynamic data can be used to accurately
predict the 6 state of the material used here and throughout this thesis based on the
material’s temperature and the pO; of the gas environment that is in equilibrium with it. This
allows for the direct comparison between the 6 state and the crystal structure. However
both Mizusaki et al (1985) and Sggaard et al (2007) fail predict the changes seen due to the
outlet gas results or the rietveld refinement meaning that for further analysis the

thermodynamics detailed by Kuhn et al (2011) will be used.

3c Summary of Chapter 3

It has been shown that it is possible for a chemical looping reactor to achieve conversions
higher than the thermodynamic limits of a conventional reactor. When a variably non-
stoichiometric OCM is used and the reactor is operated under ideal conditions the outlet gas
compositions of each half cycle is limited to the same pO; as the inlet gas compositions of

the other half cycle.

The variable non-stoichiometry of LSF641 has been detailed and it has been shown that this
material is suitable for the use in a chemical looping water-gas shift reactor capable of

achieving higher conversions than a conventional water-gas shift reactor.

It has also been shown that of the available literature thermodynamics governing the

behaviour of LSF641 the work by Kuhn et al (2011) best describes the material
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Chapter 4: Chemical and Thermal Expansivity of LSF641
LSF641 was selected as the OCM of interest for the chemical looping H, production using the
WGS reaction undertaken in this thesis. An understanding of the material’s properties is of
vital importance in overcoming key challenges in its uses. One particular challenge is that the
material must maintain integrity over prolonged operation. This requires phase segregation
to be minimised, which is minimal if no phase transitions occur, since it can cause significant
changes in the chemical and electrical activity of the material (Lein 2006).Additional as a
non-stoichiometric material it is possible to relate its structure to it oxygen content if the
temperature and the thermal and chemical expansivities are known. This would allow for the
study of how the internals of a chemical looping reactor change as the reducing and
oxidation half cycles occur. Also knowledge of how the material changes is important for
plant design as if the material’s increase in volume is larger than expected this can cause

reactor vessels to ru pture.

LSF641 has been shown to have a rhombohedral structure at low temperatures and as the
temperature increases the material begins to transform into cubic structure, with the exact
temperature of these transitions dependant on the 6 state of the material. How this change
transpires can be seen in Figure 4.1, with the iron sites tilting until the system is equivalent
to a cubic unit cell. Literature has shown that the material is commonly in the cubic structure
when at the temperatures and partial oxygen pressures (pOs) chosen as the basis for this

research work. (Dann et al 1994)
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Figure 4.1: Crystal structure of LSF641, at 298 K (left) and 1098 K (right) in a 1:1 CO,:CO
buffer gas. The scale and orientation of the material is the same in both images to ease
comparison between the two temperatures.

In addition to minimising phase segregation it is important that the expansion of the
material under different oxygen chemical potentials is understood. Bishop et al (2014)
reviewed the effect of structural changes to a material based on changing chemical
conditions. They found that the expansivity of the material can have a direct effect on the
elastic modulus of the material and its ionic and electronic conductivity confirming the
importance of a complete knowledge of how this material’s properties vary at different
oxidising potentials. Additionally, large changes in the unit cell parameter due to chemical
changes during operation can lead to decreased operational life time due to decreased

mechanical integrity.

Thermal stresses also compromise the mechanical integrity of the material; these weaken
oxygen carrier materials (Ryden et al 2008). Therefore, knowledge of the phase stability and
the thermochemical expansion, under relevant operation conditions, underpins the

appropriate design and implementation of functional chemical looping reactors.

LSF641 is well studied in the literature due to the many applications that it has shown
promise for. These previous works have investigated the oxygen non-stoichiometry and the

thermochemical expansion of this material at a variety of temperatures and partial pressures
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of oxygen (pO2) (Kuhn et al 2011, Mizuzaki et al 1985, Sogaard et al 2007). However, these
studies concentrated on SOFC cathode applications so that the range of pO;s investigated
has been largely limited to ~ 10”7 bar. For chemical looping applications, the relevant pO;

extends to ~10%2 bar.

Of additional interest is the use of chemical and thermal expansivities to relate the unit cell

parameter of LSF641 to the value of 6. Bishop et al (2014) shows that the conversion of unit
cell parameter to information about the chemical nature of a system is possible. This would
allow for operando studies of the chemistry of a working reactor to be carried out if the unit

cell parameter is measured.

The thermal and chemical expansivities of a material are defined by how the unit cell
parameter changes as a function of temperature and the material’s 6 state. The relationship

can be seen in Equations 4.1 and 4.2.

da 4.1
Athermal = ﬁ s
da 4.2

X chemical = %
T

Where a is the unit cell parameter, T is the temperature, Qtpermar IS the thermal expansivity

and A pemicar 1S the chemical expansivity.

For the range of pO2s previously studied (approximately between 107 to 1 bar), both the
chemical and thermal expansivity were found to be independent of temperature and 6 state
(Kuhn et al 2011). However, extrapolating these results into regions of lower p0O2s, well
beyond the area of study is inadvisable. In particular, It is expected that due to the different
Fe ions present in the lattice that the expansivities when 6<0.2 (where Fe** > Fe3*
dominates) would be different from when 6>0.2 (where Fe3* > Fe?* dominates) (Sg¢gaard et

al 2007).

Neutron diffraction experiments are ideally suited to explore the thermal and chemical
expansivity of LSF641 as it allows for both the 6 state of the material and the lattice
parameter to be determined at the same time, through the Rietveld refinement of the
diffraction pattern. Combining neutron diffractions studies with off gas analysis allows for
confirmation of the expected 6 state of the material. However, to collect statistically

significant results high counts of interactions are required, which given the low fluxes
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associated with the neutron sources require lengthy experiments. These longer experiments
mean that operando studies cannot be carried out and that the nature of how the material

changes as it undergoes changes in gas environment or temperature cannot be determined.

X-ray diffraction (XRD) experiments allow for more rapid data collection than that achievable
using neutron sources due to the high flux of synchrotron radiation sources. This allows for
the structure of the material to be determined as it undergoes changes in 6 state and
temperature. However, XRD cannot unambiguously measure 6 but its change can be
inferred from the change in the unit cell parameter and the knowledge of the chemical and
thermal expansivity. This can further be confirmed with outlet gas analysis of the reactor.
This means that this technique can be used to confirm the values obtained from neutron
diffraction but relies more heavily on the outlet gas analysis and thermodynamic results to
extract thermal and chemical expansivities. XRD also allows for operando studies where the

internal structure and oxygen content of a working reactor are studied.

4a Chemical expansivity theory

To understand how the material behaves at higher 8, knowledge of how the material
changes as it undergoes chemical and thermal expansion is required. Whilst the factors
contributing to the thermal expansion are similar for non-stoichiometric perovskites and
stoichiometric solids, the oxygen non-stoichiometry also has effects on the lattice structure

and size.

In the case of LSF641, the material remains a perovskite structure over a wide range of
oxygen non-stoichiometry (0<=6<=0.3). In this window, any reduction or oxidation of the
material only changes the amount of oxygen vacancy in the lattice and the oxidation number
of the Fe ions while the oxidation number of O, La and Sr remains constant. This means that
as the material is reduced or oxidised, the coordination and oxidation number of the Fe ions
change and these twin effects affects the size of the Fe ions and hence the size of the unit

cell of the perovskite structure.

Assuming that the ions remain in a high spin state throughout this reduction and that the
material remains in a perovskite structure regardless as to the coordination of the Fe ions, it
is possible to create simple analytical models to determine how the unit cell parameter

varies with 6.
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The Fe ions in LagsSro.4Fe0s.s can undergo two changes in oxidation number while the
material remains a perovskite (Kuhn et al 2011) Fe* to Fe3*and Fe3* to Fe?*. The Fe ions in
the stoichiometric compound Lao.sSro.4FeOs have an average oxidation number of +3.4,
which may be considered as a mixture of 40% Fe** and 60% Fe3* (Mizusaki et al 1984) both
of which have an octahedral coordination. From a geometric perspective, it can be seen that
as the material is reduced, Fe*" is converted to Fe3* first, accompanied with a reduction in
the coordination number for the same amount of the Fe3* ions to form square pyramids with
the neighbouring O%. The average coordination of the Fe ions must be equal to twice the

number of O% present, as each oxygen interacts with two Fe ions.

This means that as the value of § increases from 0 to 0.2 the unit cell length of the
perovskite structure is equal to its value in the stoichiometric state, ao, plus an additional

term accounting for the average change in the radius of Fe ions:

a=ay+ ZArFe{}}'ﬁFegf " Vredt + 2ATFe{}j'—>Fe3+ Vet 43.1

a=ao+2(rrgr —Tregt) Vet + 2 (Tregt ~ Trest) Yrept ta-2
Here a is the unit cell parameter, a, is the unit cell parameter at 6=0, r is the radius of a Fe
ion with a set oxidation number and coordination and x is the fraction of Fe ions in the given

state.

The total proportion of iron ions changed is twice the number of oxygen atoms changed, as

each oxygen removes 2 electrons with it.

Yredt T Vredt = 26 4a.3
a=ay+ 2Arg, = ag + ZyFe‘a};r Tredt T 2 (25 - yFeg;-) T3t — 456 - Tredt 4a.4
The total coordination of the iron ion present must equal the amount of oxygen coordinating
with each molecule, but each oxygen coordinates with 2 iron atoms, so half the sum of the

coordination numbers must be equal to the amount of oxygen present.
05 (6 Vpozr +5(26 = ypozr) +6-(1-26)) =3 -5 4a.5
Yreit =0 4a.6

Combining Equation 4a.6 with 4a.4 gives

a=ay+4-6 (TFeSJr - rFe{}}') 4a.7
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This process becomes more complicated once §>0.2 where the Fe3* ions are reduced to Fe?*.
As more oxygen vacancies are created, Fe ions form a square planar coordination. This
coupled with the 2+ ions forming either octahedral or square planar depending on the local
conditions, gives 5 different coordinations available for a given Fe ion. Repeating the above
set of calculations is more complex, Equation 4a.8 has five unknowns but there is still only
the electron balance and the oxygen coordination to remove these unknowns. It is not
possible to determine these without complete knowledge of the formation energies of each
state to determine what configuration is most favourable but it is clear that the system does
change after the 6 state passes beyond 0.2. Indicating that to understand this regime and

therefore a chemical looping system using LSF641 further work must be carried out.

a=ay+ ArFe{}}'eFe{’,’}' " Vredt + ArFe{}}'eFe‘?,’*' " Yred* + ArFe{}}'eFef‘}' Vel 4a.8
TAT ot Lpezt " Vpezt T ATpott po2+ " Ypez+ + AV pett po24 Yot
As the bond lengths and electrostatic forces change in the regime it is expected that the
thermal effects will also change, as these forces govern how the kinetic energy of the atoms

associated with the increased temperature are dissipated.

To determine how the chemical and thermal expansivity changes in this new regime in-situ

neutron diffraction and X-ray diffraction experiments were carried out on LSF641.

4b Material characterisation

The material was tested to determine if it remained a single-phase perovskite and the nature
of the unit cell at these temperatures and oxygen partial pressures. To achieve this the
dimensions of the unit cell of the material was recorded at a variety of temperatures ina 1:1
C0O,:CO buffer gas, Figure 4.2. At low temperatures the material is rhombohedral but as the
temperature increases the crystal structure changes, approaching a true cubic cell. A
rhombohedral model (R3c) was also used to fit some of the experimental data and results
compared with the cubic model. For conversion between hexagonal and cubic unit cells the
value of “a_,;,” and “c.,,” are given in Equations 4b.1 and 4b.2. These are derivable from
the interaction between the unit cells seen in Figure 4.1. Doing this allows for a more direct

comparison between the values obtained based on a rhombohedral or cubic fitting

parameter.
@, = Lhex 4b.1
cub \/E
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c — Chex
cub \/E

Where a and c are perpendicular directions in the unit cell of the cubic (cub) and hexagonal

4b.2

(hex) unit cells.

This change in structure was expected as at higher pO,s Dann et al (1994) had similar
findings. It was also observed as part of that study that with increased temperature the
structure changed from rhombohedral to cubic. Once the temperature has reached 800 K
the deviation from the cubic structure was minimal with less than 0.1% difference between
the transformed rhombohedral cell dimensions. Once the temperature rose to 1000 K the

crystal structure was better fit using a cubic rather than a rhombohedral structure.
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Figure 4.2: Unit cell parameter of LSF641in a 1:1 CO,:CO feed as a function of temperature.
In this figure “a” is the unit cell parameter of a cubic material and a,;, and ¢, are
transformed values from the rhombohedral cell to compare with the cubic cell, as they
transit the cell shape becomes cubic. It can be seen that at high temperatures the material
starts to approximate a cubic material before becoming indistinguishable from one. The
uncertainty in the unit cell parameter from the rietveld refinement is smaller than the
symbols.

Another comparison between the cubic and rhombohedral unit cell parameter is the angle in
the rhombohedral cell. This is given by Equation 4b.3 and as it tends towards 60° the
rhombohedral cell becomes equivalent to a cubic cell. This can be seen in Figure 4.3 with the

gradual increase in the internal angle of the rhombohedral cell until it jumps to a value of

60°

1 Zchexz - 3ahex2 4b.3

6 = cos™

2 2
2 Chex + 6ahex
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Where a and c are perpendicular directions in the unit cell of the cubic (cub) and hexagonal

(hex) unit cells. 8 is the rhombohedral cells’ internal angle.
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Figure 4.3: Calculated angle of the rhombohedral cell LSF641in a 1:1 CO,:CO feed as a
function of temperature. As this parameter becomes 60° the rhombohedral cell becomes
equivalent to a cubic one. The uncertainty in its value based on the uncertainty in the
rietveld refinement is less that the size of the markings.

4c Chemical and thermal expansivity for 6<0.2
In order to determine the chemical and thermal expansivity of LSF641 with a 6<0.2 a series

of experiments was carried out using synchrotron in-situ XRD at a variety of pOss.

LSF641 was studied at 1%, 5% and 20% O; in Ar at a pressure of 1.1 bara in a temperature
range of 932 K to 1050 K. When the unit cell parameter was plotted as a function of 6 for the
different temperatures studied it was found that the chemical expansivity was linear in this
regime which was expected based on the calculations found in Section 4a. The extracted
chemical expansivity was found to be 0.144+0.009 A (using the thermodynamic model of
Kuhn et al 2011 to obtain the values of §) and largely independent of temperature, as shown
in Figure 4.4. This contrasts with a chemical expansivity of 0.0777 A in the same temperature
and 6 range reported by Kuhn et al (2011). This difference could be linked to the different
temperature measurement techniques used by Kuhn et al (2011) when compare to this
work. Kuhn et al (2011) used a thermocouple to record the temperature of a Pt heater
rather than an internal sample temperature technique. If the system was consistently at a
lower temperature than expected then for a given pO; the 6 in equilibrium with it would be
different. With a lower temperature the changes is 6 would be smaller than the recorded
value giving a smaller expansivity.
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The uncertainties in 6 seen in Figure 4.4 were dominated by the uncertainty in the pressure
reading which was +0.1 bar, as the relationship between é and pO; is non-linear, causing the

error bars to be asymmetrical.
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Figure 4.4: Plot of unit cell parameter as a function of predicted 6 state based on the
thermodynamics by Kuhn (2011) used in Figure 3.3, three different pO.s were used to obtain
a changing 6 value. These were 1%, 5% and 20% O in Ar at a total pressure of 1.1 bara. The
data was collected at temperatures in the range of 932 to 1050 K. Unit cell parameter was
calculated from Rietveld refinement of the XRD data. The uncertainty in the unit cell
parameter is smaller than the marked points, the x direction uncertainty is dominated by the
uncertainty in the pressure reading which was +0.1 bar, as the relationship between é and
pO: is non-linear this causes the error bars to be asymmetrical.

In order to extract the thermal expansivity the effect of the change in 6 as the temperature
changes was removed to obtain a pure thermal expansivity plot, Figure 4.5. This was carried
out by plotting the unit cell parameter for 6=0 predicted by each line. This gave the pseudo-
linear thermal expansivity to be 5.70+0.05 X105 A/K compared with 4.307 x10> A/K from
literature (Kuhn et al 2011).

The chemical and thermal expansivities were found to be linear in this regime which is

expected based on the calculations found in Section 4a.

74



3.945

w

[(e]

iy

o
T

3935

Unit cell parameter / A

w

©

w

o
T

3.925 1 1 1 1 1
900 950 1000 1050 1100 1150 1200

Temperature / K

Figure 4.5 Plot of unit cell parameter with the effect of the change in delta removed as a
function of temperature as obtained from the Rietveld refinement of the yttrium oxide. The
data was collected at temperatures in the range of 932 to 1050 K. Unit cell parameter was
calculated from Rietveld refinement of the XRD data. The uncertainty in each point was of
the order of 0.00001 and the temperature uncertainty was smaller than the marked points.

The data collected using neutron diffraction in 5% O, was used to test the extracted values
for chemical and thermal expansivity. This required the use of Equation 4c.1 and the

extrapolation of the data up to a temperature of 1193 K.

Acaiculated = areference + athermal(T - Treference) + achemical(5 - 6reference) 4c.1

Where a qicuiatea is the calculated unit parameter, d,eference is the unit cell parameter at a
known temperature and pO;, here the value at 1050 K and 5% O; at 1 bara was used, T is
the temperature, Treference Was 1050 K, 8¢ ference Was 6 at 1050 K and 5% O at 1 bara,

Aehermar Was the thermal expansivity and @ pemicar 1S the chemical expansivity.

In Figure 4.6 the unit cell parameter obtained from the Rietveld refinement was plotted as a
function of the temperature and compared with the expected value for each temperature,
and its corresponding 6. The expected unit cell parameter was calculated using the
parameters extracted from Figure 4.4 and 4.5 and the § was calculated using the

thermodynamics from Kuhn et al (2011).
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Figure 4.6: Unit cell parameter as a function of temperature at a pO, of 0.05 at 1.0 bara as
calculated from values extracted from Figure 4.3 and as measured during the neutron
diffraction experiment under 5% O, in Ar at atmospheric pressure; the error was less than
the size of the markers.

For this short range of temperatures an assumption of a linear dependence between 6 and
temperature was applied to better compare Kuhn’s (2011) results with those found in this
work. The gradient from the neutron scattering results was 8.99x10> A/K, the predicted
gradient based on the XRD results was 9.01x10"° A/K while previous literature (Kuhn et al
2011) predicts 6.07x105 A/K when accounting for both the thermal expansion and the
chemical expansion associated with that temperature change. The results here show good
agreement to the data collected using other techniques but differ from those found in the
literature. From this point onwards the experimentally determined expansivities will be
used, due to their ability to more accurately predict the properties of the materials when

compared to the values in the literature.

4d Chemical and thermal expansivity for 6>0.2

As detailed in the section on chemical expansivity theory (Section 4a) it was expected that
for 6> 0.2 the chemical and thermal expansivities would change due to the addition of Fe?*
to the lattice at these increased 6 states. In order to obtain 6> 0.2 for Laog.6Sro.4Fe0O3.5 low
p0>’s (typically <1072 bar) are required. Redox buffers such as CO,/CO couples or H,0/H,
couples would be required to maintain such low pOss as using oxygen environments requires
very low leak rates. In this work, the CO,/CO redox couples have been used because the

reaction

€CO+ LaggSrosFeOss - €CO+ LageSro.4FeOs.s.e 4d.1
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is almost heat neutral for 6> 0.2 (Kuhn et al 2011, Burgess 2018). As a result, the value of 6
remains constant over a large temperature range for a given CO,/CO buffer and the thermal
expansivity can be measured without accounting for the influence of the chemical

expansivity.

In order to obtain a 6 state of 0.2, the point at which the material is expected to change
expansivity regime, a CO,:CO buffer of 10'°:1 would be necessary so studies were carried out
at more reducing atmospheres than this as to achieve this ratio very small quantities of CO,
of the order of parts per billion, would need to be added to a CO; rich stream. With mole
fractions this low the uncertainty is large enough that ensuring the correct ratio is present

problematical.

The thermal expansion of LaoeSro.4FeOs.s measured under various CO,/CO buffers are shown
in Figure 4.7. Similar to when 6<0.2, the thermal expansivity of LaoeSro.sFe0s.s did not vary
with 6. The thermal expansivity found for each individual buffer gas are found in Table 4.1.
The differences between these values are small enough for the data set as whole to be used
for determining the thermal expansivity. The thermal expansivity was found to

be 6.18+0.08x10° A/K, larger than the value of 5.72+0.04x10> A/K found for a 6<0.2.
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Figure 4.7: Unit cell parameter of the LSF641 as a function of temperature determined using
a thermocouple situated 10 mm above the sample. The unit cell parameter was calculated

from the Rietveld refinement of the neutron scattering experiments in 100:1, 10:1, 1:1 and
1:10 CO2:CO buffer gasses. The uncertainty in each point was less than the data points.
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Table 4.1: Thermal expansivity of LSF641 from neutron diffraction in 100:1, 10:1, 1:1 and 1:10
C0,:CO buffer gasses

CO,:CO BUFFER GAS THERMAL EXPANSIVITY (A/K) STANRDARD UNCERTAINTY(A/K)

100:1 6.20x10° 0.02x10°
10:1 6.18%x107° 0.01x10°
1:1 6.25X10 0.10x10°
1:10 6.08%x107° 0.04x10°

Experiments were also carried out to determine the chemical expansivity in this regime.
Figure 4.8 shows how the 6 state of the material changes as a function of pO; for the
Fe3t/Fe?* transition at a set temperature of 1093 K. The values for the & state are obtained
using the Rietveld refinement and the outlet gas analysis of the system. These are then
compared to expected values based on the model values obtained from Kuhn et al (2011).
The gas analysis and model results agree well, while the occupancy from the Rietveld
refinements shows less agreement but for the values with a delta state less than 0.2 they

agree to within the uncertainty analysis.

The 6 state of the material, for a given CO;:CO ratio, was taken and plotted as a function of
unit cell parameter, shown in Figure 4.8. For 6 values above 0.2 the chemical expansion
becomes nonlinear, decreasing for increasing values of 6. Additionally, the expansivity is

consistently smaller than the values for §<0.2

For 6 > 0.2 an estimate of the linear chemical expansion was found to 0.0148+0.0037 A per

change in 6 compared with 0.144+0.009 A per change in & for 6<0.2.
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Figure 4.8: Unit cell parameter calculated by in-situ neutron scattering as a function of
expected & state of the material for a given pO,. This was carried out at 1093 K using gas
atmospheres of 1:10, 1:1, 10:1 and 100:1 CO,:CO ratios in a balance of Ar at 1 bara. Showing
that the chemical expansivity is non-linear for this section and decreases for increasing 6
state. With error bars of one standard deviation which are smaller than the markers in the y
direction.

Comparing the shape of the curve on either side of the 6=0.2 transition, in Figure 4.9, it is
clear that the material properties change as the material transitions between the two
regimes. The unit cell parameter no longer has a linear dependence on the 6 state of the

material.
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Figure 4.9: Unit cell parameter as a function of 6 state. The different 6 states were achieved
via different gas conditions. These were 1%, 5% and 20% O, in Ar at a total pressure of 1.1
bara and 1:10, 1:1, 10:1 and 100:1 CO,:CO ratios in a balance of Ar at 1 bara. The data was
collected at temperatures in the range of 1093 K. Unit cell parameter was calculated from
Rietveld refinement of the XRD data. The uncertainty is smaller than the marked points for
all points shown.

79



This new approximation for the value of the chemical expansivity was confirmed for a small
range of pO; using X-ray diffraction experiments; for these experiments the measured oxygen
leaving or entering the solid phase based on the outlet gas analysis from the XRD experiments
showed good agreement with the delta values predicted using the literature values for the
thermodynamics from Kuhn et al (2011). The linear expansivity also fits the data reasonably
well inside this short range of pO, but does under predict then over predict the results, which
is expected given the non-linear relationship between é and unit cell parameter inside this

range.
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Figure 4.10: 6 state of the material calculated using the chemical expansivity extracted from
Figure 4.8 and outlet gas conditions are compared to predicted values obtained from
thermodynamics in the literature (Kuhn et al 2011). This was carried out at 1093 K using gas
atmospheres of 1:10, 1:1 and 10:1 CO,:CO ratios in a balance of Ar at 1 bara. The gas analysis
results are only capable of obtaining relative values so the results for 6.3x102° Pa is used as a
reference, this point was chosen as it is the most reduced. The error bars of one standard
deviation were smaller than the markers so are not included

4e Summary of Chapter 4

The Fe3* to Fe?* regime is characterised with different physical properties to the previously
studied Fe* to Fe3* regime. These changing properties are expected to be due to the changing
nature of the bonds in the perovskite. As the number of holes or defects, caused by the
vacancies of oxygen atoms, in the structure increase the bonds’ strengths will increase making
the thermal effects smaller. While the increased chemical expansivity when the sample is
mainly in the Fe3* state with only small amounts in the Fe?* stage is most likely due to the
formation of Fe?* octahedral co-ordination iron ions which have much larger atomic radii (0.78

A) than the octahedral Fe3* and Fe** (0.645 A and 0.58 A, high spin values) respectively
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increasing the unit cell parameter quickly. However, after this change as more oxygen atoms
are removed the unit cell parameter cannot increase to the same degree due to the formation
of increasing quantities of the smaller lower coordination iron ions (Shannon, 1976). However
even though the material’s thermal and chemical expansivity change in this reduced state it

continues to have perovskite structure.

Additionally the neutron scattering experiments raised issues with the refinement fit for
oxygen density disagreeing with the thermodynamic model and previous work. The
measurement of the  being above that expected for temperatures above 1100 K in 5 mol%
oxygen is probably due to the thermal movement of the oxygen atoms. The oxygen atoms
interact strongly with the incoming neutrons (Kamitakahara 2013) so the shape of the elastic
scattering pattern depends on their locations. If the oxygens are constantly vibrating, due to
the high temperatures and large defects in the structure it is possible that their interactions
with the neutrons will be smaller than the refinement software would expect for a given 6 so

would be equivalent to a smaller number of stationary oxygen molecules.

For 6 states below 0.2 the chemical and/or thermal expansivity were found to be under
predicted by the literature with a chemical expansivity of 0.144+0.009 A per unit change in §
and a thermal expansivity of 5.72+0.04x10> A/K.

For 6 states of greater than 0.2 the material’s thermal expansivity was seen to increase
compared with the previous regime to 6.18+0.08x10° A/K. The changes to the chemical
expansivity were more complex, with the value becoming a function of the 6 state. The
values for the chemical expansivity decrease with increasing 6. The chemical expansivity for
this regime remains smaller than the value obtained for a 6 value of less than 0.2 for all
measured results but close to the expected transition point it may increase, varying from
0.140 A at 6=0.202 to 0.011 at 6=0.215 A. This shows the chemical expansivity around this
transition point is complex and requires further study for a complete understanding of the
material to be obtained. If a linear fit is put on all the data collected in this regime then the

chemical expansivity is found to be 0.0148+0.0037 A per change in 6.

It was found that regardless of §, for chemical looping H, production the material’s structure
remains a perovskite and does not undergo phase segregation. That is that operating at
lower oxygen partial pressure will not negatively affect the material’s usefulness as chemical

looping oxygen carrier.
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Additionally, using these chemical and thermal expansivities it is possible to determine the
material’s 6 state using XRD. Given the fast fluxes, and that this technique does not interfere
with the chemical processes undertaken as part of a chemical looping reactor, it is possible
to carryout operando studies on a working chemical looping reactor. This allows for an
understanding of how the chemical properties of the material change during use. This can be
used to confirm the thermodynamics or kinetics of the system and aids the validation of
simulations as they would not need to rely solely on outlet gas composition or the study of

spent reactor beds.
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Chapter 5: Experimental studies on chemical looping H, production
Chapter 3 has shown that, theoretically, using Lao.sSro.4Fes.s (LSF641) in a counter current
chemical looping water-gas shift (WGS) reactor would allow for conversions that are higher
than the thermodynamic limit of a conventional WGS reactor. The time averaged
conversions of the reducing and oxidising feeds were used to indicate that the system had
overcome these limitations. A conversion above 50% for both feeds would show that a

system had achieved this aim.

While Chapter 4 has shown that it is possible to relate the oxidation state of LSF641, through
its oxygen content, to the unit cell parameter of the material. This is possible due to the
structure distorting as the oxygen content of the material changes during oxidation and
reduction. This would allow for the internals of the reactor to be visualised during reaction,
determining how the oxygen content of the oxygen carrier material (OCM) changes at

different points inside the bed.

Chapter 4 showed that the material remains single phase in the range of pO;s expected in
the reactor. This indicates that LSF641 would not undergo degradation while cycling
between the oxidation and reduction stages leading to an increased material life time when
compared to other OCMs. A prolonged OCM lifetime would decrease operational costs of

the reactor system improving the viability of chemical looping H, production.

The purpose of the studies detailed within was to prove experimentally in a working reactor
that LSF641 can be used as an OCM in a chemical looping reactor achieving higher
conversions than those expected from a conventional reactor. The activity of LSF641 in
mixed and unmixed reactions as well as the long-term stability of the material are

determined and the effect of varying the temperature of the system was explored.

To increase the understanding of such a system the oxygen content of the bed was probed
using operando XRD during reduction and oxidation of the material. This allows for how the
oxygen content of each point in the bed varies are a function of time during reaction to be

determined; increasing the knowledge of the system and aiding scale up.

5a Conventional WGS reaction
The thermodynamics detailed in Chapter 3 indicate that a mixed reactor is not capable of
achieving conversions above 50% for both H,0 and CO at 1093 K. That is that in a mixed

WGS reactor, where CO and H,0 are co-fed in equimolar concentrations, equilibrium
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conditions would be achieved limiting the outlet composition to a 1:1:1:1 CO,:CO:H,0:H;
ratio at an operating temperature of 1073 K where the WGS equilibrium constant is close to
unity. The outlet gas compositions as a function of time during a mixed WGS experiments
using LSF641 is shown in Figure 5.1. During synthesis the material is formed in an oxidised
state as air has a much larger oxidising potential than the gasses used in this experiment.
This causes full oxidation of 2.5 mol% CO feed gas to CO; while the 2.5 mol% H,0 remains
unreacted for the first six minutes of reactive gas flow. After this initial stage the LSF641
present in the reactor would have reached an equilibrium state. Once this is achieved the
conversions of both the H,0 and CO reaches 50%, with an equal quantity of CO,, CO, H,0
and H; present in the outlet composition. During the reduction of the packed bed 850 umol
of oxygen had been removed from the LSF641. This highlights the maximum conversion that

a mixed reactor could achieve at this temperature to be 50%.
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Figure 5.1: Outlet gas composition verses time for a conventional WGS reactor using LSF641
as a catalyst. This experiment used a mixed flow of 2.5 mol% H,0 and 2.5 mol% CO in Ar. The
flow of reactive gas began after four minutes of inert feed and lasted for 31 minutes. The
nominal flowrate was 3.4x10° mol s (50 ml/min NTP) and a sample mass of 2.08 g was
used. The uncertainty in any measurement was less than +100 ppm based on the analysis
from Chapter 3.

5b Temperature optimisation
As this thesis concentrates on creating an underlying understanding of packed bed chemical
looping systems, the work was focused on isothermal reactors. Isothermal reactors are

where the whole bed is kept at a constant temperature for the duration of each cycle. The
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temperature that the reactor is operated at affects the expected conversions for both a

chemical looping reactor and a conventional one.

In order to determine the optimal temperature to compare the two systems a packed bed of
2.39 g of 80-160 um LSF641 was cycled between 5% CO and 5% H,0 until steady cycling had
occurred at five temperatures ranging from 993 K to 1193 K. The temperature range was
centred on 1093 K as this temperature has been used in multiple other studies of the
material, (Mak 2017 and Metcalfe et al 2019). 1093 K also serves as a useful benchmark for
determining if such a system can overcome the limitations of a conventional reactor as if a
water-gas shift reactor was operated in these conditions the reactants would both have
conversions of 50%. The reactor set up and the methodology for the calculation of the

conversions for each cycle is detailed in Chapter 2.

Figure 5.2 shows both CO and H,0 conversion as a function of cycle number at a variety of
temperatures, regardless of the temperature chosen the time averaged conversion both the
H.0 and CO were found to exceed 50% once steady cycling had been achieved. Confirming
that this reactor system is capable of exceeding the thermodynamic limitations of a

conventional reactor.

Initially the material began fully oxidised due to its synthesis in air, this means that the
conversion of CO was close to 100% and the conversion of H,0 was very low. As the cycle
number increased the conversion of H,0 gradually increased until it reached its steady
cycling value. In comparison the CO conversion remained steady with high conversion for 15
cycles before rapidly dropping to its steady cycling value. As the temperature increased so
did the conversion; this indicates that the use of a higher temperature would be more
profitable. The system rapidly reached a new steady cycling value after each temperature

change, taking no more than three cycles.

An oxygen balance on the system accounting for the differing flowrates of the H,0 and CO
streams was found to close to within 5% due to H,0 feed having a flowrate that was larger.
Carrying out carbon and H; balances on each of the half cycles to within 5% indicated good

calibration values and that no carbon deposition is occurring during cycling.
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Figure 5.2: Conversion versus cycle number for 150 cycles. H,0 (blue) and CO (grey)
conversion as a function of cycle number with 60 seconds feeds of 5 mol% CO and 5 mol %
H20 in Ar. The experiment was carried out with nominal molar flowrates of 3.4x10™> mol s
(50 ml/min NTP) with a mass of 2.39 g LSF641. Over the course of the experiment the
temperature was held for every 30 cycles, for the first 30 cycles its was 993 K, then it
increased by 50 K every cycle until the final set of 30 which were carried out at 1193 K.

While the conversion data indicates that operating at a higher temperature could be the
most beneficial when scaling up, examination of the outlet gas conditions for the steady
cycling data complicates this assessment. The shape of the curves for the reduction half
cycle follows a pattern, with each half cycle starting with an effectively pure CO; before

rapid breakthrough of CO at some point later in the cycle, with the hotter temperatures
exhibiting breakthrough later. This results in both the selectivity and the conversion

increasing as the temperature increases.

This is not the case for the oxidation half cycle, where even though the overall conversion
increases with temperature, the quality of the H, feed changes. At higher temperatures
there is an immediate breakthrough of H,O with the quantity in the feed at the beginning of
the cycling increases at higher temperature. As the cycles continue the amount of H,0
increases, but the rate of this increase decreases hence the larger conversions at these high
temperatures. This lowering of product quality with temperature increase is most likely
linked to the degrading equilibrium constant for CO oxidation at high temperatures. This is
because the H; outlet conditions are defined by the inlet CO conditions, as the equilibrium
constant degrades for CO oxidation by the OCM the end point reached by that half of the

reactor is less reduced so cannot achieve the same degree of reduction of the H,0 feed .
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Figure 5.3: Qutlet composition versus time from the long-term stability experiment. Six
oxidation and reduction cycles indicating the effect of reactor temperature on the outlet gas
compositions (A) 993 K, B) 1043 K, C) 1093 K, D) 1143 K and E) 1193 K) are shown. The
experiment used 5% mole fraction of reactive gas in a balance of Ar with nominal molar
flowrates of 3.4x10™ mol s (50 ml/min NTP) with an OCM mass of 2.39 g at a variety of
temperatures. The uncertainty in any measurement was less than £100 ppm mole fraction
based on the analysis Chapter 2.

Due to the combination of a loss in product quality and the increased cost for operating at

high temperatures commercially, the furnace was set to 1093 K for future work.

5c Half cycle duration optimisation

Another parameter in the operation of a packed bed chemical looping system is the duration
of the half cycles termed redox duration. Adjusting this redox duration has a direct effect on
the conversions of H,0 and CO, with shorter durations expected to increase conversion as
there is a smaller change in the oxygen content of the material and vice versa. To test this
hypothesis 1.43 g of LSF641 was cycled using 60 s feeds (Region A) before decreasing the
duration to 48 s (Region B) and increasing to 120 s (Region C). Each region lasted 15 cycles to
confirm that the system had reached a new steady cycling state. The conversions of H,0 and
CO for each cycle are shown in Figure 5.4 and the outlet gas compositions from

representative cycles can be seen in Figure 5.5.
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Figure 5.4: Conversion of CO and H;0 as a function of cycle number. This was carried out in
the counter-current chemical looping reactor using 1.43 g of LSF641 as the OCM. The
reactive feeds were of 5 mol% CO and 5 mol% H,0 with 120 s inert purges between reactive
gas flows. The experiment was carried out with nominal molar flowrates of 3.4x10°> mol s!
(50 ml/min NTP) and at a temperature of 1073 K. The duration of the reactive feeds was
varied, with 60 s feeds being used for the first 15 cycles (Region A) 48 s for cycles 16 to 30
(Region B) and 120 s feeds for the final 15 cycles (Region C).

The system responded quickly to the changes in redox duration, achieving a new steady
cycling state within two cycles. This rapid adaptation to new operating conditions is
expected to be due the fact that the bed is operating in similar pO; range regardless of the
cycle duration. As each end of the beds were already in equilibrium with one of the two
feeds the extremes of the bed were largely unaffected by cycle duration. This flexibility to
changes in the systems operational parameters and the ability to respond and adjust quickly
to these changes would allow for the system to be adjusted to meet the needs of different
applications. The system could be operated to maximise purity of H; and then be rapidly

changed to maximise the conversion of H,O should the need arise.

The system had been used previously for cycling so was close to steady state operation at
the beginning of Region A, for this reason steady operation begins after two cycles. The
system achieved 81% conversion of CO and 76% conversion of H,O in Region A. This
difference in the conversions was accounted for due to differing flowrates of the H,0 and CO
feeds, the flowrate of H,O was found to be 105% of the CO feed based on the pressure

transducers detailed in the Chapter 2. The leads to the oxygen balance closing to within 2%.
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When the redox duration was changed to 48 s the system reached a new steady cycling
profile within two cycles highlighting the speed at which the system can respond to changing
operating conditions. This change, as expected, increased the H,0 and CO conversions to
81% and 86% respectively. Once the differing flowrates were accounted for the oxygen

balance closed to within 1%.

In Region C, where the redox duration was 120 s, the conversions dropped significantly to
52% and 56% for H,0 and CO respectively. This, once again, occurred over only two cycles
showing that the packed bed configuration would adjust to new conditions quickly and
without lasting effects on the system. The oxygen balance for the system was found to close
to within 3%. Throughout all three regions, the carbon and H, balances carried out on the
system close to within 3% which in combination with the lack of carbon containing

compounds during the oxidation half cycles indicates a lack of carbon deposition or leaks in

the system.
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Figure 5.5: Representative outlet gas composition as a function of time for the half cycle
duration optimisation experiment. Three oxidation and reduction cycles indicating the effect
of redox duration on the outlet gas compositions (A) 60 s, B) 48 s and C) 120 s) are shown.
The experiment used 5% mole fraction of reactive gas in a balance of Ar with nominal molar
flowrates of 3.4x10° mol s (50 ml/min NTP) with an OCM mass of 1.43 g at 1073 K. The
uncertainty in any measurement was less than 100 ppm based on the analysis from
Chapter 2.

Comparing the outlet gas compositions of representative cycles from each region, shown in
Figure 5.5, it can be observed that shortening the duration of a half cycle does not result in a
truncated form of the half cycles of a longer duration. As the length of the half cycles

increase so does the duration of the half cycle with high purity product, with increased cycle
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duration the time until reactant break through increases. When the duration was shortened
unreacted gas passes through the reactor considerably earlier. Achieving a 100% conversion
using LSF641 in a commercial reactor would be more complex than just shortening the redox
duration. Consequently, longer duration leads to higher production, whilst the longest
duration produces the most H; it does not have the highest production rate. The
concentration profile of the outlet gas implies that with long enough feed durations to
would be possible to wash out the gradient in the bed, so that by the end of a cycle all of the
reactive gas would pass through the reactor unreacted. These are both important

considerations when undertaking scale up calculations.

In Region B the system showed very high conversions with very little of the reactants passing
though the reactor unconverted with only sudden spikes at the end of the half cycles being
detected. These spikes were observed in the 60 s durations redox cycling in Region A but
were considerably reduced in size for Region B. These high conversions and small mole
fractions of the reactants in the outlet gases make study of the systems kinetics or
limitations difficult as with only small quantities of the product being detected the outlet

concentration can be more easily impacted by the uncertainty in its measurement.

The cycles from Region C show that change in oxidation and reduction half cycles behave
differently. During the oxidation half cycle high conversions are achieved initially, very little
H,O0 reaches the outlet of the reactor, then the conversion drops very rapidly, with little H
at the outlet of the reactor. The system swings from high conversion to low conversion
rapidly. This is contrasted by the reduction half cycle, where while the system starts with
high conversion of CO, the amount of CO in the product stream increases quickly but that
rate slows before the end of the half cycle with the feed at the end having both CO, and CO
present. It appears that should the redox duration be increased further then eventually all of

the CO would pass through the reactor unconverted.

The difference between the two half cycles outlet gas composition as a function of time is
expected to be due to the non-symmetry of the relationship between pO; and oxygen
content of LSF641, with the curve almost plateauing at the pO,s associated with a H,0
stream and the gradient increasing at an increasing rate as pO, becomes more reducing.
With large amounts of oxygen content available at similar pOas for the reduced end of the
bed, the outlet from the H,0 half cycle can remain almost constant until that capacity is used

up and the composition has moved down the curve to the flatter section where the lack of
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capacity means that the system rapidly reaches the point where the system is unable to
reduce the H,0 to H;. In comparison for the reduction half cycle the outlet is at the oxidised
end of the bed where there is little oxygen capacity between different pOzs. This capacity is
used up more rapidly so the system starts to show CO passing through the reactor earlier
than H,0 would but once the CO begins passing through the reactor the curve relating
oxygen content and pO; becomes steeper so the system continues to produce CO; is
diminishing mole fractions as the OCM approaches a state in equilibrium with the reducing

feed gas.

All three of these regions overcome the WGS equilibrium of a conventional reactor based on
the conversions achieved. All the systems showed the high purity H, production throughout
operation with low concentrations of H,O when H; was produced. There was little to no
carbon containing compounds produced with the H; simplifying and reducing the costs for

downstream separation processes.

Region A and B showed that the CO; produced would have little to no CO present under
these regimes. However, during Region C a mixed feed of CO and CO; was produced which

would require processing before it would be utilised or stored.

It was decided to use 60 s durations for the rest of the experiments carried out in this thesis
as this produced high conversions compared to conventional reactors. Additionally, some
unreacted reactants pass through the reactor which allows for better comparisons between

other changes occurring in the system.

5d Chemical looping for reverse WGS

An implication of the thermodynamics detailed in Chapter 3 is that for a given gradient in the
chemical potential as long as the chemical potential of the reactants remain the same the
chemical composition of the reactants can change. Consequently, using feeds of H, and CO;
high purity H,0 and CO can be produced from a bed that had been developed into a steady
cycling system for H, and CO; production. This is the same as reversing the direction of

Reaction 3a.1 giving 5d.1.
H, +C0, = H,0 + CO 5d.1

This is commonly referred to as the reverse water-gas shift (RWGS) reaction. It is used

commercially for the sustainable production of CO (Yoshihara et al 1996, and Wenzel et al
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2017). Operating a chemical looping reactor for these purposes would have similar
advantages to those of the conventional WGS reaction; allowing for high purity without

energy intensive separation processes downstream.

The conversion of a reverse flow packed bed chemical looping reactor carrying out the WGS
reaction to one carrying out the RWGS reaction would require only a switch of feed gas,
without the need to alter the reactors overall design. This would allow for a reactor to be

used for H; or CO production without large capital costs.

This flexibility in design is not present in other H; or CO production reactors. For example
membrane or adsorbent based processes are specifically designed with the performance of
only one reaction. This would require increased capital cost to change the system or would
suffer from low conversions or purity in the outlet streams when the alternative reaction

was desirable.

To test the system’s ability to alternate between a set up for H, production to one for CO
production, 2.98 g of LSF641 was initially cycled using 5 mol% H,0 and 5mol% CO for 20
cycles to reach steady state operation. During this stage 62 % conversion of H,0 and 69% of
CO was achieved. Indicating that at steady state this packed bed was achieving high
conversions in comparison to a conventional WGS reactor. Once the differing flowrates of
the reactant streams was accounted for, a 12% larger flowrate of the oxidising gas, the
oxygen balance was found to close to within 1%. Carrying out a carbon and a H, balance
both were found to close to within 4% indicating that carbon deposition was not occurring
and that the gas flow fed to the system reaches the outlet of the reactor, with limited
ingress of Oz and N, from the atmosphere. This lower conversions when compared to the
other experiments is most likely due channelling occurring in the bed, allowing the reactants

to bypass the OCM.

Once the oxidising and reducing gasses were changed to 5 mol% CO; and 5 mol% H; the
steady cycling conversions became steady at 70%. The pressure data collected indicated that
the flowrates of the gasses became equal, showing a closed oxygen balance. The carbon and

H, balance continue to close to within 4%.

Once the reactor was converted to operate the reverse water-gas shift reaction, the system
returned to steady cycling within three cycles. This interruption to steady cycling is expected

to be based on the lack of a difference in flowrate between the reactant feed rates.
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Figure 5.6: Conversion of reduction (grey) and oxidation (blue) half cycles using a counter
current flow reactor using 2.98 g of LSF641 as the OCM. For the first 20 cycles 5 mol% H,0
and 5 mol% CO were used as the reactive gasses, from then for the duration of the
experiment 5 mol% H; and 5 mol% CO; were used. The experiment was carried out with
nominal molar flowrates of 3.4x10° mol s (50 ml/min NTP) at 1093 K.

Figure 5.7 shows the outlet compositions of representative cycles from Figure 5.6. One
representative cycle (cycle 15) from steady cycling of the WGS reaction and three
representative cycles (cycles 21, 50 and 80) from steady-cycling with the RWGS reaction
were selected. Cycle 15 gives the outlet composition of the system during WGS cycling, while
21 shows how the system responds to the switch to RWGS initially. Cycles 50 and 80 show

how the system reaches a new steady cycling behavior giving high purity CO as a product.

The outlet composition versus time of the representative cycle from steady-cycling of the
WGS reaction is similar to the representative cycles from steady-cycling of the RWGS, with
CO,, CO, Hy, and H;0 replaced with H,0, H,, CO, and CO; respectively. This can be seen in
Figure 5.7, with C and D have the same form as A with the gas changed as detailed above.
The nature of the half cycle, either reducing or oxidizing, as opposed to the gas pair involved
in the reaction, is the important feature for defining the shape of the outlet gas
compositions curves. This highlights that is the relationship between the oxygen content and
equivalent pO; of the OCM not the difference in the gas phase equilibrium constants or the
gas-solid interactions that causes the differences between the outlet gas composition curves

for the reducing and oxidizing half cycles.
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Figure 5.7: Outlet composition versus time for four representative cycles of WGS followed by
RWGS operation. The four cycles shown are; A) cycle 15 during WGS operation, B) cycle 21
overall and cycle 1 of RWGS, C) cycle 50 overall or 30 of RWGS and D) cycle 80 overall or 50
of RWGS. The experiment was performed using 5 mol% reactive gas in a balance of Ar, CO
and H,0 for WGS and H; and CO; for RWGS. The nominal flowrate was 3.4x10° mol s

(50 ml/min NTP) with an OCM mass of 2.98 g. The uncertainty in any measurement was less
than 100 ppm based on the analysis from Chapter 2.

This experiment shows that the system can be operated as either a WGS or RWSG reactor
without changes to plant design, increasing the flexibility of such a system. A counter current
fixed bed chemical looping reactor could be designed to be operated either for H;
production, using H,0 and CO as feed stocks, or CO, using H, and CO; as feed stock without
compromising on product quality or reactant conversion. In fact, such a system could react
to market changes, producing the more economically or socially valuable chemical, without
requiring the reactor system to cool down once an oxygen potential gradient has been

formed along the reactor.

5e Long term material stability
The stability of an OCM is always an important property when designing a chemical looping
reactor for industrial purposes. The factors that affect the deactivation of OCMs are varied

but all eventually lead to diminishing production of H, or CO; to the point that the system is
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no longer cost effective. When the OCM is considered cheap it can often be more
economical to regularly replace the OCM, but with the increased cost and material
preparation time of LSF641 when compared to conventional OCMs like Fe or Cu this method

becomes less effective. (Bohn et al 2010 and Mattison et al 2001)

In order to test the material’s long-term stability for the WGS reaction, fresh 2.79 g
(approximately 0.013 mol) Lao.eSro.4Fe0s.s was subjected to 1100 cycles of redox reactions
with 5£0.025mol % CO and 5+0.025mol % H,0 in the packed bed system following the

protocol detailed in the experimental section.

Figure 5.8 shows how the conversions evolved with cycle number. The overall conversion of
H,0 increased from a very low initial value in cycle 1 to a steady value of 92.4% at cycle 25
and this value remained largely unchanged for the remainder of the experiment. In contrast,
the CO is almost completely converted at the beginning of the experiment before changing
to its steady-cycling value of 84.5% over a small number of cycles (Cycles 10-15). The
difference in the steady cycling conversion of CO and H,0 was due to the slightly different
flowrates of the H,0 and CO used. Once this was considered, the oxygen balance between
the gas streams closed to within 2%. During each half cycle 85 pumol of oxygen was
exchanged between the solid material and gas stream; this is only equivalent to 2.2% of the
total oxygen capacity of the material. This difference between the maximum oxygen capacity
of the solid and the quantity exchanged is due to most of this material’s capacity is at PO’s

high than that of H,O (~ 10 bar).

There is a maximum absolute deviation from the average conversion of both the H,O and CO
of 1.5% once stable cycling has begun indicating good material stability. A linear regression
on conversion against cycle number over the steady cycling regime showed a slightly positive
gradient, which was less than the standard error from the regression, showing that there

was no obvious change in conversion with repeated cycling.

Figure 5.9 shows the gas compositions measured at the outlet of the reactor from selected
cycles. The material initially started in equilibrium with air as part of the synthesis process
leading to an initially high CO conversion. First the CO fully oxidises before reaching the end
of the reactor. The oxidation half cycle fails to return the system back to its original state,
when it was in equilibrium with air. Over progressive cycles more and more of the bed

moves to a condition where chemical potential gradient is between that of the H,0 feed and
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the CO feed. This continues until the whole of the reactor has reached its steady cycling

gradient.

The bed will have developed an oxygen chemical potential gradient along its length.
Achieving this takes a number of cycles as the bed must be reduced from its initial
conditions. During this time the gas conversions changed and through study of these
changes an understanding of the chemistry involved was achieved. The nature of how the
gas composition changes for each cycling as the bed approaches steady cycling can be seen

in Figures 5.9 A-5.9 D.

Once steady cycling had occurred (Figure 5.9 E and F) the reduction half cycle started with
almost 100% conversion, for the first 40 seconds, before dropping gradually to a final value
of 50% at the end of the minute. The oxidation cycle followed the same pattern with almost

pure H, production before some H,O was present in the outlet gas.
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Figure 5.8: Conversion versus cycle number for 1100 cycles. H,0 (blue) and CO (grey)
conversion as a function of cycle number with 60 seconds feeds of 5 mol% CO and 5 mol%
H,0. The bed consisted of 2.79 g of 80-160 um LSF641 and a molar feed rate of

3.4x10° mol s (50 ml/min NTP) was used.
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Figure 5.9: Outlet composition versus time from the long-term stability experiment. Six
oxidation and reduction cycles indicating the evolution of the bed into a steady-cycling
regime (Cycles 1 (A), 2 (B), 5(C), 10(D), 50(E) and 1000(F)) are shown. The system used 60
second feeds of 5 mol% CO and 5 mol% H,0. The bed consisted of 2.79 g of 80-160 um
LSF641 and a molar feed rate of 3.4x10° mol s (50 ml/min NTP). The uncertainty in any
measurement was less than £100 umol based on the methodology detailed previously.

Solid samples were taken after the 1100 cycles of reaction and examined by SEM and XRD to
investigate if any significant structural changes and/or phase segregation had occurred. SEM
images of the fresh and cycled material (Figure 5.10) showed that the material retained its
structure with no significant morphological change. The material did not undergo macro
structural changes as the cycling occurs, this is most likely due to the packed bed geometry
minimising attrition. The material did not increase in porosity as it underwent cycling, this is
expected to be due to the lack of phase changes in the material. The material only

underwent small changes in structure and cell size which minimises stress on the material.
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Figure 5.10: SEM micrographs of LSF641. A) fresh (before cycling) and B) used (fter 1100
cycles)

After cycling the reduced end of the bed underwent ex-situ XRD. The reduced end was
selected as this is the most likely to undergo phase segregation. Comparing the X-ray
diffractograms of the sample before and after cycling shows that the major peaks all occur at
the same points, being only slightly shifted to lower angles. This was due to the material
being in a more reduced state, the direction of this shift is consistent with the expected
results from Chapter 4. Direct calculation of the oxygen content of the material was not
carried out as the ambient temperature of the reactor is much lower than the temperatures

that were studied so considerable extrapolation of the results would be required.

The small change in the shape of the diffractogram shows that the material has not
undergone phase segregation during the cycling. The background pattern for the two sets of
peaks differ due to different ex-situ XRD machines being used to analyse the crystal structure

and not due to any changes in the structure of the material.
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Figure 5.11: X-ray diffractogram of LSF641 (A) fresh (before cycling and (B) used from the
reduced end of the bed (after 1100 cycles)

There is no evidence of carbon deposition in the reactor during the WGS. Carbon balances,
using the outlet gasses, closed with the total amount of carbon entering and leaving the
reactor agreeing and no carbon containing molecules exiting the reactor during the
oxidation half cycle. Carbon deposition would lead to OCM deactivation lowering yield or to
CO or CO; leaving the reactor during the oxidation half cycle lowering the purity of the

products.

The material allows for high conversions consistently without physical degradation. This was
shown through the outlet gas compositions, ex-situ XRD and SEM images. The material is a
good OCM for the WGS reaction and does not suffer from short life time. The high

conversions were as expected from previous work (Metcalfe et al 2019).

5f Oxygen profile of a LSF641 bed

The conversions achieved by the packed bed counter current flow chemical looping reactors
using LSF641 as the OCM have demonstrated that these systems are capable of overcoming
the thermodynamic limitations of conventional mixed feed reactors. The exact nature of the
profile of the oxygen state of the material inside the reactor is not known. Determining how
this profile changes over cycling can be investigated which would aid scale up and

determination of the optimum operating conditions. As detailed in Chapter 3, the formation
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of an oxygen potential gradient along the reactor is vital if the system is to operate with
higher conversions than a conventional reactor. This gradient would form unless the whole
capacity of the bed was used during each half cycle. That is if a half cycle duration well above
that of Region C in Figure 5.4 was utilised. This gradient would form with a reduced end in
equilibrium with an almost pure CO feed producing almost pure H; and an oxidised end with

an almost pure H;0 feed producing an equivalent ratio of CO,.

This gradient can form in a packed bed reactor as the packing of the material restricts the
movement of the particles. Transportation of oxygen through the solid limited due to the
small particle diameter when compared to the bed length and in the gas phase the low
equivalent pO3s of the OCM, when used for the water-gas shift, reduces the potential for a
gas phase oxygen partial pressure sufficient to redistribute oxygen in the timescale of these
experiments. This combination of the particle being unable to move and the oxygen being
unable to pass between particles enables a gradient in the 6 state of the material, and

therefore the oxygen chemical potential, to form along the bed.

Using the lattice expansivities detailed in Chapter 4 it is possible to extract chemical data from
operando XRD studies of working reactors. Given the nature of this chemical looping system,
with its non-stoichiometric OCM and rapid changes in oxygen content, high fluxes of X-rays
are required if the nature of the material is to be ascertained during the reaction. In order to
have high confidence in the structure of the material high count rates are required. Given the
short half cycle duration, for a XRD study, in order to collect results at during the reaction
often enough to gain an understanding of how the system operates a much higher flux than a
laboratory scale source is required. This necessitates the use of a synchrotron radiation

source.

Studies where the chemistry and structure of the internals of a working reactor are measured
cut down on development time between laboratory scale and pilot plant developments. This
allows for the determination of how the material changes structurally as it undergoes

reaction, while at a scale more indicative of large scale reactors.

5f.i Temperature determination
As the unit cell parameter is a function of both temperature and the material’s 6 state a
complete understanding of the thermal conditions of the reactor is required. To ensure that

the temperature of each part of the bed studied was known Y,03 was added to the bed. In
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Chapter 2 it was found that Y03 would not react with the carbon containing compounds
used nor would it react with CO. The inert nature of Y0z in the range of pO; studied
together with its Bragg reflections not coinciding with LSF641 major peaks makes this useful
for internal temperature determination. The temperature was obtained as part of the
Rietveld refinement using empirical equations linking the unit cell parameter to temperature

according to Rebber (1975) and Wang K et al (2000).

Itis essential to know the temperature gradient along the reactor. To this end the temperature
of 15 evenly distributed points in the bed was determined with the furnace set to 1093 K in
three different states. The three different states were measured: while the OCM was not
reacting (in equilibrium with 1:1 CO,:CO buffer gas), while the OCM was cycled between 5%
CO and 5% H,0 and while the system was cycled between 1:1 CO,:CO and 1:10 CO,:CO. The
bed consisted of 2.2 g of LSF641 and 0.40 g of Y203 and was 170 mm long and had an internal
diameter of 2 mm. The temperature without reaction is seen in Figure 5.12A and the variation
from this temperature during buffer gas cycling and during WGS cycling is present in Figure

5.12B.

It is also important to know if the temperature of the reactor changes as a function of time
during reaction, as in order to calculate the 6 state of the material the temperature must be
known, so that it is possible to determine how much of the change in unit cell parameter is
due to chemical, as opposed to thermal, effects. In Figure 5.12C how the temperature of a
single point in the bed varies during reaction is recorded as the bed cycles between 5% CO
and 5% H,0, with one minute feeds separated by 4 minutes of inert Ar. The same packed

bed from Figure 5.12A was used

101



Temperature /K

Temperature Change /K

Temperature / K

1090

1085

1080

1075

1070

1065

1060

40
35
30
25
20
15
10

-10

I

&

20

40 60

80 100

120

140

Distance from oxidsing gas feed and top of reactor / mm

160

—_—
'—

-15

1085

1080

1075

1070

1065

1060

1055

1050

40 60

Distance from oxidising gas feed and top of reactor / mm

® Cycling buffer gasses

80 100

120

Cycling 5% gasses

160

. ikt

30
Time / minutes

102

40

60



Figure 5.12: A (top), time averaged temperature, calculated using the rietveld refinement of
the Y,03, of sections of the bed with no reaction. The error bars are equal to the one
standard deviation as found by the rietveld refinement. The oxidising feed end is the top of
reactor B (middle), time averaged temperature difference between temperature
measurement with no reaction compared with that measured during cycling between 5% CO
and 5% H,0 in Ar and between and 1:10 and 1:1 CO,:CO buffer gas feeds. The error bars are
equal to the standard deviation of the data collected over a cycle. C (bottom), Temperature
of a point 40 mm from the bottom of the reactor as a function of time over three cycles of 1
minute feeds of 5% CO and 5% H,O in Ar, no noticeable changes or trends are present. The
error bands are one standard error based on the rietveld refinement.

It can be seen in Figure 5.12B that the temperature of the solid changes when the reactor is
being cycled and when it is not. This is due to the exothermic nature of the oxidation half
cycle (Reaction 3a.4). As the cycling occurs the majority of the reaction for each half cycle
occurs near its feed end causing the exothermic oxidation half cycle to heat the H,0 feed
while during the heat neutral reduction half cycle the temperature of the CO feed drops due

to the lack of an exothermic reaction and the requirement to heat the incoming gas stream.

Figure 5.12C shows that while the average temperature changes between buffered steady
feeds and cycling it does not change within a cycle once steady cycling is achieved. There are

no noticeable harmonic components over multiple cycles.

The rietveld refinement gives a low uncertainty for the temperature of the reactor but the
data has a greater scatter than the uncertainty in the measurement. This is due to the nature
of the rietveld refinement which finds a local minimum for the fit. If there is uncertainty in
the raw data this will not propagate through the calculation to the final values. This effect

can lead to the actual uncertainty being larger than that calculated.

While the bed is not isothermal along its length, during cycling each point remains at a
constant temperature. The bed has a 43 K variation in temperature along its length. To
determine the 6 of the material, this difference in temperature at different points in the bed

must be account for.

5f.ii Buffer gas reaction

To test the ability to determine the 6 state profile inside the bed the system was cycled
between 1:1 C0O,:CO and 1:10 CO,:CO counter currently as detailed in Chapter 3. While the
system underwent oxidation and reduction the unit cell parameter was probed as a function
of time for 15 evenly distributed points in the bed. Also, with the relatively small shifts in &

expected between these two buffer gasses the chemical expansivity was assumed to be
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constant for this regime as was calculated to be 0.020 A, using the gradient between the

points corresponding to 1:1 and 1:10 CO,:CO ratios on Figure 4.8A.

The use of these buffer gasses as the reducing and oxidising agents have the advantages of
the 6 state remaining larger than 0.2. Ensuring that the transition between the two regimes
detailed in Chapter 4 is avoided resulting in only one chemical and thermal expansivity being

required.

Analysis of the outlet gas composition and calculated conversions of CO; from the 1:1 feed
and conversion of CO in the 1:10 feed can be seen in Figure 5.13. Before cycling the bed, the
system was reduced using a 1:10 CO,:CO ratio, resulting in the 1:10 half cycle having an
initial conversion close to zero. Over time this conversion increases until it reaches steady
cycling at a value of about 40%. In contrast the 1:1 cycle achieves a much better conversion

up near 80%.

The 1:10 conversion is lower than the 50% expected from a conventional mixed feed water-
gas shift reactor system with pure feed gasses, due to the limitations of the system when
using low quality feeds. In fact, should the WGS reaction be carried out in a conventional
reactor using equimolar feeds of 1:1 H,0:H; and 1:10 CO,:CO the threshold conversions to
exceed, found using the methodology from Chapter 3, was 40% for H,0 and 23% for CO. The

chemical looping reactor continues to outperform a conventional reactor.

The difference between the conversion of the reducing and oxidising feeds is because they
are not symmetric. The 1:1 ratio is limited by the oxygen capacity of the gas. The maximum
change in the 1:1 stream would when the outlet stream is an almost pure CO stream;
converting all of the CO; into CO. This would result in each mole of the gas donating 0.025
moles of oxygen. In comparison, the 1:10 stream can accept much more due to the
increased fraction of the feed being able to undergo reaction. If all of the CO feed into the
reactor was converted to CO; then each mole of gas would be able to accept 0.05 moles of
oxygen because the feed under ideal conditions consists of 5% CO initially. As the reducing
feed has twice the capacity for change as the oxidising feed it would be expected that the
conversions for the 1:10 half cycle would only be half that of the 1:1 stream. This is seen in

the conversion data shown in Figure 5.13
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Figure 5.13: Conversion versus cycle number operando buffer gas feed experiment. 1:1
C0,:CO (blue) and 1:10 CO,:CO (grey) conversion as a function of cycle number with 60
seconds feeds of 5% 1:1 CO,:CO and 5.5% 1:10 CO,:CO in a balance of Ar. The bed consisted
of 2.2 g of 80-160 pm LSF641 and 0.4 g Y203. A molar feed rate of 3.4x10™ mol s

(50 ml/min NTP) was used.

The gas leaving the reactor during a representative cycle of the buffer gas experiment is
shown in Figure 5.14. The 1:1 feed is fed into the reactor just before the one minute mark
and last for one minute. Looking at the 1:1 feed, it is almost completely converted to 1:10.
This indicates the high conversions achieved during the cycling. The 1:10 feed begins just
after the six minute mark and is initially converted to a 1:1 ratio but over the cycle this
conversion decreases with more CO passing through the reactor unreacted, this is due to the
stream’s higher capacity to change the oxygen content of the solid, it can accept twice as
much oxygen as the same amount of the 1:1 would be capable of. This data closes the
oxygen balance between the half cycles and the total carbon entering and leaving the

reactor during each half cycle also closes showing that no carbon deposition occurs.
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Figure 5.14: Outlet composition versus time from operando buffer gas feed experiment. One
representative cycle from steady state conditions is shown. The system used 60 seconds
feeds of 2.5% CO; and 2.5% CO (a 1:1 ratio of C0O,:CO), fed from 50 s to 1 minute 50 s and
0.5% CO;z and 5% CO (a 1:10 ratio of CO,:CO) in a balance of Ar, fed from 6 minute 10 s till 7
minutes 10 s. The bed consisted of 2.2 g of 80-160 um LSF641 and 0.4 g Y,03 and a molar
feed rate of 3.4x10™ mol s (50 ml/min NTP)was used. The uncertainty in any measurement
was less than £100 umol based on the methodology detailed previously.

The lattice parameter recorded every 7 s as part of the operando synchrotron XRD experiment
was converted into the 6 state using the chemical expansivity and thermal expansion
coefficients. By recording the changes in temperature due to cycling of the material it is
possible to determine the change in the unit cell parameter that is due to changes in the
oxygen content. This can then be used to determine the 6 state of the different points in the
bed. By averaging the results measured when the material was not undergoing reaction, which
is during the inert purges, it is possible to determine the state of the bed before and after the
reducing and oxidising half cycles. The state of the bed before and after the buffer gases were

fed is shown in Figure 5.15.

Figure 5.15 indicates that over a cycle the change in the lattice parameter, due to the different
gas environments, is very small at the reduced end of the bed and is larger towards the
oxidised end. The majority of the used oxygen capacity was found between 20 to 80 mm from
the oxidising gas feed location. Most of the bed remains in equilibrium with the reduced feed
of 1:10 CO,:CO. This is expected as the feed’s larger capacity for oxygen exchange results in it

dominating the reactor bed.
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The small changes in 6, and therefore unit cell parameter, are dominated by the high
uncertainty in their measurement, especially towards the reduced end of the bed. However,
a clear gradient is visible along the bed due to the reducing gas and oxidising gasses’ different
feed locations. The data in Figure 5.15 represents the chemical changes along the length of

the bed normalised for the temperature gradient.
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Figure 5.15: The delta state of the bed as recorded using operando XRD during cycling
between buffer gas feeds. The system used 60 seconds feeds of 5% 1:1 CO,:CO and 5.5%
1:10 CO;:CO in a balance of Ar. The bed consisted of 2.2 g of 80-160 um LSF641 and 0.4 g
Y203 and a molar feed rate of 3.4x10 mol s* (50 ml/min NTP)was used. The uncertainty in
these measurements is one standard error based on the averaging of values recorded after
each half cycle. The oxidising gas is fed from the left hand side whilst the reducing is from
the right. The bed is 170mm long and 4mm in diameter.

The oxygen balance for the outlet gasses is compared with that measured for the solids. The
gas analysis shows that 3.61x10° moles of oxygen leave the material compared with the
2.63x10° moles being exchanged based on the calculation based on the solids. These results

show reasonable agreement, being of the same order of magnitude.

In Figure 5.16 a single point in the bed 45 mm from the oxidising feed is studied over a full
cycle. This point is plotted as it shows the largest change in & so is the least dominated by the
uncertainty in the unit cell parameter from the Rietveld refinement. From this it becomes clear
that the scatter in the points is large enough to obscure some of the change in 6 recorded,
making extraction of kinetics or the exact nature of the change difficult to quantify. For these

small changes in the oxygen content this technique has little success, with small changes in
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unit cell parameter caused by the chemical changes being masked by the white noise and

uncertainty in the measurements.
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Figure 5.16: Delta state of one point in the bed 45 mm from the oxidising feed end verses
time for a representative steady cycle, for a reverse-flow reactor being fed 0.5% CO, and 5%
CO in Ar as the oxidising gas and 2.5% CO; and 2.5% CO in Ar as the inert gas with inert
purging between cycles. The bed is a 2.2 g, 1770mm length and 4mm diameter packed bed of
LSF641 with 0.4 g of Y,03. A molar feed rate of 3.4x10° mol s (50 ml/min NTP)was used.
The errors bands are equal to the effect of one standard deviation from the rietveld
refinement.

5f.iii WGS reaction

It has been shown that using operando XRD techniques have had moderate success in
detailing the changes in the bed over complete half cycles for small ranges of §. Next it was
shown that such a technique can be used to determine the internals of an operating
laboratory scaled WGS reactor. The experiment was repeated using 5% H,0 and 5% CO in Ar.
Given the work to date it was expected that the change in unit cell parameter would be
larger with a similar magnitude noise thence being able to show more clearly how the bed
changes over a cycle. However, the expected 6 changes would be much larger and cross over
the 6=0.2 transition meaning that the assumption of a constant chemical expansivity would
not hold true. The data was processed under the assumption that the chemical and thermal
expansivities were constant but different on both sides of the §=0.2 transition. For 6>0.2 a
value of 0.0148 A and 6.18x10-° A/K was used and for §<0.2 0.144 A and 5.73x10° A/K. The
difference between the value for the expansivity for 6>0.2 when compared to that used in
Section 5f.2 is due to the non-linearity of the chemical expansion in this regime, here the

expansivity covers a larger range of § which changes the value for the best linear fit.
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The whole bed initially had a low 6 as it had been synthesised in air and was not pre-treated
as in previous experiments. This resulted in initial high conversions of CO, near 100%, for the
first 24 cycles before reaching steady cycling at cycle 25. This change occurs very quickly,
whilst in contrast the conversion during the oxidation half cycle changed more gradually,
initially starting low due to the over oxidised state of the bed (due to its initial pre-treatment
with air). This is apparent in the drop in conversion seen after cycle 24 of Figure 5.17. This
behaviour is consistent with the previously detailed experiments and has the same

explanation.

Once steady cycling is reached 88% conversion is achieved in both the reducing and oxidising
half cycles. In this experiment the flowrates were very close to equal meaning that the
oxygen balance between half cycles continues to close. The carbon and H, balances for each
half cycle close to within 2% and 1% respectively, showing a lack of carbon deposition or

leaks in the system.
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Figure 5.17: Conversion versus cycle number operando WGS experiment. The system used
60 seconds feeds of 5 mol% H,0 and 5 mol% CO in a balance of Ar. The bed consisted of
2.2 g of 80-160 um LSF641 and 0.4 g Y,0s3. A molar feed rate of 3.4x10° mol s!

(50 ml/min NTP) was used.

In Figure 5.18 a representative cycle from the steady state operation was studied. The outlet
gas shows similar patterns to those seen in previous sections with the high conversions seen
throughout this thesis. The H,0 feed is initially almost completely converted to H, but this
decreases slowing over the half. The quantity of CO; recorded stays steady for most of the

cycle before rapidly dropping 50 s before the reactive feed is stopped. This data closes the
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oxygen balance between the half cycles and the total carbon and H, entering and leaving the

reactor showing that no carbon deposition occurs.
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Figure 5.18: Outlet composition versus time from operando WGS experiment. One
representative cycle from steady state conditions is shown. The system used 60 seconds
feeds of 5 mol% H,0 and 5 mol% CO in a balance of Ar. The bed consisted of 2.2 g of 80-

160 um LSF641 and 0.4 g Y,03 and a molar feed rate of 3.4x10° mol s (50 ml/min NTP). The
uncertainty in any measurement was less than £100 umol based on the methodology
detailed previously.

Carrying out the same analysis as Section 5f.2 on the operando synchrotron XRD data
collected every 7 s during this operation of the WGS reactor allowed for the & state of the
bed to be calculated as a function of time. By averaging the results from the inert purges it is
possible for the 6 state of the bed to be mapped after each half cycle. This can be seen in
Figure 5.19. In contrast to the buffer gas experiments previously the whole bed undergoes a
noticeable reaction here. This change is most likely due to both the increased reducing and
oxidising potential of the feeds and their increased capacity for oxygen exchange with the

solid.

It is noted that the gradient in the bed is not constant, with the reduced end of the bed
having a more rapid change in § per unit depth than the oxidising feed end. This is expected
to be due to the non-linearity in the relationship between 6 and pO,. At the pO;s of interest
to chemical looping WGS reactions LSF641 undergoes larger changes in § per unit change in
pO; at reducing potentials associated with a CO stream than at the oxidising potentials of a
mainly H,O stream, this means that the reduced end of the bed would be expected to have a

steeper gradient at these reducing potentials as the small changes in pO; as the gas reacts
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while it passes through cause large changes in 6 while at the oxidised end these same

changes in pO; would not results in a changing 6 as is seen here.
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Figure 5.19: The delta state of the bed as recorded using operando XRD during WGS cycling.
The system used 60 seconds feeds of 5 mol% H,0 and 5 mol% CO in a balance of Ar. The bed
consisted of 2.2 g of 80-160 um LSF641 and 0.4 g Y,03 and a molar feed rate of

3.4x10° mol s (50 ml/min NTP). The uncertainty in these measurements is one standard
error based on the averaging of values recorded after each half cycle. The oxidising gas is fed
from the left hand side whilst the reducing is from the right. The bed is 1770mm long and has
a 4mm diameter.

This technique allows for the changes over a cycle to be recorded at a given point in the bed
during steady cycling. A representative point in the bed was observed as a function of time
over one complete cycle, this is shown in Figure 5.20. The H,0 half cycle begins after 1.5
minutes, and causes this point in the bed to begin to undergo oxidation at the 1.6 minute
mark, the feed then stops after 2.5 minutes at which point this reaction at this point in the
bed ceases. Then after 4 minutes of the flow of inert Ar, the feed of CO begins which after a
brief pause as the CO passes through the reactor causes the reducing of this section of the

bed back to its original § state, 7.5 minutes after the start of the half cycle.

It can be seen that when the results are not averaged the uncertainty in each measurement
from the Rietveld refinement dominates. This makes the gaining a complete understanding
of how the material changes during reaction directly from this method impossible. The
changes observed using the WGS reaction were much larger than those observed during the
buffer gas experiment showing that this larger change in oxygen potential, between the half

cycles, makes it easier to distinguish changes in the internal conditions of the bed. However,
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it is expected that by using a simulation of the bed it may be possible to determine kinetics

fitting the overall changes viewed at each point of the end.
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Figure 5.20: Delta state of one point in the bed, 40 mm from the H,O feed end verses time
for a representative steady cycle, for a reverse-flow reactor being fed 5% CO and 5% H;0 in
Ar with inert purges between feeds. The bed is a 2.2 g of LSF641 and 0.4 g Y203, 170mm
length and 4mm diameter packed bed of LSF641. The errors bands are equal to the effect of
one standard deviation from the rietveld refinement.

Finally, the assumptions used in the production of this data were tested by comparing the
total oxygen into and out of the system as measured by outlet gas analysis with that
calculated by the change in the lattice parameter. The gas analysis shows 9.48x107° moles of
oxygen leave the sample on reduction and the lattice parameter data, using the chemical
expansivity shows that 9.28x10> moles of oxygen left material on reduction. These values
are within 5% of each other while using different detection methods. This shows that the
expansivity’s dependence on oxygen content can be neglected for these changes and still

achieve an increased understanding of the system.

5g Preliminary LSM821 experiments

LSM821 offers increase oxygen capacity when compared to LSF641. To test its
appropriateness as an OCM for chemical looping H2 production initial were carried out using
the system detailed in the experimental methods section. The 5£0.25% CO in Ar was used as
the reducing agent and 5% H,0 in Ar was used as the oxidiser. The feed times were 1 minute
for each half cycle. The packed bed consisted of 1.15 g of 80-160 um LSM821. This bed was

95 mm long. The shorter bed was selected due to the increased capacity of the LSM821 and
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the increased pressure drop experienced when attempting to achieve parity with the LSF641

beds.

In Figure 5.21 it can be seen that a LSM821 system can continue to achieve the high
conversions exhibited by LSF641, with a conversion of 94% of the CO fed to the reactor and
71% of the H,0. This difference in conversions is consistent with the differing flowrates of
the H,0 and CO feeds seen throughout. These high conversions are similar or larger to those
seen in the LSF641 experiments highlighting the larger capacity of LSM821, as these are
achieved when using half as many moles of OCM. The experiment was run until the system
had reached a steady cycling but long term stability tests were not carried out so the

expected life time of the system is unknown.

The total amount of oxygen recorded to have been removed during reduction and accepted
during oxidation are equal to within 5% and results in 0.000084 mole of oxygen entering and
leaving the OCM each half cycle this is 5.6% of the total oxygen capacity of the material. The
higher value compared with the WGS reaction, is due to more of the oxygen capacity of the
material being inside the range of pO; of the feed gasses, indicating this material’s suitability
for the process. The H, and carbon balances both close to within 5% indicating that the fed
H,0 all reaches the reactor and that there is no carbon deposited on to the OCM during

cycling.

09
0.8 |
0.7 |
0.6
05 |
04
03
0.2
0.1
o L— . . . .

0 5 10 15 20 25

Cycle Number

Conversion

CO AHO

Figure 5.21: Conversion versus cycle number for 23 cycles. H,0 (blue) and CO (grey)
conversion as a function of cycle number with 60 seconds feeds of 5% CO and H,0 in Ar. The
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experiment was carried out with nominal molar flowrates of 3.4x10°> mol s (50 ml/min NTP)
with a mass of 1.15 g LSM821 and a temperature of 1093 K

As with the LSF641 the system starts with the OCM fully oxidised so initially shows complete
conversion of the CO to CO; and no conversion of H,0 to H; as the cycle number increases
more of the H,0 is converted to H; but the high conversion of CO remains throughout. This
high conversions of CO to CO; is clear in Figure 5.22 where little to no CO is seen during

exiting the reactor.

It can be seen that as system approached steady cycling the H,0 mole fraction towards the
beginning of the cycle exceeds 5 mol%. This is inconsistent with the results for LSF641 and
shows that a secondary effect or experimental error must be occurring. This is because the
maximum mole fraction of H,O fed to the reactor is 5%, so if axial dispersion is minimal, it
should not be possible to achieve a H, mole fraction of greater than 5%. However, as the H,
balance closes for the system this is most likely due to the H,0 adsorbing to the material
before desorbing towards the end of the cycle. This is problematic for plant operation as the
spikes in H; production at the beginning of the oxidation half cycle could cause inconsistent
flowrates would could complicate downstream processes. Analysis of components during
the oxidation half cycle showed no carbon containing compounds confirming little to no

carbon deposition occurred during the reduction half cycles.
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Figure 5.22: Outlet composition versus time from the long-term stability experiment. Six
oxidation and reduction cycles indicating the evolution of the bed into a steady-cycling
regime (Cycles 1 (A), 2 (B), 3(C), 5(D), 10(E) and 23(F)) are shown. The experiment used 5%
mole fraction of reactive gas in a balance of Ar with nominal molar flowrates of

3.4x10° mol s (50 ml/min NTP) with an OCM mass of 1.15 g at a temperature of 1093K.

Despite the more complex nature of the relationship between the oxygen content and
equivalent pO; of the OCM the outlet gas curves shows a very similar shape. As the material
has the potential to be reduced out of the perovskite phase there was the possibility of
seeing phase change behaviour in the outlet gas composition, with a consistent amount of
H,0 passing through the reactor without reacting. The lack of such a baseline concentration
points either to the material not undergoing phase segregation, the formation of this new
phase being slow enough that the effect was not seen over the small cycles in this
experiment or that the new phase formed continues to have non-stoichiometric properties

conserving the high purity H, production.

LSM821 was capable of carrying out the WGS reaction. The system did achieve the same
high conversions as LSF641 chemical reactors but required only 50% of the OCM to achieve
the same volume of H; production. The system suffered from unusual oxidation half cycles
which were expected to be due to the LSM821 causing the H,0 to adsorb to the surface to a
greater degree causing a spike in H, production. This has potential to impact industrialisation
of the process as additional equipment may be required to guarantee flow equalisation for

downstream processes.

Further investigations would be to carryout long term stability tests on the material, to

determine whether the material can sustain these conversions and product quality. Also a
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system for simulating such a reactor should be developed to aid scale up such that an

optimal plant design can be achieved.

5h Preliminary methane work

Whilst chemical looping water-gas shift generally exhibits fast kinetics, (Metcalfe et al 2019
and Mosleh et al 2009) one of the reactants, CO, has to be produced from CH4 or the
gasification of coal. This would require an additional onsite reactor, increasing plant foot
print and costs. Should the OCM be capable of direct oxidation of methane with reasonable
kinetics, it would be possible to replace the entirety of a steam methane reforming (SMR)

plant with a chemical looping reactor system.

Initial experiments to were carried out to determine the effectiveness of using LSF641 as the
OCM for a chemical looping reactor using 5£0.25% CHa in Ar as the reducing agent and 5%
H,0 in Ar as the oxidising agent. This was carried out using the same set up as that detailed
in the experimental methods section and utilised a packed bed of 2.79g of LSF641 and the

system was cycled 115 times.
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Figure 5.23: Conversion versus cycle number for 115 cycles. H,0 (blue) and CH4 (grey)
conversion as a function of cycle number with 60 seconds feeds of CHs and H,0. The
experiment was carried out with 5% mole fraction of reactive gas in a balance of Ar with
nominal molar flowrates of 3.4x10° mol s (50 ml/min NTP) with an OCM mass of 2.79 g and
a temperature of 1093 K

Figure 5.23 shows how the conversions develop with cycle number. The system rapidly
reaches steady cycling conditions with the H,0 conversion increasing from Cycle 1 to Cycle 5
and is then steady for the remainder of the experiment. The CH4 is almost completely

converted for the first cycle before quickly changing to its steady-cycling value (Cycles 1-5).
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Once steady cycling has occurred, in contrast with the WGS reaction, the average
conversions of methane and H,O were not similar to each other, 15.4% and 52.1%
respectively. This difference between the methane and H,0 conversions was due to
stoichiometry of the reaction where it takes four moles of H,O converting to H, to convert
one mole of methane into CO; and H;0. Additionally, the differing mass flowrates of the H,0O
stream and methane stream which has been seen previously in the WGS experiments has an
additional contribution. The oxygen balance carried out closes to within 2% and results in
5.8x10> mole of oxygen entering and leaving the OCM each half cycle this is 1.5% of the
total oxygen capacity of the material. The low value is due to the oxygen capacity being
outside the range of pO; of the feed gasses. As the capacity used is smaller for SMR than for
the WGS studies, 1.5% compared to 2.2%, this indicates that there is an additionally
limitation of using CH4 over CO as the reducing gas. Despite the increases reducing potential
of CH4 and its greater oxygen capacity compared with CO the CHs failed to reduce the
material to the same extent. It is expected that this is due to the kinetics for CH4 reduction
being slower than those of CO, pushing the system out of the thermodynamically limited

regime.

Both the carbon and hydrogen balances for each half cycle close to within 5% indicating that

carbon deposition did not occur and that the system remained leak free.

There was only a small, 2.2%, deviation in the time averaged conversion over the course of
these cycles. Once steady cycling state was achieved regression on the conversion data show
a slight negative gradient for the CH4 conversation and a slight positive gradient for the H,O

conversion. These gradients were less than the standard error indicating the material was

stable.
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Figure 5.24: Outlet composition versus time from the long-term stability experiment. Six
oxidation and reduction cycles indicating the evolution of the bed into a steady-cycling
regime (Cycles 1 (A), 2 (B), 3(C), 5(D), 25(E) and 100(F)) are shown. The experiment used 5%
mole fraction of reactive gas in a balance of Ar with nominal molar flowrates of

3.4x10° mol s (50 ml/min NTP) with an OCM mass of 2.79 g at a temperature of 1093K.

For the first cycle while the material is still fully oxidised from its synthesis in air almost
complete conversion of methane to CO, and H,O0 is achieved. However, this conversion
rapidly decreases as cycling number increases. Even at high cycle numbers the methane that
undergoes reaction, is fully oxidised by the OCM. Small amounts of CO and H, are being
produced by the reactor by the end of the reduction half cycle. This conflicts with a
conventional SMR reactor where most of the methane is only partially oxidised maximising
H, production because H,0 cannot oxides CH4 to H,0 again. An additional issue with this
chemical looping system is that a lower conversion is achieved when compared to a

conventional optimised reactor.

Once steady cycling had occurred, the reduction half cycle consist of the majority of the
methane passing through without reacting, that which does react, initially is fully oxidised to
CO, and H,0. As the half cycle continues the amount of methane reacting drops and some
CO and H; is produced. These effects combine to reduce the amount of H,O and CO,. During

the reduction half cycle the ratio of CO, to H,0 and CO to H, remains at 1:2.

The oxidation half cycle starts with almost complete conversion to H,. As the cycle continues
the amount of H, produced drops much more rapidly than seen in the water-gas shift

reaction.
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Figure 5.25: SEM micrographs of LSF641. (A) fresh (before cycling) and (B) used (after 115
cycles).

Scanning electron microscope images of the material before and after the 115 cycles (Figure
5.25) show that the material continues to maintain its macro structure, with the particle size
and shapes not noticeably changing. The surface material seems to increase in porosity as it
undergoes cycling with the surface appearing to roughen. Yet, it does not undergo macro
structural changes as the cycling occurs, this is most likely due to the packed bed geometry
minimising attrition. The material also does not appear to undergo agglomeration. This
combination of a lack of attrition or agglomeration highlights that the material is capable of
being cycled between the different states for this number of cycles without structural

failure.
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Figure 5.26: X-ray diffractogram of LSF641 (A) fresh (before cycling and (B) used from the
reduced end of the bed (after 115 cycles of SMR)

After cycling the reduced end of the bed underwent ex-situ XRD. The reduced end was
selected as this is the most likely to undergo phase segregation. Comparing the X-ray
diffractograms of the sample before and after cycling (Figure 5.26) shows the addition of
small peaks after reduction using methane, these peaks can be seen mainly between 30-40°
but can also be seen between 55-60°. However, the majority of the peak locations and sizes
remain similar. Carrying out phase identification shows that these peaks are most likely due
to small amounts of the material decomposing into strontium iron oxide and lanthanum iron
oxide. This phase segregation could lead to the material suffering from a shorter life time
when used as an OCM for SMR than when used for the WGS. The small size of these peaks in
the diffractogram at different 20 angles implies these effects could be small and gradual;
further work should be carried out where the material is cycled for longer to determine the

effect of this decomposition on conversion and OCM lifetime.

When comparing the number of cycles before steady cycling for the WGS seen in previous
chapters and SMR, it is clear that steady cycling is achieved much quicker for methane
reforming. This effect is due to the methane requiring more oxygen to undergo oxidation,

complete oxidation requiring four moles of oxygen atoms while the CO requires only one.
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The high capacity for oxygen removal from the methane gas would be expected to result in a
lower methane conversion than CO conversion with similar H,O conversion if the kinetics
were fast for methane activation. Due to the respective oxygen stoichiometry of the

reactions, CH4 oxidation requiring more oxygen atoms than CO oxidation does.

This is not the case with both the H,O and methane conversions being much lower than the
water-gas shift. This points to the activation of methane being a slower process when
compared to that of the WGS. Additionally, it can be seen that the activation of the methane
is kinetically limited due to the water-gas shift gases being in equilibrium to each other but

not to the methane causing the mixed gases being more reduced than expected.

The methane reforming cycling OCM, when compared to the WGS cycling OCM, has
undergone more surface changes, as indicated by the surface roughening. This is most likely
due to methane being more reducing than the CO therefore causing increased reduction in
the material destroying the surface geometry. This could point towards this material having

a shorter life time when used as an OCM for SMR than it has for the WGS reaction.

The XRD diffractograms for the material also shows this increased reducing power of the
methane with greater phase segregation for methane reduction than the CO reduction. This
greater phase segregation for the methane reduction additionally indicates the potential of a

decreased life span of the material when used for methane reduction.

However, the outlet gas analysis showed no degradation in product quality with this
structural change nor was there a change in particle size. This change may not have an effect
on the materials integrity so it may still be capable of sustaining the reaction for prolonged
periods of time. This merits the further study where the material is subjected to a greater

number of cycles to test its long term viability for SMR chemical looping.

There is no evidence of carbon deposition in the reactor during the WGS or SMR. Carbon
balances using the outlet gasses closed with the total amount of carbon entering and leaving
the reactor agreeing and no carbon containing molecules exiting the reactor during the
oxidation half cycle. Carbon deposition would lead to OCM deactivation lowering yield or to
CO or CO, leaving the reactor during the oxidation half cycle lowering the purity of the

products.
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LSF641 was capable of splitting CH4 using H,0 as the oxidiser. The system did not achieve the
selectivity that conventional SMR obtains, where full oxidation occurs. When used as an
OCM for SMR LSF641 undergoes more structural changes than when used for the WGS as
seen in the XRD and SEM. This causes the life time of the material to be shorter for SMR than
for WGS. This is due to the greater reducing power of the methane feed when compared to

that of the CO.

Should this material be carried forward for SMR the next steps would be to vary feed times
or flowrates to the reactor with the aim of increasing H, production. Additionally, a study
should be carried out to explore the use of a three stage looping system using air to increase
the methane conversions and help ensure that the system is not overall an endothermic

reaction.

A further option would be to explore the use of alternative oxygen carrier materials that

would have increased life time under methane reduction.

5g Summary of Chapter 5
It has been shown that it is possible experimentally to achieve the high conversions
predicted in Chapter 4 using a chemical looping reactor to carry out the water-gas shift

reaction when using LSF641 as the OCM.

The effect of reactor temperature was studied and it was shown that increasing the
temperature of the reactor increases conversion but decreases product quality. When the
effect of half cycle duration was studied it was found that shortening the half cycle improved
conversions but that shorter half cycles were not equivalent to truncated outlet gases from a

system using longer half cycles.

It was also shown that a chemical looping system can be changed to produce different
chemicals with the same pO; by changing the inlet gases and that the system responds to

such changes quickly and without a drop in product quality.

A study was also carried out to determine the lifetime of LSF641 as an OCM for the water-
gas shift reaction, it was found that there was no noticeable drop in product quality over
1000 cycles and that the OCM material did not seem to undergo any structural changes that
are indicative of the material reaching the end of its life time. Additionally no carbon

deposition was found on the material.

122



Additionally the internals of a working chemical looping reactor for the water-gas shift
reaction were studied using operando XRD. The state of the § state of the bed before and
after the oxidation and reduction half cycle was measured. When buffer gas feeds were used
these changes were small and hard to quantify but when the larger changes in structure
associated with using 5% CO and 5% H,0 feeds were recorded there was good agreement
between outlet gas analysis and the change in 6 state of the solid. It was not possible to
detail how a given point in the bed changes during reaction due to the high uncertainty in
the measurements but the changes recorded happened over appropriate time scales for

each half cycle.
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Chapter 6: Modelling a chemical looping reactor
Even through the use of operando XRD techniques it is not possible to entirely understand a
chemical looping reactor but the use of mathematical modelling can further increase the
understanding of the system. Accurate model systems facilitate rapid predictive
experimentation with varying process parameters, hence reducing laboratory time and

shortening the time between experimentation and industrial scale operations.

A chemical looping reactor using a non-stoichiometric oxide like LSF641 has additional
complications when compared to systems using more conventional OCMs. The dependence
of the oxygen chemical potential of such non-stoichiometric oxides on their oxygen content,
while useful in practice, means that there are no phase transitions at fixed oxygen potentials
accompanying a gas-solid reaction. Thus, the reaction occurring in a pack bed system cannot
be modelled as a wave propagating through the bed along with the phase change, which is
commonly used for reactions limited by thermodynamic equilibrium (Heidebrecht and
Sundmacher 2009; Zeng et al 2012). In terms of reaction kinetics, the rate law for reversible
gas-solid oxygen exchange reaction, with two or more solid phases, (such as CuO/Cu-0,

Fes04/FeO etc) can be described as

rate = k(Py," — P5,")f (X) 6.1
where 7 is the rate of reaction, k the rate constant, P, the operating partial pressure of
oxygen (or its equivalent), Py, the equilibrium partial pressure of oxygen, n the order of
reaction and f(X) the dependence of the rate of reaction on the degree of conversion of the
solid, X. However, this is not valid for non-stoichiometric materials such as Lag.eSro.4FeOs-s
because PSZ would be a function of the solid conversion, instead of being independent of it.
As a result, it is more difficult to extract the rate constant k from a non-stoichiometric oxide
experimentally than from a stoichiometric one, and the computational cost for numerical

models would be higher.

In this work, an equilibrium model was developed for chemical looping H, production using
the non-stoichiometric oxide LSF641 in a packed bed reactor from first principles. Key results
from the numerical model, such as solid conversion and gas concentration profiles at the
outlets of the reactor were compared with their experimental counterparts to aid validation
of the model. The internal solid state changes of a working reactor, studied using operando

synchrotron XRD, were compared with the simulated results.
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6a Model development

The packed bed reactor for H; production was modelled assuming idealised conditions.
These were the reactor was isothermal and isobaric, and that the gas phase being plug flow
with perfect radial mixing and no axial dispersion. Dispersion was not included for simplicity,
since solving the equations without dispersion already required long computational time due
to the complexity of the thermodynamics of the system. It was further assumed that the gas-
solid reactions (Equation 6a.2 and 6a.3) are limited by thermodynamics rather than chemical
kinetics or mass transfer processes. Side reactions such as the Boudouard reaction were not
considered since preliminary investigations showed no carbon deposition in the system. The
physical parameters of the numerical model were based on the corresponding experiments

described in the Chapter 5.

CO +H,0 = CO, +H» 6a.1
m CO + LageSro.aFe0s.s > m CO; + Lag.sSro.4Fe0s.6-m 6a.2
m H;0 + Lag.eSro.4Fe0s.s.m = m Hz + Lag.eSro.aFeOs.s 6a.3

The defect chemistry model detailed in Chapter 3 was used to define the thermodynamics of

the gas solid interactions. The governing equation can be seen in Equation 6a.4

86 —x+1) 025 _Kre B-8)*(x+1-28) g 6a.d
(3—=6)%5(26 — x) 0> K, 505(28 — x)Po*zo.zs 0x

where x is the extent of substitution of La by Sr, in this case 0.4; K, and K, are the
equilibrium constants for eq. 4 and 5, respectively (Mizusaki et al 1985). The dependence of

8 on Py, for LaoeSro.sFeOs.s (Equation 6a.4) was approximated by a 5t degree polynomial,

5 4
logyo bo, 5 logyo bo, logyo bo, 6a.5
0 (1—0 = —3.89761831 X 10™“ X 1—0 — 0.235225805 x 1—0

3 2
— 0591012724 X lB10P0; ) _ 0.782344918 x 10810 Po,
' 10 : 10

log1o Po,

+ 3.45065388 x 1072
10 >

— 0.551282238 x <
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to reduce the computational cost. The approximation was made over the range 0.186 <
§ < 0.3 with K,, = 20.2 and K, = 4.98 X 1077(K,, and Ky, are the equilibrium constants
for Equations 3b.5 and 3b.4, respectively as calculated using the thermodynamics detailed

by Mizusaki et al 1985.) and yielded an R? = 0.99993.

The governing equations for the reduction and oxidation of the solid, i.e. Equations 6a.2 and

6a.3, in the packed bed can be written as

_ Yco ~ 0Yco 6a.6
oo = UG, T TGy
0Yu,0 . 0Vu,0 6a.7
—Ty,0 =V aZZ +epy atz

Tco and 1y, o are the rates of consumption of CO and H0 respectively (mol m= s™); u and v
are the molar fluxes of the gas streams (mol s m); y¢, and yy,, are the mole fractions of
CO and H0 in the gas streams (-); p, is the molar density of the gases (mol m?); ¢ is the
voidage of the bed (-); z is the axial position along the packed bed (m) and t is the time (s).

The oxygen balance between the gas and solid phases at any given (z, t) is given by

06 6a.8
Tco = (1— E)Psa

06 6a.9
Tyo = —(1 — €)Ps ot

. . - .. a8
Under the assumption that the system is equilibrium limited, 5 can be related to the rate of

change of the equilibrium chemical potential of oxygen, i.e.

a5 _ db 0P, 6a.10
ot 0p; ot

*

ot

5 can be calculated from Equation 6a.5 and

Py can be linked to the changes in gas phase
02

composition. For example, during reduction of the solid, P(’;2 of the system can be linked to

the equilibrium:

i 11
CO+050,=C0, K,=—0%___ Yo, 6a

05 — 0.5
PcoPo, YcoPo,
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Here K_ is the equilibrium constant. As a result,

Jt Jt

Yco K¢
Since no carbon deposition was observed during the experimental studies detailed in

Py, 0 ()’coz 1)2 6a.12

Chapters 4 and 5, carbon is conserved in the gas phase, so that Yo, + Yco = Y. remains
constant throughout the reactor during the reduction phase under isothermal and isobaric

conditions. Combining Equations 6a.6, 6a.8, 6a.10 and 6a.12 yields

(1-e)p ds [ 2 ¥ (yC B 1) 0Yco _ ua}’co +ep dYco 6a.13
*0P;,\  K.*Yco? \Yco ot 0z 9 ot
Similarly, for the oxidation reaction,
dé YH,0\ 0VH,0 0Yu,0 0Yh,0 6a.14
1— P 2K 2 2 ) 2V _ 2 A 2
(1= oF;, ( Hy ) Tar T Ve T fPaT g
Ky is the equilibrium constant for the reaction
H,0 = H, + 0.5 0, 6a.15

and

Yu = Yu, * Yu,0-
Both Ky and K, are readily available from thermodynamic databases such as (Burgess 2018).

In order to model the experimental set up used for the results in Chapter 5 the oxidation
(Equation 6a.14) and the reduction (Equation 6a.13) half-cycle governing equations were
solved sequentially for 60 s until the system reached steady cyclic operation, where the
maximum difference in P{;2 at any location in the packed bed in successive cycles after the
CO feed and after the H,0 feed was less than 0.001%. This was typically achieved after 5 to
15 cycles. Inert purge periods were not modelled here; the operando XRD studies carried out

in Chapter 5 indicate that the state of the solid did not change during these periods.

For each half cycle the governing equation was transformed into a system of ordinary
differential equations using the method of lines by discretisation along the length of the
reactor using a backwards difference scheme. The resulting system of ordinary differential

equations was solved with ode45 in MATLAB.

The initial condition of each half cycle was defined so that the pO, for the gas remaining

from the purge in the reactor at the start of each half cycle was the same as that at the end
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of the preceding half cycle (such that the gas is in equilibrium with the solid at the beginning
of each half cycle). For the 1st half cycle the OCM was assumed to be in equilibrium with
p02=9.38x1078 bar (equivalent pO; of H,0 at 1093 K). For the boundary conditions, the mole
fractions y¢o and yy, o were set to 0.05 at the inlet for each half cycle when the WGS was
simulated. For the buffer gas simulation, the inlet conditions matched that of the buffer gas

being fed.

Additionally, in an attempt to account for gas mixing in the flow system downstream of the
reactor, calibration gases (5% of H,, H,0, CO and CO; balanced in Ar, respectively) were fed
to the flow system (bypassing the reactor) for a fixed period of time so that a “top-hat”
concentration profile can be assumed for the input, this consists of a step increase in
concentration which is held for a set amount of time before a step decreases back to a
concentration of zero. The impulse responses for H, H,0, CO and CO; were estimated by de-
convolving the input signal for each gas from the respective outputs recorded by the mass
spectrometer using the method of conjugate gradient. The impulse responses were then

convolved with the simulated outlet gas profiles to produce the simulated outlet gas results.

6a.i Addition of axial dispersion

This simulation scheme was edited to allow for the effect of axial dispersion in the gas phase
to be determined. The addition of a dispersion term to the material balance of the system,
Equations 6a.6 and 6a.7, cause the system to become more complex. This means that the

new material balances for the system become:

_ 9Yco ~ 0Yco ~ 9%yco 6a.16
~Teo U5 —t EPg—5— ~ €PgPaxco 5 7
0Yh,0 . 0Vu,0 ~ 0%Yi,0 6a.17
~TH,0 = aZZ + €Dy atz - SpgDaxHZO azzz

Dgxco is the axial diffusivity of CO in Ar for the packed bed. The axial diffusivity through a
packed bed was determined from literature (Levenspiel 1999). This requires knowledge of
the geometry of the reactor and the physical properties of the fluid. The viscosity of the fluid
was assumed to be that of Ar in the appropriate conditions (Yaws, 2011) and for the
diffusion coefficients it was assumed that interactions between Ar and the gas of interest

dominated, these were found using the technique developed by Fuller et al (1966).

With the addition of a dispersion term, the total amount of carbon or H, containing
compounds is no longer constant, so to accurately model the system two addition material
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balances are required for the product gasses. However, as the rate of consumption of CO or
H,0 is equal to rate of generation of CO; or H,, these two equations that govern the other

half reaction are found to be:

Yco . 9Yco A 9*yco 6a.18
Tco =U 97 =+ €Pg ot £ - €PgDaxco, 6722

0yy, . Oym, . 0%yy 6a.19
TH,0o =V aZZ + Py 6—1:2 - gpgDaxHZ aTzz

The oxygen balance between the solid and gas phase and the assumption of very fast

kinetics are still in effect so equation 6a.8, 6a.9 and 6a.10 still hold.

08 6a.8
rco = (11— S)PSE
06 6a.9
TH,0 = —(1 = ¢&)ps ot
5  dé 0Py, 6a.10
ot~ ap; ot

Py
at

2

8 can be calculated from Equation 6a.5 and can be linked to the changes in gas phase

dPp,
composition as in the previous section, however as y¢q, and y¢o are no longer linked by

the carbon balance, Equation 6a.12 becomes:

0P, :i(J’coz i)z :iwa( 1 9yco, _ Yco, 9yco ) 6a.20
ot 0t\yco K./~ K.* Yco \Yco Ot Yco® Ot
Combining Equations 6a.8, 6a.10, 6a.16 and6a.20 gives:

9Yco _ A 0*yco A dS 2%Yco, 9Yco, 6a.21
Vo _ u—5, €PgDaxco 072 A1 = &)ps apo*z K. yoo2 Ot
dat ,
1—-e)p dé | 2 (Ycoz ) p
s OPO*Z K2 \yco® g

Combining 6a.8, 6a.10, 6a.18 and 6a.20 gives:
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(1-¢e)p dg iwa( 1 9yco, _ Yeo, dyco ) 6a.22
’ apgz Kcz Yco \Yco Ot yC02 at
dyco ~ 9Yco . %yco
=Uu 9 2 + Spg _at 2 _ EpgDaxCOZTZZ

Combining 6a.21 and 6a.22 to give equations which are not a function of the time

differential of each other gives equations 6a.23 and 6a.24 respectively. This was carried out

such that the model could be transformed into a system of ordinary differential equations

using the method of lines by discretisation along the length of the reactor using a backwards

difference scheme.

9yco, 6a.23
at
dy " 0%y
u 6202 - gpgDaxCOZ T(;OZ +
9Yco PN GZJ’CO
35 2 Yeo,’ U5y~ EPgPaxco 75,2
(1 - S)ps opP* 2 3 2
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Due to the symmetry of the reduction the oxidation half reactions, the governing equations

of the oxidation half cycle can be given by Equations 6a.23 and 6a.24 with u replaced with v
Yco=YH,, Yco,=Yn,0 and the diffusivities changed accordingly. The initial conditions are kept
the same between both this model and the previous one, but the boundary conditions were
set using the inlet conditions from the previous section and using the outlet conditions
recommended by Patankar (1980). This states that for a suitably high Peclet number local

one-way behaviour exists at the outflow boundary.
The resulting system of ordinary differential equations was solved with ode45 in MATLAB.

6b Effect of diffusivity on the system
To determine the effect of including the axial dispersion scheme on the simulation, a packed
bed of 2.2g of LSF641, in a reactor with an internal diameter of 4 mm and a length of

170 mm was simulated, using the original model and the dispersion model.
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Figure 6.1: Experimental and simulated (outlet gas mole fractions verses time for a
representative steady half cycles for a reverse-flow reactor. The reactive gas feeds were 5%
CO (A) and 5% H,0 (B) separated using inert purges. The bed is a 2.2 g, 170mm length and
4mm diameter packed bed of LaoeSro.sFe0s.5. These simulations were carried out using the
model detailed in Section 6a, and the model detailed in 6a.i with literature values for the
diffusivities.

Neither model perfectly predicts the experimental results. With both failing to predict the
nature of the rise nor the tail of the response after flow has stopped. Both models give much

more square responses when compared with the experimental results.
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Comparing the different simulated results in Figure 6.1 shows that upon the addition of the
diffusion terms the nature of the oxidation half cycle changed. There was a minor increase in
the quantities of H,0 passing through the reactor and decreased H; production can be seen
in the simulated outlet gas model fractions. The effect on the reduction half cycle is much
smaller with little to no noticeable change with the addition of a diffusion term. This larger,
but still minor, change for the oxidation half cycle is due to the larger diffusivity of H,

compared with the other gasses present.

The inclusion of the diffusion term increased the computational time for each simulation by
a factor of 20. This increased computational cost in conjunction with the fact that the change
only had a small effect on the outlet gas composition means that when carrying out

comparisons with laboratory results the diffusion term will not be applied.

It can additionally be noted that by setting the diffusivities in the system to zero both models
give the same results, pointing to the stability of both reactor simulations increasing

confidence in the results of the model where the assumption of no axial diffusion was made.

6¢ Simulation of operando XRD packed bed experiments
As Chapter 5 has shown the system can achieve high conversions, it should be operating
close to its thermodynamic limit. Therefore, to test the appropriateness of this simulation

scheme the operando XRD packed bed experiments were simulated.

Using the thermodynamic model, it was possible to predict the expected outlet gas
concentrations as a function of time. These were compared to experimental results with the
aim of validating the assumptions within the model. As the system is capable of maintaining
consistent gas outlet conditions and conversions over prolonged operation, as detailed in
Chapter 5, the study concentrated on the final state of the system. Comparing the predicted
steady cycling values for the outlet gas measurements from the model with steady state

experimental results.
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Figure 6.2: Effluent gas mole fractions verses time for a representative steady cycle for a
reverse-flow reactor being A) fed 5% CO in Ar and 5% H,O in Ar or B) 5%CO with 0.5% CO
and 2.5%CO with 2.5% CO,. These reactive gas feeds were separated using inert purges. The
bedisa 2.2 g, 170mm length and 4mm diameter packed bed of Lag¢Sro.4Fe0s.5. The solid
lines are the values predicted by the simulation of the bed while the points are the values
obtained using a mass spectrometer for the lab based system.

The experimental gas analysis of the WGS reaction, Figure 6.2A, shows that the
concentration of the CO; increases rapidly at 1 minute marker when the reactive gas feeds
start. For the reduction half cycle, of both the WGS reaction and the buffer gas feeds, the
mole fraction of the CO; holds steady for most of the half cycle before dropping after 50s in

conjunction with a rise in unreacted CO being detected. This is caused by the capacity of the
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OCM in the reactor becoming depleted. Once the feed has stopped, at the 2 minute mark,
both gasses mole fractions decrease. The drop is instant for the model results but the gas

results show a slight tail.

The oxidation half cycle shows that the mole fraction of H; rapidly increases at 6 minutes
20s. Over the half cycle the H, mole fraction drops steadily until 50s into the half cycle when
the rate of decrease increases. Over the half cycle the H,0 content increases so that the sum

of H,0 and H; stay constant at 0.05.

The gas leaving the reactor during the buffer gas experiment was analysed showing the high
conversions achieved during the cycling. Both the model and experimental results show very
similar results. The 1:1 feed being almost completely converted to 1:10 for the cycle and
following a similar pattern to that of the WGS results. With under prediction of the product
gas and over prediction of the reactant. The 1:10 feed is initially converted to a 1:1 ratio but
over the cycle this conversion decreases with more CO passing through the reactor
unreacted. This is due to the stream’s higher capacity to change the oxygen content of the
solid, it can accept twice as much oxygen as the same amount of the 1:1 would be capable

of. This data closes the oxygen balance between the half cycles.

The model over predicts the amount of the products and therefore also under predicts the
values for the reactants. It fails to predict the initial slope increase and the tails at the end.
While these effects are small it is expected that they would be accounted for by the
interactions between the solid and gas phases in the bed and the flow in the subsequent
pipe work. The results from the models and experimentation do show very similar results in
terms of the rest of the shape of the half cycles, with the CO; staying steady and dropping at

the end of the half cycle while H; starts to decrease straight away at a smaller rate.

The similarities between the outlet gas compositions predicted by the simulation and the
experimental results indicate that this system is operating close to its thermodynamic limits.
The ability to predict the outlet conditions of both the buffer gas and the water-gas shift
experiments using simulated results is useful for scale up. The simulation of the H, and H.O
is worse than that of CO and CO; this is most likely due to the added complexity of hydrogen

bonding and the smaller size of these molecules.
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Figure 6.3: Effluent gas mole fractions verses time for a representative steady cycle for a
reverse-flow reactor being fed A) 5% CO in Ar and 5% H,0 in Ar or B) 5%CO with 0.5% CO;
and 2.5%CO with 2.5% CO,with inert feeds in-between. The bed is a 2.2 g, 170mm length
and 4mm diameter packed bed of LagsSrosFeOs.s. The solid lines are the values predicted by
the simulation of the bed convoluted with the systems response to a step change, while the
points are the values obtained using a mass spectrometer for a lab based system.

Convolving the model results with the impulse response of the mass spectrometer for each
gas present in the system, as detailed at the end of Section 6a, as expected, smooths and
changes the shapes of the curves. It does not however change the total amount of each

product recorded meaning the integration of each gas over the cycle will remain the same.
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For the CO half cycle this brings the results closer to those found experimentally, improving
the shape of the increase at the beginning and of the middle of the cycle. However, the drop
visible towards the end of the cycle no longer matches as closely. The convolution added the
tails in the experimental results to the model’s prediction but it does not fully account for

the shape shown in the experimental results.

For the oxidation half cycle the addition of the convolution smoothed the initial increase in
H. as well as adding the tails at the end of the cycle. However, the convolution failed to
address the under prediction of the H,O content present initially and throughout the cycle.
Additionally, the H. curve shape for the middle of the cycle no longer matches that of the
experimental results. The H; plateaus in the middle of the cycle before dropping rapidly at
the end rather than dropping continuously throughout the cycle before the gradient

increases towards the end.

Adding the effect of the pipe work and flow inside the mass spectrometer does not cause
perfect agreement between the modeled system and the experimental results, failing to
completely explain the nature of the tail or the shape of the rise. Given that the addition of
the convolution only achieves a slight improvement on the capability of the simulation to
reflect the experimental results and its addition significantly increases the time required to

simulate each packed bed it will not be included for further simulations.

The addition of the response of the mass spectrometer did not increase the accuracy of the
simulation enough to reconcile the differences between the simulation and the
experimental results. This indicates that there is another source for these differences it is
expected that adding a term to account for adsorption and desorption from the solid phase
to the governing equations would help to account for these differences. Such a term was not

added here due to the increase in computational complexity that would be required.

The model detailed in Section 6a predicts the spatiotemporal variation of § in the bed of
Lao.sSro.4Fe0s.s under steady cyclic operation, where the 6 state at the beginning and end of
the cycle at any given point in space is the same. Snapshots of the expected 6 state of the
bed during the reduction and oxidation half-cycles of the WGS can be seen in Figures 6.4 and
6.5, while the buffer gas cycling is shown in Figures 6.6 and 6.7 respectively. These are
compared to the values for the end points of the bed as obtained from operando XRD using

the technique detailed in Chapter 5.
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The system starts with the CO feeding from the left, reducing the material and increasing 6.
The feed end reduces first as expected, over time more of the bed starts to undergo
reduction until the whole bed is being reduced as the gas flows. After 60 s, the flow of CO is
stopped and H;0 is fed in the reverse direction pushing the reaction front back through the
bed, as well as lowering the oxidation state of the bed as a whole. This continues until the

bed has returned to its original state.

The XRD data shows reasonable agreement to the model results but fails to obtain the
extent of the reduction of the reducing feed end of the bed that the model predicts. It shows
a greater gradient along the bed than the model predicts after the respective half cycles, this
could be linked to the material at the reduced end of the bed failing to reach the 6 the
model predicts due to the formation of a new phase, as the end of the bed does not undergo
as much reduction as expected, a more reducing feed enters the rest of the bed where it
causes increased reduction, as the system still seems to return to the same state and does
not undergo noticeable drop in product quality over repeated cycles the reduced end of the

bed must reform the perovskite phase without degrading.
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Figure 6.4: The delta state of the bed at 20s increments simulated using a
thermodynamically limited model for a 60s feed of 5% CO in Ar to a bed that had reached
steady cycling and as recorded using operando XRD. The uncertainty in these measurements
is less than the marker size. The gas is fed from the left hand side. The bed is 170mm long,
4mm diameter and is 2.2g. The uncertainty of 1 standard deviation is plotted on the
experimental data.
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Figure 6.5: The delta state of the bed at 20s increments simulated using a
thermodynamically limited model for a 60s feed of 5% H,0 to a bed that had reached steady
cycling as recorded using operando XRD. The uncertainty in these measurements is less than
the marker size. The bed is 1770mm long, 4mm diameter and is 2.2g. The uncertainty of 1
standard deviation is plotted on the experimental data.

An oxygen balance is carried out across a half cycle, the model predicts that 8.93x10"> mol of
oxygen will leave the material during the reduction half cycle and enter during the oxidation
half cycle. This was compared to the oxygen exchanged as measured using the X-ray
diffraction and outlet gas recordings. Both these methods showed slightly more oxygen
being exchanged in each half cycle but within the uncertainty of the measurements. The
X-ray diffraction showed 9.21 x10™ mol and the gas analysis saw 9.48 x10™ mol. The model
prediction, the X-ray diffraction measurement and the gas analysis all agree within 6%. This
confirms the model’s validity as it can closely predict the magnitudes of the changes

occurring inside the beds as recorded using two separate methods.

Carrying out the same analysis using the buffer feed gasses gives similar results with a wave
propagating through the bed. Here the lower capacity for oxygen transport by the gases

results in the change only being seen in half of the bed.
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Figure 6.6: The delta state of the bed at 20s increments simulated using a
thermodynamically limited model for a 60s feed of 2.5% CO2 and 2.5% CO in Ar to a bed that
had reached steady cycling and as recorded using operando XRD The uncertainty in these
measurements is less than the marker size. The gas is fed from the left hand side. The bed is
170mm long, 4mm diameter and is 2.2g. The uncertainty of 1 standard deviation is plotted
on the experimental data.
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Figure 6.7: The delta state of the bed at 20s increments simulated using a
thermodynamically limited model for a 60s feed of 5% CO; and 0.5% CO in Ar to a bed that
had reached steady cycling and as recorded using operando XRD. The uncertainty in these
measurements is less than the marker size. The bed is 170mm long, 4mm diameter and is
2.2g. The uncertainty of 1 standard deviation is plotted on the experimental data.

Repeating the oxygen balance on the bed shows that the model predicts that 4.18 x10°mol
of oxygen will transfer between the gas and the solid each half cycle. This was compared to
the oxygen exchanged as measured using the X-ray diffraction and outlet gas recordings.
Both these methods showed more oxygen being exchanged in each half cycle. The X-ray
diffraction showed 2.63 x10°mol and the gas analysis saw 3.62 x10°mol. For this system the
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model results and the values measured using XRD have a larger discrepancy than for the
water-gas shift reaction which is to be expected given the smaller total oxygen transfer. The
model and the gas agree reasonably well to within 14% however, the higher uncertainty in
the lattice parameter and smaller change in the value result in a larger discrepancy of almost
40%. This disagreement is much larger than for the WGS experiment, pointing to the smaller

overall change reducing the effectiveness of the technique.
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Figure 6.8: Delta state of one point in the bed, A) 40 mm from the H,0 feed end verses time
for a representative steady cycle, for a reverse-flow reactor being fed 5% CO in Ar and 5%
H.0 in Ar with inert feeds in-between. B) 128 mm from the oxidising feed end verses time
for a representative steady cycle, for a reverse-flow reactor being fed 5% CO, and 0.5% CO in
Ar as the oxidising gas and 2.5% CO;and 2.5% CO in Ar as the inert gas with inert feeds in-
between. The bed isa 2.2 g, 1770mm length and 4mm diameter packed bed of Lag ¢Sro.aFeOs-
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5. The solid line is the value predicted by the simulation of the bed while the points are the
values obtained by analysis of the XRD results. The errors bands are equal to the effect of
one standard deviation from the rietveld refinement.

When looking at how one point in the bed changes as a function of time whilst undergoing
cycling. It can be seen that for both the WGS and buffer gas experiments the curves are not
symmetrical but do return to the starting conditions after a full cycle. The size of the change
is consistent with the model’s prediction for both. The confirmation of the exact shape of
the curve is not possible due to its rapidity. The limited number of data points describing the
change along with the uncertainty and inherent noise within the data points exacerbates this

problem.

Comparison of the outlet gas conditions from the simulations and experimental techniques
show that the outlet conditions are predicted reasonably well with the simulation. The
reactor underwent operando X-ray diffraction during cycling, studying the different points in
the bed as they were reduced and oxidized. This allowed for multiple diffraction patterns to
be obtained as the material underwent lattice expansion or contraction, investigating how
the delta state of the material changes over cycling allowing for the confirmation of the

internals of the system.

The changes in the cubic cell parameter is near the limit of what is measurable by the
equipment used. The measuring changes are in the order of 0.0001 angstroms, resulting in
the data having a large degree of scatter. It does have a clear quick increase and decrease at
the correct time in the cycle, but the uncertainty in the results mean that while this data
indicates that the model is suitable is not sufficient to fully validate the model. These results
do however show good agreement for the extent of reaction at each point in the bed, with
the 6 state before and after each half cycle being consistent between the model and the

experimental results.

6d Temperature optimization

The temperature optimization experiments detailed in Chapter 5 allow for further validation
of the model, due to the different geometry of the reactor and the varying thermodynamics
of the system due to the temperature changes. The packed bed used in this experiment had
a larger internal diameter, 0.007 m rather than 0.004 m, this results in a similar mas of

material having a shorter bed length.

142



Comparisons between the predicted outlet gas results from the model and the experimental

results collected are seen in Figure 6.9.
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Figure 6.9: Outlet composition versus time from the long-term stability experiment. Six
oxidation and reduction cycles indicating the effect of reactor temperature on the outlet gas
compositions (A) 993 K, B) 1043 K, C) 1093 K, D) 1143 K and E) 1193 K) are shown. The
experiment used 5% mole fraction of reactive gas in a balance of Ar with nominal molar
flowrates of 3.4x10° mol s (50 ml/min NTP) with an OCM mass of 2.39 g at a variety of
temperatures. The packed bed had internal diameter of 0.007 m and a length of 0.06 m. The
uncertainty in any measurement was less than £100 ppm based on the analysis Chapter 2.

Comparison between the simulated and experimental results shows good agreement but at
all temperatures the model continues to over predict product concentrations and under
predict reactant concentration in the gas outlet. However, the timings of the drop in product
mole fraction is consistently predicted using the model for both the oxidation and reduction
half cycles. This shows that the system continues to operate near its thermodynamic limit in

this range of temperatures considered. The model predicts the increased conversion and
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drop in product quality as the temperature increases. The model is capable of accounting for
the different geometry used here, accurately predicting outlet gas composition in this
shorter, wider and horizontal packed bed, the aspect ratio of the bed changes from 42.5 to
8.6 a significant change in the geometry of the packed bed. The system can accurately
simulate the system regardless of the temperature of the reactor, correctly predicting the
outlet compositions of the gas. This indicates that the prediction made in Chapter 5 that the
decreased product quality at higher temperature is due to the thermodynamics of the

system and not related to side reactions or other effects is true.

6e Half cycle duration optimization

In Chapter 5 studies were undertaken to explore the effect of half cycle duration on product
quality and quantity. These studies used a smaller mass of OCM in the bed than previously
simulated but continued to use the 0.04 m inner diameter beds. Simulations were carried
out to replicate these studies to further validate the model both for smaller quantities of

OCM and for the changing half cycle duration.
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Figure 6.10: Representative outlet gas composition as a function of time for the half cycle
duration optimisation experiment compared to the prediction of the thermodynamic model.
Three representative oxidation and reduction cycles indicating the effect of redox duration
on the outlet gas compositions (A) 60 s, B) 48 s and C) 120 s) are shown. The experiment
used 5% mole fraction of reactive gas in a balance of Ar with nominal molar flowrates of
3.4x10° mol s (50 ml/min NTP)with an OCM mass of 1.43 g at 1073 K.

The model continues to predict the outlet gas shapes for each of the different half cycle
durations studied here. The initial spike above 5% observed in the H; is not predicted for any

of the durations, this is because this spike is most likely due to condensation of the H,0 in its
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feed line causing an increased mole fraction of H;0 at the beginning of the cycle while this
condensation of evaporated before the bed. This initial increase mole fraction cannot be

predicted by the model as the governing equations do not allow for it.

For this geometry the reduction half cycle is well predicted for all of the half cycle durations
studied. The oxidation half cycle is less well predicted. The H; outlet gas follows a similar
pattern in both the simulated and laboratory results but the H,0 is under predicted at first
and then over predicted. This discrepancy could be due to stronger adsorption interactions
between the H,0 and the solid phase than the other gasses. This would cause the H,0 feed
to both increase then decrease more slowly than the idealised model. H,0 is more effected

that the other gasses present in the system.

As the half cycle duration increases the degree to which the model accurately predicts the
outlet gas composition decreases. The 48 s half cycle has the strongest correlation between
the model and the laboratory results followed by the 60 s and then the 120 s. The shorter
half cycle has a smaller quantity of H,O in the outlet so the effect of the interactions
between the solid and the H;0 inside the system is less pronounced and noticeable. The
120 s cycle exhibits the increased interaction with the H,0O most clearly as there is the

highest amount of H,O passing through the reactor unreacted.

6f Sensitivity analysis

Sensitivity analysis was carried out to determine the model’s sensitivity to the uncertainty in
the input conditions. Where well detailed uncertainties were known, values were taken from
literature and the effect of a one standard deviation perturbation in that value was shown.
Where the variable in question is a controlled variable a 10% perturbation was used to allow
for an understanding of the effect on the reactor of changing these parameters. The packed
bed used for the operando XRD studies was simulated and used as the base case. This
consisted of 2.2 g of LSF641 in a 4 mm diameter reactor. It has a total length of 170 mm and
was cycled between 5% CO and 5% H,0 in Ar at 1093 K. The variation caused by each of the

changes in indicated in Figure 6.11.
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Figure 6.11: Sensitivity analysis of the delta state of one point in the bed, 40 mm from the
H,O feed end (left) and H,0 and CO outlet gas composition (right), without convolution,
verses time for a representative steady cycle, for a reverse-flow reactor being fed 5% CO
in Ar and 5% H,0 in Ar with inert feeds in-between. The bed isa 2.2 g, 170mm length and
4mm diameter packed bed of Lag.eSro.4Fe0s.5. A: The effect of changing the value of K, by
one standard deviation in either direction. B: The effect of changing Kz, by one standard
deviation. C: The effect of varying the H,0, H, and O; equilibrium constant by one
standard deviation. D: The effect of varying the CO,, CO and O; equilibrium constant by
one standard deviation. E: the effect of varying the total mass of sample present by 10%.
F: the effect of varying the pressure that the reactor is operated at by 10%. G: the effect
of varying the temperature of the reactor by 10 K.

It can be seen in Figure 6.11A and B that of the thermodynamics it is the uncertainty in the

Krvariable that has the largest effect, while the K, variable has a much smaller effect on

the model. This is expected as K, is closely linked to the transition of Fe3* and Fe?* while
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K,, is closer linked to the transition of Fe3* and Fe** as explained in Chapter 3. In the regime
that the system operates most iron is transitioning from the 3+ to the 2+ rather than 4+ to

3+ so it is expected that Kr,would have a larger effect on the system.

Figure 6.11 C and D show the variation due to changes in the gas phase equilibrium
constants have less of an effect. An increase in the CO/CO; equilibrium coefficient has a very
similar effect to a decrease in the Hy/H,0 equilibrium coefficient for the solid’s interaction
but in the gas phase this is less noticeable. It is expected that the weaker effect of a change
in gas phase thermodynamics, when compared to the solids, is due to the solids higher

oxygen capacity dominating the gas phase.

Of the gas phase equilibrium constants, the effect of the CO,, CO and O, equilibrium
constant is more pronounced; this is most likely due to the larger gradient in the 6§ pO; curve
in reducing environments. Changing the extent to which the material is reduced has a much
larger effect on oxygen capacity when compared to the effect of changing the oxidising

power of the H,0 feed.

Of the controlled variables the change in the total mass of sample has the largest effect of
any change, whilst the change in gas phase pressure had little to no effect. This is due to the
much larger oxygen capacity of the solid compared with the gas, associated with the order of
magnitude difference in molar density. This indicates that the mass of the material is one of

the most important controlled variables when designing a pilot or industrial sized system.

Temperature effects are small, this is because at the temperature of interest the reaction is
almost heat neutral (Cox et al 1984). So small shifts in the temperature would only result is
small shifts in the thermodynamics of the system. The shift in temperature was not large

enough for the gas and solid densities to change dramatically.

6g Comparison and Discussion
The system can be successfully simulated using a thermodynamic model. It predicts that the
system is capable of achieving the high conversions shown by Metcalfe et al (2019)

experimental work.

This simulated work shows that the conversions are high, mirroring the experimental work,
when the system is considered only from a thermodynamic stand point. Showing that this

system can be operated in such a regime encourages the scale up of the system as it would
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continue to result in these high conversions as long as the system can be designed to keep

transfer processes suitably efficient.

This system has been shown to not obey the dissolution front model that Heidebrecht and
Sundmacher (2009) created. Instead, while there is a front visible moving through the bed
this is combined with the bed as a whole changing in tandem. This justifies returning to first
principles for the creation of the model. The model manages to grasp the greater

complexities of a variably non- stoichiometric OCM.

The assumption that the system is thermodynamic limited is justified as the model is able to
accurately simulate the system, with respect to the outlet gasses for both WGS and buffer
gas experiments. However, the system fails to achieve the purity and conversions that the
model predicts even when convolved with the systems impulse response, as detailed at the

end of Section 6a.

Due to the nature of the OCM it was expected that the simulation would be reasonably
accurate without including kinetics, this has been confirmed as the largest deviations

between experimental and theoretical results is the tails at the end of each half cycle.

The buffer gas feeds allowed for correlations linking the delta state of a given point in the
bed to be linked directly to the unit cell parameters. The reactor is not isothermal, but as the
system’s sensitivity to temperature is low it is not expected to have a major effect on its

behaviour.

The scatter in the XRD values means that the degree to which the data can be used to

validate the model is limited, but the timings and magnitude of the changes do confirm the
model. The delta of a single point in the bed changes in line with the model, increasing and
decreasing by a consistent amount over the same time scale and with the same magnitude

as the model predicts.

The closeness of the system to its thermodynamic limit is encouraging for scale up. It is
expected that during scale up the surface area to volume ratio will decrease which may

move the system towards either surface or solid state diffusion limitation regimes.
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Chapter 7: Conclusion
The work carried out during this thesis focused on proving that a chemical looping H, reactor
is capable of overcoming the thermodynamic limitations of a conventional water-gas shift
reactor. The operation of such a system would improve H, production yield and product
quality, minimising the need for pressure swing adsorption or other expensive downstream
separation processes when the production of pure H, is required commercially or for

downstream processes.

It was shown from the thermodynamics that chemical looping reactor, is theoretically
capable of achieving higher conversions and product quality than a conventional water-gas
shift reactor. This was achieved via the use of either a material with multiple phase changes
or a variably non-stoichiometric oxide as the OCM and counter current feeds. Then during
cycling a gradient in oxygen chemical potential would form along the reactor which gives the
high conversions. The material used in such a system must be capable of undergoing redox

reactions in the pO; range of interest and remain stable in such a changing environment.

LSF641 is a material of interest due to its variable non-stoichiometry in the range of interest.
However the material’s structural properties had not been well studied in the literature in
the &6 range of interest to chemical looping H, production. It was shown that from first
principles the material’s chemical and thermal expansivity were expected to change once

the material was reduced to a & state above 0.2.

The chemical and thermal expansivities as a function of temperature and 6 state were
determined through the use of in-situ neutron and X-ray diffraction studies. These found
that the material remains single phase in the pO;’s expected in a reactor and that the
thermal expansivity can have two different values depending on the material’s 6,

5.73x105 A/K for 6<0.2 and 6.18x105 A/K for 6>0.2, this contrasts with the literature value
of 4.71x10-5 A/K found by Kuhn et al (2011). The chemical expansivity is linear for §<0.2 with
a value of 0.144 A and above 0.2 became a complex function of &, with increasing the & state
caused decreasing changes in unit cell parameter. The values for the chemical expansivity
decreases with increasing 6 state and with the largest expansivity recorded at smallest
measured in this range (3.10x102 A at 0.204) and was seen to decrease as the value of §

increased (increasing to 1.06x102A at a 6 of 0.215).
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Through the use of these expansivities it was possible to determine the nature of the oxygen
chemical potential in a functioning WGS reactor through the use of operando x-ray
diffraction using a synchrotron source. This system was found to achieve the high
conversions predicted by the thermodynamic studies exceeding the limitations of a
conventional reactor. The internals of the bed were analysed and the gradient in the bed
before and after cycling was determined. The amount of oxygen entering and leaving the
bed was determined by both the analysis of the XRD data and the outlet gas compositions

and found to agree.

The system also determined how different points in the bed change a function of time over
cycling, this data was of a lower quality due to the uncertainty in the calculations and the
degree of scatter. It was not possible due to rapid nature of the half cycles and the scanning

speed to extract kinetic data using this technique.

A chemical looping system operating using CO,:CO buffer gasses was also analysed in this
way. This found that using buffer gasses resulted in a different gradient. The buffer gas feeds
exchanged less oxygen with the solid with the difference before and after each half cycling

being concentrated at one end of the reactor.

Additional studies on chemical looping systems were carried out to determine the effect of
temperature and half cycle duration. It was found that lengthening the half cycle duration
increased the quantity of product produced but at the expense of time averaged conversion
and product quality. It was also determined that it would not be possible to achieve 100%

conversion with such a system through shortening the half cycling duration.

As the temperature of the reactor was increased so did the time averaged conversion of H,0
and CO but at the expense of decreased product quality. Given the increased operational
and capital costs of operating a reactor at higher temperatures 1098 K was used for the
other studies carried out, as this gave a good combination of product quality and reactant

conversions while keeping the temperature low enough for ease of operation.

Long term experiments were also carried out of the use of LSF641 for H, production, the
system was subjected to1100 redox cycles. The product quality and conversion did not
degrade over these cycles. SEM images and XRD scans of the material before and after
cycling also showed no degradation in the OCM. This points to the suitability of this material

for scaled up tests and experiments.
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A thermodynamic model of the system was also produced, with no fitted parameters. This
model was successfully at predicting the systems response to temperature and half cycle
duration changes but did not perfectly simulate the system. However, it over predicted the
both the CO; and H; product quality. The difference between the simulated and
experimental results was decreased by convolving the model results with the impulse
response of the gas analysis system but this still failed to completely explain the system. It is
expected that the addition of solid gas interactions, as well as relaxing the assumption of

perfect radial mixing in the reactor, would improve the accuracy of the model.

The model also successfully predicts the chemical potential gradient in the reactor during
both WGS operation and when operated using buffer gas feeds. Through the use of
operando XRD it was possible to confirm that the model accurately predicts the gradient in 6

seen experimentally, regardless of whether WGS or buffer feeds are used as reactants.

This all shows that through the use of a variably non-stoichiometric material it is possible to
overcome the thermodynamic limitations of a conventional reactor. LSF641 is a good option
of a chemical looping reactor for H, or CO production, due to its variable non-stoichiometry
in the pO; range of interest and its long life time, making it a good option for further large
scale experimentation. This can be supported through the use of the thermodynamic
simulation here developed and the increased understanding of the system from operando

XRD results.

Additional work looking at the use of this material using more industrial relevant reducing
gases like CHa or syngas should be carried out due to the high cost of obtaining pure CO as a

feedstock.

In the range of pO3s used in the water-gas shift reaction LSF641 only has a small change in
oxygen content. It is expected that the use of a different variably non-stoichiometric OCM
with a higher oxygen content in this range may perform better; requiring less material to

achieve the same time averaged conversions.
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Chapter 8: Future Work
This thesis has proven that a counter current packed bed chemical looping reactor utilising
Lao.eSro.aFe0s.5 (LSF641) is capable of achieving conversions higher than the theoretical
maximum of a conventional water-gas shift (WGS) reactor. This has been demonstrated
theoretically, experimentally and through the use of a thermodynamic simulation of an

operating reactor.

It has additionally been shown that the oxygen content as a function of position in a packed
bed chemical looping reactor can be investigated and visualised using operando X-ray
diffraction. When using LSF641 as the oxygen carrier material (OCM) it was possible to
visualise the oxygen content of the material before and after cycling. It was also found while
it was possible to visualise how each point in the bed changes during reaction. It was
complicated by the rapid nature of the oxidation and reduction paired with the relatively

small shift in unit cell parameter between scans, of the order of 1/10000 of an Angstrom.

The use of an OCM with a larger oxygen capacity in the pO; range of interest is expected to
increase the shift in unit cell parameter. It is also expected that by increasing the oxygen
capacity of the reactor it would be possible to increase the half cycle duration. With longer
half cycles the oxygen content of each point in the bed can be recorded more times as it
undergoes reduction and oxidation, which in turn allows for the modelling of the

complexities of each half cycle to be more easily confirmed.

In tandem this increased capacity would also make the operation of a commercial chemical
looping reactor more viable due to lower costs to pack the reactor and the increased half
cycle durations would decrease the frequency of valve manipulations and changes in

operation. This would decrease the operational burden of the plant management.

However an increased change in the unit cell parameter of the material over each cycle can
also decrease the materials life time, in turn increasing the shutdown burden to plant
management. This would increase operating costs and can potentially lead to degradation in

product quality over time.

Lao.s8Sro.2Mn03.5 (LSM821) shows promise as a potential replacement for LSF641. This is
because it has larger oxygen capacity in the range of interest. However its lower stability in
reducing conditions may lead to phase segregation and OCM deactivation. Additionally

LSM821 has a more complex relationship between its oxygen content and the pO; that
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would be equilibrium with it (Darvish et al 2015, Mizusaki et al 2000). This would make
determination of a relationship between unit cell parameter and oxygen content more

challenging.

Another method to increase the oxygen capacity of the bed is to vary the material in the
bed, using sections of variably non-stoichiometric OCMs at the ends of the bed to give the
high conversions seen in this work but have the majority of the change be carried out by a
more conventional OCM, like supported iron oxide, form a middle section between the non-
stoichiometric end sections of the bed. The optimum nature of each section of the bed both
in terms of its material and its size would require extensive modelling and experimental

work.

Additionally in order to use the thermodynamic model detailed previously at an industrial
level the assumption of an isothermal reactor would need to be relaxed. This would be
carried out by adding a heat balance to the reactor, initially it is suggested that the
assumption of isothermal behaviour be changed to an assumption that the reactor operates
adiabatically. As this assumption only energy to enter the system through reaction or from
the temperature of the gas feeds this would allow for an understanding of the heating costs
for an industrial plant to be better understood. The assumption that the system was
thermodynamically limited could also be relaxed, requiring experimental work to extract the

kinetics of each reaction.

An additional limitation of this work is the use of CO as the reducing gas. As detailed in
Section 1c.ii CO is rarely used industrially for such a purpose with most H, production
systems using natural gas or syngas. With this being the case further work should be carried
out on the use of alternative reducing agents like methane or natural gas. This thesis
concentrated on using the WGS reaction for H, production, where CO is used as the reducing
agent. This was to avoid complications due to carbon deposition and the selectivity of
methane. For industrial purposes natural gas is a more commercially relevant reducing agent
for H, production due to it low price and existing infrastructure. Future work should be
carried out to assess the capabilities of LSF641 and other OCMs to crack CHs and determine

its effectiveness as an OCM for a chemical looping steam methane reforming (SMR) plant.
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