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Abstract

In this thesis, copper manganese oxides were evaluated as oxygen carriers for chemical looping air
separation. This process allows for the production of a O,+CO, mixture, which can be used for oxy-
fuel combustion of biomass for near-zero emission generation of power. Unsupported oxygen carriers
were prepared via co-precipitation at low and at high super-saturation and via mechanical mixing.
Furthermore, TiO,, ZrO, and Al,Os-supported oxygen carriers were prepared. The oxygen carriers were
characterised to study the effect of synthesis conditions on the material properties, and experiments in
the TGA and fluidised bed were performed to assess their kinetic and long-term cycling performance.
The unsupported oxygen carriers showed a highly stable cycling behaviour over a high number of
redox-cycles. The Os capacities and O, equilibria were measured and the data reported. Cycled oxygen
carriers were characterised to study the particle evolution for different redox-cycling modes (isothermal,
non-isothermal, fuelled process with CH4) and at various conditions. The characterisation also
elucidated the relevant redox-reactions and reaction pathways, as well as interactions between active
phases and the supporting materials. During redox-cycling, the unsupported oxygen carriers were prone
to swelling (an increase in the specific particle volume). It was demonstrated that the use of ZrO, as a
supporting material inhibits the swelling and result in a shrinking. Kinetic parameters were isolated
from experiments in the fluidised bed, and the homogeneous reaction model was found to represent the

O, release and oxidation reaction best.
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experimentally obtained XRD pattern with lines above the peaks that correspond to the peak position



of the reference pattern (JCPDS 00-001-0787), and (b) the difference between the experimentally
obtained peak position and the peak position of the reference pattern. ..............cccceeceevveesveeneecenunnn. 104

Fig. 5-14 XRD patterns of the experiments for the determination of the uncertainties of the XRD
measurements using crushed 1Cu-1Mn-CP(3:0)-pH-8.3 oxygen carriers (a) in the back-loaded mount
and (D) on the diSk-SIIAe MOUNL. ...............ccueeeeuieeiiiecieeecie ettt eete et e e etaeesve e s aeeesabeesbeeesaeesbeeenns 105

Fig. 5-15 A plot of the standard deviations against the 20 of the three measurements obtained when
using the slide disk mount (©) and the back-loaded sample holder (®) for: a) 26, the peak position, b)
the relative intensity, lI/ln., c) the full width at half maximum, FWHM, and d) the integral breadth.106

Fig. 5-16 Plots of the average values of three measurements obtained when using the disk slide mount
against the values obtained when using the back-loaded mount for a) 26, the peak position and b) I/l nax,
the relative peak intensity of the peaks larger than Ilnax = 0.05......cccveeuveeieviiiiieiieiieneesee e 107

Fig. 5-17 Simulated copper, copper manganese and manganese oxide XRD patterns based on data from
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Fig. 5-18 XRD pattern of the 1Cu-1Mn-CP(3:0)-pH-8.3 precursor, partially calcined and calcined
material. The calcination was carried out in air (1 | min™ at SATP) and using a heating rate of 15 °C
min. The calcination temperatures and holding times as well as the calculated values for the FWHM
and crystallite size are specified On the GraPN. .............cccoeueeeieiieiieiieeeeeeee ettt 110

Fig. 5-19 XRD pattern of the mechanically mixed 1Cu-1Mn-MM oxygen carrier calcined at different
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Fig. 5-20 The mass fraction of CuO in the calcined 1.5Cu-1.5Mn-MM precursors as a function of
calcination time, calculated by eq.(5-5a) and eq.(5-5b) from the XRD data shown in Fig. 5-19. The
black line corresponds to the theoretical mass fraction of a sample containing only CuMnQO; and CuO.

Fig. 5-21 XRD pattern of 1Cu-1Mn (3:0) pH 8.3 with different amounts of residual Na: (a) without the
removal of Na, and removal of Na to obtain a electrical conductivity of (b) 1238 uS, (c) 256 uS, and
(A) A6 LUS. .ottt ettt ettt nee 113

Fig. 5-22 XRD pattern of the precursors of the first series of co-precipitated oxygen carriers. The
samples are precursors of (a) 1Cu-2Mn-CP(3:0), (b) 2Cu-1Mn-CP(3:0), (c) 1Cu-1Mn-CP(3:0), (d)
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Fig. 5-23 XRD pattern of the precursors shown of the (a) 1Cu:2Mn-CP(3:0), (b) 2Cu:1Mn-CP(3:0),
(c) 1Cu:IMn-CP(3:0) precursors (black lines), and a mixture of the precursors with 10 wt% CeQ; as
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Fig. 5-24 Mass fractions of the crystalline phase calculated from the XRD patterns from Fig. 5-23
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Fig. 5-25 XRD pattern of the first series of calcined co-precipitated oxygen carriers. The samples (a,
b, c¢) were co-precipitated with 1 M Na>COs and have the molar composition of (a) 1Cu:2Mn, (b)
1Cu:IMn, (c) 2Cu:IMn. The samples (c, d, e) have a molar composition of 1Cu:IMn and were
precipitated with (c) 1 M Na>COs, (d) 0.66 M Na,CO3 + 0.66 NaOH, and 0.33 M Na2CO3 + 1.33 M
NaOH. During all co-precipitation experiments, the [Na+] in the co-precipitation agent was 2 M. 117

Fig. 5-26 XRD pattern of the crushed co-precipitated oxygen carrier. The samples have a molar Cu :
Mn ratio of 1 : 2, were calcined at 900 °C for 2 h under air, and were prepared using a 1 M Na,CO3
and a set pH value of (a) 8.3 and (b) 6.0; and using 0.66 M Na;CO;3 and 0.66 NaOH and a set pH value
Of (€) 7.0 ARA (A) 6.0. ..ottt ettt ettt ettt e et et e ssbeers e st e enbe e raenreensae e 119

Fig. 5-27 XRD pattern of the crushed co-precipitated oxygen carrier. The samples have a molar Cu :
Mn ratio of 1.25 : 1.75, were calcined at 900 °C for 2 h under air, and were prepared using a 1 M
Na;COs and a set pH value of (a) 8.3 and (b) 6.0, and using 0.66 M Na;COs and 0.66 NaOH and a set
DH VAIUE OF (€) 6.9. oottt ettt ettt sttt et e te e bt e s et e sateeateenbeebeenns 120

Fig. 5-28 XRD pattern of the crushed co-precipitated oxygen carrier. The samples have a molar Cu:Mn
ratio of 1:1. They were calcined at 900 °C for 2 h under air, and were prepared using a 1 M Na>CO3
and a set pH value of (a) 8.5 and (b) 6.0, and using 0.66 M Na,COj3 and 0.66 NaOH and a set pH value
Of (€) 7.2 ANA (A) 6.0. ..ottt ettt ettt e bbbttt st e ab e e rb e et e ebe e raentaenraeens 121

Fig. 5-29 Mass fractions of CuO (calculated from XRD data using eq.(5-5)) in the calcined co-
precipitated oxygen carriers as a function of the co-precipitation pH for oxygen carriers prepared with
aqueous solutions containing (a) 1 M Na;COs and (b) 0.66 M Na;COs + 0.66 M NaOH. The oxygen
carriers were calcined at 900 °C fOr 2 B il QIF. .....c..covevveeveeeieecreecrieciieseeseesvessessesseesseessaessnessneens 122

Fig. 5-30 XRD pattern of the mechanically mixed oxygen carriers with varying molar Cu:Mn ratio
preapred using the standard synthesis procedure shown in Table 4-6 and calcined at 950 °C for 6 h.

Fig. 5-34 Mass fractions of CuQ in the calcined mechanically mixed oxygen carriers calculated from
XRD dAta USTNG €. (5-3). ccveereerieiieeieeeeestteste ettt ettt et estae st e s beesbe e bt e saessaessbessbeesbeeteesraessaenereans 124

Fig. 5-35 Ellingham diagram for the oxidation of Zr and Hf and the redox reactions relevant the
CHEMICAL [OOPDING PFOCESSES. ...oueveneeeiesiiieieeee ettt ettt sttt ettt e st e saeesatesateenteeseesseesaeesaneens 126

Fig. 5-36 The results of the XRF calibration and validation experiments: (a) a plot of the mass fractions
of mechanically mixed oxygen carriers measured by XRF against the actual fractions for the
determination of a calibration function; (b) the mass fraction of the 1Cu-1Mn-MM using a sample mass
of 1.5 g @) and a sample mMass Of 4.0 G (©). ccueevveevreeeeeeieeieete ettt sre e ereesreesraestaesaae e 127

Fig. 5-37 Scanning electron micrograph of 1Cu-1Mn oxygen carrier calcined under 1 I'min™ air at
980 °C and 6 h. Sample (a) and (b) were co-precipitated with 0.5 M Na>COj; at a constant pH of 8.3
and are the fully oxidised and N>-decomposed state; Sample (c) was prepared at a constant pH of 7.2
with 0.33 M Na:COs + 0.33 M NaOH, and sample (d) was co-precipitated at a constant pH of 7.0 with
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Fig. 5-38 SE micrographs for and results from the grain size measurements of (a, b, ¢) 1Cu-IMn-
CP(3:0), (d, e, ) 1Cu-2Mn-CP(3:0), and (g, h, i) 1Cu-I1Mn-MM; (a, d, g) are the SE micrographs used
for this analysis, (b, e, h) are the calculated probability densities of the average grain diameter (grey
bars on main graph) using a bin size of 0.25 um, their log-normal distribution functions (solid lines)
calculated by eq.(5-7) with parameter specified on the plot areas, and (c, f, i) are the probability
densities of the aspect ratios of the grains with bin size of 0.9 calculated by eq.(5-8). The sample size is
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Fig. 5-39 A plot of the rate of mass change and the ion currents of the atomic masses that correspond
to CO; and H>O measured during the thermal decomposition of the precursor (a) 1Cu-2Mn-(2:1)pH7.0,
(c) 1Cu-1Mn-CP(2:1)-pH6.0 in the TG-MS under air. A sample gas flow rate of 50 ml min” (at SATP)
and a heating rate of 5 K Min™ WaS USEU. ............c.cocoeeeeeeeeeeeeeeeeeseeeeeeeee e evs e een e 133

Fig. 6-1 A diagram of the TGA set-up including the gas SUppLy SYStEm. ......c...coveevevverivercvencrenireennens 139

Fig. 6-2 The change of gas concentration after switching from CO; to 10 vol% O,+CO;, measured
downstream a 3-way valve (L)), downstream of the gas supply system (), and downstream of the TGA
furnace at 800 °C (), and a best fit function for the change of gas concentration before de-convolution
(thin lines) and after de-convolution (thiCk [iNes). ............cc.cccoevoeeioiiioiiiiiiiieieeseeee et 141

Fig. 6-3 Drawing of the TGA cross-section to illustrate the gas flow and the diffusion of gas from the
oxygen carriers during the O FELEASE. .............cccueeeeiieiieiieee ettt sttt ettt e e eas 142

Fig. 6-4 The rate of the external mass transfer controlled maximum rate of mass change in the TGA
assuming an effective crucible height of 0.35 mm: The values reported by Hu et al.*"® for N- (-) and the
results of the gPROMS model for N> (D) and CO2 (C1). c.....cooveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 143

Fig. 6-5 The effect of gas flow rate into the TGA on the maximum O-release rate of 2 mg 1Cu-1Mn-
CP(2:1) in the TGA at 850 °C with decomposition under pure N». A second order polynomial trend-line
is drawn to illustrate the relationship. The error bars indicate the uncertainty, which was estimated by
2-SD of the maximum rate of three redoX-CYCles. ..........c.cocuvirvirviniiniiiiiiiiiinieteesee et 144

Fig. 6-6 A comparison of Knudsen diffusion and molecular diffusion: (a) a schematic of the diffusion
of a gas molecule (black dot) from the solid surface, through the pores to the bulk of gas, (b) values for
the diffusion coefficient as a function of the pore FadiUs. ...........cc.cccoecveeiecoiesceesiiiiiieieese et see e 145

Fig. 6-7 A plot of conversion against time during the O release from 2 mg 1Cu-1Mn-MM oxygen
carrier of various particle size ranges as defined by the legend on the figure. The experiments were
carried out at 850 °C in the TGA using pure N for the decomposition with a flow rate of 200 ml min™
at SATP. The results of some particle size ranges were omitted from this graph for clarity.............. 147

Fig. 6-8 The apparent rate constant, O and the calculated intrinsic rate constant, e, for the O2 release
reaction of 1Cu-1Mn-MM measured in the TGA at 850 °C under N, using a flow rate of 200 ml min”’
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Fig. 6-9 A plot of the effectiveness factor against the mean particle radius for the O, release reaction
of 1Cu-1Mn-MM measured in the TGA at 850 °C under N> using a flow rate of 200 ml min™" at SATP.



Fig. 6-10 Plots of the normalised sample mass measured during T swing experiments in the TGA with
alternating periods of 850 °C with 10 vol% O:+N: (for the oxidation) and 950 °C with 10 vol% O,+CO;
(for the O; release) for different oxygen carriers of the size range 150-212 um: (a) 1Cu-2Mn-CP(3:0),
(b) 1Cu-2Mn-MM, (c) 1Cu-IMn-CP(3:0), (d) 2Cu-1Mn-CP(3:0). The total gas flow rate was kept
constant t 170 MELMINT QE SATP. ..........coooooeeeeeeeeeeeeeeeee e eans 154

Fig. 6-11 Normalised weight during the redox-cycling in the TGA by (a, b) po> swing and (b, ¢, d) T
swing: (a) by T swing: (a) O; release during po: swing of samples with different Cu:Mn molar ratios,
(b) a comparison of the O; release during po: swing and T swing, (c) O: release during T swing of
samples with different Cu:Mn molar ratios, (d) O: release and oxidation with different gas mixtures.
During a typical po: swing experiment the oxidation occurred in 10 vol% O + N; and the
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10 vol% O:+N: (for the oxidation) and 950 °C with 10 vol% O:+CO:; (for the O; release) alternated.
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Fig. 6-12 XRD patterns of the cycled 1Cu-2Mn-CP(3:0) oxygen carriers recovered in the seventh
redox-cycled at the end of the (a) oxidation period with 10 vol% O: + N>, (b) decomposition period of
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Fig. 6-13 XRD patterns of the cycled 1Cu-IMn-CP(3:0) oxygen carriers recovered in the seventh
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Fig. 6-14 XRD patterns of the cycled 1Cu-2Mn-CP(3:0) oxygen carriers recovered in the seventh
redox-cycled at the end of the (a) oxidation period with 10 vol% O; + N>, (b) decomposition period of
Dpo2 swing experiments using pure N, and (c) decomposition period of the T swing experiments using
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Fig. 6-15 The experimental data and the fitted function for the determination of Teq of 40-CuMn/Zr-
MM by the ‘onset of decomposition method’ in the TGA using 2 vol% O: + N>, a heating rate of 10
°C-min’, and a total flow rate of 150 MIMIN (SATP). .........ocoeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 163

Fig. 6-16 The experimentally obtained values of Teq using the ‘onset of decomposition method’ in the
TGA under O>+N; for (a) 1Cu-1Mn-CP and 1Cu-2Mn-CP, and (b) 1Cu-1Mn-CP and 40-CuMn/Zr-
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Fig. 6-17 The experimentally obtained values of Teq for 1Cu-1Mn-CP using the ‘onset of decomposition
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Fig. 6-18 Observed rate of O release of ~1 mg CuO powder measured in the TGA at 925 °C under N»-
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Fig. 6-20 The measured flux of O: during the decomposition (black marker) and the maximum rate of
external mass transfer (grey marker) for the experiments to determine the oxygen equilibria of CuO
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Fig. 6-21 Measured reaction rate versus conversion of 1Cu-1Mn-CP(3.:0) oxygen carriers under N;-
diluted Oz at (a) T =800 °C, (b) T =825 °C, (c) T =850 °C, and (d) T = 875 °C; using a gas flow rate
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Fig. 6-22 Plots of (a) observed rate of O: release against the po: at the TGA inlet for the determination
of the pos.eq, and (b) the calculated values of pozeq against temperature. The experiments were carried
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Fig. 6-24 Oxygen partial pressure equilibrium (pozeq) curves: plotted as (a) poseq against T and (b)
In(poa.eq) against 10%/T (van 't Hoff plot). The dashed lines are FactSage values for Mn>O3/Mn;Oy4 and
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Fig. 6-25 Plots of the observed (a) O: release rate and (b) oxidation rate versus conversion of 1Cu-
2Mn-MM at different temperatures; the O release and oxidation was carried out in 0 vol% Oz + N,
and 10 vol% O + N, respectively. A sample mass of 1 mg and a gas flow rate of 200 ml-min” was
used. The conversion was calculated using the balanced equation in eq.(6-24a). ..........c.covuevveennnn. 173

Fig. 6-26 The effect of Cu:Mn molar ratio on the observed rate reaction of 2 mg mechanically mixed
150-212 um oxygen carriers measured in the TGA (average of cycles 4 to 7) at 850 °C for the (a, ¢, e)
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Fig. 6-30 SEM of a redox-cycled 40-CuMn/Zr-MM oxygen carrier (a) particle and (b) the particle
surface recovered after 100 po: swing cycles in the TGA. The atom percentages in (b) were determined
by EDS. The smaller and the larger black circles indicate the centre and the circumference of the area
of the area measured by EDS. The oxygen carriers are from a size range of 150-210 um and 1 mg of
sample was used. The gas used at a flow rate of 200 ml-min™ at SATP is 10 vol% O and 0 vol% O>
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Fig. 6-31 SEM with values for atom fractions quantified by EDXS of 60 wt% TiO»/1Cu-1Mn-MM after
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and 1 mg of sample was used. The gas used at a flow rate of 200 ml.min™ at SATP is 10 vol% O and 0
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is a plot of the O; release reaction rate over 100 cycles, (c) shows the O release rate over the conversion
during the first cycles of the long-term-cycling experiment and (d) shows averages of the O; release
rate for cycles 11 to 100. The grey-lines in (c) and (d) show the temperature inside the TGA furnace
average for the cycles 1-10 and 11-100, respectively. The gas flow rate was kept constant at 170 ml
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Fig. 6-33 Scanning electron micrographs of fresh and cycled 1Cu-IMn-CP(2:1)-pH7.2 oxygen
carriers. The micrographs (a, b) show the fresh sample, (c, d) the sample after 10 T-swing cycles, and
(e, f) the sample after 100 T-swing cycles, (a, ¢, e) 300 x, and (b, d, f) 10 000 x magnified. The
temperature swing was carried out in the TGA between 850 °C and 950°C using 10 vol% O: balanced
with N> during the oxidation and CO: during the decomposition. The gas flow rate was kept constant
at 200 ML QE SATP. ...ttt 183

Fig. 6-34 The results of the crushing strength measurement of 1Cu-IMn-CP(2:1)-pH7.2 cycled by
different chemical looping modes in the TGA. The temperature swing was carried out between 850 °C
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sample mass during the experiments was 2 mg and the gas flow rate was kept constant at 200 ml-min™'
QESATP. ..ottt ettt ettt a ettt et e e te e s e es e s et e st e st e st e ae et e se b et et e st e st neeneeneesenn 187

Fig. 6-38 Plots of the normalised sample mass of (a) 40-CuMn-Zr and (b) 40-CuMn-Ti measured during
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Fig. 6-41 The (a, c, e) rate of reduction and (b, d, f) O; storage capacity measured over 100 redox-
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Chapter 1

Introduction

1.1 Statement of the problem

In recent decades, changes in the global climate, such as an increase in global mean surface
temperature, average ocean temperature and melting of permafrost zones have been observed.!
Between 1880 and 2012, the averaged ocean and land surface temperature increased by 0.85 = 0.21
°C,! and there is evidence that those changes will have detrimental effects on biological cycles and
environmental systems, which are not yet fully predictable.! The melting of glaciers, ice caps and the
two ice sheets in Greenland and the Antarctic is accelerating, resulting in an increase in sea levels
and a corresponding decrease in land area world-wide,>* which is “expected to displace millions of
people within the lifetime of many of today’s children.” * As the planet is warming, the seasons are
changing: for instance, the arctic spring starts earlier and lasts longer, endangering the balance of the
flora.> Further consequences include a redistribution of sea and land-based animals,” some of which
have already moved their habitats hundreds of kilometres pole-wards.’ This redistribution
jeopardises not just the ecosystems’ health, but also poses risks including those of climate feedbacks
and reductions in human well-being.” The climate change of the 21 century is of scale comparable
with the largest climate changes of the past 65 million years, but it is happening orders of magnitudes
faster,® and is projected to result in the extinction of a high number of species that are either unable

able to migrate or adapt.®’

Extreme weather events are occurring more often and are increasingly more severe.>'* A hotter
atmosphere can hold more water, which means more rain can fall, but at the same time it enhances
evaporation, which in turn increases the probability of droughts.>!® The frequency of heat-waves has
at least doubled compared to its pre-industrial level.> A hotter atmosphere also means that more
energy is available to be converted into storms.’> The higher temperatures increases the number of

people globally exposed to floods exponentially — an increase in global surface mean temperature by



2 °C would expose 27 million people additionally to floods, while 62 million people will be

additionally exposed with an increase by 4 °C.!!

The International Panel of Climate Change (IPCC) provides evidence that this increase in global
temperatures is a result of anthropogenic emissions of greenhouse gases (GHG), predominantly the
emission of CO,.! This is due to the 'greenhouse effect’, linking the atmosphere's temperatures to the
concentration of GHGs. Whilst GHGs allow short-wave sunlight to pass through, they absorb the

longer-wave light that is reflected from earth, keeping it trapped within the atmosphere.'?

Over the past four decades about 75% of emitted CO; has come from the combustion of fossil fuels
and industrial processes.'> Although the share of electricity generated from renewable sources
increases steadily worldwide (e.g. has increased from 17% to 21% in the period from 2000 to 2017),'
the main scenarios of the latest [IPCC report predicts that fossil fuels will remain the major energy
source throughout the 21% century.! An increasing number of governments and scientists are calling
for a phase-out of coal-fired power generation processes, and research shows that for a successful
decarbonisation the use of coal has to end around 2030-2035"° (therefore, this thesis does not consider
coal as a fuel). Coal is not so promising, as the emissions from coal are much higher than from the
second most widely used fuel type'* — natural gas. Current state-of-the-art natural gas power plants
(without CO; capture) have specific emissions of around 350 kg(CO,)/MWh, while coal power plants
have specific emissions of 800-1000 kg(CO,)/MWh.!® When capturing the CO, from coal plants the
energy-specific amount of CO, that needs to be captured, purified, compressed, transported and
sequestered is correspondingly larger.'® Therefore, natural gas is considered to play a key role in the
strategies for a reduction in CO, emissions.! The share of electricity production from natural gas has
increased from 18% to 23% from 2000 to 2017, and is predicted to increase further in the decades to

come.'

The continued use of fossil fuels for power generation requires strategies for the reduction in CO»
emissions.'® The options that are commonly discussed to reduce CO, emissions fall typically into
one of three categories, which are (i) the use of less carbon-intense energy sources, (ii) the efficiency

increase of energy conversion, and (iii) carbon capture and sequestration (CCS).'*"

In a recent effort to limit CO, emissions and co-ordinate global climate change mitigation action,
195 nations signed the Paris climate change agreement, which pledges to limit “the increase in the
global average temperature to well below 2 °C above pre-industrial levels” and to “pursue efforts”
to keep the warming below 1.5 °C,'® leaving us with a very limited carbon budget.'” Projections of
the 2016 CO; emissions (in Fig. 1-1 below) illustrate the difficulty to follow the pathway to limit the

global warming to below 1.5 °C.2%?!
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Fig. 1-1 Global CO; emissions ( ©), national determined contributions (NDCs) for 2030 (@), and
emission pathways for an average warming of 3.2-5.4 °C (®) and 0.9-2.3 °C (©) in the period 2081-
2100 compared to the average temperature in the period 1850-1900. The graphic is adapted from

the illustration shown in Fuss et al.”’ and Pidcock®".

1.* estimated in their ‘optimistic scenario’ that it will be almost impossible to limit the

Luderer et a
global warming to below 1.7 °C, given the current political situation and the available global
warming mitigation technologies. Since a deep decarbonisation of all energy sectors is unlikely in
the near-term, technologies that result in negative CO» emissions become increasingly important in
the global climate change mitigation strategies.”? The use of biomass can result in such negative

emissions®* via at least four different routes:

(i) carbon can be sequestered in trees by conservation of forests, reforestation and afforestation, and
surprisingly there has been a 7.1% net increase in the area covered by trees globally in the period
from 1982 to 2016%. In this period, the decrease in tropical tree cover has been outweighed by the
increase in extra-tropical tree cover.”> However, the net effect on climate change is not clear, since
the area specific climate change mitigation potential is believed to be in order: tropical forest >

t,26

temperate forest > boreal forest,*° since in the same order the carbon storage potential and evaporative

cooling are decreasing and the albedo is increasing;%®

(ii) fossil fuels can be replaced by fuels derived from biomass.?”?® Though, a recent high-resolution
lifecycle assessment study of an existing biofuel production chain from energy crops suggests that

the global warming reduction potential is in reality lower than often anticipated?’;

(ii1) carbon can be sequestered by burial of biomass, such as crop residues, in permanent storage sites

such as below the seabed;*



(iv) biomass can be combusted for electricity production combined with CO» capture — a process

known as bio-energy with CO, capture and storage (BECCS).?!

In the process of BECCS, plants absorb atmospheric CO; and lock in the carbon, which is combusted
in a dedicated biomass-fired power plant with CO, capture.! The CO, is then stored safely in
geological formations. This results in a net transfer of carbon from the atmosphere to the geosphere.
This transfer of carbon between the two spheres is compared with those of other common modes of

power generation in Fig. 1-2, below.

Fossil fuels
+CCS

Fossil Renewable Bio-energy
fuels energy Bio-energy +CCS

Fig. 1-2 Carbon flow between the atmosphere and geological formations for different modes of

power generation, adapted from Karlsson and Bystrom.*

BECCS may become increasingly important, and thus the role of biomass in the decarbonisation of
power generation.** BECCS also allows for the off-set of emissions from other sectors that are more
difficult to decarbonise, such the transportation sector.”* Rhodes and Keith** calculated that the
mitigation potential for the transportation sector with indirect decarbonisation by BECCS bears
greater potential than the utilisation of biofuels. Despite the advantages of BECCS, barriers to large-
scale deployment were identified,** which were less technical in nature, and rather more regulatory
and economical challenges. For example, governments currently do not financially incentivise

negative emission technologies such as BECCS financially.*

Promising CO; capture technologies for the decarbonisation of electricity from natural gas
combustion and from biomass combustion include pre-combustion capture using membranes,**

31

integrated gasification combined cycle,?' oxy-fuel combustion,* post-combustion capture using a

calcium/carbonate looping,*® or chemical absorption,®’-*

and chemical looping combustion
(CLC).*** A variant of CLC is the novel process of chemical looping air separation with oxy-fuel
combustion (CLAS + oxy-fuel).***! When utilising biomass in this process, it falls into the category
of BECCS technologies, and negative CO, emissions can be achieved. This PhD project has focused
on the CLAS + oxy-fuel process. For chemical looping processes (which includes the CLAS + oxy-

fuel process) an expert workshop recently identified*? the development of oxygen carriers (the metal



oxide particles used to facilitate the O, transport between the reactors, detailed in chapter 2) as the
research area with the greatest potential for improvement. The following four key areas were
identified:** (i) the design of “tailormade [oxygen carrier] materials™, (ii) to elucidate the relationship
between the surface structure of the oxygen carriers and their properties, (iii) to design oxygen carrier
materials that maintain their long-term cycling performance over a high number of redox-cycles, and
(iv) to elucidate the relationship between the materials and their performance in chemical looping
processes. This PhD project has focused on these four aspects and has investigated the performance
of copper manganese spinel oxides as oxygen carriers for the CLAS + oxy-fuel process. These
oxygen carrier materials have recently been proposed for other chemical looping processes.*34443
These materials were selected, as they combine promising properties that are required for the CLAS
+ oxy-fuel process: a relatively high oxygen carrying capacity, fast oxidation and O, release rates at

moderate temperatures, and a stable performance over a high number of redox-cycles.* The specific

aims and objectives of this research project are defined in the following section.

1.2 Aims and objectives of the research project

To evaluate the suitability of copper manganese oxides as oxygen carriers for the CLAS + oxy-fuel

process, the following experimental objectives were specified:

e The development and characterisation of unsupported and supported copper manganese
oxide oxygen carrier prepared via mechanical mixing and co-precipitation.

e The testing of the properties and the redox-cycling performance of the oxygen carriers in a
thermogravimetric analyser and a fluidised bed reactor at conditions that are relevant for the
CLAS process.

e The testing of the long-term cycling performance of the oxygen carriers in the TGA and the
FBR to study the degradation of the oxygen carrier with repeated redox-cycling and elucidate

the underlying degradation mechanisms.

1.3 Structure of the thesis

This thesis is comprised of eight chapters. The first chapter discussed relevant information to frame
the topic: It describes the problem of climate change and explains the motive to use BECCS
technologies for electricity generation with CO; capture to achieve negative CO, emissions.
Furthermore, it identifies the research area of oxygen carrier development as one which bears great
potential for the improvement of the process. The second chapter introduces chemical looping and
competing processes for power generation with CO» capture. The third chapter presents a literature

study on the development, performance testing and costs of oxygen carriers. The fourth chapter



details the synthesis of the oxygen carriers of this work via mechanical mixing and co-precipitation
at high and low super-saturation. In chapter 5, the results of the material characterisation of the fresh
oxygen carriers is described, to relate the preparation methods to the properties of the oxygen carriers,
and to obtain data required for the reaction rate modelling in chapter 6 and chapter 7. Chapter 6
details the experimental results from thermo-gravimetric analysis of the oxygen carriers, as well as
of the characterisation experiments of the redox-cycled oxygen carriers to elucidate reaction
pathways, measure the O, release capacity and the O, partial pressure as a function of temperature,
to study the effects of temperature and gas concentration on the observed oxidation and O release
rate and to study the long-term cycling performance of the oxygen carriers. Chapter 7 reports the
results of redox-experiments in the fluidised bed and of characterisation experiments of redox-cycled
bed material to study the rates of reaction and the long-term cycling performance. In the final chapter

of this thesis (chapter 8) overall conclusions are drawn and future work is suggested.



Chapter 2

Chemical looping and
competing processes for
electricity generation with
CO; capture

In this chapter the chemical looping and competing processes for power generation with CO; capture
are introduced. This chapter focuses on technologies that utilise natural gas and biomass, as among
the carbonaceous fuels these two fuels are likely to play a key role in the transition to low-carbon
energy production (see the previous chapter). The differences between the two fuel types (natural
gas and biomass) have led to different designs of power generation and CO; capture systems. This
also holds true for chemical looping processes, for which process design, operating conditions and
energy materials differ significantly by fuel type. Therefore, this chapter is divided into two parts
with regards to the fuel type the processes utilise. Power generation using natural gas, with CO,
capture, is discussed in the first part of this chapter (sections 2.1 and 2.2), and biomass-fired processes
are evaluated in the second part (section 2.3 and 2.4). The first section of each part (section 2.1 and
2.3) discusses chemical looping, and the second section of each part (sections 2.2 and 2.4) discusses

the competing processes. The fundamentals of each technology are explained using process



diagrams. Furthermore, data from literature was gathered to establish ranges of the estimated net
thermal efficiencies, CO- capture costs, CO» capture rates and levelised costs of electricity (LCOE)
for each process. The chapter ends demonstrating that chemical looping processes, including the
chemical looping air separation are economical viable processes compared to other alternatives. For
the ease of comparison all costs are stated in U.S. dollar ($), and for the conversion from euro (€)

and pound sterling (£) the annual average exchange where used, which are listed in Appendix A.1.

2.1 Chemical looping combustion with natural gas

The process of chemical looping combustion was patented in 1954 for CO, production by Lewis and
Gilliland*” and was later re-discovered by Ishida and Jin for power generation with CO, capture.*®

In this process, solid metal oxide particles, the oxygen carriers, are cycled between two reactors, viz.
the reducer and the oxidiser.* In the reducer, the oxygen carriers donate oxygen for the oxidation of
the fuel, which results in a reduction of the active metal oxides phase(s).* The exhaust stream of the
reducer contains primarily of H,O and CO,.%° In subsequent process steps, residual O, is removed
from the CO,-rich stream, water is separated by condensation, residual impurities are removed, and
the CO» is compressed for CO, sequestration.’® The CO, stream is then compressed and transported
via pipeline, truck or ship to the location of injection.'® The reduced oxygen carriers that are leaving
the reducer pass through a cyclone, which separates off the combustion products.?® They are then
transported to the oxidiser in which the active metal oxide phase(s) are oxidised.** The gas stream
leaving the oxidiser consists of O, deficient air without significant amounts of by-products.’® The
oxidised oxygen carriers leave the reactor and pass through another cyclone, which separates them
from the O, deficient air. The oxygen carriers are then transported back to the reducer and the process
repeats. Typically, both reactors are circulating fluidised bed (CFB) reactors,*® and the active metal
oxides of oxygen carrier could be CuQ,>!5%333433:36 Mn,05,77% Fe,05 %61 and NiO,**¢*% which
can be supported on Al,0;,%12366062 NiALO4,* MgAl,04,7% CaAl,04,% TiOy° Zr0,,>"*
Si0,%:6667 to increase the particles’ resistance to mechanical stresses during operation. Furthermore,

6838 and pervoskites®® have also been proposed as oxygen carrier materials for the CHa-

natural ores
CLC process. For most materials, the reduction of the oxygen carrier is endothermic and the
oxidation strongly exothermic. However, when using Cu-based oxygen carriers for the combustion
of CHy4 (or natural gas) the overall reaction in the oxidiser and the reducer is exothermic.”>** In a
chemical looping combustion system for electrical power generation, the released enthalpy is
typically used to raise steam, which is used in a steam cycle to produce electricity.>® If the reactors
are operated at elevated pressure, the exhaust from the air reactor can additionally be used to drive a
gas turbine.”! Such a combined cycle has typically a higher efficiency than a conventional steam

cycle with re-heat.”



The principle of chemical looping combustion for electrical power generation is shown in Fig. 2-1,

below.”>*°

Condenser

0, deficient air
2 4—@7 CO,-rich gas j D €0, to storage

CO, compression
Yy

Air reactor Fuel reactor

fresh
oxygen
carriers

spent
oxygen

carriers

\—T—/

fuel

air

Fig. 2-1 Schematic diagram of the conventional chemical looping combustion process.”"”?

The typical reactor configuration of the natural gas-fired chemical looping process together with the

overall reactions are illustrated in Fig. 2-2, below.

€0, + 2H,0 0, deficient air
Overall reaction in the reducer:
OCrea CH, + 2 M,0,, (2-1)
- €Oz + 2H,0 + 2 M, 04y,
Reducer Oxidiser Overall reaction in the oxidiser:
0Cx My 0zy-2 + 02 = My, 0y (2-2)
CH, air

Fig. 2-2 Schematic diagram of the CH,-CLC process (left), and the overall reactions in the reducer
and oxidiser (right).

In the CHs-fired process (Fig. 2-2), the gaseous fuel is oxidised in the reducer, and the active metal
oxide of the oxygen carriers is reduced according to the reaction shown in eq.(2-1). In the oxidiser,
the active metal oxide is oxidised according to the reaction shown in eq.(2-2). The total amount of
heat released in the CLC system corresponds to the enthalpy of combustion of the fuel. However, as
the exergy destruction in a chemical looping combustion process is significantly lower than in a

conventional combustion process, the net power efficiency can theoretically be higher.”



A proposed reactor layout for the combustion of natural gas in a chemical looping process is shown

in Fig. 2-3, below.”!

Air from
compressor [

0, deficient air €
(to turbine)

Oxidiser —_| Cyclones

==C0,/H,0

|+ Reducer

—]

Ml—‘ Fuel gas

30m

Fig. 2-3 A possible configuration of a 800 MW reactor system, adapted from Wolf et al.”!

The enthalpy released in the reactors can be converted to electrical energy using (i) a steam cycle or
(i1) a combination of steam cycle and gas turbine cycle (combined cycle). A state-of-the-art steam
cycle configuration is comprised of a boiler, three turbines and two re-heaters.” This steam cycle

configuration is illustrated in Fig. 2-4, below.”

oxidiser
2 HP Turbine
Boiler

3

Reheater | %M
IP Turbine
5
Reheater Il ﬁ

=)}

LP Turbine

Pump Condenser

Fig. 2-4 Diagram of a conventional steam cycle with two re-heaters.
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Patzschke et al.”” simulated a 1000 MWy, natural gas CLC plant, which uses only a steam cycle for
power conversion. They” calculated net plant efficiencies in the range of 35.2 - 40.1%, which vary
with a change in operating conditions and oxygen carrier materials. The efficiency of the process can
be increased by using a combined cycle for electricity generation. This requires both reactors to
operate at elevated pressure. Though theoretically, only the air reactor has to operate at elevated
pressure, significant pressure gradients between the two reactors makes it prohibitively difficult to
circulate the oxygen carriers and therefore significant pressure differences between the reactors are
typically not suggested.”’’® The exhaust of the air reactor is then expanded through a gas turbine,
which drives a generator. The remaining enthalpy in the gas leaving the turbine is then used to drive
steam turbines, which in turn drive the generators. Such a chemical looping combustion natural gas
combined cycle (CLC-NGCC) process has typically higher thermal efficiencies than a chemical
looping process that uses only a steam cycle for power conversion. Wolf ef al.”! simulated this
process and calculated an exergy efficiency of 44%.”" The exergy destruction of this process is

illustrated using a Grassmann diagram, as shown in Fig. 2-5, below.”!

42 %

compression
7 % loss /lo%cooling air

' 5% Ioss/‘w
ai 83% J E
=
69 % N,/0, |3 e 425.5 MW

(] w
pt | m

833 MW o M 39 62 % power

methane 11 % CO,/H,0 ]
[ water O, at 73 bar
20 % loss steam cycle exhaust 2% 29.5 MW

27 % loss

Fig. 2-5 A Grassmann diagram of a combined cycle using a reactor pressure of 13 bar, with figures

in %-loss of exergy of the process, adapted from Wolf et al.”!

Wolf et al.” and Petrakopoulou et al.”® simulated a CLC-NGCC process and calculated a net plant
efficiency (LHV) of 53.0% of 51.3%. Zhu et al. calculated a net plant efficiency (LHV) of 49.4% for
the process.”” The CLC-NGCC process must compete against other gas-fuelled processes for power
generation with CO» capture, which are discussed in the next section. Since gas turbine combined
cycles (without CO; capture) became industry standard, gas-fired processes, which use only a steam

cycle for power conversion are not considered in this chapter.
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2.2 Alternative processes for the power generation from natural gas
with CO; capture

An alternative process for electricity production with CO; capture is a natural gas combined cycle
(NGCC) with a retrofitted CO, capture system. The NGCC process without CO; capture is illustrated
in Fig. 2-6, below.”

natural gas —» material
---p heat
combustor » steam
gas turbine i
compressor W—ﬁ-m-
HRSG . T ;
i L ! i
[ > ffeeeeeenemennnnananaaed
air P
heat recovery condenser

and steam generator

Fig. 2-6 A schematic diagram of the NGCC process for electricity generation, adapted form

Subramanian et al.”®

The exergy destruction of the process without CO; capture is illustrated in Fig. 2-7, below.

36 %
compression
7 % loss 11 % coaling air
; 82%
air _ .E
S| % [E
41  exhaust |¥ 33% power
833 MW = m©
methane § ™| 26% exhaust 64% power | /aa3 MW
=]
5 % loss / 9 % exhaust
/22 % loss steam cycle
27 % loss

Fig. 2-7 Grassmann diagram of a combined cycle using a reactor pressure of 13 bar, with figures in
%-loss of exergy of the process, adapted from Wolf et al.”’

When comparing Fig. 2-5 and Fig. 2-7 it can be seen that 10% less exergy is lost during chemical
looping combustion compared to conventional combustion. And despite accounting for the relatively
energy intense CO, compression, the exergy efficiency of the NGCC-CLC process is 0.9% higher
than of the conventional NGCC process (NGCC-CLC: 54.1% c.f. Fig. 2-5; NGCC: 53.2% c.f. Fig.
2-7)."" Wolf et al. calculated a net plant efficiency (LHV) of 55.2% for the conventional NGCC
process.”! More recent simulations of state-of-the-art NGCC plants yielded net electrical efficiency

(LHV) in the range 57.2% — 58.3%.7%36807881 Cormos et al.’” and Sipocz” calculated a levelised cost
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of electricity of (LCOE) of 49.99 $201¢/MWh and 53.56 $,011//MWh (without a cost for emitting the
CO»). Various technologies exist to combine a NGCC and a CO; capture process. Some promising

processes are illustrated Fig. 2-8, below.

a) pre-combustion using chemical absorption

natural gas leo T H,0 T co, l"’o
> svnga.s to gas turbine
combined cycle plant
syngas partial water-gas- solvent based syngas SG
condenser

compression  oxidation reactor  shift reactor CO, separation  saturation  expansion
b) pre-combustion CO; capture by using membranes

sweep

natural gas lHZD T H0  steam l T co, lHZO

syngas to gas turbin

I B —— —» = L
combined cycle plar

syngas partial high temp. 5G HRSG quench water-gas- condenser  CO, membrane  $YNgas
compression oxidation reactor  expander shift reactor saturation

¢) post-combustion CO; capture using calcium/carbonate looping

decarbonised

flue gas lCH +0
! s 10,
CaCO
flue gas from natural gas . —» Substituted sorbent

combined cycle plant —

OL?— l4«— fresh sorbent
carbonator CO,v calciner

d) post-combustion CO; capture by chemical gas-liquid absorption

decarbonised

flue gas T l,t“m
CO,-rich solvent
flue gas from natural gas v CO,+H,0
combined cycle plant > CO,-lean solvent > —»
absorption desorption :
P P CO, drying
column column

Fig. 2-8 Schematic diagrams of selected pre- and post-combustion CO; capture technologies for gas
turbine combined cycle plants that use natural gas as the fuel: (a) pre-combustion chemical
adsorption, adapted from Hoffinann et al.’*; (b) pre-combustion CO> capture using membranes,
diagram adapted from Hoffimann et al’*; (c) post-combustion CO, capture using a
calcium/carbonate looping, adapted from Berstad et al.’; (d) post-combustion CO; capture by
chemical gas-liquid absorption, adapted from Cormos et al.’’

In the process of pre-combustion CO; capture (Fig. 2-8a), the natural gas is compressed and partially
oxidised to syngas (H,+CO+CQO,). The syngas is reformed to increase the mole fraction of CO, in a
shift reactor, and the CO; is subsequently separated from the syngas by chemical absorption using

liquid solvents (typically aqueous alkanol-amine solutions). The CO,-lean syngas is then combusted

in a gas turbine.** Residual CO in the CO»-lean syngas is combusted to CO, resulting in relatively
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low CO, capture rates of around 80%* in comparison to other CO, capture technologies.”® *

Hoffmann et al.** and Petrakopoulou ef al.” calculated a net plant efficiency (HHV) of 47.5% and
50.7% (LHV, converted with a factor of 1.11), respectively. The LCOE was 102.81 $2011/MWh’® and

the cost of CO, capture 46 $2000/tco2,avoided.>*

The process of pre-combustion CO; capture with membranes (Fig. 2-8b) is similar to the process
using chemical absorption (Fig. 2-8a), though membranes instead of a liquid solvents are used for
the gas separation. The CO; is separated at atmospheric pressure. This requires a high-temperature
syngas expander, which is positioned downstream of the partial oxidiser.** For this process, the
calculated net electrical efficiency (LHV) and cost of CO; capture is 50.7% and $ 29 /tcoz,avoided,

respectively.>*

The calcium/carbonate looping (Ca-looping) process consists of two inter-connected fluidised bed
reactors that are used for the calcination of CaCO;s (calcined) and the carbonation of Ca
(carbonator).”” In the process of post-combustion CO, capture by calcium/carbonate looping (Ca-
looping, Fig. 2-8¢) from a NGCC plant (i.e. Fig. 2-6), the flue gas is introduced into the carbonator
where it is absorbed by CaO particles to form CaCOs at temperatures of around 650 °C. In the
calciner, the particles release the CO, at higher temperatures of around 900 °C and are thus
regenerated to CaO.””% Hu et al. calculated a net plant efficiency (LHV) of 48.8% with a 93.7% CO»
capture rate.’’ Cormos et al.*” estimated a LCOE, a CO, capture cost, and a net electrical efficiency
(LHV) of 63.10 $2015/MWh, 37.48 $2015/tcoz.avoidea and 49.2%, respectively, assuming a CO; capture
rate of 98.9%.°”

In the process of post-combustion CO, capture by chemical amines (Fig. 2-8d), the flue gas from the
NGCC plant is contacted with a liquid solvent (typically an aqueous alkanolamine solution) in a
packed bed.??%3 Upon contact, the CO is absorbed by the solvent. The CO,-rich solvent is transferred
via a heat exchanger (where it is preheated by the returning lean solvent) to a regeneration column.
Higher temperatures in this reactor result in a release of the CO, from the solvent. The CO;-lean
solvent is transferred back via the heat exchanger to the absorption column.®>** The acidic gas
separation via chemical absorption is a very mature technology and was widely used in industry for
sour gas sweetening since the 1930s.%* Advances in the process design that result in a significant
increase in process efficiency are therefore unlikely. Contrarily, improvements of the solvents or

solvent blends bear great potential.®*%
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The process of chemical absorption for post-combustion CO, capture is illustrated in Fig. 2-9, below.

CO,-lean flue gas

Condenser
Lean solvent Hot rich solvent

CO, compression

A 4

Refluxed liquid
Absorber Desorber

flue gas from
power plant

_ Refluxed vapour

\T/ Cold rich solvent

steam feed from power plant

N

Hot lean solvent

Fig. 2-9 A diagram of the principle of chemical absorption for post-combustion CO; capture, based

on the process illustrated by MacDowell et al.*

Hu et al *° and Garcia et al. ¥ calculated for an NGCC plant with CO; capture by chemical absorption
with MEA a net electrical efficiencies (LHV) of 49.7% and 49.9%, respectively. When using second
generation amines, the efficiency can be increased to 50.8%.8! Cormos et al.*’ estimated for a process
with MDEA an LCOE, a CO; capture cost, and a net electrical efficiency (LHV) of 73.1 $201¢/ MWh,
82.5 $2015/tc02.avoided and 52.7%. Petrakopoulou et al.’® calculated an LCOE, a CO, capture cost, and
a net electrical efficiency (LHV) of 128.1 — 132.9 $201//MWh, 90.4 — 108.9 $2011/tcoz,avoided and 45.8
—48.2%.

Besides natural gas, biomass can be utilised in chemical looping combustion and other processes for

electricity generation with CO; capture as discussed in the following section.

2.3 Chemical looping combustion with solid fuels

The combustion of biomass with CO, capture (BECCS) can result in negative CO emissions (c.f.
section 1.1), rendering these technologies highly effective tools for the reduction in CO, net
emissions.®®** Biomass in general refers to mixture of organic and inorganic material produced by
growing plants or contained in municipal, industrial or animal waste.®” Arguably the most promising
biomass are polymeric carbohydrates (i.e. wood), which are usually composed of 42-49 wt%
cellulose, 16-23 wt% hemicellulose and 21-39 wt% lignin.*® % An advantage, compared to coal are
the typically lower ash and sulphur content and a higher volatile matter content.”® However,
compared to coal, biomass has typically a lower energy density, a more complex ash composition,

88, 91

and a higher content of moisture. The utilisation of solid fuels in the conventional CLC process

(Fig. 2-2) is often inefficient: The reaction of non-volatile matter of the solid fuels with the lattice
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oxygen of the oxygen carriers is a solid-solid reaction, which is typically very slow.*® °> This problem
is more relavant for the solid fuels with low fractions of volatiles (e.g. coal). However, for solid fuels
with high fractions of volatiles (e.g. biomass) incomplete combustion can occur do to imperfect
mixing of the fuel and the oxygen carriers and a therefore resulting short residence time of the
volatiles.®® 2 Therefore, four variants of the conventional chemical looping process were suggested
to avoid solid-solid reactions when utilising solid fuels. These four processes are (i) chemical looping
with oxygen uncoupling (CLOU);*? (ii) ex-situ gasification of biomass to syngas with subsequent

syngas chemical looping combustion;*?

and (iii) in-situ gasification of biomass in the chemical
looping process;** and (iv) chemical looping air separation with subsequent oxy-fuel combustion of

the solid fuel.* The four processes are detailed in the following subsections.

2.3.1 Chemical looping with oxygen uncoupling for the combustion
of solid fuels

Chemical looping combustion with oxygen uncoupling (CLOU) was proposed by Mattisson et al.”
In this process, the solid fuel reacts predominantly with molecular O in the gas phase, which is
released by the heat of the reducer.” The reactor configuration together with the main reactions of

the process is illustrated in Fig. 2-10, below.*?

€0, + 2H,0 0, deficient air O, uncoupling in the reducer:
M3,02y = M3, 04y, + 0, (2-3)

0Crea Solid fuel combustion in the reducer:

b ¢ (2-4)
CaHbOc + (a - Z - E) 02

Reducer Oxidiser

b
OCDX - aC02 + 5 H20 (2_5)

Overall reaction in the oxidiser:
fuel air M2x02y-2 + 072 = M3,0,,

Fig. 2-10 Schematic diagram of chemical looping combustion with oxygen uncoupling (left) and the

reactions in the reducer and oxidiser (right).

Oxygen carrier materials that are suitable for the CLOU process are materials with the ability to
release O, into the gas phase at typical reducer conditions.” Suitable single metal oxide systems are
C0304/C00,”* Mn,03/Mn304°%°7 and CuQ/Cu,0°%2%190:191 " Fyrthermore, Mn-Fe oxides,'?>!%
CuFe;04, CoFer0s, NiFe04,'* CuO supported on manganese oxide ore,' CuMn,04,%% and iron
ore (containing Fe,0s, SiO», CaO and MgO)!'% were suggested as oxygen carriers for the CLOU
process. Typically, the release of O, continues until the O, concentration is equal to the O,

equilibrium concentration in the reducer.” Therefore, O, will be released in the reducer until either
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all fuel is converted or the active metal oxide has fully converted to the lowest oxidation state that is
thermodynamically favourable at the reactor conditions.” The rate of O, release can thereby be

controlled by the reactor temperature and the O, partial pressure.'”’

One drawback of the CLOU process is that the combustion rate of char in the reducer is significantly
slower than the combustion of volatiles.!® Therefore, for full combustion of all hydrocarbon
compounds, either the residence times of the oxygen carriers in the reducer has to be longer than
required for the combustion of volatiles, or oxygen has to be added downstream to combust the

unconverted fuel, which is referred to as “oxy-polishing”.!%

Furthermore, the utilisation of solid fuels can result in the reduction of the average lifetime of the
oxygen carriers owing to (i) the removal of some oxygen carrier particles via the ash stream owing
to imperfect solid-solid separation (of oxygen carriers and ash), and (ii) the increase of the rate of
degradation due to poisoning with corrosive compounds contained in the biomass.!” The
contamination of the oxygen carriers with ash can also result in a deactivation — i.e. reduction of the

overall rates of reaction.'”

2.3.2 Chemical looping combustion with ex-sifu gasification

In the process of ex-situ gasification chemical looping combustion (eG-CLC), biomass is gasified in
a reactor upstream of the chemical looping process. The biomass-derived syngas is then utilised in a

chemical looping combustion process.” A schematic of the process of gasification with chemical

looping combustion (gasification + CLC) is shown in Fig. 2-11, below.>!1011!
Reactions in gasifier:
C0 + H, 4% C0, + H,0 0, deficientair C 4+ H,0 — CO + H, (2(_263,6)]3)
0C..s C+C0, - 2CO
i i Reactions in the reducer:
Gasifier Ei Reducer Me..O 2H Me..O 2 H,0 (2-7a)
Ei oc exUy + 2 Hy; © MeyOy_5 +2H, (2-7b)
ﬁ ii. \._-___ Mexoy + 2 CO < Mexoy_z + 2 C02
fuel €O, +H,0 CO, Overall reaction in the oxidiser:
Me,0,_, + 0, & Me,0, (2-8)

Fig. 2-11 Schematic of solid fuel gasification with subsequent chemical looping combustion (left)

and the overall reactions in the reducer and oxidiser (vight).

A drawback of this process is the relatively slow gasification reaction, which is required for the
conversion of the solid fuel to syngas.”® This results in the need of a relatively large gasification
reactor.” Furthermore, O is required for the gasification. Using air for the gasification would result

in the contamination of syngas with N,. Thus, an air separation unit for O, production is required,
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which typically decreases the plant efficiency considerably.'”® The savings in process equipment cost
due to the smaller reducer are typically offset by the additional process equipment for O, production

and gasification.**

2.3.3 Chemical looping combustion with in-situ gasification

In the process of in-situ gasification chemical looping combustion (iG-CLC) the biomass is gasified
by CO, or H,O in the reducer reactor of the chemical looping system.** In comparison to the
gasification rates of the ex-situ process, the rates of the in-sifu gasification are significantly higher,
since the simultaneous combustion of syngas in the reducer is removing CO and H». The latter gases
typically inhibit gasification reactions.”* Nevertheless, the gasification rates in the reducer are still
significantly slower than the rates of combustion of a gaseous fuel in the reducer at a given
temperature.”* To achieve acceptable gasification rates, the reducer has to be operated at high
temperatures than those typically selected for a gas-fired CLC reducer. Higher reactor temperatures
typically increase the capital costs of the reactor.”*!'° An advantage in comparison to eG-CLC is that
the enthalpy required for the gasification can be directly provided by the exothermic syngas oxidation
reaction, which avoids the complex heat integration between the reactors that the ex-situ process
requires.”*!'° The reactor configuration of the i{G-CLC process is illustrated together with the relevant

reactions in Fig. 2-12, below.”>!10: 112

Biomass gasification in the reducer:

CO, + H,0 recy.CO, O,deficient air

C+H,0 - CO+H, (2-9a)
C+C0, - 2CO (2-90)
Syngas combustion in the reducer:

Me, Oy, + 2 H, & Me,0,_, + 2 H,0 ((22‘_1105‘]3)
Me, 0, + 2 CO © Me,0,_, + 2 CO,

Overall reaction in the oxidiser:

Me,0,_, + 0; & Me, 0, (2-11)

Fig. 2-12 Reactor configuration of chemical looping air separation with oxy-fuel combustion (left)
and the relevant reactions (right). For the sake of simplicity, the fuel in the equations is assumed to

consists of carbon.

2.3.4 Chemical looping for air separation with oxy-fuel combustion

In this section, the process of chemical looping air separation (CLAS) with subsequent oxy-fuel
combustion (oxy-fuel) is described. This thesis focuses on the development of oxygen carriers for
this process. The oxygen carriers are utilised to enrich recycled CO; with O, by oxygen uncoupling.

The O,+CO; mixture is then used for the combustion of biomass in an oxy-fuel reactor downstream
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of the CLAS process.* In contrast to conventional oxy-fuel combustion, the CLAS process replaces
the cryogenic air separation unit.** The CLAS process is illustrated together with the relevant

reactions in Fig. 2-13, below.

oxy-fuel combustor:

0, deficient b ¢

- a
co, COz+ Ozf air C,H,0, + (E + e E) 0, (2-12)

b
< a COo, +§H20

i
!
i
oxy-fuel |! ‘
combustor| | Izl reducer:
]
! ocC
: . Me, 0, & Me,0y_5 + 0, (2-13)
1 | |- ..
oxidiser:

fuel CO,+0, CO,(+H;0) (2-14)

Me,0,_, + 0, & Me, Oy
Fig. 2-13 Reactor configuration of chemical looping air separation with oxy-fuel combustion (left)

and the overall reactions (right).

The reactions in the reducer, eq.(2-12), and in the oxy-fuel combustor, eq.(2-13), correspond to the
reactions of the CLOU process shown in eq.(2-3) and eq.(2-4). Though, rather than combined in one
reactor, these reactions occur in the CLAS process separately in two reactors, viz. the reducer and the
oxy-fuel combustor. Consequently, both reactors can be operated at their individual optimal
conditions and the direct contact between the fuel and the oxygen carriers is prevented. This can
enhance the oxygen carriers’ lifetimes significantly, as detrimental effects of fuel impurity poisoning

and ash deposition are avoided.*

Furthermore, the combustion unit of a conventional existing power plant could be converted to
operate as the oxy-fuel combustor. This would only require the CLAS unit to be retrofitted upstream,
enabling construction with lower capital costs and possible construction time savings compared to a

new-build CLC plant. In the following paragraph, the oxy-fuel combustion is detail.
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The oxy-fuel combustion process of the CLAS + oxy-fuel system is illustrated in Fig. 2-14, below.”!

CO, +H,0
+ impurities
H,0
char Cyclone » Steam to steam cycle
biomass > < v Recovery boiler
0,+C0, Oxy-fuel ash
combustor

wet recycle of CO, CO, to storage

dryreqydeofco,  Condenser | €O, compression

Reducer of CLAS process

Fig. 2-14 A flowsheet of the oxy-fuel combustion for CO; capture with O,+CO; production via the

CLAS process. A combination of the drawings from Maroto-Valer” and Patzschke et al.*’

In the oxy-fuel combustor (Fig. 2-14), biomass is combusted in O,+CO,+(H,0). Ash and char
particles are separated from the exhaust gas in a cyclone. Subsequently, the heat of the gas is
transferred to the steam cycle in a boiler and the vapour from the exhaust gas is removed in a
condenser. Some of the exhaust gas (wet or dry) is recycled for the production of the oxy-fuel
mixture, while the remaining fraction of the dry CO»-rich stream is compressed and transported for
geological sequestration.!” In theory, only O, is required for the solid fuel combustion, eq.(2-12).
However, since this would result in excessive temperatures and a reduced heat transfer between the
combustor and the boiler, the fuel is combusted in recycled flue gas (mainly CO;) and hence diluted
02, as shown in Fig. 2-14. The flue gas is either withdrawn upstream or downstream of the condenser,
which is referred to as “wet recycle” and “dry recycle”, respectively.!'* The resulting O, + CO, (+
H,0) mixture has typically 25-35 vol% O, ""*!'7 which is higher than that for conventional
combustion in air (21 vol% Oz + N2). A higher volume fraction of O is required to obtain the similar
flame characteristics and adiabatic flame temperatures.®> % > This is due to the higher specific heat
capacity of CO, compared to N», and to the lower diffusivity in CO», which in turn results in a
decrease in the propagation velocity of the flame.*> ' Wall ef al.!'* calculated that 28 vol% and 35
vol% are required to achieve the same adiabatic flame temperature as during solid fuel combustion

in air, for wet and dry recycle, respectively.

However, it should also be mentioned that the higher specific heat capacity of CO; results in an
enhanced heat transfer from the combustor to the steam cycle compared to combustion in air, as the
mass flow rate of hot gases leaving the combustor is increased. Though, a disadvantage of oxy-fuel
combustion may be the higher rates of corrosion in the process piping owing to the presence of CO,.%

Detailed process simulations with data from combustion experiments and including a techno-
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economic studies are therefore arguably the best way to predict the performance and the optimal

operating conditions of an oxy-fuel process in comparison to an air-fuel process.

To produce an O>+CO; mixture with 25 — 35 vol% (which corresponds to a po, range of 0.25 - 0.35
bar for operation at atmospheric pressure and is hereafter referred to as pg, comp) the driving force
of'the O release reaction of the oxygen carriers has to be positive. This is when the O, partial pressure
in the reducer po, red 1S Po,red < P0,,eq> Where Po, eq 18 the O, equilibrium pressure of the oxygen
carriers. For the oxidation to occur pg, has to be lower than pg, eq. Since pg, eq increases with
temperature and the oxidation is limited to pp, < 0.21 when using air, the reducer has to operate at
a higher temperature than the oxidiser. However, the required operating temperature of the reducer
can be lowered relative to the oxidiser temperature by injecting steam into the reducer.*’ The presence

of steam in the reducer affects the O, partial pressure of the O, release reaction, pg, red, by,'"

No, red ) (2-15)

Po,red = P < - - -
z Nsteam + NCO2 + NO2,red

where Ng ,reds Ngteam and Nco , are the molar flow rate of the produced O, the injected steam and

the injected CO,, respectively, and P is the absolute pressure.

The steam can be separated from the gas leaving the reducer by condensation. The flow rate of the

removed water can be calculated by a dew-point calculation:''® '
24312 - a, i
Taew/°C = ———— (2-16)
aew/"C =T —a
The parameter a, in eq.(2-16) is calculated by,''* "
_ In(RH) +17.62-T/°C 217

M= T 0+ 24312

The increased O; partial pressure in the gas entering the combustor, pg, comb, can be calculated by, !!8

NOZ,red > (2—18)

pO,comeP'<- - - -
2 Nsteam + NC02 + NOZ,red - NHZO

When using a steam:CO, molar ratio of 2:1, a gas stream with 10 vol% O; at the reducer outlet would
result in a 25 vol% O, + CO, mixture after full condensation of the steam. The same pg, at the
reducer outlet, but with fluidisation by steam and CO, in a molar ratio of 4:1 would result in a 36
vol% O, + CO, mixture after steam condensation. However, the amount of steam injected has to be

carefully considered, since it can also lead to significant reductions in the CLAS process efficiency.
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The oxygen carriers play a vital role in the CLAS process and their performance impact process
efficiency significantly. Their characteristics and performances are influenced by their preparation
method. Early publications focused on perovskite-type materials.!?*® Yang et al'* studied a
strontium-iron doped perovskite-type material and identified the slow desorption rates as well as
reversible carbonate formation as major drawbacks of the perovskite-type materials. The carbonate
formation is especially problematic if the CLAS process is used for CO, capture, since during the

oxidation the carbonates decompose thereby releasing CO,.

Contrarily, the three single metal oxides with CLOU properties (Cu, Mn and Co oxides) do not have

123 and

these problems, and were thus focus of recent studies.'?! 122 CuO supported on ZrO
MgALO4!% have been reported as a promising oxygen storage material for the CLOU process.'?
Furthermore, CuO on MgAl,O4!?' and Si0,'*? supports were identified as promising materials for
the CLAS process. However, a drawback of Cu oxides is their inferior mechanical properties, which
make them prone to agglomeration and attrition.'** Another disadvantage of using Cu-based oxygen
carriers for the CLAS process is the high temperature required to release gaseous O, in an oxygen-

rich environment. The temperature at which the O equilibrium partial pressure, pg, eq, is 0.1 bar is

993 °C. For comparison, the temperature at which Mn,Os has a pg, ¢q 0f 0.1 bar is 854 °C.

Typically, the reactor walls in a chemical looping process are protected from the heat by a
refractory.!>> However, reactor walls without refractory have to be used, if heat has to be transferred
through the walls to provide the enthalpy required to offset the endothermic O; release reaction. This
exceeds the operating temperature of most common reactor materials.'?® For example, the strength
of ferritic-martensitic steels reduces to critical levels in the range 600 — 700 °C.'?° Nickel-based
alloys have a slightly higher maximum temperature.'?® At temperatures above 900 °C, only tungsten-

and molybdenum-based systems are considered to be feasible reactor wall materials.'?

Owing to the high cost of these materials, transfer of heat through the reactor walls at high
temperatures is therefore generally not considered as feasible in the CLAS process. Heat integration
among the reactors is therefore a major challenge when designing the CLAS process.'?"*442422 The
O, release reaction is endothermic, while the combustion is highly exothermic. This requires the
transfer of heat at high temperatures. Some of the heat is transported by the oxygen carrier*’ and the
recycled CO,'%. Further heat can be provided by adding superheated steam'?® or minor amounts of
CO'% to the reducer, by integrating the reducer into the combustor!?® or by heating the reducer with
concentrated solar power,'?® co-combusting methane or electrically.** ?® Several heat integration

studies for CLAS processes can be found in the literature.** 128129
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Patzschke et al."*® recently simulated a CLAS + oxy-fuel process in which concentrated solar power
provides the required enthalpy to offset the endothermic reaction in the reducer. This process, which

allows for solar energy storage and negative CO; emissions is illustrated in Fig. 2-15, below.

/4RED

CO, storage

w, 0,+C0,
o, m OFC gas o,
clean. comp.

]

Heliostats Solar Tower

b) ( RED

Gas storage
heat to steam cycle

co,
biomass CO, storage
Cco
oxX Co, Ly oFC |5 gas >
|| Iw|_'—> clean. comp.

Heliostats  Solar Tower Gas storage
heat to steam cycle

Fig. 2-15 A flowsheet of a solar powered CLAS + oxy-fuel process with arrows representing the
energy and material flows (a) during the day and (b) at night. Adapted from Patzschke et al."*’

During the day (Fig. 2-15a), solar power is used to produce a O>+CO; mixture, while excess heat
from the oxidiser powers a steam cycle. At night (Fig. 2-15b), the O,+CO; mixture is used for the
oxy-fuel combustion of biomass in a 100 MW, plant. Accounting for variations in the incoming solar
beam irradiance with the time of the day and year for the location of Sevilla in Spain, it was calculated
that this process can capture 306 911 t(CO») yr'!, while producing an electricity output that is
proportional to electricity demand of this region considering hourly and seasonal changes of the

electricity demand.

2.4 Alternative processes for power generation from solid fuels
with COz capture

In this section, alternative processes (other than chemical looping) for the utilisation of biomass for
electricity production with CO, capture are discussed. Promising processes are (i) integrated
gasification combined cycle (IGCC),’! (ii) oxy-fuel combustion with O, production via cryogenic air
separation, and post-combustion capture by (iii) Ca-looping'*! and (iv) chemical absorption. These

processes are detailed in the following subsections.
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Integrated gasification combined cycle with biomass

Rhodes and Keith®' simulated a 123 MW, integrated gasification combined cycled (IGCC) that
utilises biomass. The process is comprised of five sub-processes: biomass drying, gasification, gas
conditioning, CO, capture, and the combustion of a CO,-lean syngas in a gas turbine.*!' A rotary dryer
utilises the heat from the char combustor exhaust and also generates steam for the gasifier. The heat
for the gasification is provided by hot sand, which is circulated between the gasifier and the char
combustor. The CO; produced from char combustion is not captured, and therefore 30% of the carbon
contained in the biomass is released as CO» to the atmosphere.’! The syngas from the gasifier is
conditioned to convert CH4 and higher hydrocarbons to CO,, CO and H,. The CO; is separated from
the gas, and the CO,-lean syngas is combusted in a GE H-class gas turbine unit. The CO, from the

exhaust gas of the gas turbine is emitted to the atmosphere. The process is illustrated in Fig. 2-16,

below.’!
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Fig. 2-16 A schematic diagram of an integrated gasification combined cycle process, adapted from

the illustration by Rhodes & Keith.”!

The emission of CO; from the exhaust of the char combustor and the gas turbine result in a relatively
low rate of CO, capture of 44%.%' Furthermore, the calculated thermal efficiency (HHV) of this

process is only 28%.
Oxy-fuel combustion of biomass with O, production via cryogenic air separation

The principle of this technology differs from the oxy-fuel process described in section 2.3.4 only by
the air separation unit, which instead of CLAS is here considered to be either a cryogenic distillation
unit or a membrane system.”! The literature lacks results of simulations from biomass fired oxy-fuel
plants. However, several works have studied the coal-fired process, which provides an indication for

the energy penalty of the process. For state-of-the-art technology, efficiency reductions of coal-fired
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oxy-fuel plants in the range of 8-12% were reported.'** Pressurised operation may further reduce the
energy penalty, since it increases the flue gas heat recovery efficiency and decreases the energy
requirements for compression.!** A reactor pressure of around 10 bar is considered optimal.'
Furthermore, the energy penalty can be reduced to 5-6%-points when using a membrane system
instead of a cryogenic air separation system for the O, production, such as a four-end high-
temperature oxygen transport membrane.'3*!13% Mansouri ef al.!'® calculated a net plant efficiency
(HHV) for the combustion of coal in an oxy-fuel plant and a conventional plant of 38.8% and 29.5%,
respectively. This 9.3%-point energy penalty contains 6.0%-points that are associated with the
energy requirements due to compression of CO,."'® The exergy efficiency of the conventional plant

and the oxy-fuel plant were calculated to be 37.9% and 31.9%, respectively.''®
The carbonate looping process with biomass

The combination of biomass combustion and a Ca-looping is possible as either a two-step process,
in which the flue gas from a biomass-fired power plant is decarbonised in a downstream Ca-looping

' in which biomass combustion occurs in the carbonator of the Ca-

plant or a one-step process,'
looping process. The two-step process is described in section 2.2 and will be very similar for the flue
gas treatment from biomass combustion. This section therefore focuses on the novel one step process

with in-situ biomass combustion. The process is illustrated in Fig. 2-17, below.

Condenser
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CO,-lean flue gas

CO, compression
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Combustor-

loop seals
carbonator

CaCo,
™l fuel
—

CO,-rich gas

air 0,

biomass

Fig. 2-17 Schematic diagram of the Ca-looping process for in situ biomass combustion, based on

the process illustrated by Diego et al.'*

In the process shown in Fig. 2-17, the biomass is fed to the carbonator, which operates at around 700
°C. The CO; produced by the biomass combustion reacts with the CaO particles to CaCO3."*¢ The
CaCO:; is circulated via a cyclone and a loop seal to the combustor, in which the CaCOs is regenerated
in an oxy-fuel to CaO and CO, at 840 — 900 °C."*® The CO,-rich exhaust gas of the calciner is

purified, steam is condensed out, and the dry CO; stream is compressed for CO, transport and
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sequestration.'*® Ozcan'®’ calculated a net thermal efficiency of 40.9% (LHV) for an air-fired
biomass plant, 33.9% (LHV) for an oxy-fuel fired power plant and 35.7% (LHV) for an in situ
biomass combustion Ca-looping plant. The levelized cost of electricity for the air fired plant was
144.6 $2014/MWe., for the oxy-fuel fired biomass plant 184.4 $2014/MWe and 175.2 $2014/MW. for the

in-situ biomass combustion Ca-looping plant.

2.5 Concluding remarks

In this chapter, chemical looping processes and alternative processes for electricity generation with
CO; capture from natural gas and biomass were detailed. The technological aspects of all process
have been explained, and data on costs and efficiencies have been compared. For the gas-fuelled
processes, a combined gas turbine cycle is often possible, which results in higher efficiencies. This
is also the case for CLC processes, for which the reviewed literature showed that the thermal

efficiency (LHV) of a combined cycle (NGCC-CLC) is 7%-points higher.

For the competing CO, capture technologies, the net thermal efficiency (LHV) of these processes are
(from low to high): NGCC with post-combustion capture using a Ca-looping (49.2%) < NGCC with
post-combustion capture using MEA (49.9%) < GTCC with pre-combustion capture using
membranes (50.7%) < NGCC with post-combustion capture using second generation solvents
(50.8% — 52.7%). The reviewed literature found that NG-CLC has the second highest reported net
plant efficiency, only surpassed by a NGCC process with post-combustion CO; capture using second

generation amines.

For the combustion of solid fuels several chemical looping processes have been reviewed, which are
modifications of the conventional chemical looping process to avoid slow solid-solid reactions. The
ex-situ gasification process seems inferior to the other processes, as the need for an additional
gasifier, a complex heat integration, and a source of O, for the gasification, which increase the capital
and operating costs significantly. A high number of works were published on the CLOU process, and
many works report an effective solid fuel combustion when using this process. Contrarily, the CLAS
process — on which this thesis focuses — is relatively novel (the first work in which single metal

oxygen carriers were proposed was published in 2008)!3

Prolonged oxygen carrier lifetimes by the
process-intrinsic separation of the oxygen carriers and the fuel have been identified as an advantage.
However, the slow O, release reaction and significant challenges of the heat integration, have been
identified as major drawbacks. As alternative processes to chemical looping combustion for the
utilisation of biomass for power generation with CO, capture, the processes of (i) integrated
gasification combined cycled, (ii) oxy-fuel combustion with O, production by cryogenic air
separation, and biomass combustion with post-combustion capture (iii) using a Ca-looping and (iii)

chemical absorption were identified.
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Chapter 3

Desirable properties and
preparation methods
of oxygen carriers

This chapter presents a literature study on the development of oxygen carriers. The review is
supported with results from first principle calculations using data from FactSage.!*” In the first
section (section 3.1), desirable properties of the active phase of oxygen carriers are discussed. Lower
mechanical stability of the active phases requires the support with an inert material to withstand the
stresses of the chemical looping process. The desirable properties of inert supports are evaluated in
section 3.2. Furthermore, the preparation and operation costs associated with the oxygen carriers are
important selection criteria, as discussed in section 3.3. In section 3.4, the methods that are commonly
used for the preparation of oxygen carriers are reviewed. In section 3.5, the process parameters of
the calcination of the oxygen carrier precursors are discussed. Finally, the findings of the literature

study of this chapter are summarised in section 3.6.
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3.1 Desirable properties of the active phases of oxygen carriers

The desirable properties of the active phases of oxygen carriers are evaluated in the section below,
thereby focusing on materials with the ability to release gaseous O., as this is an essential property

of oxygen storage materials in the CLAS + oxy-fuel process.*

3.1.1 Reactivity, O equilibria and intra-particle diffusion resistance

The minimum required quantity of oxygen carrier in a reactor is inversely proportional to its
reactivity.'*’ The reduction and oxidation rates of the oxygen carriers need thus to be sufficiently fast
to ensure that the sizes of the reducer and the oxidiser are not excessive. For an industrial-scale
chemical looping process, typically the use of circulating fluidised bed reactors is proposed.” In
those reactors, the effect of the external mass transfer on the overall rate of reaction can be rate
controlling.'*"1*? In this case, a further increase of the intrinsic kinetics does not result in a decrease
in the required reactor size. A comparison of the reactivity of common active metal oxide system

with CHy4 for chemical looping processes is shown in Fig. 3-1, below.
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Fig. 3-1 A plot of log(k) against 1/T for the reduction of various metal oxides in CHy4, with k being
the intrinsic reaction rate constant per unit of volume in s and the chemical rate of CH,
consumption, r, is given by r = k|CH,J. The plot is adapted from Mattison & Lyngfelt.'"

In Fig. 3-1 it can be seen that the reactivity of the active metal oxides over most of the 1/7 range of
the plot follows the order (from high to low reactivity): MnO»/Mn,0O3 > Mn,03/Mnz04 > CuO/Cu,O
> C0304/Co0 > Cu0/Cu > Fe;03/Fe30s4 > Mn3;04/MnO > NiO/Ni > CoO/Co > Fe304/Feo 9740 >
Feo.9470/Fe > MnO/Mn.'#
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Besides the chemical reaction rate and the external mass transfer, the overall rate of reaction can also
be limited by intra-particle diffusion resistance.'** An overall rate, which is limited by intra-particle
diffusion resistance can typically be increased by increasing the porosity (this is detailed in the
chapter 6).** Only a few works in the literature report the value of the porosity.'* More commonly,
the BET surface area, Sggt, is reported, which is provides a very rough indication of the likely
porosity of the particles. In the literature the reported values of Sggt vary significantly by preparation

method. This is illustrated in Fig. 3-2, below.
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Fig. 3-2 BET surface area of Cu-based oxygen carrier reported in the literature.

The values of Sggr illustrated Fig. 3-2 are in the range 0.31 — 41.30 m? g'!'. The oxygen carriers
prepared by freeze-granulation were found to have the lowest average surface area (0.31 m? g!),!#
followed by those prepared via mechanical mixing (0.56 — 1.98 m? g!),!46 co-precipitation (6.53 —
10.31 m? g'') ', and impregnation (41.30 m? g'')!48, Besides synthetic oxygen carriers, natural ores
are also under investigation as oxygen carriers for chemical looping process. Sundqvist et al.'¥
evaluated Mn ores as oxygen carrier materials, and reported values of Sggt in the range 0.41 — 6.10
m? g (the average was 1.47 m? g'!). The relationship between the pore morphology of the particles
and the intra-particle diffusion resistance is too complex to determine optimal porosity and surface
area ranges. For the oxygen carriers of this work, this matter is discussed in detail in section 6.3,

using the results of a computer simulation of the overall reaction rate, which accounts for the

chemical reaction, intra-particle diffusion and external mass transfer.

Furthermore, for the redox-reactions to occur, the Gibbs free energy of the overall reaction has to be
negative. Here, it is assumed to be the case, when the sum of the Gibbs free energies of all occurring
reactions is negative. This assumption holds true for compounds with activities of unity. For the
solids in this section, the values of the activities are practically equal to unity. Therefore, a negative

Gibbs free energy indicates that the reaction is thermodynamically favourable and will occur
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spontaneously. For the overall reaction in the reducer of the CLC process, AGgrc, to be
thermodynamically favourable (i.e. AG¢c < 0), the oxidation of the fuel has to provide enough
energy for the metal oxide to decompose. The Gibbs free energies of the oxidation and of the metal
oxide decomposition are denoted with AGcomp, and AGgecomp.» respectively. The decomposition of
the oxide is the reverse reaction of the oxidation: AGgecomp. = - AGoxid.- These relationships can be

expressed as,

AGcre = AGeomp, + AGdecomp. = AGeomp. — AGoxia. (3-1)

The values of AG¢qmp. for the combustion of C, H, and CO are compared against the values of AG xiq.
of Mn, Cu, Co and Fe oxides — commonly used single metal oxides in chemical looping processes —
in Fig. 3-3. According to eq.(3-1), AG.omp. in the plots of Fig. 3-3 has to have a higher negative

value than AG,y;q for AGcrc to be negative, and the overall reaction to be thermodynamically

favourable.
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Fig. 3-3 Ellingham diagram for the reduction of: (a) manganese oxides, (b) copper oxides, (c) cobalt

oxides and (d) iron oxides at 0.1 MPa. The lines were computed using data from FactSage.
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In Fig. 3-3a it can be seen that the reduction from MnO; to Mn,O3, Mn304 to Mn,O3 and Mn3O4 to
MnO during the combustion of C and CO to CO; are thermodynamically favourable over most of
the plotted temperature range. However, the reduction of MnO to Mn is under the same conditions
thermodynamically unfavourable. For Cu-oxygen carrier, the reduction of CuO to Cu,O, CuO to Cu
and Cuz0 to Cu with C, CO and H; are thermodynamically favourable across the condition range
that is shown in Fig. 3-3b. For Co-oxygen carrier (Fig. 3-3¢), the reduction from Co304 to CoO,
Co0304 to Co and CoO are thermodynamically favourable in the presence of C, CO and H,. For Fe-
oxygen carrier reduction from Fe;Os to FesOs according to Fig. 3-3d is thermodynamically
favourable over most of the temperature range. Further reduction from Fe;O4 to FeO is possible in
C, H, and CO at temperatures above ~700 °C, ~750 °C and ~600 °C, respectively. The reduction of

FeO to Fe is only thermodynamically favourable with carbon at temperatures above ~700 °C.

In the oxidiser, the oxygen carriers are typically oxidised in (O, deficient) air, which is assumed to
behave like an ideal gas. The oxidation in the oxidiser is thermodynamically favourable if the Gibbs
free energy, AGyidiser,> 1S Negative. Similarly, the Gibbs free energy in the reducer of the CLAS
process, AGcpas, has to be negative for the O, release to occur. The oxidation reaction in the oxidiser
is the reverse reaction of the O, release reaction in the reducer of the CLAS process: AGcras =

— AGoxidiser> and AGgpas is given by,
AGeras = — AGoxidiser = AGo, + AGdecomp. = AGo, — Aloxid.» (3-2)

where AGog, is the free energy of O,. The O; partial pressure, pg,, can be related to the free energy

of O, at reference conditions, AGSZ, by, 118

AGS, (3-3)
Po, = €xp| — RT a

where, R, T and « are the ideal gas constant, the temperature and the activity respectively. The value

of a is typically assumed to be unity.”* ''* Thus, the free energy of O, becomes RT - In(pg,/P). In
Fig. 3-4, below, the free energy of O: for pg, = 0.01 bar and 0.30 bar, and a total pressure of P = 1

bar (or 0.1 MPa), are plotted against AG,iq. of the single metal oxides from Fig. 3-3.
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Fig. 3-4 Ellingham diagram for common single metal oxide systems for CLOU and CLAS using the
data from FactSage for the reduction of’ (a) manganese oxides, (b) copper oxides, (c) cobalt oxides

and (d) iron oxides, and the free energy of O: in an ideal gas mixture with po, = 0.30 bar and po, =

0.01 bar at 0.1 MPa.

According to eq.(3-3), if the free energy of O; in Fig. 3-4 has a higher negative value than the free
energy of the oxidation, AG¢y ag is negative and the O; release is thermodynamically favourable. Vice
versa, has the oxidation reaction a higher negative value, AG¢pas is negative and AGyigiser 18
positive, and the oxidation occurs. Fig. 3-4a, shows that oxidation of Mn2O3 to MnO» and of Mn304
to Mn2O; at pg, > 0.01 bar and a pressure of 0.1 MPa, is favourable at temperatures below ~ 400 °C
and ~700 °C, respectively. Above those temperatures the oxidation reaction reverses and gaseous O
is released — a process known as oxygen uncoupling. This ability is central for the CLOU and the
CLAS process. The oxidation of MnO to Mn30y4 is thermodynamically favourable across the entire

temperature range of Fig. 3-4a. For Cu- oxygen carrier, the oxidation of Cu,O to CuO is favourable
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at temperatures below ~800 °C. Above this temperature the reaction reverses and O» uncoupling
occurs. The oxidation of Cu to CuO and Cu to Cu,O is favourable across the entire condition range
plotted in Fig. 3-4b. For Co- oxygen carrier, the oxidation of CoO to Co304 occurs at temperatures
below 850 °C. Above this temperature, the reaction is reversed and O» uncoupling occurs. The
oxidation of Co to Co304 and Co to CoO are thermodynamically favourable across the entire
condition range plotted in Fig. 3-4¢. For Fe- oxygen carrier the oxidation from Fe;O4 to Fe,O3, FeO
to Fe3O4 and Fe to FeO is thermodynamically favourable across the entire condition range that is
plotted in Fig. 3-4d, while O, uncoupling is thermodynamically unfavourable. The interceptions of
AG and RT'In(po,) in Fig. 3-4a-d are the O, partial pressure equilibria (pg, eq) for pg, = 0.30 bar
and pg, = 0.01 bar. A multitude of these points comprise the O partial pressure equilibrium function
(Po,,eq-function). This function was computed for the systems Mn3;O4/Mn;Os, Cu,O/CuO and

Co0/Co304 using FactSage data, and by setting the sum of the Gibbs free energy of the oxidation

reaction and the kinetic energy of O, equal to zero, as shown in eq.(3-4), below.
0= AG® + RT-In(po,) (3-4)

In the literature, the log-mean O partial pressure, Po, 10g—mean- 1S Used as an estimate for the po,

that the oxygen carriers are exposed to ‘on average’ in the oxidiser.'”” '** In this chapter, the

D0, log-mean 18 used for material screening purposes and was calculated by,'* '

pOZ,in - pOZ,out
ln((poz,in - pOZ,eq) /(poz,out - poz,eq)) '

(3-5)

Po,log-mean =

where po, in» Po,,0ut a0d Po, eq are the O partial pressures at the inlet of the oxidiser, at the outlet
of the oxidiser and the O, equilibrium pressure, respectively. Here, pg, in and po, out Were assumed
to be 0.21 bar and 0.05 bar, respectively. The pg, eq and po, 10g—mean Were calculated according to

eq.(3-4) and eq.(3-5), respectively and are plotted in Fig. 3-5, below.
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Fig. 3-5 Oxygen partial pressure equilibria as a function of temperature for the systems CoO/Co30y,
Mn>03/Mn3;Oy4 and CuO/Cu,0 based on data from FactSage (solid lines), and the log-average O;
partial pressure calculated by eq.(3-5), assuming po, in and po, our are 0.21 bar and 0.05 bar,

respectively.

Fig. 3-5 shows that the oxidation of Co to C0304, Mn304 to Mn>0O3 and Cu,O to CuO in the oxidiser
are thermodynamically favourable at temperatures below 780 °C, 800 °C and 950 °C, respectively.
Furthermore, it can be noted that po, 1og—avg in Fig. 3-5 is in the range of 0.10 + 0.01 bar across a
large temperature range — i.e. 600—720°C, 600—740°C and 600-910°C for the Co, Mn and Cu oxides,
respectively. Therefore, a pg, of 0.10 bar is taken as the standard value for the oxidation experiments

in this work.

3.1.2 Mechanical resistance of oxygen carriers, attrition behaviour
and support materials

Attrition of oxygen carriers generates fines, which have to be captured to avoid emission of
potentially hazardous particulates and to avoid additional costs to replace the lost bed material.'"-15?

These two aspects render attrition undesirable in chemical looping processes.'>!132

Typically, two
different modes of attrition occur: abrasion and fragmentation, which are both illustrated in Fig. 3-6,

below.>?
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Fig. 3-6 Modes of attrition and their effect on the particle size distribution (PSD), adapted from
Werther and Reppenhagen."

Abrasion is the generation of fines from the particles’ surfaces, which leads to a decrease in particle
size. This results in a bimodal particle size distribution (PSD), as illustrated in Fig. 3-6.'% In the
process of fragmentation, the particles break up into numerous smaller particles. This typically results
in a broader PSD with a smaller mean particle diameter (Fig. 3-6).'>* Amongst others, the particle
size influences the mode of attrition. Smaller particles are more prone to abrasion owing to their
larger specific surface area. For larger particles, attrition is more likely to occur due to
fragmentation.'>

In a circulating fluidised bed (CFB) system, which is typically proposed for the chemical looping
process, attrition is typically caused by (i) thermal, (ii) mechanical, and (iii) chemical stresses. '
Thermal stresses are a result of rapid temperature changes, i.e. caused when particles with a given
mean temperature are introduced into a zone of a significantly different temperature. This either
results in direct stresses caused by expansion or contraction of the particle’s bulk, or indirectly by a
static pressure caused by expansion or contraction of gases, which are confined in the voids of the

151

paricles.”' Mechanical stresses occur due to the collision between particles or collision of the

particles with the wall. These stresses can occur in the bubbling zone of the fluidised bed,'">!3! in

risers and cyclones,!>! 193155

or in locations where static pressure is exerted onto confined oxygen
carriers, such as in the lower part of the standpipe'®! or in the screw feeders.!*! Chemical stresses
occur during the redox-reaction of the oxygen carriers when the lattice structure is forced to change
rapidly and thus occur predominantly during chemical reactions in the reactors.'!

In the field of oxygen carrier research, the methods most commonly used to estimate the attrition
behaviour of oxygen carriers can be categorised as follows: (i) single particle crushing tests,'? 145
147 156-158 (31) ASTM 5757 tests,'** 19 (iii) customised jet cup tests,'": 12 and (iv) attrition tests in the

fluidised bed of batch reactors®® 193194 or continuous CLC systems.'®® Results of these tests that are
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of relevance for this work are reviewed in the next paragraph — before though, it should be mentioned
that outside chemical looping research other approaches for the determination of attrition in CFB
systems exist. Theoretical models have been used to determine the rate of attrition in the bubbling
zone of a fluidised bed, as a function of bed depth, gas velocities, bed density and the strength of the
solids."®?> These models were not applied to chemical looping systems, probably owing to the
complexity of the CFB-CLC system and because the rate of attrition is also significantly affected by
the redox-reactions of the oxygen carriers.'®* 19 Furthermore, attrition models for certain parts of a
CFB system do exist. For example, Reppenhangen and Werther!** developed a theoretical model for
the calculation of the attrition rate in a cyclone by estimating the surface energy of the particles.
Tamjid et al.'> used their model in a computational fluid dynamic (CFD) study to calculate the rate
of attrition for particles at any point in a cyclone. These methods would allow for the combination of
the process design of a chemical looping system and oxygen carrier development. However, so far,
these advanced methods have not yet found wide application in oxygen carrier research. Therefore,

the four types of attrition tests listed above will be detailed below:

Single particle crushing tests

In the single particle (crush) test a force gauge is used to determine the force required to crush a

single particle. Johannson et al.'*®

proposed to use this test for oxygen carriers according to the
procedure described in the review by Bemrose and Bridegwater.'®> To determine the average
crushing force, they averaged the results of 30 single particle tests, and defined this as the average

crushing strength. Typically, oxygen carriers in the size range 180 - 212 pum are used for these tests. '

Since technically not the strength but a force is measured, this property is referred to in this work as
the average crushing force, ocg. De Diego ef al.'” and Adéanez et al.'>® determined ocr using the
ASTM D-4179 method, which slightly differs from the Bemrose and Bridgewater method, as it also
allows to test cylindrical particles (besides spherical particles), and the results are typically reported
as ocr/(length of the extrudates).'®” Several works in the literature report values of o¢g for Cu-based

oxygen carriers in the range 0.05 — 4.6 N, 123 145-147. 156

The crushing strength of Cu-based and Mn-based oxygen carrier from literature are listed in Table
3-1. Though a few works report the preparation of copper manganese oxide oxygen carriers, their

crushing strength was not reported.
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Table 3-1 Values of the crushing strength (larger 1 N) and preparation methods reported in the
literature for oxygen carriers containing Cu and Mn.

. . O,
l(a)l;(tzlli\r]legr?vfr?/})) supporting material P ﬁiﬁﬁ‘lﬁn T;Z:Clc((l?)) ’ ocr(N) Reference
Cu-based oxygen carriers.:

82.5 AlOs CP 950°C,2h 3.02 Chuang et al.'¥
60 CuAlO, FG 1300 °C,4 h 4.3 Cho et al.'**
40 TiO2 MM 950 °C 4.5 Johansson et al.'3®
40 ZrO2 MM 1100 °C, 2.7 Johansson et al.'¢
60 SiO2 MM 1100 °C 2.6 Johansson et al.'>®
40 SiO2 M 980 °C, 7 days 4.5 Peterson et al.®®
61 SiO2 M 980 °C, 7 days 4.1 Peterson et al.®®
15 AlOs M 850 °C, 6h 2.5 Adénez-Rubio et al.'?3
30 ALO3 M 850 °C, 6h 3.0 Adéanez-Rubio et al.'?
15 ALOs M 850 °C, 6h 4.6  Adanez-Rubio er al.'?
15 MgAl204 M 850 °C, 6h 2.1  Adéanez-Rubio et al.'®
80 ALO3 MM 1100 °C, 6h 2.6  Adanez-Rubio et al.'??
60 SiO> MM 950 °C, 6h 1.1 Adanez-Rubio ez al.'?
80 TiO2 MM 950 °C, 6h 22 Adanez-Rubio ez al.'?
40 TiO2 MM 950 °C, 6h 2.3 Adanez-Rubio et al.'?
60 MgAl204 MM-+PP 1100 °C, 6h 12 Adénez-Rubio et al.'??
60 MgAl204 MM-+PP 1100 °C, 6h 1.9 Adénez-Rubio et al.'??
60 MgAl2O4 MM-+PP 1100°C, 12 h 2.2 Adénez-Rubio et al.!??
60 ZrO: MM-+PP 1100 °C, 6h 2.3 Adanez-Rubio et al.'??
40 ZrO: MM-+PP 1100 °C, 6h 2.8 Adanez-Rubio et al.'??
60 MgO MM+PP 1100 °C, 6h 22 Adanez-Rubio er al.'?
60 Sepiolite MM-+PP 1100 °C, 6h 2.2 Adéanez-Rubio et al.'?
20 ZrO2 SD 1000 °C, 4 h 1.35 Jing et al.'%¢
40 ZrO2 SD 950°C,4h 341 Jing et al.'%¢
40 ZrO2 (LSZ) SD 950°C,4h 1.39 Jing et al.'%¢
60 Fe2Os SD 950°C,4h 1.0 Jing et al.'%¢
40 7102 SD 1100 °C,4 h 4.53 Jing et al.'%°
40 ZrO2 (LSZ) SD 1100 °C,4 h 1.26 Jing et al.'%°
40 CeO2 SD 1100 °C,4 h 1.53 Jing et al.'%°
40 CeO2 (LSC) SD 1100 °C,4 h 1.26 Jing et al.'%¢
40 MgAl204 SD 1100 °C,4 h 1.4 Jing et al.'%¢
36 AlOs SD 1100 °C,4 h 1.18 Jing et al.'%¢

Mn-based oxygen carriers:

60 MnAl1,O4 FG 1300 °C,4 h 0.9 Cho et al.'**
37 SiO2 SiO2 1100 °C, 6 h 1.4 Johansson et al.5”
37 710> ZrO» 1300 °C, 6 h 2.8 Johansson et al.’’
37 ZrO> ZrO» 1300 °C, 6 h 7.7 Johansson et al.’’
40 CaZrOs3 CaZrOs3 1200 °C, 6 h 3.0 Johansson et al.’’
40 CaZrOs3 CaZrOs3 1300 °C, 6 h 6.8 Johansson et al.5”
40 Mg-ZrO> Mg-ZrO2 1200 °C, 6 h 2.4 Johansson et al.>’
40 Mg-ZrO> Mg-ZrO2 1300 °C, 6 h 3.6 Johansson et al.>’
40 Ce-ZrO> Ce-ZrO> 1100 °C, 6 h 1.8 Johansson et al.>’
40 Ce-ZrO> Ce-ZrO> 1300 °C, 6 h 11.3 Johansson et al.>’

Footnotes:(a) this value has been measured using the Zwick/Roell test.

The values of the crushing strength of Cu-based and Mn-based oxygen carriers in Table 3-1 is in the
range 1.0 —4.6 N and 1.0 — 11.3 N, respectively. The average crushing force by preparation method

of the Cu-based oxygen carriers is in the order (from low to high): spray-dried (1.8 N) <mechanically
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mixed (2.3 N) < co-precipitated (3.0 N) < impregnated (3.5 N) < freeze-granulated (4.3 N). All Mn-
based oxygen carriers in Table 3-1 were prepared by mechanically mixing. Their average crushing
force is 4.5 N, which is significantly higher than the average value of the Cu-based mechanically
mixed oxygen carriers in Table 3-1. In several publications, the use of a Shimpo FGN-5X force
gauge was reported.’> 3% 166 168 A gimilar instrument (a Series 3 Mark-10 force gauge with a test
stand) was used for the measurements in this work. The use of the crushing strength as an indication
of the resistance towards mechanical stresses has some disadvantages. It is not possible to correlate
this property to the rate of attrition, because the relationship between the mechanical resistance of a
particle and its attrition is highly complex.'®! Moreover, the crushing force is typically neither
measured at the relevant reactor conditions nor in a reacting environment. 2% 145-147. 136 Attrition rate
measurements in attrition rigs provide a better indication of the rate of attrition in an industrial-scale
process.'®” One configuration, which was initially developed to quantify the rate of fines generated
from catalysts in fluid catalytic cracking of refineries'® follows the ASTM D5757 standard'”® was

adapted oxygen carrier attrition tests. !¢

Attrition test according to the ASTM D5757 standard

In the ASTM D5757 method a vertical jet of gas enters, with a high-velocity (~ 490 m/s), a chamber
in which the particles are fluidised.>® ' After five hours the bed material is weighed, and an attrition
jet index (AJI) is calculated, which is equal to the mass of the bed after the experiment divided by
the initial bed mass.*® Feilen'® measured the attrition rate using the ASTM D5757 method with three
different cycling modes: (i) at ambient temperature in an inert atmosphere, (ii) at high temperature
in an inert atmosphere, and (iii) at high temperature with reacting oxygen carriers. Interestingly, the
average attrition rate over 700 minutes was reported to be in the order (from low to high): inert
conditions at high temperature < inert conditions at ambient temperature < reacting conditions at

high temperature. Drawbacks of this method include a relatively large required sample mass (50 g)

161 161

and a relatively long test duration (5 h).'*" To avoid these drawbacks, Rydén et al.'*' developed a
customised jet cup test.

Attrition test in using customised jet cup rigs

161

The customised jet cup rig developed by Rydén et al.'® enables to perform attrition tests with a
significantly lower sample mass and shorter test durations. In this customised jet cup test, a conical
cup is used to hold the sample (this geometry reportedly improves particle mixing),'”" and a gas jet

enters the cup tangentially to the wall with velocities of around 100 m s™'.'¢!

Attrition tests in the fluidised bed of batch reactors and continuous CLC systems

Several works test oxygen carriers over a high number of redox-cycles in the fluidised bed or in a

continuous CLC system and calculate the rate of attrition from the mass of elutriated fines collected.
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This follows the assumption that the mass of fines generated by attrition in the bed is equal to the
mass of fines elutriated. Using Stokes’s Law for small particle, Brown et al.'* demonstrated that this
assumption is valid at typical operating conditions of fluidised bed for CLC experiments (i.e. a
terminal velocity for particles with a mean radius of 25 um of 0.042 m s at 850 °C and 0.1 MPa in
10 vol% O, + Ny, and at their conditions an elutriation rate constant of 4.22 min). Cabello et al.>

proposed to estimate the lifetime of the oxygen carriers, tgc, from the weight of elutriated fines, mg,

and the initial bed mass, m;, from continuous redox-cycling tests of duration, 4t , by

o 100 _ 100
OC ™ attrition (%/h)_( mfA ) (3-6)
mt' t

This method has since been used by many to estimate the average lifetime of oxygen carriers, and

results of these works are presented in Table 3-2, below.%% 7> 172

Table 3-2 Values for the estimated average oxygen carrier lifetime and details of the oxygen carrier’s
composition and synthesis conditions reported in the literature.

i i i Tearc (°C T
e o o) oo’ ooy () foc(h)  Refoece
Ni-1 18 v-Al203 IM 900°C,1hd 800 10 000 ¢ Adénez et al.®?
Cu-3 14 v-Al203, IM 850°C, 1h 800 2 500 Adanez et al ®!
Forero et al.>?
Cu-8 60 MgAl04 SD 1100 °C, 24 h 900 25000 Adénez-Rubio et al.>?
Fe-13 60 v-Al203 FG 1100 °C, 6 h 950 10 000 Abad et al.'7?
Gayan et al.”®
Cu-3b 14 v-Al203 M 850 °C, 1h 900 1100 De Diego et al.>*
Cu-5 13 NiAl2O4 M 850 °C, 1hd 900 2 700 Gayan et al. >
Ni-2 11 CaAl2O4 M 950 °C, 1 hd 900 400 ¢ Gayén et al.®
Fe-14 15 v-Al203 M 950 °C, 1 hd 830 1250 Gayén et al.>®
Mn-ore ® 66 - - - 950 1 600 Mei et al.®®
Ni-3 40 NiALO4 FG - 850 4000 Fan %
Fe-2 20 v- ALO3 M 800 °C, 1 hf 880 1100 ¢ Cabello et al.®°
Cu-6 12 MgAlO4 M 800 °C, 1 h* 900 500 ¢ Gayan et al.>
Fe-3 60 MgA1Os M 950°C,6h 850 1 000 Mattisson et al.%*
Leion et al.'™
Cu-2 14 a-Al2O3 M 850 °C, 1h 900 250 ¢ Forero et al.?
Fe-11 17 v- ALO3 M 950 °C, 1 hf 900 700 Cabello et al.®°
Cu-4b 14 v- ALO;3 M - 900 450 Cabello et al.>
Mn-3 40 710, FG 1150°C, 6 h 850 2 600 Johansson et al.>’
Mn-Prv ¢ - - SD 1300 °C, 4 h 900 1100 ¢ Cabello et al.®®
Mn-2 40 7102 SD 1200 °C, 2 h 900 400 Rydén et al.®

Footnotes: (a) the following abbreviations were used for the preparation methods: IM = impregnation; SD =
spray drying; FG = freeze granulation; (b) the Mn-ore contains 65.6% Mn3Oy; (c) this perovskite oxygen
carrier has a molar composition of CaMng.oMgo.103.5; (d-f) sintering follows a thermal decomposition of the
metal nitrates at (d) 500 °C for 0.5 h, (e) 550 °C for 1 h, (f) 550 °C for 0.5 h; (g) in this case the lifetime was

not estimated by the group conducting the experiments, but by Cabello et al.”®
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Table 3-2 shows that the estimates for the oxygen carrier lifetime range widely from 400 h to 10 000
h. This indicates that the choice of the materials and preparation methods as well as careful tuning of

the preparation conditions can have a significant effect on the lifetime of the oxygen carriers.

Besides the above described quantitative methods, some works used qualitative methods to study the
attrition behaviour. Brown et al.'® targeted Fe-based and Cu-based oxygen carriers with velocities
in the range 10 — 42 m s against a plate and reported that redox-cycled oxygen carriers are more

prone to fragmentation than fresh oxygen carriers.

Despite all the above reviewed methods, ultimately pilot plants tests give the best indication for the
attrition in an industrial-scale process.>® 1 However, a combination of the above described tests can
be used to identify promising oxygen carriers and to refine the preparation protocols. Cabello et al.>

proposed to link the methods as illustrated in Fig. 3-7, below.

:
New oxygen A Single ocg>1N | Airjetindex

carrier formulation | particle test | (ASTM D5757)
*

0,
< 5% and stable rate AR <5 %
Larger scale constant Air jet index of attrition Bench-scale
CLC process (ASTM D5757) CLC unit

Fig. 3-7 Methodology for the selection of oxygen carrier materials with a sufficiently low attrition

behaviour to be used in scaled-up CLC processes, adapted from Cabello et al.>

During the review of literature on oxygen carrier attrition it was noted that several works report an
interesting anomaly. Forero et al.>* studied CuO/Al,O3 oxygen carriers over < 60 h in a continuous
CLC system with methane and reported for all four tests that the attrition rate reached its minimum
after ~ 20 h and then increased steadily. The cause for this phenomenon was not elucidated in detail.
52 Mei et al.®® reported a similar finding for the attrition rate measurements of Mn-ores in a fluidised
bed. For three of the studied four ores, the lowest attrition rate was measured in the cycle number
range 18-21 (~450-525 min of continuous redox-cycling). After reaching this minimum the attrition

163 studied Fe-based oxygen

rate increased again up to until cycle 60 (~ 1500 min). Brown ef al.
carriers over repeated redox-cycles with reduction 10 vol% CO + N; and reported an increase in
porosity and pore size with an increasing redox-cycle number. The change of the pore-morphology
of the particles might have caused this change in the observed rate of attrition. For this thesis, these
findings gave reason to analyse the redox-cycled bed material from long-term cycling experiments
by x-ray diffraction, Hg intrusion porosimetry, scanning electron microscopy and N, adsorption at
77 K. The above summarised attrition tests were all relating to a gas fuelled chemical looping process.

However, this might still be of relevance for the attrition in the CLAS process (for which no detailed
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attrition study was conducted). In this thesis, results from single particle tests of fresh and cycled
oxygen carriers and from tests in the fluidised bed are reported, following a similar method of the
tests for CLC oxygen carrier reviewed above, and parallels between attrition behaviour of the two

different chemical looping processes are drawn.

3.1.3 Heat of the reactions and auto-thermal operation

In the CLC process, the overall reaction in the air reactor is typically the oxidation of the metal
(oxide). For Cu-, Mn-, Fe-, Co- and Ni-based oxygen carriers this reaction is always exothermic.**
To determine if the overall reaction in the fuel reactors is endothermic or exothermic the ratio of the
enthalpies of oxygen carrier oxidation and fuel combustion can be compared.'*® Cho et al.'®
proposed to calculate the ratios of the enthalpy of the overall reaction in the fuel reactor, AHgg, to
the enthalpy of the reaction in the air reactor, AHsg. Assuming full conversion of the oxygen carriers
AHpg is assumed to equal the enthalpy of the oxygen carrier oxidation AH ;. The overall reaction in
the fuel reactor, AHgg, is assumed to equal the enthalpy of combustion AHc. The values for

commonly used fuel types are provided in Table 3-3, below.

Table 3-3 Reaction enthalpy of the O; release reaction of Cu, Mn and Co oxides with values form
FactSage."’

Fuel type  Combustion reaction per mole of O AH( 950 o¢ (kJ) eq.

Biomass® 05 + 3.04 Cy331Hg.4430¢.226 = 1 CO, + 0.674 H,0 —1036.0 (3-7)
CH, 0, + 0.5 CH, — 0.5 CO, + H,0 —400.9 (3-8)
co 0, +2CO - 2CO, —563.5 (3-9)
H; 0, +2H, - 2H,0 —498.2 (3-10)

Footnotes: (a) the biomass here is beech wood and the molar composition was calculated from the
ultimate analysis reported in Boot-Handford”, who measured a C:O:H mass fraction ratio of
0.494:0.450:0.055.

A value of AHgg/AHpg larger than unity indicates that the overall reaction in the fuel reactor is
endothermic, and conversely a value smaller than unity indicates that the overall reaction in both

reactors are exothermic.

This method was applied for various single metal oxide systems and fuel types using data from

FactSage, and the results are presented in Table 3-4.
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Table 3-4 Reaction enthalpies of the metal oxide oxidation in the air reactor (AR) and fuel reduction
in the fuel reactor (FR) and their ratios, based on values from FactSage."”’

fuel type
AHpgr/AHpR Biomass® CH. Cco H,
eq.(3-7): eq. (3-8): eq. (3-9): eqg.(3-10):
metal oxide oxidation ﬁJH/g;(l’;Cl -1036.0 -400.9 -563.5 -498.2
0,+2Cu—2Cu0O -296.9 | 0.29* 0.74%* 0.53* 0.60*
02 +2 Cu,0 — 4 CuO -261.5 | 0.25% 0.65* 0.46* 0.52*
0+ 6 MnO — 2 Mn304 | -453.7 | 0.44%* 1.13 0.81* 0.91*
0, +2 Co —2 CoO -465.7 | 0.45% 1.16 0.83* 0.93*

Footnotes: (*) the value of AHrr/AHr < I implies that the reaction in both (fuel reactor and air
reactor) are exothermic and no heat transfer from the air reactor to the fuel reactor is required to
maintain an auto-thermal reaction; (a) the biomass is assumed to be beech wood with a molar
composition of Co.331Hp.44300.226, which was calculated from the ultimate analysis reported in Boot-
Handford”.

In Table 3-4, the values of AHrr/AHAr for Cu-based oxygen carriers are smaller than unity when
utilising biomass, CH4, CO and H». This indicates an exothermic overall reaction in both reactors.
Therefore, no heat has to be transferred from the air reactor to the fuel reactor. An exothermic reaction
in both reactors also occurs during the combustion of CO and H» when using Mn-, Fe-, Co- and Ni-
based oxygen carriers. However, when using those four oxygen carrier types for the combustion of
biomass and CHs AHpg/AH R is larger than unity, indicating that the overall reaction in the fuel
reactor is endothermic. In this case, heat can be transferred from the air reactor to the fuel reactor
using the heat capacity of the circulating oxygen carriers. The oxygen carrier circulation rate can be
increased until the enthalpy transferred equals the enthalpy requirement to maintain the operating
temperature of the fuel reactor. However, this will reduce the average oxygen carrier conversion, and
hence increase the oxygen carrier requirement beyond the minimum solid inventory at which full
fuel conversion occurs. This is likely to result in an increase in capital and operating costs.* %
Cycling of inert bed material in addition to the oxygen carriers might be a less expensive alternative
for facilitating the heat transfer.

The enthalpies listed in Table 3-4 can be used to calculate the enthalpy of the overall reaction in the
fuel reactor, by subtracting the enthalpy of the fuel combustion from the enthalpy of the oxidation
(AHox — AH omp.)- This value is equal to the enthalpy that is needed to be transferred to the reducer
for auto-thermal operation, e.g. transported through increased circulation of the oxygen carriers, by
pre-heating the inlet gas streams or by direct heating or cooling of the reducer. A positive value
indicates that the overall reaction is exothermic, and the reactor has to be cooled, e.g. by raising

steam. This requires an additional boiler system and is thus likely to increase the capital costs of the

process.
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For the CLAS process, assuming full conversion of the oxygen carriers, the enthalpy released in the

reducer is equal to the enthalpy of the O release reaction, AHg, 1. The values for AHg, re) for the

systems CuO/Cu,O, Mn,03/Mn304 and Co304/CoO are provided in Table 3-5, below.

Table 3-5 Reaction enthalpy of the O: release reaction of Cu, Mn and Co oxides with values form
139

FactSage.
Reaction to release one mole of O, AH, 950 ¢ Eq.
4 Cu0 - 2 Cu,0 + 0, +261.5K] (3-11)
6 Mn, 05 - 4 Mn30, + 0, +143.1K (3-12)
2 Co30, - 6 Co0 + 0, +393.0K (3-13)

Footnotes: The temperatures of the reducer in the CLAS process might be different in an industrial-
scale process, i.e. in Fig. 3-5 it can be seen that poze, = 0.25 for CuO, Mn:;Os and Co30y is ~1050
°C, ~900 °C and ~820 °C, respectively. However, the change in AH, t with temperature is not

significant since it is only comprised of the changes in heat capacity of the gaseous reagents and
products.

The values of (AHyyx — AHomp.) for the utilisation of Cu-, Mn- and Co- oxides in the CLAS process
are compared with the values of AHy ;. in Fig. 3-8a. Since the materials typically release more
oxygen during the fuelled reduction than during O, release and the different metal oxides have
different molecular masses it is also meaningful to express the enthalpies per unit of mass of the

reduced or decomposed active metal oxide, as shown in Fig. 3-8b.
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Fig. 3-8 A comparison of the enthalpy of the overall reaction in the reducer for Cu-, Mn- and Co-
oxides in the CLAS process and in the CLC process with biomass, CHy, CO and H. as the fuel (a)
per mole of O: release, and (b) per kg of the reduced or decomposed active metal oxide.

Fig. 3-8 shows that the overall reaction in the reducers of the CLAS is negative for all three single
metal oxide systems studied. The additional amount of heat required per mole of O, produced is in
the order: Co304 (390.0 kJ-mol(0,)!) > CuO (261.5 kJ-mol(02)") > Mn,0s (143.1 kJ-mol(02) ™). In
terms of energy required per mass of the oxidised single metal oxide, the order is: CuO (3.29 kJ/kg)

43



> Co0304 (1.62 klJ/kg) > Mny0O3 (0.91 kl/kg). When using any of the three single metal oxides
additional heat has to be supplied to the reducer. In the CLAS + oxy-fuel process, this heat cannot
fully be supplied by the exothermic oxidation (at least without the injected of steam into the reducer
and when operating both reactors at atmospheric pressure), since the O, partial pressure required in
the combustor, pg, comb, Which is in the range 0.25 — 0.35 bar is higher than the pg, in the oxidiser
(c.f- section 2.3.4). Owing to the costs associated with required additional heat transfer it is therefore
desirable to select materials with a lower additional energy requirement. Per mole of O, released in
the reducer, the heating requirements in the reducer for the systems CuO/Cu,0O, Mn,0O3/Mn304 and
C0304/CoO are 261.5 kJ, 143.0 kJ and 393.0 kJ, respectively. From this heat integration standpoint,

Mn oxides are therefore most favourable.

3.1.4 Oxygen storage and release capacity

The oxygen transport capacity, Ry, is the mass fraction of O, of the fully oxidised oxygen storage
material that can be released during the reduction, typically in the presence of a fuel. The oxygen
ratio, R, can be calculated by,
Moy — M
RO — ( 0x red)’ (3_14)
mOX
where my, and mq is the mass of the fully oxidised and fully reduced oxygen carrier material (i.e.
excluding the inert support), respectively. Consequently, the theoretical oxygen storage capacity can

be calculated from the relative molecular masses of the oxidised, My, and the reduce material, M;.q4,
by,

vV
(Mox — ox/vred Myeq)

, (3-15)
MOX

RO,th =

In eq.(3-15), vox an vpeq are the stoichiometric coefficients in the reduction reaction of the oxidised
and reduced solid, respectively. The R, of the oxygen storage material is an important design
criterium of the chemical looping process. The higher the R for given rates of reactions, the lower
is the required minimum solid inventory and the minimum reactor size. A reduction of the reactor

size typically results in a reduction in the capital cost of the reactor.

Data from FactSage was used to calculate values for R, for single metal oxides that are commonly
used in chemical looping processes. This was done by determining the thermodynamically
favourable oxidation state in excess air at 800 °C for the oxidised material, and in the presence of
excess biomass or CHy at 800 °C for the reduced material. The relevant oxidation states of the metal
oxides for the CLAS process were evaluated by oxidising and decomposing the metal oxidised in the

presence and the absence of O,. Then, balanced equations were developed, and the relative molecular
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masses of the materials were used to calculate the values for R, as proposed by Mattisson et al.'”

The results of this calculation are presented in Table 3-6, below.

Table 3-6 Oxygen ratios for redox-systems of commonly used single metal oxides as oxygen carrier
materials for the CLC and CLAS process.

metal (oxide) system balanced equation R,

redox-reaction relevant for the CLC process:

CuO/Cu 2Cu0 <2 Cu+ 0, 0.201
Mn,O3/MnO 2 Mny03 <= 4 MnO + O, 0.101
Co0304/Co Co0304 3 Co+2 O 0.266
NiO/Ni 2NiO < 2Ni+ O, 0.214
Fe,03/Fe;0q4 6 Fe,0O3 <> 4 Fes04 + O, 0.033
redox-reaction relevant for the CLAS process:

CuO/Cux0 4 CuO < 2 Cu0 + O, 0.101
Mn203/Mn304 6 Ml’l203 — 4 MI’I304 + 02 0.034
C0304/CoO 2 C0304 <> 6 CoO + Oy 0.066

Adanez et al."® carried out redox experiments and demonstrated, that the theoretical values of R
for the systems CuO/Cu, Mn3;O04/MnQO, Fe,03/Fe;04 and NiO/Ni, can be achieved in lab-scale tests.

To illustrate the values from Table 3-6, the oxygen ratios are compared in Fig. 3-9, below.
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Fig. 3-9 The oxygen ratios of single metal oxide systems relevant for the CLC and the CLAS process,

calculated from the molecular weights of the compounds and the balanced equations determined in

FactSage."’

Fig. 3-9 shows that the values of R, of the reactions relevant for the CLC process (herein also referred
to as the oxygen transport capacity) are in order (from high to low): Co > Ni > Cu > Mn > Fe. Since
the R, is inversely proportional to the mass flow rate of oxygen carriers between the reactors when
combusting a given amount of fuel (assuming full oxygen carrier conversion and no increased
circulation rate for additional heat transfer between the reactors), the values of the oxygen carrier

mass flow rate will be in the order: Fe > Mn > Cu > Ni > Co. The values of R, relevant for the CLAS
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process are in the order: Cu > Co > Mn. The oxygen carrier mass flow rate (under the same
assumptions as above) is therefore: Mn > Co > Cu. Furthermore, Table 3-6 and Fig. 3-9 show that
the values of R relevant for the CLC process are larger than those relevant for the CLAS process,
with the exception of the system Fe>Os/Fes;Os. This indicates that the mass flow rate of active metal
oxide between the reactors in the CLAS process will be larger than in the CLC process for the full
combustion of a given amount of fuel. Arguably even more relevant for the design of the process is
the overall oxygen ratio, R}, which refers to total mass of the oxygen carrier (including the inert

support) and can be calculated by,
Ry =Ry q, (3-16)

where a is the active metal oxide loading, which is the mass fraction of the active metal in the
oxidised state of the oxygen carrier. As explained in section 3.1.2 and shown in Table 3-1 and Table
3-2, the active metal oxide is supported on an inert material to increase the mechanical resistance of
the oxygen carriers to withstand the operational stresses and to reduce the tendency of sintering and
agglomeration, - 31-60. 62-64.68. 69 The requirements and selection criteria of the supporting material are

detailed in section 3.2.

The value of R, and the reactivity of the active metal oxide determines the size of the minimum solid
inventory. This assumes (i) the absence of intra-particle and external mass transfer, (ii) full
conversion of the active metal oxide, and (iii) no increased oxygen carrier circulation rate for the
transport of heat between the reactors. The calculation of the solid inventory is explained in detail in

the following section.

3.1.5 Solid inventory

The oxygen carrier inventory, mMyeq, has a significant impact on the reactor design® and is one of the
three process design criteria proposed by Lyngfelt et al.,>® which are (i) a sufficient amount of bed
material in both reactors for full fuel conversion, (ii) the oxygen carrier circulation rate, and (iii) to

minimise the gas leakage between reactors. Values for my,q can be calculated by, '3

_ Mo, . H. <1 —(1=Xox)Ry  1-(1- Xred)R(’J> (3-17)
Mped = ’

—2 C— +
Mfuel " RO (dw/dt)ox (dw/dt)red

where My, and Mg, are the molecular masses of oxygen and the fuel, respectively, b, is the

stoichiometric coefficient of the combustion reaction, H, is the heat of combustion, R is the oxygen
ratio, X,y and X.q are maximum conversion of the oxygen carrier during oxidation and reduction,

respectively, and (dw/dt),x and (dw/dt),eq are the reaction rates of the oxidation and reduction,
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respectively. Circulation rate is affected by the R, which can be expressed as eq.(3-18) according to
Abad et al.'’®
by Myieo 1¢ AX¢
Mmoc=—7—— 3-18
where b, is the stochiometric ratio of the fuel combustion reaction, My is the molar mass of the
active metal oxide, ¢ is the molar flow rate of the fuel, AX¢ is the fuel combustion efficiency, a is
the mass fraction of the active metal oxide in the oxyen carrier, and AXpeq is the conversion range

of the active metal oxide.

3.2 Inert supporting materials

The copper oxides CuO and Cu,O are relatively soft materials (see microhardness in Table 3-7).!7
This results in the tendency of agglomeration in the CLC process.!®® The stability of the oxygen
carriers can be increased and the tendency to agglomerate decreased by supporting the active metal
oxide on an inert support material.'*® The support material should (i) have a high mechanical strength,
(i) be inert (e.g. redox-reactions are thermodynamically not favourable at the operating conditions
of the supported oxygen carriers), and (iii) be stable (e.g. no diffusion should occur at the operating
conditions). Those three properties — high mechanical strength, inertness, and stability — will be

examined in the following three paragraphs.

Firstly, the mechanical stability of potential oxygen carrier materials is evaluated. An indication for
the mechanical stability of the oxygen carriers is the microhardness of their materials.'”® Some
literature values'”’” for the microhardness of potential oxygen carrier materials (active metal oxide as

well as inert supporting material) are presented in Table 3-7, below.

Table 3-7 Literature values'" for the microhardness of potential active metal oxides and inert

support materials for CLC and CLAS. The testing conditions were SATP unless stated otherwise.

. microhardness . microhardness
metal oxide (MPa) notes metal oxide (MPa) notes
CuO 2050-2491 AlOs; 20153 — 21487 mineral
Cu,O 2010-2030 20448 —20202  synthetic
Mn;04 4207 MgO 7453 T=25°C
NiO 3922 T=120°C 1961 T=650°C
1961 T'=450°C ZrO* 9807 T=270°C
Fes04 4678-7885 2942 T=2800°C
Fe,O3 10983-6864 TiO; 7846 T=125°C
SiO; 11034 1961 T=650°C

Footnotes: (a) here ZrO; was stabilised with CaO.

47



Unfortunately, values for the microhardness at typical operating temperatures of CLC reactors for all
metal oxides listed in Table 3-7 were not found in the literature. However, a comparison of the
microhardness at lower temperatures should give an indication of the mechanical stability of these
materials. The average microhardness of the active metal oxides measured at 20 °C < T < 120 °C
listed in Table 3-7 is in order (from low to high): Cu,O < CuO < NiO < Mn30;4 < Fe;04< Fe03, and
the order of the microhardness of the inert supporting material is: MgO < TiO, < ZrO, (CaO
stabilised) < Si0O, < Al,O3. The microhardness of the two oxides of Cu is an order of magnitude lower
than the microhardness of the hardest material, viz. Al,O3;. Mn3O4 is about twice as hard as CuO and
Cu,0. The relation of the hardness of the active metal oxides containing Cu- or Mn to the hardness
of the inert supporting materials from Table 3-7, suggests that supporting these active metal oxides
with the inert materials from Table 3-7 will result in an increase in the hardness of the resulting

material.

Secondly, the ‘inertness’ of the potential supporting materials is evaluated. To evaluate if a material
is inert at CLC process conditions, the Gibbs free energy of the oxidation of the fuels were compared

to the Gibbs free energy of the formation of the supporting material, as shown in Fig. 3-10, below.
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Fig. 3-10 Ellingham diagram for common support materials using the data from FactSage.

The values of AG of the oxidation reactions of all supporting materials in Fig. 3-10 are lower (higher
negative) than the values of AG of the combustion reactions at 0.1 MPa and 200 °C < 7' <1200 °C.
This difference corresponds to the energy that has to be added to initiate the reduction of the metal
oxide. This difference is in order (from low to high): SiO, < TiO; < ZrO, < Al,O3 < MgAlO,4 <
MgO. A reduction of the metal oxides in this temperature range is therefore thermodynamically not

favourable.

Thirdly, the stability of the supporting material is evaluated, which in this work is defined as the

resistance towards solid-state diffusion of the ions of the supporting metal oxide. The movement of
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ions requires the dissociation and the diffusion of atoms.'” The driving force of either is proportional
to the fraction of the melting point, Ty (K).!” An increase in temperature results in an increase in the
mean lattice vibration of the surface atoms. At 0.3- Ty (K), which defines as the “Hiittig” temperature,
Ty, a dissociation of the surface atoms at defect sites occurs, allowing the ions to diffuse across the
surface. Above 0.5:Ty, the Tammann temperature (T7) the mobility of bulk atoms increases
significantly and diffusion within the lattice occurs.!” The values of Ty, Ty, and Tt for materials

relevant for this work are listed in Table 3-8, below.* 177> 179, 180

Table 3-8 Hiittig, Tammann, and melting point temperature of metals and metal oxides at 0.1 MPa
that are used in this work for the preparation of oxygen carriers.

Hiittig Tammann melting point
metal (oxide)
temperature, Ty (°C) temperature, Tt (°C) Tm (°C)

CuO 206 526 1326
Cu,O 179 481 1232
Cu 134 405 1085
Mn,Os3 91 334 888

Mn;04 277 644 1567
AlLOs3 421 884 2041
MgAl,O4 448 929 2131
Zr0O; 619 1214 2701
TiO, 364 789 1851
SiO, 292 669 1611
MgO 665 1290 2853
Sepolite 382 819 1911
CeO; 529 1064 2401

Cu- and Mn-based oxygen carriers have been tested in the temperature range of 800 — 900 °C !5
5456 and 850 — 950 °C,- %8¢ respectively. The low values of Ty, Ty, and Ty (in Table 3-8) for Cu-
and Mn- oxides indicate a high ion mobility at these temperatures, which causes sintering. Therefore,
these single metal oxides are typically supported on an inert material, as summarised in Table 3-9,

below.
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Table 3-9 The use of support materials for Cu-based oxygen carrier for CLC reported in the
literature.

Supporting  Preparation  Active metal oxide

material method * loading, a (wt%) o’ (N) Reference
Al O3 WI 15-33 2.5-4.6 Adénez-Rubio et al.'?
MM+E 60-80 2.6 Adénez-Rubio et al.'?
FG 60 4.3 Cho et al.'®
DI 10 - Garcia-Labiano et al.'*
CcOo 21-78 3 Chuang et al.'¥
MM+E 30-82 - Chuang et al.'¥
CaZrO; MM+E 40 0.7 Arjmand et al. 3!
MgALLO4 WI 15-21 0.8-2.1 Adénez-Rubio et al.'?
MM+PP 60 12-22 Adénez-Rubio et al.'?
Sepiolite MM+E 80 0.8 Adéanez-Rubio ef al.'?
SiC MM+RE 15-61 4.1-45 Peterson et al.®
WI 19 - Peterson et al.%
SiO, MM +E 60-80 09-1.1 Adénez-Rubio et al.'?
DI 60 2.6 Johansson 136
MM+E 40 - De Diego et al.'>’
SrZrOs MM+E 40 0.8-1 Arjmand et al.'®!
TiOz MM +E 40-80 22-23 Adénez-Rubio et al.'?
DI 40 4.5 Johansson!3¢
ZrO; MM+E 60-80 0.7 Adénez-Rubio et al.'?
MM+PP 40-60 22-2.8 Adénez-Rubio et al.'?
DI 40 0.8-2.7 Johansson!3¢

Footnotes: (a) the abbreviations for the preparation methods are: WI = incipient wetness impregnation, FG =
freeze granulation, DI = dry impregnation, CO = co-precipitation;, MM+E = mechanical mixing and
extrusion, MM+PP = mechanical mixing and pressure pelletizing; (b) if several values are reported for oxygen
carriers with the same composition and preparation method in the publication, then the listed value is the
maximum value reported.

Cho et al."* reported a high crushing strength and a high reactivity in pilot plant tests of Cu-oxygen
carrier supported on Al,Os. However, after repeated cycling the inert support material and the active

metal oxide eventually formed CuAl,Oa.

Johansson'*®

used SiO; as support material and reported undesired formation of silicates upon
sintering. Additionally, he found particles supported on TiO, to either produce unstable particles after
sintering or de-fluidised in FBR experiments. Contrary, Adanez et al.”’® reported that SiO, and TiO,
supported Cu-oxygen carriers, which were sintered at 950 °C, performed best of all the oxygen

carriers screened.

Johansson'*® studied the effect of doping ZrO, with CeO,, Y»03;, CaO or MgO. Generally, these
dopants enable tetragonal and cubic phases of the ZrO, to remain stable at temperatures at which
otherwise monoclinic ZrO, would prevail, which generally enhances the mechanical properties.'*?

Mn oxides supported on doped ZrO, were tested as oxygen carriers for chemical looping combustion,
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but no significant change in the mechanical stability and reaction rates was observed. Johansson'¢
therefore concluded that this doping is not so promising and only increases the costs of the expensive
support material additionally.'**!8? Furthermore, bentonite and kaolin were tested as doping agents.
Although addition of these resulted in an increase in the measured crushing strength of CuO/Al,O3
oxygen carriers, the reactivity was found to decrease significantly. It was therefore concluded that

these doping agents are not promising.'*®

Wang et al.'® studied Cu-based oxygen carriers supported on SiO,, ZrO, and TiO, by XRD, and
reported that neither of these supports formed phases with the CuO. It was therefore concluded, that

these three supporting materials are inert when being used for Cu-based oxygen carriers.

3.3 Cost of oxygen carriers

The cost for the replacement of the oxygen carriers is often a significant part of the total cost of a
CLC process.® 7> 172 To enable the comparison of the costs among various oxygen carrier types as
well as comparison with other CO, capture technologies, the costs per tonne of CO, captured

association with the replacement of oxygen carriers, CCCy, was calculated by,'"”

COC 'SI (3-19)

CCCoc =7
°¢ T SE - Nco, " Toc

In eq.(3-19), Cyc is the cost of the oxygen carriers, S1, is the solid inventory per MWhe, SE, are the
fuel specific emissions, 11¢, is the rate of CO; capture, and 7, is the average oxygen carrier lifetime.
A literature value for the specific emissions of methane is 0.23 t(CO,)/MWh.'® The cost of the

oxygen carriers, Cy, can be calculated by, 675 172.176
Coc = MmeoCmeo + (1 — Mye0)Cs + Cn, (3-20)

where myeq 1s the mass fraction of the active metal oxide of the oxygen carrier mass, and Cyeq, Cs
and C,, is the mass specific cost of the active metal oxide, the supporting materials, and the
production process. Patzschke ef al.”® used the cost of the reduced metal, Cye, and the molecular
masses of the metal oxide, M., and the metal, My, to calculate the cost of the metal oxides,

Myeo 321
Cmeo = o = Cue- (3-21)
Me

Furthermore, the authors compiled an extensive table with values for SI, Ty, Coc and CCCqc, as

reproduced in Table 3-10, below.!7> 185
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Table 3-10 Results of the economic assessment of oxygen carrier sorted by cost of carbon capture

(ascending).
a a Tcalc , tealc Top SI toc CRaw CPrep COC CCCOC
Sample (wt%) Support. Prep. (°C), (h) (°C) (kg/MWw)  (h) (S2018/kg) ($2015/kg)($2015/Kg)(S2015/tonco2) Reference
Ni-1 18 y-ALO; IM 900,14 800 600 100008 1.95 0.44 239 0.64 Adanez et al.®?
Cu-3 14 vy-AlLOs;, IM 850,1 800 400 2500 1.11 0.34 1.45 1.03 Adénez et al’!,
Forero et al.*?
Cu-8 60 MgAl,O4SD 1100,24900 670 25000 2.56 9.25 11.81 1.40 Adanez-Rubio et al.*
Fe-13 60 v-Al,Os3 FG 1100,6 950 1200 10000 0.34 3.81 4.15 2.21 Abad et al., 2007,
Gayan et al., 2012
Cu-3b 14 y-AlL,O3; IM 850,1 900 400 1100 1.11 034 145 235 de Diego et al.>*
Cu-5 13 NiALO4 IM 850,14900 450 2700 3.70 0.45 4.15 3.07 Gayan et al. %
Ni-2 11 CaAlLOsIM 950,14900 180 400& 1.25 0.54 1.79 3.58 Gayan et al.®
Fe-14 15 y-ALO; IM 950,19830 1100 1250 0.59 0.51 1.10 4.29 Gayan et al.>®
Mn-ore® 66 - - - 950 683 1600 2.57 - 2.57 4.87 Mei et al.®®
Ni-3 40 NiALO4 FG - 850 200 4000 S5.16 18.12 2328 5.16 Fan®
Fe-2 20 y-ALO; IM 800,1f 880 1300 1100& 0.66 052 1.18 6.20 Cabello et al.,
Cu-6 12 MgAlLOs IM 800,1° 900 473  500¢# 1.28 044 172 7.20 Gayan et al.
Fe-3 60 MgAlL,Os IM 950,6 850 500 1000 139 215 354 7.85 Mattisson et al.®,
Leion e al.'™
Cu-2 14 o-ALOs IM 850,1 900 400 250¢ .11 034 145 10.32 Forero et al. *
Fe-11 17 y-ALO; IM 950,1% 900 1600 700 0.62 051 1.13 11.42 Cabello ef al.®
Cu-4b 14 y- ALOs IM - 900 443 450 - - 3.04 13.28 Cabello et al.>®
Mn-3 40 7ZrO, FG 1150,6 850 1100 2600 475 3.81 856 16.06 Johansson etal. >’
Mn-Prv ¢ - - SD 1300,4 900 700 1100& 5.77 196 7.73 21.81 Cabello et al.®®
Mn-2 40 ZrO, SD 1200,2 900 1040 400 475 132 6.07 70.00 Rydén et al.”®

Footnotes: (a) the following abbreviations were used for the preparation methods: IM = impregnation,; SD =
spray drying; FG = freeze granulation; (b) this Mn-ore contains 65.6% Mn3;Oy (c) this perovskite oxygen
carrier has a molar composition of CaMng.oMg.;03.5; (d-f) the sintering follows a thermal decomposition of
the metal nitrates at (d) 500 °C for 0.5 h, (e) 550 °C for 1 h, (f) 550 °C for 0.5 h; (g) here the lifetime was

estimated by Cabello et a

1.56
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The values from Table 3-10 are illustrated in Fig. 3-11, below.!'7> 83
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Fig. 3-11 Plots of the oxygen carrier lifetimes versus the cost of the solid inventory required to
generate 1 MWy, grouped by: (a) shows the energy consumption of the oxygen carrier production
and the oxygen carrier lifetimes, (b) oxygen carrier material, (b) preparation method, and (c) support
material. The grey lines in (a), (b) and (c) are the iso-lines of the oxygen carrier specific cost of CO;
capture and the dotted circles are used to highlight clusters of the same material or method.®®"
Fig. 3-11a shows that the energy requirements for the oxygen carrier preparation vary significantly
by preparation method (details for the calculation of the energy requirements are provided in
Patzschke et al.””). However, in some cases oxygen carriers offset high production energy
requirements with long lifetimes. The energy requirements for the preparation of the spray-dried Cu-
8 (86.4 kWh kg™') are 1550% of the average of all impregnated oxygen carriers in Fig. 3-11a, owing
to the relatively long estimated lifetime of Cu-8, the energy requirements per hour of lifetime are
51% of the average specific energy requirements of the impregnated oxygen carriers. This example
shows that in some cases extensive preparation methods are justifiable.

In Fig. 3-11b the calculated lifetime of the oxygen carriers is plotted against the cost of the solid
inventory using the data from Table 3-10. Additionally, iso-cost lines for the cost of CO; capture
caused by the oxygen carrier replacement are drawn onto the graph. From Fig. 3-11b it can be seen
that the average cost of the specific solid inventory is in the order (from low to high): Ni (1521
$-MWth') < Fe (2493 $-MWth') < Cu (2679 $-MWth") < Mn (4673 $-MWth™"). Using eq.(3-19)

and assuming CHys is the fuel, the additional cost of CO; capture due to the replacement of oxygen
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carriers is in the order (from low to high): Ni (3.1 $2017fco2) < Mn-ore (4.9 $2017°tco2) < Cu (5.5
$2017°tc02) < Fe (6.4 $2017°tco2) < Mn (16.1 $2017°tco2) < perovskites (21.8 $2017fco2).

Fig. 3-11c shows that the average specific solid inventory cost by preparation method is:
impregnation (1154 $-MWth') < freeze-granulation (6351 $-MWth') < spray-drying (6546
$-MWth™'), and the average cccc is in the order impregnation (5.9 $2017°¢co2) freeze-granulation (7.8
$2017°tco2) < spray-drying (11.6 $2017°fco2). It can be seen that the additional cost of CO» capture
follows the same order as the energy intensity of the preparation, indicating that the latter can affect
the CO; capture cost, significantly. Fig. 3-11d shows that the average cccqc of the support material
is in the order: CaAl,O4 (3.58 $2017°2co2) < NiALOs (4.12 $2017 tco2) < MgALO4 (5.48 $2017°tco2) <
ALOs (5.75 $2017°tco2) < ZrO> (16.1 $2017'tco2). This indicates that the supporting material can
significantly affect the cost of CO, capture, significantly.
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3.4 Methods for the preparation of oxygen carriers

In this section, methods for the preparation of oxygen carriers are reviewed. Successful application

of various techniques for oxygen carrier preparation have been reported in the literature, such as co-

158, 186 123, 147, 181

precipitation, mechanical mixing with subsequent particle formation by drying in a

123, 181

rotary evaporator®, freeze-granulation, extrusion or pressure pelletizing!'?, incipient wet

66, 147. 187 and dry impregnation'*®. Some works report the preparation of copper

impregnation
manganese oxides as oxygen carriers for the CLC process and for other applications. These are

summarised in Table 3-11, below.

Table 3-11 Publications reporting the preparation of copper manganese oxides.

Process/application Preparation method Reference

as oxygen carriers for chemical looping processes:

CHy4 fuelled CLC Co-precipitation using metal nitrates and Na,CO;3, Mungse et al.**
CLOU Mechanical mixing of CuO, Mn304, DI water and Pour et al.®
polyvinyl alcohol with subsequent freeze-drying.
Syngas fuelled CLC ~ Co-precipitation with NaOH and Na,COs. Sajen et al.'”®
CLOU combustion Co-precipitation with NaOH. Hosseini et al.*®
of charcoal
other applications:
Water-gas- Co-precipitation with aqueous ammonia. Tanaka et al.’*
shift catalyst
Three-way catalysts ~ Pechini method using manganese acetate, copper Huang et al.'®
nitrate, cerium nitrate, citric acid and ethylene
glycol.
Assessment of the Mechanical mixing of CuO and MnO and pressure ~ Shoemaker et al. '*°
Jahn-Teller effect pelletising at 100 MPa (extensive calcination: 21 h
at 860 °C).
Semiconductor for Sol-gel method using metal acetates and melted Enhessari ef al.'”!

photoelectric devices stearic acid.

As shown in Table 3-11, copper manganese oxides have been previously proposed for CLC and
CLOU processes:** Pour et al.* prepared CMO by freeze-granulation and investigated the
reduction under N, and in the presence of wood char as the fuel, and reported no occurrence of

agglomeration®. Mungse et al.** studied the performance of CMOs with CH, as the fuel and Hosseini
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et al.® reported that for the combustion of solid fuels, CMOs with a molar Cu-Mn ratio of 1:3
performed best in the fluidised bed at 800 °C. CMOs have recently attracted interest for other
applications, such as materials for three-way catalysts for the removal of CO, hydrocarbons and

nitrous oxides,'® semiconductors for photoelectric devices,'! and water-gas-shift catalysts.!?

3.4.1 Preparation of oxygen carrier via mechanical mixing

The preparation of oxygen carriers via mechanical mixing starts typically with the mixing of the
active metal oxide(s), the supporting material and a liquid solvent (often DI water).!47:157:195
Furthermore, additives such as pore forming agents, dispersants or binders can be added to the slurry
to modify the precursor properties.'s”!%1% However, Sohn et al.'*® recommended to abstain from
using additives when preparing oxygen carriers for kinetic experiments, since products from the
thermal decomposition of those additives can affect the observed rates. For mixing of the powders,
the break-up of agglomerated grains, and a reduction in the mean grain size of the powders, the slurry
is typically milled (e.g. in a planetary ball mill).?*¢ To obtain oxygen carrier particles, the slurry is
either directly dried and calcined followed by crushing and sieving of the calcined solids into the
desired size fractions, or particles are formed from the slurry, sieved in the desired particle diameter
range and then calcined. 1319 Commonly used methods for the particle formation include spray-

53.246 and freeze-granulation'®.

drying
For the particle formation by spray-drying, the slurry is typically pumped through a nozzle located
at the top of the spray-drying chamber, producing small spherules. Additionally, hot air is injected
into the chamber, which result in rapid drying of the spherules. The dried particles are collected at
the bottom of the spray-drying chamber.!** 243

In the process of freeze-granulation, the slurry is pumped through a nozzle, resulting the slurry to
form small spherules, which are sprayed into liquid N».'” The solvent is removed from frozen
material via sublimation, and additives (e.g. dispersants and binders) are thermally decomposed

during the heating of the calcination step.'!?

Metal oxide
a) B?x:'?err: lBinder i Electricity lElectricity l Electricity
. - Spray- s Calcination
Slurry mixing |- Grinding | > P ) ¥ Ba Sieving | > . . / _,Oxvgen
drying sintering carrier
Metal oxide
b) pDcl)ng;— lBinder l Electricity lEIectricity lElettricity
- s Freeze- L Calcination
Slurry mixing %  Grinding ) Ba Sieving B N / |, Oxygen
granulation sintering carrier

Fig. 3-12 Block flow diagrams representing a typical process of oxygen carrier preparation via

mechanical mixing with particle formation via (a) spray-drying and (b) freeze-granulation, adapted

from Patzschke et al.”>'%
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3.4.2 Preparation of oxygen carrier via impregnation

The preparation of oxygen carriers via impregnation starts commonly with the crushing and sieving
of an inert supporting material. The dried crushed material is then mixed with an aqueous solution
containing the salts of the active phase. Typically the volume of the solution equals the pore volume
and fully deposits in the pores during drying (contrarily to the ion exchange process).!*> This method
is therefore also referred to as “dry impregnation” or “incipient wetness” impregnation. The
substitution of the solid-gas interface with a solid-liquid interface results in a significant reduction of
the free enthalpy, which however does not affect the quality of the precursors considerably.!*? This
impregnation by capillary forces is typically used for the oxygen carrier preparation.” 6% 148 187 [f an
excess volume of liquid is used, which requires an intermediate filtration and drying step, the process
is referred to as wet impregnation. Gayan et al. used this method for the preparation of Cu-based
oxygen carriers.” Besides capillary impregnation, is also possible to start with the pores being
initially filled with a liquid solution. In this case, the impregnation occurs by liquid phase diffusion. !
After completion of the impregnation process, the salts (e.g. nitrates) that were deposited on the pore
walls of the particles are thermally decomposed to the metal oxides. The process of the oxygen carrier

preparation via co-precipitation is illustrated in Fig. 3-13, below.

Metal
l Alumina lnitrate solution lElectricity iEIectricity l Electricity

- . Calcination
Ba Stirring -+ Ovendrying | S / |, Oxvgen
sintering carrier

Crushing and N Incipient dry
sieving impregnation

Fig. 3-13 Block flow diagram representing a typical process of oxygen carrier preparation via
incipient dry impregnation, adapted from Patzschke et al.”>'®

Typically used supporting materials are y-Al,O37> ¥ a-Al,0s, >, MgAl,04%, and NiO/y-A1LO5*°, and

the active metal oxide loading (after calcination) is typically in the range 14-23 wt% >'- 187.193

3.4.3 Preparation of oxygen carrier via co-precipitation

In the process of co-precipitation, an aqueous solution containing dissolved metal salts is mixed with
an alkaline solution, the increased pH value results in the precipitation of the species containing the
metals.!> " Commonly used salts are metal nitrates, metal sulphates and metal chlorides. For the
preparation of the alkaline solution, typically Na,COj3, NaOH or ammonia are dissolved in DI water.
The difference between the pH value required for the co-precipitation and actual pH value of the
mixture corresponds to the degree of super-saturation, which is thus the driving force of the
precipitation.'” The co-precipitation can be carried out at low super-saturation or at high super-

saturation. For the co-precipitation at low super-saturation, both solutions are typically added
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simultaneously to a reaction vessel thereby maintaining a constant pH value. In the process at high

super-saturation, the metal nitrate solution is typically added rapidly to the alkaline solutions.

The pH value of the product solution and thus the degree of super-saturation has typically a
significant effect on the material properties.'”> However, although it can be predicted which phases
form at a certain pH value,'”*'?® the relationship between the material properties and the pH is often
not clear and is therefore often determined experimentally.'®> Horn and Rieger®’ reviewed theories
for the formation of complex solids via co-precipitation (and other methods) and concluded that
many theories simplify the occurring processes. Many processes, including the molecular processes
during the mixing of the two solutions to achieve supersaturation are not fully understood.?*” Keeping
this in mind, some physico-chemical considerations are detailed in the following to provide a
foundation that allows relating changing oxygen carrier characteristics, such as porosity, with a

change in driving force, i.e. the degree of super-saturation.

For the precipitation to occur, nuclei have to form first. On these nuclei, solids (precursors of the

precipitate) attach.'® The change of Gibbs free energy during the formation of a particle, AG, is given

195

by,
AG = AGpyik + AGinterface T AGothers (3-22)

where AGypyk 1s the difference in Gibbs free energy between the solution, AGjpterface, 1S the free
energy due to the formation of the solid-liquid interface, and AG,ers cONtains other minor
contributions, e.g. those caused by impurities. AGyers 18 in the ideal case zero, and therefore here
not further considered.!** For spontaneous agglomeration to occur AG has to be negative, as is AGp 1k
during super-saturation.'”® Contrarily, AGipterface 1S always positive, since the formation of an
interface requires energy. With an increasing particle diameter, AGipterface inCreases with 4r?,
while AGyx energy increases with 4/3mr3. Consequently, there is a critical 7 beyond which AG is
negative.'” This point is referred to as the nucleation threshold and r at this point corresponds to the
radius of the nuclei.'® Is the precursor concentration above the nucleation threshold, new nuclei will
form. The concentration of precursors decreases if their rate of production is lower than the rate of
their consumption. The solids are typically consumed by nucleation and particle growth. This

relationship can be simplified illustrated, as shown in Fig. 3-14, below.'*
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Fig. 3-14 Simplified schematic of the process of precipitation from the solution.'”

Nuclei only form in the nucleation regime, and the particle size of the precipitate depends on the
extend of this nucleation regime (textured area in Fig. 3-14). An increase in the extend of the
nucleation regime typically results in a higher number of nuclei and therefore results in a smaller
terminal particle size of the precipitate. Vice versa, a reduction results in a lower number of nuclei
and thus larger precipitated particles. A higher degree of supersaturation results in a larger maximum
excess of precursor of the nucleation threshold and thus likely a larger nucleation regime (though the
rate of nucleation is also faster, which in turn results in a faster decrease of the precursor
concentration).!” It is therefore assumed that a higher degree of supersaturation (a higher co-
precipitation pH value) results in a smaller terminal particle size. The less dense particles and a less
dense packing of those in the dried precursor (owing to slower settling of small particles and slower
evaporation of moisture from small inter-particle voids) are likely to result in oxygen carriers with a
higher porosity. Contrarily, a lower degree of super-saturation (a lower co-precipitation pH value)
results in a larger terminal particle size with fewer particles. The oxygen carriers prepared from these
precursors are expected to have a lower porosity. The precipitated particles are denser, and owing to
their larger particle size, will settle faster producing a denser packing, which likely produces an

oxygen carrier material with a lower porosity.

After complete co-precipitation, the liquid phase (supernatant) contains excess ions. Either these ions
are removed immediately by washing with DI water or the precipitated is kept in the supernatant for
a certain duration (referred to as ageing) before washing. Ageing can influence the material properties
significantly, often resulting in a material with a higher-crystallinity due to the following three
effects:'” Firstly, the particle size of the precipitate typically increases, which is caused by Ostwald

ripening.'®® The higher curvature of smaller particles results in a higher solubility compared to larger
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particles. Therefore, small particles are more likely to dissolve back into the mother solution, which
in turn results in the precipitation of new material. This precipitation occurs typically on the surface
of larger particles, which results in a net growth of the particles during ageing.'”> Secondly, re-
crystallisation is typically favourable during ageing. In this process amorphous material turns into
crystalline material, as a result of solid state diffusion.'®®> Thirdly, impurities which were trapped in

the precipitate, especially during fast precipitation, can dissolve back into the liquid phase.'*’

To obtain oxygen carriers from the precipitated solids, the solids are dried, calcined, crushed, and

sieved into the desired particle size ranges. A diagram of the process is shown in Fig. 3-15, below.

Metal nitrate and

iNaCO3 solution lWater iEIectricity lEIectricitv i Electricity
e Washing and . Crushing and Calcination
Co-precipitation [ >ning » Ovendrying [ '8 B o / |, Oxvegen
filtering sieving sintering carrier
l Sodium nitrate + water l Metal oxide fines

Fig. 3-15 Block flow diagram representing a typical process of oxygen carrier preparation via co-
precipitation, adapted from Patzschke et al.”™'%

Details on the preparation procedures of this work are provided in chapter 4.

3.5 Selection of the sintering and calcination temperatures

Sintering is the process of bonding metal particles, by extending their contact area, at temperatures
between Tammann temperature (7r) and their melting temperature (7um). Metal powder has excess
free energy due to the particles large surface area and defects. This is the driving force, for volume
diffusion, grain boundaries diffusion and surface diffusion of atoms occur, as vibration of atoms
creating more vacant lattice sites.'”-2%!

The smaller the particles the shorter the diffusion ways and the larger the curvature pressure, which

both accelerate the mixing of the ions due to an increase in diffusion.*!

Decreasing particle size by
ball milling of CuO particles and support particles will therefore theoretically reduce sintering time
and hence energy requirements of sintering. Sintering temperatures and particle characteristics of

Cu-based oxygen carrier are summarised in Table 3-12, below.
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Table 3-12 Sintering temperatures and particle properties of Cu, Mn, and Cu-Mn oxygen carriers.

Teae. Active ocs b SBET Supportin .
°C)  phase (N) (g 5 m?) (m® o) a (Wt%) nfapterialg Preparation® Work
850 CuO 46 22 - 15%  0-ALO; WI Adéanez-Rubio et al.'?
3 1.9 - 33%  y-ALOs WI Adéanez-Rubio et al.'?
25 16 - 15%  y-ALO; WI Adanez-Rubio et al.'?
2.1 1.9 - 15% MgALOs  WI Adanez-Rubio et al.'?
0.8 2 - 21%  MgALOs WI Adéanez-Rubio et al.'?
950 MnO; 1 - - 80%  Sepiolite =~ MM+E Adénez et al.'?
1 - - 60%  Sepiolite =~ MM+E Adénez et al.'?
10 - - 80% Si0; MM+E Adénez et al.'®
16 - - 60% Si0; MM+E Adénez et al '8
16 - - 40% Si0; MM+E Adénez et al.'®
2 - - 80% TiO; MM+E Adanez et al.'®
8 - - 60% TiO; MM+E Adanez et al.'®
13 - - 40% Ti0; MM+E Adéanez et al."8
1 - - 80% 710, MM+E Adanez et al.'®
2 - - 60% 710, MM+E Adanez et al.'®
950 CuO 0.7 1.63 198 40%  CaZrO; MM+E Arjmand et al.'*®
0.8 146 072  40%  SrZrO; MM+E Arjmand et al.'*®
2.3 - - 40%  TiO MM+E Adéanez-Rubio et al.'?
2.2 - - 80%  TiO; MM+E Adanez-Rubio et al.'?*
1.1 - - 60%  SiO MM+E Adéanez-Rubio et al.'?
0.9 - - 80% SiO; MM+E Adanez-Rubio et al.'*
0.8 - - 80%  Sepiolitt ~ MM+E Adanez-Rubio et al.'**
0.7 - - 80%  ZrOs MM+E Adéanez-Rubio et al.'?
<0.5 - - 60%  ZrOs MM-+PP® Adanez-Rubio et al.'**
<05 - - 60%  ZrO MM+E Adéanez-Rubio et al.'?
<05 - - 60%  MgALOs MM+PPP Adéanez-Rubio et al.'?
1030 CuO 1 1.51 1.05 40%  SrZrO; MM+E Arjmand et al.'*
<05 125 056 40%  CaZrO; MM+E Arjmand et al.'*®
1100 CuO 28 47 - 40%  ZrO, MM+PP®  Adanez-Rubio et al.'*
2.6 0 - 80% AlLO3 MM+E Adanez-Rubio et al.'*
23 49 - 60%  ZrO, MM-+PP b Adéanez-Rubio et al.'?
22 34 - 60%  ZrOs MM+PP b Adanez-Rubio et al.'**
22 29 - 60%  MgALOs MM+PPP® Adéanez-Rubio et al.'?
22 3 - 60%  ZrO MM+PP¢  Adanez-Rubio et al.'*
1.9 29 - 60%  MgALOs MM+PPP Adéanez-Rubio et al.'?
1.2 24 - 60% MgAl,Os MM+PP° Adéanez-Rubio et al.'?
<0.5 - - 60%  ALOs MM+E Adanez-Rubio et al.'**

Footnotes: (a) the nomenclature for the preparation method is: WI = Incipient wetness impregnation, MM+E
= mechanical mixing and extrusion, MM+PP = mechanical mixing and pressure pelletizing, (b, c) during the
preparation of the oxygen carrier precursors (b) 0.5 wt% and (c) 5.0 wt% graphite was added as a pore-
forming agent.
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I 200

German et a identified four parameters that control the sintering densification, which are

presented in Table 3-13, below.

Table 3-13 Parameters and control variables of the densification of metal oxides via sintering,
adapted from German et al.*®

parameter effect on densification during the sintering process
density of the precursor “initial number of neighbouring grains for bonding”
sintering temperature “solubility, wetting and diffusivity”
grain size “curvature, surface area and diffusion distance”
sintering time “amount of cumulative change”

Capillary forces favour small pores to be filled over larger pores, hence the mean pore size increases

with an increasing sintering duration, while the porosity decreases.?*

The next chapter describes the production of copper manganese oxide oxygen carrier via co-

precipitation and mechanical mixing.

3.6 Concluding remarks

The literature was reviewed to identify desirable properties of oxygen carriers. It was reported that
the reactivity is inversely proportional to the minimum required active metal oxide mass in a reactor.
Therefore, a higher chemical reaction rate results in a lower bed mass and thus a small minimum
reactor size for a kinetic controlled reaction rate (though many works showed that in a CFB of
chemical looping processes mass transfer is non-negligible). To evaluate the reactivity of single
metal oxide systems, the rate constants of the redox-reactions were compared. Mn and Cu oxides

were found to be most reactive (over most of the studied condition range).

Besides the reactivity, the pore morphology of oxygen carriers was identified as a tuneable property
with relevance to the oxygen carriers’ performance: A low internal surface area may result in a
significant resistance to intra-particle diffusion, thereby potentially limiting the overall rate of
reaction. Values for the BET surface area (a vague indication for the porosity) reported in the
literature for Cu-based and Mn-based oxygen carriers were in the range 0.31 — 41.3 m? g'!'. The
average value by preparation method was found to be in the order: freeze-granulation < mechanical
mixing < co-precipitation < impregnation. The reviewed data provides a first guidance for the

selection of the oxygen carrier preparation method and preparation conditions.

To identify the conditions at which the reactions are thermodynamically favourable, Ellingham
diagrams were computed using data from FactSage. These compare the AG(T) of the metal oxide
oxidation reactions with the 4G(T) of the combustion reactions (for the conventional CLC process)

or with the kinetic energy of O at po,= 0.01 bar and pg,= 0.30 bar (for the CLAS process). For the
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CLAS process, in the pg, range 0.01 — 0.30 bar and the temperature range 200 — 1200 °C, the only
Cu, Mn and Co oxides that were found to release gaseous O, are CuO (at temperatures between 886
°C and 1051 °C), Mn20s (816 — 907 °C), and Co304 (721 — 901 °C). The Fe oxides were found to be
unable to release gaseous O, within the studied condition range. In a further thermodynamic study
data from FactSage was used to compute the pg,eq curves for Co3;04/CoO, Mny03/Mn;Os,
CuO/Cu,0. It was found that at typical oxidiser O; partial pressures (i.e. po, at inlet = 0.21 bar, po,
at outlet = 0.05 bar) the oxidiser temperature has to be lower than 900 °C, 770 °C and 730 °C to
ensure a positive driving force for the oxidation reaction of Cu,O, Mn3O4 and CoO, respectively.
These condition ranges are a (first) estimation of typical reducer and oxidiser conditions in a CLAS
process when using single metal oxides, and the methods can be used to estimate the operating

conditions of new combined metal oxides after experimentally obtaining their pg, ¢q(T) and 4H (7)

of the O, release reaction.

Furthermore, a high resistance towards attrition in the CLC process was identified as a desirable
oxygen carrier property. Several methods are commonly used to measure the oxygen carriers’
resistance to mechanical stresses. Arguably their accuracy for the prediction of the attrition behaviour
in an industrial-scale process is in the order (from low to high): single particle tests < jet cup tests
and ASTM D5757 rig tests < tests in a batch lab-scale fluidised bed reactor or lab-scale continuous
CLC unit < pilot plant tests. In several works the rate of attrition was measured and this rate was used
to estimate the oxygen carrier lifetime. Data from 19 works for the CH4-CLC process were compared
(relevant attrition data for the CLAS process does not exist), in which the lifetime of Cu-based and
Mn-based oxygen carriers are in the range 450 h — 25 000 h and 400 h — 2600 h. The large variation
demonstrates the importance of selecting of the optimal materials, preparation methods, preparation
conditions, and operating conditions (and to some extent it might also demonstrate the inaccuracy of
this method for the calculation of oxygen carrier lifetimes). During the review on the oxygen carrier
attrition, some interesting qualitative findings were made: Several works reported an increase of the
attrition rate beyond the minimum rate around 7.5 h — 20 h. Furthermore, it was reported that over
extended redox-cycling the pore morphology of the oxygen carrier changes, i.e. the porosity and the
mean pore size increased. These findings come from experiments with the conditions of a CH4-CLC
process, but to a certain extent are also relevant to the CLAS process. These findings resulted in the
design of several long-term cycling experiments in the fluidised bed with up to 60 h of redox-cycling.
Furthermore, these findings were a reason to carry out an in-depth material characterisation of the
oxygen carriers recovered from the long-term experiments, in order to elucidate the evolution of the
material morphology with an increasing number of redox-cycles and to draw parallels to the findings

from the CH4-CLC and Ca-looping experiments.
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Other important parameters for the chemical looping processes design are the reaction enthalpies of
the oxygen carriers. These are related to the heat balance of the reactors. If the enthalpy of the overall
reaction in a reactor is negative, heat has to be added to the reactor by an enhanced circulation rate
of the oxygen carriers, pre-heating the inlet gases or direct heating of the reactor in order to maintain
the operating temperature. A theoretical study was performed to determine the overall heat balance
in the reducer for Cu, Mn, and Co oxides. While in the fuelled CLC process most fuel types (biomass,
CHa, CO and Hb») result in an exothermic overall reaction (apart from Mn and Co oxides when using
CH,), the overall reaction in the reducer of the CLAS process was found to be strongly endothermic.
The additional required enthalpy is in the order: Co3Os (390.0 kJ-mol(O2)"') > CuO (261.5
kJ-mol(0O,) ") > Mn,0; (143.1 kJ-mol(O,) ™). This identified a significant disadvantage of the CLAS
process, as vast amounts of enthalpy have to be transferred to the reducer, which might increase the
operational and capital costs of the process, reduce its efficiency, or even disallow auto-thermal
operation. Since heat of reaction data of the combined metal oxides of this work are not available in
the literature, redox-experiments were designed to estimate the reaction enthalpy of the O, release.
This allowed the quantification of the theoretical overall reaction enthalpy in the reducer and to

conclude if auto-thermal operation is possible.

Furthermore, a large O, transport capacity (R;) is a desirable oxygen carrier property as this allows
for a lower solid inventory. The values of R, were computed using the stoichiometry of the redox-
reactions relevant for the CLC and the CLAS process. In a fuelled process, the oxides of Cu, Mn,
and Co, are able to release 20.1 wt%, 10.1 wt% and 26.6 wt%, respectively, while in the CLAS
process, these oxides are only able to release 10.1 wt%, 3.4 wt% and 6.6 wt%, respectively.
Assuming full oxygen carrier conversion and no increased oxygen carrier circulation rate for
additional heat transfer, this shows that the mass flow rate in the CLAS process is higher than in the

CLC process to provide O; for the combustion of a given amount of fuel.

The second body of this chapter focused on reviewing commonly used inert supporting materials,
such as Al,O3;, MgO, MgA1L,04, SiOs, TiO,, ZrO,. The values of the micro-hardness of active and
supporting materials were compared, and the values of some inert supports (e.g. Al,O3) were found
to be more than an order of magnitude higher than some active metal oxides (e.g. CuO). Ellingham
diagrams were computed using data from FactSage to confirm the ‘inertness’ of the supporting
materials. For all evaluated support materials (Al,O3, MgO, MgAl1,04, SiO,, TiO,, ZrO,) no reduction
reactions were found to be thermodynamically favourable in the presence of excess C, H, or CO at
0.1 MPa and in the temperatures range 200 °C — 1200 °C. Agglomeration and phase separation was
reported to be caused by sintering — a high ion mobility — which increases with an increasing
temperature and occurs in the lattice of the metal oxides beyond the Tammann temperature (Tt). The

values of T for the single metal oxides of this work are in the order of: Mn>O3 (334 °C) < Cuz0 (481
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°C) < CuO (526 °C) < Mn304 (644 °C). It shall be noted that the decomposed form of Mn oxide and
the oxidised form of Cu oxide have a lower Tt than their oxidised or decomposed counterpart. This
indicates that combining Cu and Mn oxides might have a synergetic effect regarding its resistance to
agglomeration. Nevertheless, the values of Tt below the estimate operating temperatures in the
CLAS process indicates the need for an inert support, for which the values of T are: SiO, (669 °C)
< TiOs (789 °C) < Sepolite (819 °C) < AlxOs (884 °C) < MgALO4 (929 °C) < CeO: (1064 °C) <
Zr0; (1214 °C) < MgO (1290 °C).

In the third body of the chapter, the costs of CO, capture due to the oxygen carrier replacement,
ccecoc, were reviewed and calculated. This was done using an equation, which relates the cost of the
oxygen carriers, the minimum solid inventory, the estimated oxygen carrier lifetime, and specific O,
demand of the fuel. The goal of this study was to find out whether more expensive materials and an
energy intense preparation procedure can be economically justifiable by either reducing the solid
inventory or increasing the oxygen carrier lifetimes sufficiently to result in an overall reduction in
the cccoc. The average cccoc by active metal oxide was calculated to be in the order: Ni (3.1
$2017°tco2) < Mn-ore (4.9 $2017°tco2) < Cu (5.5 $2017°tco2) < Fe (6.4 $2017-tco2) < Mn (16.1 $2017°tco2) <
perovskites (21.8 $2017°fco2). The order of the average cccqc by preparation method is: impregnation
(5.9 $2017°tco2) freeze-granulation (7.8 $2017°2coz) < spray-drying (11.6 $2017°tco2), which follows the
same order as the energy intensity of the oxygen carrier production. This demonstrates that an energy
intensive preparation might increase the costs excessively. The average cccgc by inert support
material was in the order: CaAlO4 (3.58 $2017'fco2) < NiALOs (4.12 $2017'tco2) < MgALO4 (5.48
$2017°tc0o2) < ALO3 (5.75 $2017°tcoz) < ZrOz (16.1 $2017°tco2). This indicates that expensive supporting

materials can increase the cccq significantly.

In the literature the use of various methods for the preparation of oxygen carriers has been reported,

158, 186 123, 147, 181

such as co-precipitation, mechanical mixing and particle forming with rotary

123, 181

evaporator,® freeze granulation, with subsequent extrusion or pressure pelletizing!?*, incipient

66, 147 187 and dry impregnation'*®. In the process of co-precipitation, solutions

wet impregnation
containing the dissolved metal species (e.g. in form of metal nitrates) and dissolved alkalines (e.g.
NaOH, ammonia or Na,CO,) are mixed. The pH value of the mixture facilitates an ion exchange
reaction between the metal and the alkaline species, resulting in a precipitation of the metals (e.g. in
form of carbonates). The supernatant is typically removed by washing with DI water and the liquid
phase separated by decanting or centrifugation. The solid phase is dried, calcined and crushed, to

obtain the oxygen carriers.

The review of the preparation methods for oxygen carriers revealed that (i) co-precipitation, (ii)

mechanical mixing followed by extrusion, pressure pelletising, spray-drying, or freeze-granulation,
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and (iii) impregnation of the active material on an inert support material are commonly used. These
preparation methods were explained, and the effect of important control variables discussed.
Furthermore, natural ores were used as oxygen carriers in various chemical looping process and
proved to be promising. Some works study the performance of Cu-Mn oxides as oxygen carriers.
Mungse et al.**, Sajen et al.'”® and Hosseini et al.*® prepared Cu-Mn oxides by co-precipitation for
the process of CLC with CHa, syngas and char-coal, respectively. Pour ef al.** prepared Cu-Mn
oxides by mechanical mixing of CuO and Mn3O4 with subsequent freeze-granulation and tested the
O; release properties of the calcined material under N, and with wood char. However, no work was

found that evaluates the performance of Cu-Mn oxides as oxygen carriers for the CLAS process.

In the last main body of this chapter, the science of sintering is reviewed, which is the increase in the
contact area of the metal oxides grains during a heat treatment. Four control important variables for
sintering were identified, which are (i) the density of the uncalcined sample, which controls the initial
number of neighbouring grains, (ii) the sintering temperature, which controls the solubility, wetting
and diffusivity, (iii) grain size, which controls the curvature, surface area and diffusion distance, and
(iv) sintering time, which determines the amount of cumulative change. These findings were

considered during the testing of different preparation and calcination conditions.
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Chapter 4

Preparation of the
oxygen carriers

This chapter is comprised of two main bodies, in which the preparation of oxygen carriers via co-
precipitation (section 4.1) and mechanical mixing (section 4.2) is described. The section on the
oxygen carrier preparation via co-precipitation starts by determining the optimal preparation
conditions based on thermodynamic calculations (section 4.1.1), some preliminary samples were
prepared to determine the required degree of washing for the reduction of sodium (4.1.2) and to find
the optimal calcination conditions (4.1.2). In section 4.1.3 the construction and commissioning of rig
for automated co-precipitation is reported. In section 4.1.4, a standard protocol for the preparation of
oxygen carriers via co-precipitation at low supersaturation is presented, and the synthesis of oxygen
carriers according to this protocol is detailed. In section 4.1.5, the preparation of micro-structured
oxygen carriers via co-precipitation at high super-saturation is reported. In the second part of this

chapter the preparation of unsupported, and ZrO,, TiO, and Al,O3 supported mechanically mixed
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oxygen carriers according to the standard protocol (section 4.2.1) and with the addition of pore-
forming agents (section 4.2.2) is reported. Throughout this work, the notation used to describe the

composition and the synthesis procedure of the oxygen carrier is as specified in Table 4-1, below.

Table 4-1 Elements (a-h) of the sample name for the oxygen carriers in this work.

(@) (b) () (d) (e) ® (h)
40* - 1Cu-2Mn / Zr - MM - 950* - 6* - 210-300*
! ! ! ! ! ! l
mass% of molar abbreviation preparation  sintering sintering  nominal
active metal Cu:Mn of the method temperature  time in particle
oxide(s) ratio supporting in °C hours size range
material(s) in um

Footnotes: an asterisk denotes that this part is omitted if the standard value is chosen; (c) the abbreviations
of the supporting material are: Zr = ZrO,, Ti = TiO,, Al = Al;Os, (d) the abbreviations of the preparation
method are: CP = co-precipitation (the standard procedure is summarised in Table 4-3) and MM =
mechanical mixing (the standard procedure is summarised in Table 4-6); (e, f) the standard sintering
temperature and sintering time were 950 °C and 6 h for mechanically mixed oxygen carriers and 900 °C
and 2 h for co-precipitated oxygen carriers.

The development and preparation of the oxygen carriers are detailed in the following sub-sections.

4.1 Preparation of oxygen carriers via co-precipitation

For the preparation of the oxygen carriers via co-precipitation, an aqueous metal nitrate solution was
prepared by dissolving metal nitrate hydrates in degassed de-ionised water (DI water). An aqueous
alkaline solution was prepared by dissolving Na;CO3 and NaOH in DI water. The reagents used for

the preparation of the two solutions are detailed in Table 4-2, below.

Table 4-2 Description of chemical reagents used, where x denotes the mole fraction.

reagent purity supplier
Cu(NOs), - 2.5 H,O x>99.99% Sigma-Aldrich
Mn(NO3)s - 4 HO x>97.5% ACROS Organics
NaOH x>97.0% Sigma-Aldrich
Na,CO; x>99.6% ACROS Organics
Buffer solution pH 4.0 - Fluka
Buffer solution pH 7.0 - Fluka
Buffer solution pH 11.0 - Fluka

Footnotes: (a) according to the manufacturer’s description this buffer solution has a pH value of
10.92 at 25 °C. Therefore, a pH of 10.9 has been assumed as the pH value of the solution during the
calibration of the pH probe.

For each co-precipitation experiment, the metal nitrate and alkaline solutions were added drop-wise

(manual co-precipitation, for the synthesis of preliminary samples) or with a constant flow rate
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(automated co-precipitation using the co-precipitation rig) into a beaker (reaction vessel), in which
the ion exchange reaction occured. The pH value of the mixture in the reaction vessel was measured,
and the measured value determined the rate of addition of the solutions. The mixture was stirred at a
constant rate, which was in most experiments 300 rpm. After addition of the solutions, the stirring
was stopped, and the mixture was allowed to age, in this work typically for 30 min. Then, the liquid
phase was decanted off, and the precipitate was repeatedly washed with DI water to remove
unprecipitated ions (e.g. Na"). The washing process is comprised of the mixing of the solids with DI
water, the settling of the solid phase by centrifugation, and the removal of the liquid phase by
decanting. The process is repeated until the measured conductivity of the liquid phase is lower than
a target value. After the washing, the precipitate is dried in a well-ventilated oven at 35 °C, and then
calcined in a furnace to obtain the desired combined metal oxide phases. In the following sections,
the results of the calculations and experiments are discussed, which were carried out to determine
the optimal co-precipitation (section 4.1.1), washing (section 4.1.2), drying and calcination (section
4.1.2) conditions and procedural steps. In section 4.1.4, the findings are combined into a standard
procedure for the automated co-precipitation of oxygen carrier precursors at low super-saturation. In
section 4.1.5, the preparation of micro-structured material via co-precipitation at high super-

saturation is described.

4.1.1 Determination of the optimal co-precipitation conditions

The optimal synthesis condition were determined by calculating the equilibrium composition using
the software ‘Medusa-Hydra’,'*® which is based on the algorithms developed by Kakolowicz et al.?*

and Eriksson.'”® The methods used to calculated the equilibria are detailed in Appendix A.2.

The selection of a suitable co-precipitation agents and their concentrations are important since it
effects the degree of the metal ion dispersion (which in turn effects the crystallinity of the calcined
material) and the micro-structure of the material. NaOH and Na,COj; were used as co-precipitation
agents as the procedure for the preparation of the oxygen carrier ought to be inexpensive, easily to
be scaled-up and as environmentally benign as possible. The use of Na>,CO; enables the formation
of MnCO; and Cu,COj3-(OH); (malachite). The carbonate groups decompose thermally to CO; during
the heating phase of the calcination thereby acting as a blowing agent. The amount of CO; produced
during this stage was thought to affect the micro-structure of the calcined material (as later confirmed

by BET and SEM analysis, c.f- chapter 5).

The temperature was also varied; however, it decreased the range even further, in which full
precipitation of dissolved Mn ions as malachite without the simulation’s precipitation of CuO was

possible. The results of the calculation are shown in Fig. 4-1 a-b and Fig. 4-2a-d, below.
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Fig. 4-1 Equilibrium diagrams of relevant Cu and Mn species for (a) 1Cu-2Mn and (b) 2Cu-1Mn as
a function of the pH value at T = 25°C and P = 0.1 MPa with a total metal ion concentration and
Na" concentration of 1 M. The Na" is donated by Na>COs and NaOH in molar ratios of 3:0. The
software used the Helgeson-Kirkham-Flowers model to calculate the thermodynamic activity.

Additionally, the equilibria were calculated for the co-precipitation of 1Cu-1Mn with a Na*
concentration of 500 mM and varying [COs*]. The results are shown in Fig. 4-2, below.
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Fig. 4-2 Equilibrium diagrams of relevant Cu and Mn species for 1Cu-1Mn oxygen carrier as a
function of the pH value at T = 25 °C and P = 0.1 MPa with a total metal ion concentration and Na"
concentration of 1 M. The Na" is donated by Na;CO3 and NaOH in molar ratios of (a) 3:0, (b) 2:1,
(c) 1:2 and (d) 0:3. The software used the Helgeson-Kirkham-Flowers model to calculate the
thermodynamic activity.
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The equilibrium calculations resulted in the definition of the optimal pH values for the preparation
of samples with three different Cu-Mn ratios, but the same [COs*] in solution, which are used to
study the effect of a changing Cu-Mn concentration. Furthermore, the conditions for the preparation
of three samples with the same Cu-Mn ratio, but varying [COs*], were defined. These materials will
be used to study the effect of carbonate concentration in the uncalcined material, as it is assumed that
an increase in carbonate groups will result in an increase in surface area, owing to the production of

CO; during thermal decomposition.

4.1.2 Development of a washing procedure for the removal of Na*

After the fully precipitation and an aging time of 30 min, the precipitate was filled into high-G
centrifuge tubes. The Na" concentration of the precipitate was reduced by alternating centrifugation
(to separate the solid and the liquid phase) and mixing with DI water. The conductivity after each
centrifugation run was measured with a PRIMOS5 (Hanna Instruments) conductivity meter, which
was calibrated with HI-70031 calibration solution. The decrease of conductivity with an increase in

the number of centrifugations is shown in Fig. 4-3, below.
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Fig. 4-3 Reduction of electrical conductance with an increase of the number of centrifugations runs
at 4500 rpm (~2500 G) for 2 min in 90ml centrifugation tubes of a mixture of DI water and the Cu-
Mn-precipitated, precipitated with (dashed lines) Na;CO;3 and (solid lines) NaOH.

It was found that ten centrifugation runs are required to decrease the Na* concentration to reduce the
electric conductivity to < 50 uS, which was established as the threshold. At higher residual

concentrations of Na*, Na was still detected via SEM-EDS analysis.
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Fig. 5-3 XRD plot for variations of 1Cu-1Mn-CP, in which the co-precipitate was dried (a) without
removal of Na" ions, and (b, ¢) the removal of Na" ions so that the electric conductivity of the liquid
phase was (b) 1238 uS and (c) 256 uS; and (d) scanning electron micrograph of the sample shown
in (c) with black arrows pointing at presumably NaO; crystals (a high Na content was measured by

SEM-EDS point analysis).

The main phases that were identified in the unwashed sample are CuO (00-048-1548), a-NazMnO4
(00-033-1268), a-MnO; (00-053-0633), Nao.70MnOa.0s (00-027-0751). The only phases identified in
the calcined precursor with a conductivity of 1238 uS were Cui2Mn; 304 (00-035-1029), CuO (00-
041-0254) and Cu;sMn; 504 (00-035-1172). The same three phases were identified in the material
produced from the precursor with 256 uS. This variation shows that the Na* is inhibiting the
formation of copper manganese oxide. The absence of copper manganese oxide in the unwashed

sample indicates that sodium is inhibiting the formation of this spinel oxide.

4.1.3 Construction of a rig for automated co-precipitation

A co-precipitation rig was constructed as it allows for automated material synthesis (i.e.
advantageous owing to high repeatability) and to prepare larger batches of precursors, since for some
long-term cycling experiments in the fluidised bed reactor (chapter 7) a bed mass of ~ 40 g is

required. The design of the co-precipitation rig is shown in Fig. 4-4, below.

73



----- Data transfer
Tubing

L

== =]

fmmmmmmmmm e 0

|
Alkaline pump Acid pump
Thermocouples ' ,PH sensor

| : / Reaction beaker
ilcal'.-'ue ) _-Acidic solution
solution Magnetic -
Heating I ) < stirrer ~_ -~ Magnetic stirrer
jacket >

([l ] ]

/ DX

Hot stirrer plate

Fig. 4-4 Schematic diagram of the co-precipitation rig, which was constructed for the preparation

of larger batches required for long-term cycling experiments in the fluidised bed.

Three beakers — for the alkaline solution, the product mixture, and the metal nitrate solution — were
positioned on a triple hotplate with magnetic stirrer. Two peristaltic pumps were set up to pump the
alkaline and the acidic solutions into the product beaker. The pumps are controlled via a control box
by an Agilent VEE computer code. A pH probe, which is attached to the reaction beaker, measures
the pH value of the product mixture, and feeds it through the control box into the computer. Upon
standard operation of the rig, one pump is set to a steady flow rate, while the other pump is controlled
by a proportional-integral-derivative controller (PID controller), which was programmed into the
Agilent VEE code. The PID controller adjusts the flow rate of the second pump to maintain the set

pH value. The output value of the PID controller, u(t), is composed of the sum of three parts,**

u(t) = up(t) + w(t) + up(t), (4-1)
where the proportional part, up(t), is calculated according to,

up(t) = ke(ys(6) — y(®)), (4-2)
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the integral part, u;(t), according to,

ke t
u(t) = = s(t) —y(@) d, (4-3)

iJt,
and the derivative part, up(t), according to,

d(ys(8) = y(©)
g

dt @9

up(t) = k.t
In eq.(4-2), eq.(4-3) and eq.(4-4), k., 7; and 74 are the proportional gain, the integral time and the
derivative time, respectively. k./t; and k.tq were combined to the coefficients k; and kg,
respectively.?”® The output signal from the PID controller was taken as the input signal of the alkaline
pump, with u(t) o the flow rate of the peristaltic pump. The value of the actual flow rate, y(t), was

fed back into the PID controller. This feedback loop is shown in Fig. 4-5, below.
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Fig. 4-5 Diagram of the feedback loop of the PID controller’”’

An initial value for k., k; and k4 was estimated and then optimised by the trial-and-error method

described by Sung et al.*”

with alternating set-points of pH 7.5 and pH 8.5. Those pH values were
chosen, since they are in the proximity of the pH values of the co-precipitation. The value of k. was
reduced, if a large oscillation followed the set-point change — an indication for k. being too large.
An over-dampend response indicated that k. was too small and the value was increased accordingly.
After the selection of an optimal k., k; and k4 were optimised. A set-point change with an increase
in pH value followed by an oscillation with midpoint above the new set-point indicated that k; is too
large and the value was reduced. Vice versa an oscillation with midpoint below the set-point indicated

that the integral action is too weak. Finally, the kg was optimised. This parameter was reduced, if the

frequency of oscillation was too high and increased if the frequency was too low.
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For the preparation of the large batches of copper manganese oxide precursor using the co-
precipitation rig, 1 1 of the 1 M metal nitrate solution was prepared. The pumped amount was however
slightly lower, as the co-precipitation was stopped before the pump drew in air and to keep a small
volume for pH corrections during the first ten minutes of the aging period. The flow rate of the metal
nitrate solution was set to 50 ml'min' and the alkaline flow rate varied controlled by the PID
controller to maintain the desired pH value. The collected data during the co-precipitation of the 1Cu-

1Mn-CP(3:0) precursor are shown in Fig. 4-6, below.
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Fig. 4-6 Plot of the pH value, the alkaline flow rate and the metal alkaline solution flow rate during
the co-precipitation of 1Cu-1Mn-CP(3:0).

After allowing the precipitate to age for 30 min, the supernatant was removed by carefully drainage,
and the precipitate was washed repeatedly with DI: Two litres of DI water were added to the wet
solids, the mixture was stirred for 1 min at 300 rpm and then allowed to separate without further
stirring. After ~10 minutes the solid and the liquid phase had almost perfectly separated. The liquid
phase was removed by decanting and the washing procedure was repeated until an electric
conductivity of below 50 uS was measured. Most of the remaining water was separated from the
solid phase by centrifugation at 2000 rpm for 2 minutes and the solids were then dried in a well-
ventilated oven at 35 °C, calcined, crushed and sieved into the desired particle diameter range. This
standard synthesis procedure for the mechanically mixed oxygen carriers is summarised in Table 4-
3. The properties and performance of the resulting oxygen carriers of the large batch were compared
against those of the small batches prepared via manual co-precipitation, as described in chapter 5.
Besides co-precipitation, oxygen carriers were prepared via mechanical mixing, as described in the

following sub-section.
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4.1.4 Standard procedure for the co-precipitation of oxygen carriers

Based on the results of the above-described synthesis experiments and variations, as well as on best
practices described in the literature a standard procedure for the co-precipitation of copper

manganese oxide samples was developed, which is specified in Table 4-3, below.

Table 4-3 The standard synthesis procedure for the co-precipitation of oxide oxygen carriers.

Steps Annotations

1 Cu(NO3)2:2.5 H20 and Mn(NO»)3-4 H20O were | It was ensured that the concentration never
dissolved in DI water to obtain a 1 M solution | exceeded the calculated solubility limit.

(metal nitrate solution).
2 NaOH and Na,COs were dissolved in DI water
to obtain a 1 M Na™ solution (alkaline solution).

3 A beaker (reaction vessel) was primed with 25
ml DI water.
4 The metal nitrate solution was added with a

flow rate of 15 ml'min' and the alkaline
solution was with a varying flow rate to keep the -
pH within + 0.05 of the target pH value under
constant stirring at 300 rpm.

5 After full addition of the acidic solution, the
stirrer was switched off.

6 The solution was allowed to age for 30 min. to improve the crystallinity

7 The solution was filled in 90 ml high-G
centrifugation flasks and centrifuged for 2 min
at 2000 rpm, then the liquid phase was decanted
off and the solid phase washed with DI water.
This step was repeated until the measured
conductivity () was below 50 puS.

8 The solid phase was spread-out on a petri dish | set temperature: 35 °C; Ventilation set to
and dried in an oven (Thermo Scientific) for > | 50%; Fan set to 50%
12 h.

9 The solids were sintered in the furnace. heating rate: 15 °C-min’'; calcination time: 2

h; calcination temperature: 900 °C; air flow
rate 1 I'min’! at STAP

10 The solids were crushed and sieved into the
desired size ranges.

After various preliminary ‘manual’ co-precipitation experiments (such as those described in section
4.1.2 and 4.1.2), three ‘standard samples’ were prepared using the co-precipitation rig. In these
samples the molar Cu:Mn ratio was varied between 1:2 and 2:1, and the precipitation was carried out
a pH value that was 0.3 below the value at which CuO formation was predicted to occur (c.f.
Fig. 4-1 and Fig. 4-2). Na,CO; was used as the co-precipitation agent. Those conditions were selected
as they were found to produce the oxygen carriers with a high mass fractions of copper manganese

oxide.
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Furthermore, a second series of oxygen carriers was prepared to test the effect of varying preparation
conditions on the characteristics and performance of the oxygen carriers. Since the sample with a
molar 2Cu:1Mn ratio was found to have excessively slow O, release rates (e.g. the time to reach a
conversion of X> 0.8 was 11 min, c.f. chapter 6), this composition ratio was not further evaluated.
Similarly, at compositions with a higher Mn content e.g. 1.4Cu:1.6 Mn the oxidation time was found
to be significantly increased. Therefore, the molar Cu:Mn ratio range was limited in the range
between 1Cu:2Mn and 1Cu:1Mn. In this series, the co-precipitation at a lower pH value was tested.
For these experiments, a pH value was selected, which was 0.5 below the pH value at which the
software ‘Spana-Medusa’ predicted complete precipitation of all Cu and Mn species (see section
4.1.1). The effect of a substitution of Na,CO; with NaOH was also evaluated. The [Na*] was kept
constant at 2 M, and Na,CO; and NaOH were mixed in amounts such that the Na* from Na,CO; and
the Na* from NaOH was in a ratio of 3:0 (i.e. 1 M NaxCOs : 0 M NaOH), 2:1 (i.e. 0.66 M Na,CO; :
0.66 M NaOH), and 1:2 (i.e. 0.33 M Na,CO; : 1.33 M NaOH). At lower [Na,COs]:[NaOH] the
software predicted that full precipitation of the Mn species is not possible. This was confirmed by
XRF measurements. All co-precipitated oxygen carriers that were prepared for this research project
are listed in Table 4-4, below.

Table 4-4 Synthesis conditions of the oxygen carrier precursors prepared at 25 °C and 0.1 MPa
using the co-precipitation standard procedure from Table 4-3.

Sample designation [Na,CO3]:[NaOH]* Cu:mMOricZz fio pH’
unsupported oxygen carriers (first series of co-precipitated oxygen carriers):
1Cu-2Mn-CP(3:0)* pH 8.3 IM:0M 1:2 83+0.1
1Cu-1Mn-CP(3:0) pH 8.5 IM:0M 1:1 8.5+0.1
2Cu-1Mn-CP(3:0) pH 8.3 IM:0M 2:1 83+0.1
unsupported oxygen carriers (additional samples to test the effect of various synthesis conditions):
1Cu-2Mn-CP(3:0) pH 6.0 IM:0M 1:2 6.0+0.1
1.25Cu-1.75Mn-CP(3:0) pH 8.3 IM:0M 1.25:1.75 83+0.1
1.25Cu-1.75Mn-CP(3:0) pH 6.0 IM:0M 1.25:1.75 6.0+0.1
1Cu-1Mn-CP-CP(3:0) pH 6.0 IM:0M 1:1 6.0+0.1
1Cu-2Mn-CP(2:1) pHT.0 0.66 M : 0.66 M 1:2 7.0+0.1
1Cu-2Mn-CP(2:1) pH 6.0 0.66 M : 0.66 M 1:2 6.0+0.1
1.25Cu-1.75Mn-CP(2:1) pH 6.9 0.66 M : 0.66 M 1.25:1.75 6.9+0.1
1Cu-1Mn-CP(2:1) pH71.2 0.66 M : 0.66 M 1:1 7.2+0.1
1Cu-1Mn-CP(2:1) pH 6.0 0.66 M : 0.66 M 1:1 6.0+0.1
1Cu-1Mn-CP(1:2) pH 6.0 033 M:133M 1:1 6.0+0.1

Footnotes: (a) the concentrations and molar ratios of Na;CO3 and NaOH in the alkaline solution were selected
to obtain a total Na* concentration of 2 M. The ratio in the brackets denotes the ratio of Na* from Na>COj3 to
Na™ from NaOH.
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The characterisation of the oxygen carriers prepared by the standard procedure is described in the
next chapter (chapter 5). Besides the preparation of the co-precipitated oxygen carriers according to
the standard synthesis procedure at low super-saturation, a series of oxygen carriers has been
prepared via co-precipitation at high super-saturation to obtain micro-structured samples with a

higher surface area, as reported in the following sub-section.

4.1.5 Preparation of oxygen carriers at high supersaturation

A series of oxygen carriers was prepared via co-precipitation at high supersaturation. To achieve a
high supersaturation, the metal nitrate solution was filled into the reaction vessel prior to the synthesis
experiment. The alkaline solution was then added under vigorous stirring (600 rpm) until the pH
value was 12.0. The duration of the addition was between 40 s and 60 s. The stirring was continued
for another 15 min. The stirrer was then switched off and the mixture was allowed to age for different
durations in the range 30 min to 72 hours. The ageing occurred in autoclaves at temperatures between
80 °C — 125 °C. The oxygen carrier precursors that were prepared at high supersaturation are listed

in Table 4-5, below.

Table 4-5 The ageing conditions of the oxygen carriers prepared at high super-saturation.

Sample composition ageing time [hours] ageing temperature [°C]

1.5Cu-1.0Mn no ageing no ageing
72 h 125 °C

2Cu-1Mn no ageing no ageing
8h 80 °C
24 h 80 °C
72 h 80 °C
8h 100 °C
72 h 100 °C
8h 125 °C
24 h 125 °C
72 h 125 °C

2.5Cu-1.0Mn no ageing no ageing
8h 80 °C
8h 125 °C
72 h 125 °C

3.0Cu-1.0Mn no ageing no ageing
72 h 125 °C

The characterisation of the micro-structured oxygen carrier precursors is reported in chapter 5. In the

following section of this chapter, the oxygen carrier preparation via mechanical mixing is detailed.
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4.2 Preparation of oxygen carriers via mechanical mixing

Oxygen carriers were prepared by mechanically mixing the single metal oxide powders, which were
weighted out using an analytical balance (PAS214C, Fisher Scientific), and mixed with DI water.
The slurry was milled in a planetary ball mill (PM 400, RETSCH) using four steel balls. Then, the
slurry was recovered and dried in a ventilated oven. After drying, the precursors were calcined in a
horizontal tube furnace, crushed, and sieved into the desired size fraction. To determine the optimal

synthesis conditions some preliminary experiments were carried out.

4.2.1 Standard procedure for the preparation via mechanical mixing

No binders or dispersants were added to the slurry to prevent contamination of the samples with those
chemicals or residues of their thermal decomposition. This also reduced the number of parameters

that could influence the structure and porosity of the precursor and calcined samples.

All slurries were prepared with a solid:water mass ratio of 1:1. To study the rate of particle size
reduction, preliminary tests with copper (II) oxide powder were carried out. This metal oxide powder
was used for the tests, as the refractive index of the material (2.63) is well known, e.g. contrarily to
a mixture of CuO and Mn3O4 powders. The value for the refractive index of the inert supporting
materials (e.g. TiO,, ZrO;) is also available in the literature. However, when milling the white slurry
in preliminary tests, a change of colour from white to grey was observed, probably owing to a
contamination with steel from the milling balls and the jar. The value of the mean particle size (Dso)
measured by laser diffraction after 4 hours of ball milling was larger than the value of the sample
recovered after 2 hours, which was attributed to the change in the refraction due to the contamination
(an actual increase in size e.g. due to agglomeration was ruled out). The particle size reduction of the
supporting materials was therefore not studied any further. From the data of laser diffraction
experiments, values for Do, Dso and Doy were calculated, which are in this work defined as the
intercepts of the plot of cumulative particle volume against particle size for 10%, 50% and 90% of
the particle size distribution, respectively. The calculated values of D1, Dso and Do for the milled

slurry containing the CuO powder were plotted against the ball milling time in Fig. 4-7, below.
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Fig. 4-7 The reduction of particle size of copper (Il) oxide powder with time of milling in the
planetary ball mill at 280 rpm using four steel balls and a solid:water ratio of 1:1:

Fig. 4-7 shows that over the first hour of ball milling the mean particle size (Dso) reduces rapidly to
28% (1.8 um) of the initial particle size (6.3 pm). After four hours of ball milling, the mean particle
size has reduced further to 14% (0.9 um) of the initial value. Furthermore, the particle sizes become
more uniform. The initial value of Doy (22.5 um) is 16.2 times larger than the initial value of Do (1.4
um). After four hours of ball milling, this factor for Dy (2.2 um) and Do (0.4 um) has reduced to
5.0. An equation for a three-parameter fit for the particle size reduction is provided on the plot area
in Fig. 4-7, which allows to estimate the values for Dio, Dso and Do at any time in the range 0 h < ¢,
<4 h (e.g. to optimise the ball milling time for a minimal energy consumption in the processes of
oxygen carrier production). All mechanically mixed oxygen carriers have been prepared using a ball

milling time of 4 h.

After milling, for several hours at 280 rpm. XRF analysis found no traces of iron, indicating that no
contamination owing to attrition of fines from the steel balls occurred. The slurry was poured onto
petri dishes, dried for > 12 h at 80 °C in a well-ventilated oven and calcined for 6 h at 950 °C under
air (1 I'min”', SATP) with a heating rate of 15 °C-min"'. Compared to the co-precipitated oxygen
carriers, a longer calcination time (6 h instead of 2 h) and a higher temperature (950 °C instead of
900 °C) was used for the calcination of the mechanically mixed oxygen carriers to obtain the
maximum conversion to the bimetallic copper manganese oxide. These conditions were based on the
results of a semi-factorial experiment, which was carried out to determine the optimal sintering
conditions for the mechanically mixed and co-precipitated precursors (c.f- results of XRD analysis

in Fig. 5-18 and Fig. 5-19).
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The standard procedure for the mechanically mixed oxygen carriers is presented in Table 4-6, below.

Table 4-6 Standard synthesis procedure for the preparation of oxygen carriers by mechanically-
mixing of the single metal oxide powders.

Steps Annotations

1 30g of a metal powder mixture of (CuO, MnO, | It was ensured that the concentration
MgO, AlLO3, TiO> and/or ZrO») in the desired | never exceeded the solubility limit.
mass fractions are mixed with DI water in a volume
ratio of 1:1.

2 The slurry is filled into a grinding jar of the | Standard parameter: Milling time: 4 h;
planetary ball mill (PM 400, RETSCH) together | Rotational speed: 280 rpm. Interval with
with four steel balls (per jar), and the slurry is | reverse rotation: every 15 min.
milled.

3 The jars are removed from the ball mill and the
steel balls are taken out.

4 The slurry is spread-out on a petri dish and dried in | Set temperature: 70 °C; Ventilation set to
an over for > 12 h. 50%; Fan set to 50%.
5 The solid is sintered in the furnace. heating rate: 15 °C-min’'; calcination

time: 6 h; calcination temperature: 950
°C; air flow rate 1 I'min’! at STAP.
6 The solids were crushed and sieved into the desired -

size ranges.

The standard procedure, which is presented in Table 4-6, was used to prepare five batches of
unsupported oxygen carriers with the molar ratio: 1.0Cu:2.0Mn, 1.2Cu:1.8Mn, 1.4Cu:1.6Mn,
1.5Cu:1.5Mn, and 1.6Cu:1.4Mn. Furthermore, ZrO,, TiO; and Al,Osz-supported oxygen carriers have
been prepared. The amount of supporting material added was calculated so that the weight fraction
of the active phase (e.g. copper manganese oxide) was 40 wt%, and a 1Cu:1Mn molar ratio was used
for all supported samples. The results of the material characterisation of the mechanical mixed
oxygen carriers are presented in chapter 5, and the redox-performance of these samples is discussed
in chapter 6 and 7. Additionally, a series of unsupported oxygen carriers has been prepared via

mechanical mixing with the addition of pore-forming agents, as described in the following section.

4.2.2 Mechanically mixing with pore-forming agents

In the preparation of the porous materials by the sacrificing template method, a powder slurry is
mixed with sponges or pore forming agents.”* Studart et al.?** used sponge replica to synthesise
porous ceramics. They reported interconnected pores and porosities ranging from 0.40 to 0.95, which
are promising structural properties for porous oxygen carriers. However, the pore sizes of their
samples were in the range 200 — 3000 um. Most of this range exceeds the mean particle diameter

that is typically considered for oxygen carriers in chemical looping combustion,3! 33 36, 57, 62,173
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Pore forming agents, such as graphite'*® and starch'?* were used for the production of oxygen carriers.
Cho et al.'** added 10 vol% of starch to a precursor slurry and reported an increase in pore volume

by ~ 20%.

In this work, micro-crystalline cellulose (Sigma-Aldrich) and rice starch (Sigma-Aldrich) was tested
as pore forming agents. Both materials are inexpensive, non-toxic and burn residue free. The later

was confirmed by TGA tests. The structure of both pore forming agents is shown in Fig. 4-8, below.
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Fig. 4-8 Drawings of the structure of (a) a micro-crystalline cellulose monomer, (b) a linear starch

monomer, and (c) a branched starch monomer, adapted from the drawings on the product sheets.

To prepare the precursors, copper and manganese oxide powders were mixed with water and the
slurry was milled in the planetary ball mill, following the standard procedure for the preparation of
mechanically mixed oxygen carriers in Table 4-6. After four hours of ball milling pore forming
agents were added so that their mass percentage was 10% of the total solids. The samples were dried

in an oven at 80 °C for > 12 hours.

After preparation and drying of the precursor, the burn-out characteristics of the pore forming agents
were tested in a TGA. Initially, an experiment was carried out in which a heating rate of =15 °C
min"! was used and the sample was exposed to air. These are the conditions used during the heating
procedure of the calcination of the non-porous mechanically mixed oxygen carrier precursors. The

results of those tests are shown in Fig. 4-9, below.
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Fig. 4-9 Plots of the weight change during TGA experiments with 20 mg of the precursors containing
different pore-forming agents. The samples are 1Cu-2Mn-MM with 10 wt% of (a) micro-crystalline
cellulose (MCC), and (b) starch, heated in air (lack lines) and in 2 vol% O; + N: (grey lines).

The black lines in Fig. 4-9a and Fig. 4-9b show the burn-out of the pore-forming agents in
experiments with # = 15 °C min" and po> = 0.21. The ignition of the micro-crystalline cellulose
(MCC) and starch starts at 280.8 °C and 252.4 °C, respectively. Moreover, a weight loss larger than
the mass fraction of the pore-forming agents (10 wt%) occurs, which can be attributed to a fuelled
reduction of the metal oxides and elutriation of the sample due to the rapid production of gaseous
species owing to the combustion. The recovered powder-like samples were found to have completely
disintegrated during the burn-out. This shows that the standard heating procedure is not suitable for

the calcination of these precursors.

The grey lines in Fig. 4-9a and Fig. 4-9b show the burn-out of the pore-forming agents in
experiments, in which the sample were initially exposed to a mixture of air and N resulting in po>
of 0.02 bar. The temperature was increased with 15 °C min™! to a temperature that was ~ 50 °C higher
than the temperature at which the auto-ignition of the experiments with the standard heating
procedure occurred. This temperature plateau was at 330 °C and 300 °C for the experiments with the
precursors containing MCC and starch, respectively. This temperature was maintained for 20 min.
The gas was then switched to pure air to prevent decomposition of the sample (i.e. O, release) during
further heating, and the temperature was increased with 15 °C min™' to the desired calcination

temperature.

The characterisation of these oxygen carriers is detailed in the following chapter.
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4.3 Concluding remarks

In this chapter, the preparation of oxygen carriers via co-precipitation and mechanical mixing was

described. The synthesised oxygen carriers are listed in Table 4-7.

Table 4-7 Oxygen carriers prepared via co-precipitation and mechanical mixing.

abbreviated
sample name .
sample name

co-precipitated unsupported oxygen carriers (prepared by procedure shown in Table 4-3):

1Cu-2Mn-CP(3:0) pH 8.3 1Cu-2Mn-CP

pH 6.0 -
1Cu-2Mn-CP(2:1) pHT.0 -

pH 6.0 -
1.25Cu-1.75Mn-CP(3:0) pH 8.3 -

pH 6.0 -
1.25Cu-1.75Mn-CP(2:1) pH 6.9 -
1Cu-1Mn-CP(3:0) pH 8.5 1Cu-1Mn-CP

pH 6.0 -
1Cu-1Mn-CP(2:1) pH1.2 -

pH 6.0 -
2Cu-1Mn-CP(3:0) pH 8.5 2Cu-1Mn-CP

mechanically mixed unsupported oxygen carriers (prepared by procedure shown in Table 4-6):
1.0Cu-2.0Mn-MM 1Cu-2Mn-MM
1.2Cu-1.8Mn-MM -
1.4Cu-1.6Mn-MM -
1.5Cu-1.5Mn-MM 1Cu-1Mn-MM
1.5Cu-1.5Mn-MM + 10 wt% starch -
1.5Cu-1.5Mn-MM + 10 wt% MCC -
1.6Cu-1.4Mn-MM -

supported oxygen carriers (prepared by procedure shown in Table 4-6):

40wt-(1Cu-1Mn)/Zr-MM 40-CuMn/Zr-MM
40wt-(1Cu-1Mn)/Ti-MM 40-CuMn/Ti-MM
40wt-(1Cu-1Mn)/Al-MM 40-CuMn/Al-MM

Footnotes: (a) this are the abbreviated sample names of the mechanically mixed and co-precipitated “standard
oxygen carriers. The abbreviations were introduced, since these oxygen carriers are predominantly used in
redox-experiments described in chapter 6 and chapter 7.

The next chapter details the characterisation of the oxygen carriers listed in Table 4-7.
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Chapter 5

Material
characterisation

The material characterisation of the fresh oxygen carriers, which is detailed in this chapter, has two
main objectives. Firstly, to characterise the oxygen carriers and their precursors to elucidate the
relationship between the composition, the preparation method, and the properties of the oxygen
carriers. Precise knowledge of these relationships allows optimisation of the oxygen carrier
preparation and identification of the most promising compositions. Secondly, to collect the required

data for the reaction rate modelling in chapters 6 and 7.
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5.1 Nz adsorption at 77 K and calculation of the BET surface area

The specific surface area, Sggt, the average pore diameter, &pore , and the cumulative pore volume,
Y Vpore, Were determined by physical adsorption experiments with N at 77 K using a TriStar 3000
(Micrometrics). Between 0.15 g and 0.25 g of the oxygen carrier particles were degassed under N»
at 120 °C for at least 2 h and then loaded into the TriStar inside sample tubes. After the evacuation
of the sample tubes, the pressure was gradually increased by introducing N, at 77 K into the tubes.
The pressure was recorded, and the data of the adsorption isotherm was used to calculate the BET
surface area using the method developed by Brunauer, Emmett and Teller.??> The BET surface area
differs from the true specific surface area mainly due to two reasons — the intrinsic error of the
experiment and the underlying assumption that monolayer adsorption occurs. In reality, the N»
adsorbs partially as multilayers, owing to complex processes of the filling of the micro-pores and

considerable adsorbent-adsorbate interactions.?% This occurs especially at low pressures.?%

Furthermore, the adsorption isotherms were used to calculate the specific surface area of the pores,
Spore> and the cumulative pore volume, Yvpore, Of pores with a diameter between 1.7 nm and 300
nm, using the method developed by Barrett, Joyner and Halenda (BJH).?*” The calculated values
differ from the true ones, due to the suboptimal filling of pores, which is a result of imperfect
molecular packing caused by different pore sizes and irregular pore shapes.’’® The average pore

diameter, &pore , was calculated by &pore =4 Y Vpore /Spore-

The uncertainties of the measured values of SggT, Spore» L Vpores Apore CaUsed by the measurement
(e.g. instrumental error), um(x), were estimated from the standard deviation of three repeated
measurements of oxygen carriers of the same batch, SDm(x). The combined uncertainties caused by
the variations of the oxygen carrier preparation and by the instrument, u,+m(x), were estimated from
the standard deviation SDy+m(x) of three repeated measurements with oxygen carriers from three
different batches of oxygen carriers prepared following the same procedure. The uncertainty caused
by the preparation of the oxygen carriers u,(x) was calculated by a statistical deconvolution of SDm(x)
and SDp+m(x) using a variance decomposition, assuming the combined standard deviation is related
to the individual standard deviations by SDyim*(x) = (SDm*(x) + SDy*(x)). This calculation yielded a
value for the uncertainty (within a 98% CI and assuming a normal distribution) in Sggt caused by
the oxygen carrier preparation of 0.098-Sggr (c.f. Appendix A.3). This demonstrates a good
reproducibility with respect of Sggr when preparing the oxygen carriers according to the standard

synthesis method of this work.
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The results of the N> adsorption measurements and their uncertainties are shown in Table 5-1, below.

Table 5-1 Results of N»>-adsorption measurements of the co-precipitated oxygen carriers.

sample name S};ET_l vaore_a &pore a
(m7g™) (mm3g™) (nm)
co-precipitated unsupported oxygen carriers:
1Cu-2Mn-CP(3:0) pH 8.3 0.912 +0.05 2.47 +£0.02 462+1.4
pH 6.0 0.559+0.03 1.29£0.01 102.5+3.1
1Cu-2Mn-CP(2:1) pH7.0 0.704 £ 0.04 1.82+£0.02 48.1+1.4
pH 6.0 0.398 £ 0.02 0.98 £0.01 477+1.4
1.25Cu-1.75Mn-CP(3:0) pH 8.3 0.871 £0.04 1.99 +£0.02 58.5+1.8
pH 6.0 0.116 £0.01 - -
1.25Cu-1.75Mn-CP(2:1) pH 6.9 0.599 +0.03 2.04 £0.02 81.9+2.5
1Cu-1Mn-CP(3:0) pH 8.5 0.701 £ 0.04 2.11£0.02 343+1.0
pH 6.0 0.193 £0.01 1.18 £0.01 30.7+0.9
1Cu-1Mn-CP(2:1) pH 7.2 0.169 £ 0.01 0.94 £0.01 92.6+2.8
pH 6.0 0.392 £ 0.02 1.24 +£0.01 19.3+0.6
2Cu-1Mn-CP(3:0) pH 8.5 1.477 £ 0.07 5.94+£0.08 26.6 0.9
mechanically mixed unsupported oxygen carriers:
1.0Cu-2.0Mn-MM 0.217+£0.01 1.38 £0.02 127.9+4.2
1.2Cu-1.8Mn-MM 0.283 £0.01 1.46 £0.02 87.4+29
1.4Cu-1.6Mn-MM 0.281+£0.01 1.78 £0.02 1232 £4.1
1.5Cu-1.5Mn-MM 0.337+0.02 1.52 £0.02 74.1+£2.4
1.5Cu-1.5Mn-MM + 10 wt% starch 0.348 +0.02 2.81+£0.02 133.5+£43
1.5Cu-1.5Mn-MM + 10 wt% MCC 0.444 +0.02 1.98 £0.02 76.7+£2.4
1.6Cu-1.4Mn-MM 0.331+£0.02 1.77 £0.02 71.0 £2.4
supported oxygen carriers:
40-CuMn/Zr-MM 2.003 +0.09 7.84+0.02 23.2+0.8
40-CuMn/Ti-MM 0.306 £ 0.01 1.65+0.02 96.3+3.2
40-CuMn/Al-MM 0.754 +0.03 3.41+0.02 543+1.8

Footnotes: (a) data from the adsorption isotherms was used to calculate Yvyore and &pm using the BJH
method.

In the following the results of the BET surface area measurements from Table 5-1 are discussed for
the oxygen carriers prepared via co-precipitation at low super-saturation, mechanical mixing and co-

precipitation at high super-saturation.
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Oxygen carriers prepared via co-precipitation at low super-saturation

The results for the unsupported co-precipitated oxygen carriers from Table 5-1 are illustrated in Fig.

5-1, below.
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Fig. 5-1 The BET surface area of the co-precipitated oxygen carriers. The error bars correspond to
the uncertainty of the measurement, which was estimated to be 0.045-Sggr (c.f. Appendix A.3).

Fig. 5-1 shows that the surface area of all oxygen carriers is in the range of 0.1 and 1.0 m? g,
Furthermore, it can be seen that the surface area of the oxygen carriers that were co-precipitated at a

higher pH value have a higher surface area than those co-precipitated at a lower pH value.

To elucidate the reason for the differences in the BET surface area, a regression analysis was carried

out using the general linear model,
SBET,model =0apH" XpH + acyMn * XCu,Mn + Qalkaline Xalkaline + b, (5'1)

where SpgTmodel 18 the calculated BET surface area, Xpy, Xcywmn, and Xaikatine are values

normalised between zero and unity that depend on the pH value, the composition, and the co-

precipitation agent, respectively, apy, Acy,Mn» Qalkaline are their corresponding multipliers and b is

the regression intercept. The pH value was normalised by,

— pHset - pHmin
pHmax - pHmin,

XpH (5-2)

where pH,,; is the set pH value during the co-precipitation, pH i, is the lowest calculated pH value

at which all Cu- and Mn- species precipitate and pH . is the highest possible calculated pH value

without the formation of CuO in the precursor. The composition was linearly normalised between
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zero and unity by defining the sample with the lowest Cu content (1Cu:2Mn) and the highest Cu
content (1Cu:1Mn) as Xcympn = 0 and Xy mn = 1, respectively. Xjjkaline 1S the variable that

depends on the composition of the co-precipitation agent. It was set to zero for the alkaline solution
that contained no NaOH and to unity for the solution that was prepared using the highest amount of

NaOH.

The square error between the experimentally obtained Sggr and SggT model, Which was calculated by
€q.(5-1) was minimised by varying apy, AcyMn, Qalkaline and b. This method yielded the values
apn = 0.563, acy mn = -0.205, @aikatine = 0.099 and b = 0.394. The results and the agreement of Spgt

and SgeT model are illustrated in Fig. 5-2a and Fig. 5-2b, respectively.
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Fig. 5-2 The results of the linear regression analysis of the BET surface area values: Plots of (a) the
absolute values of the coefficients with error bars corresponding to the calculated standard error of
the coefficients, and (b) the values of the modelled values against the experimentally obtained values

OfSBET .

Fig. 5-2a shows that the pH value has the largest effect on the surface area. The value is positive,
indicating that an increase in the normalised pH value results in an increase in the BET surface area.
The composition has the second largest effect. An increase in the Cu content results in a decrease of
the surface area. The co-precipitation agent has the third largest effect on the surface area. A

substitution of Na,CO; with NaOH results in an increase in the surface area.

From Fig. 5-2b it can be seen that the calculated values for the specific surface are in good agreement

with the experimentally obtained values. The average deviation between both is 0.07 m* g

This assessment suggests that an oxygen carrier with a high Cu content (i.e. 1Cu-1Mn), co-
precipitated with an alkaline solution with a high [NaOH]:[Na,COs] (i.e. 0.33 M NaOH + 0.33

Na»CO3) and using low pH value during the co-precipitation (i.e. pH 6) has the lowest surface area
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(SBET.model = 0.190 m? g™1) in the studied condition range. In fact, the measured value at those
synthesis conditions is 0.193 m? g~1. Furthermore, the results of this assessment suggest that the
highest surface area is achieved when selecting a low Cu content (i.e. 1Cu:2Mn), when using only
Na,COs as the co-precipitation agent, and when using a high pH value during the co-precipitation.
Here the values for Sggt model and SpgT,exp are 0.912 m? g~* and 0.911 m? g~*. Eq.(5-1) together
with the fitted parameter allow to prepare copper manganese oxygen carriers with a desired BET
surface area. This procedure can be applied for oxygen carrier development to rationally design them

with desired properties.

Additionally, the surface area of the redox-cycled oxygen carriers from long-term cycling
experiments in the thermogravimetric analyser and the fluidised bed rector was measured. However,

as those results require the context of the experiments, they are reported in the respective sections.
Oxygen carriers prepared via mechanical mixing

For the unsupported mechanically mixed oxygen carriers, the values of Sggr and Y v,4re from Table

5-1 prepared with and without pore-forming agent are illustrated in Fig. 5-4, below.
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Fig. 5-3 A comparison of the results of the (a) BET surface area and (b) cumulative pore volume
measurements for unsupported mechanically mixed Cu-Mn oxygen carriers. The error bars indicate
the uncertainty of the values from the production. This uncertainty was estimated by deconvoluting
the standard deviations of three measurements of particles form the same batch and three
measurements of particles from three different batches prepared using the same method as described
in Appendix A.3.

Fig. 5-4 and Table 5-1 show that the Szt of the unsupported mechanically mixed oxygen carriers
prepared without pore-forming agents is in the range 0.217 - 0.348 g m?, and increases with an
increase in the Cu:Mn molar ratio. The pore volume was found to be in the range 1.38-1.77 mm?*-g’!

and also increases with an increase in Cu:Mn molar ratio.
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The addition of 10 wt% starch did not result in a significant increase in Sggt (Fig. 5-4a). However,
the mean pore diameter increased by 80% and the cumulative pore volume by 85% compared to the
oxygen carriers prepared without a pore-forming agent (Fig. 5-4a). The increase in Y,vpore is larger
than the uncertainty in Y041 due to the preparation (calculated in Appendix A.3), which indicates
that this finding is statistically relevant. For the sample prepared with 10 wt% MCC, a 32% increase
in Sggr Was measured in comparison to the standard oxygen carrier (Fig. 5-4a). This difference is
larger than the uncertainty in Sggt due to the preparation. However, the addition of the pore-forming
agent did not result in a significant increase in },v,qre Or mean pore diameter (Fig. 5-4b). This shows
that the two pore-forming agents have different effects on the pore morphology. Starch seems to
result in a pore structure with fewer larger pores, resulting in a larger cumulative pore volume, while
the surface area is not affecting significantly. MCC creates smaller pores, which result in an increase
in the surface area, while not changing the cumulative pore volume significantly.

The Sger of the supported oxygen carriers (Table 5-1) are in the range 0.30 — 2.00 m?/g and are in
the order: TiO2 (0.30 m?/g) < ALOs (0.75 m?/g) < ZrO, (2.00 m?/g). The Sger of the TiOz-supported
oxygen carriers is within the range of the Sger of the mechanically mixed oxygen carriers. This
indicates, that the addition of TiO, does not significantly affect the densification during calcination.
Contrarily, the relatively high value of Sger of the ZrO» supported oxygen carrier indicates that the
preparation method might not result in a coalescence of the active metal oxide grains and the ZrO,
grains, reasons for this could be the relatively high Tammann temperature of ZrO (1214 °C, see
Table 3-8), which is above 950 °C — the temperature used for the calcination of the mechanically
mixed oxygen carriers according to the standard synthesis procedure. For comparison, the Tammann
temperatures of TiO, and Al,Os are 789 °C and 884 °C, respectively, and are thus below the
calcination temperature of 950 °C. Liquid phase sintering, during which a liquid phase (e.g. molten
copper manganese oxide) and solid grains (e.g. ZrO» grains) co-exist,®® could aid the densification
during the calcination of the ZrO,-supported oxygen carrier precursors, and experiments to

investigate this are recommended as future work.
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Oxygen carriers prepared via co-precipitation at high super-saturation

For the co-precipitated oxygen carrier precursors prepared at high super-saturation, the results of the

BET surface area measurements are shown in Table 5-2, below.

Table 5-2 Results of the BET surface area measurements of the bulk material of the high-surface
area Cu-Mn oxygen carrier precursor.

composition ageing time [h] ageing temperature [°C] ? Sper [m? g1]
1Cu-1Mn 72 125 22.5
2Cu-1Mn 72 125 24.8
2Cu-1Mn 8 125 25.1
2Cu-1Mn 72 100 23.1
2Cu-1Mn 8 100 25.8

2.5Cu-1Mn 72 125 20.7
3Cu-1Mn 72 125 21.7
3Cu-1Mn 72 100 23.2

Footnotes: (a) for the ageing, the precipitated solids together with the supernatant were filled into autoclaves,
sealed, and heated in an oven. The ageing temperature is assumed to equal the set temperature of the oven.

The results form Table 5-2 are plotted as functions of the ageing time and temperature in Fig. 5-4a

and Fig. 5-4b, below.
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Fig. 5-4 The results of BET surface area measurements of the high-surface area oxygen carrier
precursors (bulk material), plotted against (a) ageing time, and (b) ageing temperature. The dotted
curves/lines are the linear best fit to guide the eyes. The error bars indicate the uncertainty, which

was estimated to be 0.046- Sper.

Contrary to the low surface area precursors, which consist predominantly of amorphous and low-
crystallinity material, a high crystallinity in the precursor of the high surface area oxygen carrier is
desired to achieve the platelet structure, which in turn is producing the large surface area. To improve

the crystallinity of the precipitate, it was re-filled together with the supernatant (without washing)
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into autoclaves. The autoclaves were placed in an oven and the precipitate inside the autoclaves was
allowed to age for 8 h, 24 h or 72 h, at elevated temperatures. The results of the sensitivity experiment
for the ageing of the precipitate (Table 5-2 and Fig. 5-4) suggest that long ageing times at higher

temperatures do not increase the surface area of the precursors.

After calcination at 600 °C and 900 °C (for 2 h in air with 1 I min! at SATP), the BET surface area

of the micro-structured precursors was found to have significantly decrease, as shown in Fig. 5-5,

below.
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Fig. 5-5 Change of the surface morphology of the micro-structured precursors during calcination at
600 °C for 2h in air with 1 I'min™" at SATP: (a) BET surface area of the precursor (@) and the calcined
samples (), SE micrographs of (b) the precursor and (c) the calcined material.

As shown in Fig. 5-5a, the BET surface area reduced upon calcination at 600 °C to 7.94 — 12.66 m?
g’!. Furthermore, the platelet-like features of the precursors (Fig. 5-5b) changed into a surface
morphology with grains (Fig. 5-5¢). Calcination at 900 °C for 2 h reduced the surface area even
further, e.g. to 2.21 m? g' and 5.00 m? g' for the samples with mol(Cu)/mol(Mn) = 2 and
mol(Cu)/mol(Mn) = 3, respectively.

5.2 Crushing force measurements

The crushing force is a property that indicates the particle resistance towards mechanical stresses and
was measured using a 50 N force gauge (Mark-10). A single oxygen carrier particle from the size
range 300 — 425 um was mounted on a flat steel support. The sensor was lowered onto the particle
and the force increased until the particle was broken, while measuring the force exerted to the sensor
with an interval of 10 s™. The force to crush an oxygen carrier particle was assumed to equal the last
measured value before the first drop in the measured force, which indicates the breaking of the

particle. The raw data of such a measurement is plotted in Fig. 5-6, below.
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Fig. 5-6 The data acquired during a crushing force measurement of a particle from the oxygen

carrier batch 1Cu-1Mn-CP(3:0)-pH 6.0 and from the particle size range 300-425 um.

The reported crushing force, ocr, is an average of 36 measurements. The results of the ocr

measurements of the co-precipitated oxygen carrier are shown in Table 5-3, below.

Table 5-3 Results of the crushing force measurements of the co-precipitated oxygen carrier.

Sample ocr °(N) SDs ¢ (N) Sger (m? gh)d
unsupported co-precipitated copper manganese oxide oxygen carriers:
1Cu-2Mn-CP(3:0) pH 8.3 0.64 £ 0.04 0.46 0.91
pH 6.0 797 £ 0.70 4.94 0.56
1Cu-2Mn-CP(2:1) pH 7.0 0.76 = 0.12 0.48 0.70
pH6.0 7.16 = 0.94 4.10 0.40
1.25Cu-1.75Mn-CP(3:0) pH 8.3 2.09 + 0.38 0.99 0.87
pH6.0 825 + 1.18 4.78 0.12
1.25Cu-1.75Mn-CP(2:1) pH 6.9 1.55 £ 0.21 1.06 0.60
1Cu-1Mn-CP(3:0) pH 8.3 3.02 £ 0.33 1.48 0.70
pH6.0 7.43 + 0.83 4.55 0.17
1Cu-1Mn-CP(2:1) pH7.2 8.61 £ 1.66 4.65 0.19
pH6.0 9.12 + 0.69 4.87 0.39
unsupported mechanically mixed copper manganese oxide oxygen carriers:
1Cu-2Mn-MM 5.18 = 0.33 1.91 0.217
1.2Cu-1.8Mn-MM 3.27 = 0.60 1.75 0.283
1Cu-1Mn-MM 4.15 £ 0.61 1.98 0.337
supported copper manganese oxide oxygen carriers:
40-CuMn/Zr-MM 1.84 £ 0.42 0.82 2.003
40-CuMn/Ti-MM 548 + 0.28 2.37 0.306

Footnotes: (a) this is the set pH value during the co-precipitation; (b) the standard variation of ocr was
determined from the average of three sets with 12 measurements each; (c) SDss is the standard variation of all
36 measurements and combines the standard deviation of the ocr measurements as well as variations of the
particles crushing force due to differences in shape, size and composition; (d) values of the uncertainty of Sger
are provided in Table 5-1.
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The results of Table 5-3 are plotted in Fig. 5-7. Each combination of the co-precipitation solutions
was co-precipitated either at the highest possible pH value (minus 0.5) before formation of CuO
occurred, in the Figure denoted as ‘higher pH value’ or at the lowest possible pH value at which all

species co-precipitated (plus 0.5), in the figure denoted as ‘lower pH value’.
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Fig. 5-7 The results of the crushing force measurements of the co-precipitated oxygen carriers with

a particle diameter of 300-425 um.

In Fig. 5-7 it can be seen that all apart from three oxygen carriers have a crushing strength that is
larger than the 2 N threshold. Furthermore, it becomes apparent that the oxygen carrier that were co-
precipitated at the lower side of the possible pH value range have a significantly higher crushing
strength (in average more than five times as high). The reason for this large difference becomes
apparent, when plotting the crushing strength against the BET surface area, as shown in Fig. 5-8,

below.
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Fig. 5-8 A plot of the crushing strength against the BET surface area of the co-precipitated oxygen
carriers co-precipitated, [0, at a lower pH value and, <, at a higher pH value.

Fig. 5-8 shows the occurrence of two clusters. The oxygen carrier, which were co-precipitated at a

lower pH value have a lower BET surface area and a higher crushing strength, while the oxygen

carrier, which were co-precipitated at a higher pH value, have a higher BET surface area and a lower

crushing strength.

To elucidate the reasons for the differences in crushing strength further, the ‘higher pH value’ cluster

was plotted on a smaller scale in Fig. 5-9, below.
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Fig. 5-9 A plot of the average crushing force against the BET surface area of the co-precipitated
oxygen carriers co-precipitated using a higher pH value and, <, only Na:CO; and, #, NaOH +

Na:COs as the co-precipitation agent.
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The results shown in Fig. 5-9 indicate that a substitution of Na,CO; with NaOH in the precipitation
agent is resulting in a reduction of the surface area. The reason for this is elucidated in the section on

the thermogravimetry evolved gas analysis mass spectrometry (section 5.7).

Furthermore, Fig. 5-9 shows a significant increase in crushing strength with an increase in the molar
Cu:Mn ratio, while the BET surface area decreases only slightly. This result indicates that a
substitution of Mn with Cu results in an increase in crushing strength since the minor reduction in
the surface area is insufficient to result in a three-fold increase in the crushing strength. It has been
demonstrated by XRD (see section 5.4) that most of the Cu and Mn in the bulk of these oxygen
carriers (1Cu-2Mn-CP(3:0), 1.25Cu:1.75Mn-CP(3:0) and 1Cu-1Mn-CP(3:0)) is incorporated in a
CuxMns.4O4 spinal phase. This suggests that substitution of Mn with Cu in the spinal structure in the
molar Cu:Mn range between 1Cu:1Mn and 1Cu:2Mn results in an increase in the crushing strength

of the oxygen carriers.

This analysis was not repeated for the oxygen carriers that were precipitated at a lower pH value,
since the results of XRF experiments (c.f. section 5.5) suggest that some deviations between the target
and the actual Cu:Mn molar ratio exists, which was attributed to incomplete precipitation of the Mn

species during the co-precipitation experiment.

5.3 Helium pycnometry and mercury intrusion porosimetry

Gas displacement pycnometry with He was carried out using an AccuPyc Il 1340 (Micromeritics).
This technique determines the skeletal density, pgk, of the calcined oxygen carriers, which is the
density of the sample excluding the pores and including intra-particle voids.?®® The measurements
were carried out at 25 °C using a sample mass of 0.6 to 1.5 g and particles of the size range 300-425
um. In a typical experiment, the sample is loaded into the 1 cm® chamber and sealed. After
evacuation, He is pumped into this chamber and then expanded into a second chamber of which the
volume is also known. The pressure difference prior and after the expansion and the sample mass are
then used to calculate pgy.2%?% The reported value of pgy in this work is the average value of ten
measurements. The standard deviation of a repeated measurement was multiplied by two to obtain
the uncertainty within a 95% confidence interval. The results of the He pycnometry experiments are
presented at the end of this section together with the results from mercury intrusion porosimetry

(MIP).

MIP was carried out using an AutoPore IV 9500 (Micromeritics) to determine the particle porosity,
g, and the particle density, p,,. In the literature, pp, is also referred to as envelope density or apparent

density, and is defined following the definition of Rouquerol et al.?* as the density of the particle

including open (accessible and inaccessible) and closed pores. The pressure range of the MIP
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experiments was in the range 0.0365 — 2272 bar, which corresponds to a pore diameter range of 342
pum — 5.5 nm. In a typical experiment between 0.10 g and 0.15 g of oxygen carriers of the size range
300 — 425 um were filled into a penetrometer, which was then sealed and loaded into the MIP
instrument. After calibration of the pressure transducers, the stem of the penetrometer is evacuated,
Hg is introduced into the stem of the penetrometer, and the pressure is gradually increased. Since the
wettability of the metal oxide surfaces with Hg is negligibly low, the filling of the pores does not
occur by capillary action but only by the forced intrusion by an external pressure. The incremental
volume, V;, of Hg introduced into the penetrometer is assumed to be equivalent to the cumulated
pore volume of a given pore size range. The pore size range is calculated from the measured pressure
(theoretically, the pore size is inversely proportional to the applied pressure). In an ideal case, the Hg
surrounds the particles at low pressure without intruding into the pores, and the particle density, py,
is calculated as the sample mass divided by the difference between the internal volume of the empty
pentameter and the intruded volume at low pressure.?!® At high pressure, when the Hg has intruded
into all pores, the skeletal density, pg, is calculated as the weight of the sample divided by the
difference between bulk volume of the sample and intruded volume at high pressure. 2!° The porosity

of the particles, &, is then automatically calculated by, *'°
g =1-——, (5-3)

However, the automated calculation of &, has at least three drawbacks: (i) for the measurement of
pp a relatively small sample volume is used, resulting in significant uncertainties in pp, (ii) at low
pressures the Hg might not intrude into the voids between the particles, but only surround the
perimeter of the bulk of particles, (iii) the measured value for XV; (which is used to calculate pgy)
includes voids in the range 5 nm - 342 um. The upper bound has the same order of magnitude as the
mean particle diameter. Therefore, it is likely that the measured value of XV, also includes inter-
particle voids and voids at the particle circumference due to irregular curvature of the oxygen
carriers’ external surface. Therefore, the automatically calculated value for py,, psi and &, were not
used. Instead, the raw data for intrusion into voids < 10 um was used and combined with the
experimentally obtained values of the skeleton density, pgy, from He-pycnometry to calculate &, and

pp iteratively, using eq.(5-3) and the following relationship:
& = Pp - 2V}, (5-4)

The results of this calculation and the values of pg obtained by He pycnometry and the theoretical
density of the crystalline phase calculated by density functional theory (DFT), pppr are shown in
Table 5-4, below.
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Table 5-4 Results from He pycnometry measurements at 25 °C and 0.1 MPa, mercury intrusion
porosimetry measurements and the calculation of the envelope density of the oxygen carriers.

oxygen carrier p Sk: p DFTZ &p Pp
[g cm™] [g cm™] [g cm”]
co-precipitated oxygen carriers:
1Cu-2Mn-CP(3:0)-pH 8.3 5.02+0.01 5.12 0.565 2.18
1Cu-2Mn-CP(3:0)-pH 6.0 5.56+0.03 5.12 0.014 5.48
1Cu-2Mn-CP(2:1)-pH 7.0 5.20+0.01 5.12 0.442 2.90
1Cu-2Mn-CP(2:1)-pH 6.0 536+0.01 5.12 n.d. n.d.
1Cu-1Mn-CP(3:0)-pH 8.3 nd.® 5.34 0.218 4.54
1Cu-1Mn-CP(3:0)-pH 6.0 5.76 £ 0.01 5.34 0.013 5.68
1Cu-1Mn-CP(2:1)-pH 7.0 nd.® 5.34 0.009 5.75
1Cu: 1Mn-CP(2:1)-pH 6.0 5.80+0.01 5.34 0.035 5.59
mechanically mixed oxygen carriers:
1Cu-2Mn-MM 5.34+0.01 5.21 0.359 3.42
1Cu-1Mn-MM 5.67+0.01 5.34 0.492 2.88
40-CuMn/Zr-MM 5.39+0.01 5.10 0.548 2.43
40-CuMn/Ti-MM 4.28 £0.01 3.93 0.246 3.23
40-CuMn/Al-MM 422 +0.02 4.09 0.465 2.26

Footnotes: "n.d.” denotes “not determined”, here the remaining sample mass was not sufficient to fill the 1
cm’ chamber with particles; (a) the value of ps is the average of ten measurements and the variation range
corresponds to the standard deviation of those ten experiments; (b) these values are the theoretical skeletal
densities of an ideal crystal structure calculated using the DFT data from materials.project*''; (c) the skeletal
density of this sample was not measured and for the calculation of ¢ and p, a value of 5.80 + 0.01 is assumed,
which is the result from a measurement of a similar composition.

The skeletal density of the co-precipitated oxygen carriers increases with an increase in the molar
Cu:Mn ratio. This is in agreement with the values of the theoretical densities of the phase-pure copper
manganese oxides from materials.project®!! — a database which contains inter alia results from DFT
calculations. The experimentally obtained values of pgy for the unsupported oxygen carriers are 6%
higher than the theoretical density?'! of an ideal CuxMn3.<O4 crystal. As later confirmed by XRD, this
deviation indicates the presence of single metal oxides in the samples, since the single metal oxides
(especially CuO) have a higher density than Cu,Mns.,O4. The values of ¢ for the co-precipitated
oxygen carriers range from 0.009 to 0.565, and the average ¢ of the samples co-precipitated at a

higher pH value are significantly larger (0.309) than the average of those prepared at a lower pH
value (0.021). This is illustrated in Fig. 5-10, below.
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Fig. 5-10 The porosity of selected co-precipitated calcined oxygen carriers in the range between 5.5
nm and 10 um measured by MIP, co-precipitated at (a) the lowest theoretical pH value + 0.5 at
which all species precipitate, and (b) the highest theoretical pH value - 0.5 at before the formation
of CuO.

An increase in porosity with an increase in pH value during the co-precipitation was expected from
the results of the N, adsorption measurements, which found that an increase in pH value during the
co-precipitation (in the examined range) resulted in an increase in the BET surface area. The porosity
of the mechanically mixed oxygen carriers ranges from 0.255 to 0.359, and the porosity of the

supported oxygen carriers is in the order: ZrO, (e = 0.548) > AL,Os (g = 0.465) > TiO, (¢ = 0.246).

To elucidate the nature of the pore structure in detail, the pore size distribution was measured by

MIP. Selected results are shown in Fig. 5-11, below.
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Fig. 5-11 Pore size distribution determined by MIP for selected oxygen carrier from the size range
300-425 um: (a-d) unsupported co-precipitated, (e-f) unsupported mechanically mixed, and (g-i)
supported oxygen carriers.

For the co-precipitated oxygen carriers, the results of the MIP experiments indicate that the mean
pore diameter increases, and the porosity decreases with a decrease of the pH value during the co-
precipitation. This is the case for 1Cu-2Mn-based oxygen carriers (Fig. S-11a-c) and for (Fig. 5-
11d-e). The pore size distribution of the mechanically mixed oxygen carriers where D/ > 0.001 ml
g! um is wider (0.2 um and 100 pm) than the pore size distribution of the co-precipitated oxygen
carriers. This indicates that the preparation of the oxygen carriers via co-precipitation can produce a
material with a narrower pore-size distribution. The mechanically mixed supported oxygen carriers
were found to have a porosity in the range 0.578 — 0.694. The experimentally obtained porosities will
be used in the next chapter to model the diffusion inside the particle. In the following chapters, the

calculated values of the envelope density p, will be used for the reaction rate modelling and

hydrodynamic calculations.
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5.4 Determination of the crystalline phases by X-ray diffraction

Powder x-ray diffraction (XRD) was carried out in an X’Pert PRO (PANalytical) using Cu-Ka
radiation with a wavelength of A = 0.1541 nm. The instrument is set-up in the Bragg-Brentano
configuration (illustrated in Fig. 5-12a) and two different types of sample holders were used

(illustrated and Fig. 5-12b).

a) b)
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g \ monochromator. "
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sample /‘9/29 | powder mount slide mount

Fig. 5-12 Schematic diagram of (a) the Bragg-Brentano geometry of an XRD instrument, adapted
from the drawing shown on ywcmatsci.yale.edu,””’ and (b) of the two different types of sample

holders used in this project.

In a typical XRD experiment, the samples were scanned in a 26-range from 5° to 85° using a step
size of 0.015° and a time per step of 0.25 s. Before reporting the results from XRD measurements,
the validation of the XRD calibration and the determination of the uncertainties of the XRD

measurements are detailed in the following subsection.

5.4.1 Validation of the calibration and uncertainties of the XRD
measurements

The calibration was validated using the experimentally obtained diffraction pattern of a sintered
sapphire (Si0;) disk, which was placed onto the disk-slide mount (shown in Fig. 5-12b). The results

of this XRD measurement are presented in Fig. 5-13, below.
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Fig. 5-13 The results of the validation of the XRD calibration using a sintered sapphire disk: (a) the
experimentally obtained XRD pattern with lines above the peaks that correspond to the peak position
of the reference pattern (JCPDS 00-001-0787), and (b) the difference between the experimentally

obtained peak position and the peak position of the reference pattern.

Fig. 5-13b shows the difference between the experimentally obtained peaks of synthetic Si (JCPDS
00-001-0787) from the ICDD database.?'>*"® The linear best fit of the points in Fig. 5-13b suggests
that the shift of the XRD machine corresponds to 20cq, = 0.0022-20,¢ + 0.1414. After validating the
XRD calibration by demonstrating that no significant peak shift between experimental data and

reference data exists, the uncertainties of the XRD measurements were determined next.

In this work, the relative intensities of the diffraction pattern peaks (//Imax) are used to calculate the
mass fractions of the crystalline phases, and to estimate the mass fraction of amorphous material by
using CeO; as in internal standard. The peak position (26), the full width at half maximum (FWHM),
and the integral breadth (/B) are used to estimate the crystallite size.

To estimate the uncertainty of the calculated mass fractions and crystallite sizes, the uncertainty of
Hlvax, 20, FWHM, and IB has to be determined. Two different types of sample holders are used in
this work (illustrated in Fig. 5-12b). The slide-disk sample holder is required for the phase
determination of cycled oxygen carriers from TGA and fluidised bed reactor experiments, as the
sample mass is typically insufficient to use the back-loaded sample holder. The uncertainties of the
XRD measurements may vary with the type of sample holder, inter alia because the sample mass
and thus the area of the reflection surface differs. In a typical XRD experiment a sample mass of
about 1.0 + 0.4 g was used in the back-loaded sample holder, while the sample mass of the disk-slide

holder was 60 + 20 mg. To quantify the uncertainties for each type of sample holders, three runs with
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a sample from the same batch of oxygen carriers (1Cu-1Mn-CP(3:0)-pH-8.3) were carried out per

sample holder. The diffraction patterns are presented in Fig. 5-14, below.
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Fig. 5-14 XRD patterns of the experiments for the determination of the uncertainties of the XRD
measurements using crushed 1Cu-IMn-CP(3:0)-pH-8.3 oxygen carriers (a) in the back-loaded

mount and (b) on the disk-slide mount.

Using the diffraction data (Fig. 5-14) without any smoothing, the relative uncertainties u(x) and
absolute uncertainties U(x) of I/Imax, 20, FWHM, and IB were estimated by calculating the standard
deviation of the three repeated measurements per sample holder for all peaks larger than ///max = 0.05
(this corresponds to eight peaks per sample). Under the assumption that the deviations follow a
normal distribution, the standard deviation was multiplied by two to obtain the uncertainty within a

95% confidence interval.
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The standard deviation for each peak is represented by a dot in Fig. 5-15a-d, below, and the

uncertainties are represented by the shaded ranges.
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Fig. 5-15 A plot of the standard deviations against the 20 of the three measurements obtained when

using the slide disk mount (©) and the back-loaded sample holder (®) for: a) 26, the peak position,
b) the relative intensity, I/Inax, c) the full width at half maximum, FWHM, and d) the integral breadth.

Fig. 5-15 shows that the uncertainty of 26 and /I nax is about twice as high when using the slide-disk

sample holder, while the uncertainty of the FWHM and integral breadth does not depend significantly

on the sample holder type.
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The deviations and uncertainties of this assessment are summarised in Table 5-5, below.

Table 5-5 The calculated standard deviation and uncertainties for the different sample holders for
the XRD measurements.

standard deviation, SD(x)* uncertainty (95% CI), u(x)®

property, x back-loaded slide disk back-loaded slide disk
(1.0£04¢g) (60+20mg) (1.0+£03g) (60«20 mg)
peak position, 260 (deg.) 0.024 0.046 0.048 0.093
relative intensity, I/Tmax (-) 0.008 0.014 0.016 0.028
FWHM (deg.) 0.053 0.056 0.106 0.113
integral breadth, IB (deg.) 0.060 0.060 0.120 0.120

Footnotes: (a) the standard deviation, SD(x), was calculated from three measurements of the eight largest
peaks (i.e. all peaks with I/l,nax > 0.05); (b) the relative uncertainty, u(x), within a 95% confidence interval
(95% CI) was calculated by 2- SD(x), assuming a normal distribution of the measurements.

The uncertainties of //lnax, 260, FWHM, and IB from Table 5-5 will be used to estimate the uncertainty

of the mass fractions and crystallite size calculated from the XRD data (see section 5.4.2).

In addition to the determination of the uncertainties, a series of experiments was carried out to
determine if the peak position is shifted when the back-loaded sample holder is used (the validation
of the calibration with the sintered sapphire disk is only possible with the slide disk holder), and if
the relative intensities (//Imax) vary with the sample holder. For this purpose, 26 and //i.x of all peaks
larger than //Imax = 0.05 of three repeated measurements using the disk slide mount were plotted

against those obtained when using the back-loaded mount.
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Fig. 5-16 Plots of the average values of three measurements obtained when using the disk slide
mount against the values obtained when using the back-loaded mount for a) 20, the peak position

and b) /L, the relative peak intensity of the peaks larger than I/, = 0.05.
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Fig. 5-16a shows that the peak positions obtained when using the disk slide mount are 0.26 ° higher
than those obtained when using the back-loaded mount. Since the later were calibrated using the
sapphire disk, the peak positions of the back-loaded holder were corrected by +0.26 °. The factor of
the best fit is unity, which shows that this peak shift does not depend on the peak position. Fig. 5-
16b shows that the calculated values of //[max do not depend on the type of sample holder.

After the validation of the calibration of the XRD equipment and determination of the uncertainties
of the measurements, a method for the calculation of the mass fractions of the crystalline phases from

XRD data is presented in the following section.
5.4.2 Calculation of the mass fractions from XRD data

The powder diffraction files (PFD) report relative intensity ratios (1 / I ) with corundum (Al,Os),
c

which is the experimentally obtained ratio of the observed intensities of the largest peak of the sample
to the largest peak of corundum. These ratios are determined from experiments with a powder

1.2 showed that the mass fractions of a

containing the sample and 50 wt% corundum. Chung et a
sample containing » phases can be estimated using the values for (//I;) of all phases and the following

two equations:

(7 Imax)i B (5-5a)

1= i Xg, (5-5b)

where x, is the mass fraction of the phase a, //I. is the relative intensity ratio, //Imx is the relative
intensity, and i (with 7 = 1 to n) are all phases other than a. The values for the relative intensity ratios
with corundum were taken from the ICDD’s PDF-4+ 2016 and PDF-4+ 2019 databases.?'*?!* To
prevent the use of overlapping peaks for the calculation of the mass fractions, the expected phases

were simulated using the phase data from the ICDD database?!?, as shown in Fig. 5-17, below.
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Fig. 5-17 Simulated copper, copper manganese and manganese oxide XRD patterns based on data
from the PDF-4+ 2016 database*" to show the peak used for the mass fraction calculation ( ) for

Cu Ko (A =0.1541 nm) radiation.

Fig. 5-17 shows that the largest peaks of the single metal oxides that are expected in the fully oxidised
samples (i.e. MnO,, Mn,Os and CuO) do not overlap with the largest peaks of the combined metal
oxides in the fully oxidised sample (i.e. CuMn,QO4, Cu; 4Mn; 604, Cui sMn; 504). The same holds true
for the phases that are expected in the fully reduced form, apart from CuMnO, and Cu,O, where the
largest peaks overlap at 26 =37.0°. Therefore, the mass fraction of Cu,O and CuMnO; are determined
using the peaks at 20 =42.6° and 20 = 33.5, respectively. The values for //1., the position of the peaks

used, and the uncertainties of the mass fraction calculation are presented in Table 5-6, below.

Table 5-6 Peak data from the PDF-4+ 2016 database’’ used for mass fraction calculation and
uncertainty of the mass fraction calculation.

peak used for mass fraction calculation

phase, i ICDD reference number>'? vosition 7 Tl s(m) _ tsm(m)’
MnO; 00-043-1455 21.89 346 1.00 0.03-m; 0.05-my
Mn,0O3 00-041-1442 32.95 450 1.00 0.02-m; 0.05-my
Mn;04 00-024-0734 34.04 1.50 1.00 0.06-m; 0.10-m;
CuMn,04 01-071-1143 36.08 493 1.00 0.03-m; 0.05-m;
CuisMn; 504 01-070-0262 35.96 492 1.00 0.03-m; 0.05-m;
CuMnO, 04-017-1231 33.50 3.08 1.00 0.03-m; 0.06-m;
CuO 00-041-0254 38.76 2.80  0.96°  0.04:m; 0.07-m;
Cu,O 01-078-2076 42.62 858 0.77  0.02-m; 0.03-m;

Footnotes: (a) the uncertainty of the mass fractions calculated using the XRD data from the back-loaded
sample holder, upr(m;), and the slide-disk sample holder usip(m;) was calculated using eq.(5-5); (b) the largest
peak of CuO overlaps with the peak of Mn3Oy, therefore the second largest peak is used for the mass fractions
calculations.
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In the following sections, the method for the calculation of the mass fraction of the crystalline phases
will be applied when evaluating the XRD results of the preliminary oxygen carrier preparation
experiments for the determination of the optimal calcination conditions (section 5.4.3) and the
washing procedure (section 0), and of all co-precipitated (section 5.4.5, section 5.4.6) and

mechanically mixed (section 5.4.7) oxygen carriers.

5.4.3 Effect of calcination conditions on the crystalline phases

To determine the calcination temperature and time that is required for the formation of highly
crystalline copper manganese oxide, 1Cu-1Mn-CP(3:0) pH 8.3 precursor was calcined at different

conditions, some of which are shown in Fig. 5-18, below.

1Cu-1Mn-CP(3:0)-pH 8.3 precursor,
partially calcined, and calcined sample
a) uncalcined
b) 300 °C, 15 min
¢) 500°C, 15 min J\_J\_
A
=
‘LU.’ L =
- o .
£ d) 700 C,‘15m|n \ N A A
s
=
€) 900 °C, 15 min Il N ) A
f)900°C,2 h
) A L_J.M_/\ A\ (N
g)900°C, 12 h J
A
T -—T—T—T—T—TTr-r-r-r--Tr-T-Tr-T—TTTrT—T T T T
10 20 30 40 50 60 70 80

Bragg angle, 20 (deg.)
Fig. 5-18 XRD pattern of the 1Cu-IMn-CP(3:0)-pH-8.3 precursor, partially calcined and calcined
material. The calcination was carried out in air (1 | min™ at SATP) and using a heating rate of 15
°C min™. The calcination temperatures and holding times as well as the calculated values for the

FWHM and crystallite size are specified on the graph.

Fig. 5-18 shows that the formation of copper manganese oxide already occurs at calcination

temperatures around 500 °C and occurs relatively fast (the holding time at 500 °C was only 15 min).
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To elucidate the crystallite growth during the calcination, the Scherrer equation?!® was applied to the

XRD data of the copper manganese oxide peaks at 35.86°,

. KA
¢ ﬁ C()S(Bobs. - BSi),

(5-6)

where K is the shape factor (here 0.9 for spherical crystals), A is the wave-length of the Cu-Ka
radiation (A= 0.1541 nm), S is the peak position, B, is the observed peak broadening of the sample
(equal to FWHM)), and Byg; is the peak broadening of the Si (1 1 1) peak at 28.44 °C of the Si standard
(from Fig. 5-13), assuming an indefinitely crystallite size in the Si standard so that the line
broadening of the Si standard corresponds to the instrumental line broadening. The calculated value
of Bg; is 0.102°. The uncertainty of the calculated mean crystallite size was determined using the

data from Table 5-5. The results of the crystallite size calculation are shown in Table 5-7, below.

Table 5-7 The results of the crystallite size calculation for the precursors, partially calcined and

fully calcined sample 1Cu-1Mn-CP(3:0)-pH-8.3 based on the XRD data that is shown in Fig. 5-18.

Sample Bobs. Bistructural (Bobs. - Bsi) mean crystallite u(d,)
[FWHM (26)] [FWHM (26)] size, d. [nm] ? [nm]
500 °C, 15 min 0.595 0.493 17.0 + 44 -35
700 °C, 15 min 0.289 0.187 44.7 + 38.7-20.7
900 °C, 15 min 0.272 0.170 49.2 +38.9-245
900 °C,2h 0.270 0.168 49.7 +50.4-25.0
900 °C, 12 h 0.184 0.082 101.9 +451.6-83.1°

Footnotes: (a) the mean crystallite size was calculated assuming a shape factor, K, of 0.9, a radiation with a
wave length of 0.1541 nm, and an instrumental line broadening of 0.102° (260), (b) the calculated uncertainty
of this sample is very large, due to B,ys. being close to the instrumental line broadening (i.e. Bs;).
The data in Table 5-7 shows that higher calcination temperatures and a longer sintering time results
in an increase in the calculated mean crystallite size. Though the data suggests that the sample
calcined for 12 h had a significantly higher crystallite size, it was decided (also considering the
crushing strength test results) that a calcination time of 2 hours at 900 °C is sufficient. These

parameters were therefore used for the calcination of all co-precipitated precursors of this study.

To determine the optimal calcination conditions of the mechanically mixed samples, 1Cu-1Mn-MM
precursors were calcined at different temperatures (900 °C and 950 °C) for different durations (2 h,
6 h and 12 h), and the phases of the calcined materials were studied by XRD, as shown in Fig. 5-19,

below.
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Fig. 5-19 XRD pattern of the mechanically mixed 1Cu-1Mn-MM oxygen carrier calcined at different

conditions as specified on the plot.

The XRD plots from Fig. 5-19 suggest that all six samples contained copper manganese oxide
(identified as either CuMn,04, JCPDS 01-071-1143, or Cu;2Mn; 5804, JCPDS 01-071-1144) and CuO
(JCPDS 00-45-0937). The mass fractions of the phases from Fig. 5-19 were calculated using the
‘relative intensity ratio’ method (c.f eq.(5-5a) and eq.(5-5b)).?' For this calculation it is not relevant
if the CuxMny.30y4 is in the form of CuMn;04 or Cu;2Mn; 304, since the I/ of all Cu,Mn,.304 are
almost identical. The calculated mass fractions of CuO plotted against the sintering time in Fig. 5-
20, below.

0.4

:
g ; :

0.2 4 mass fraction of CuO,
if the only other phase
in the OC was CuMn,0,

Mecyo

0.1 4 Calc. temp.:
O 900 °C
W 950°C
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sintering time [/ h
Fig. 5-20 The mass fraction of CuQ in the calcined 1.5Cu-1.5Mn-MM precursors as a function of
calcination time, calculated by eq.(5-5a) and eq.(5-5b) from the XRD data shown in Fig. 5-19. The

black line corresponds to the theoretical mass fraction of a sample containing only CuMnQO; and
CuO.
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From Fig. 5-20 it can be seen that an increase in the calcination temperature from 900 °C to 950 °C
results in a decrease in the mass fractions of CuO, mcuo, for all samples. Moreover, it appears that
after 6 h of calcination at 950 °C, CuO and MnO do not further combine to Cu,Mns.,O4. Even after
extensive sintering of 12 h it was not possible to reduce mcuo to below 0.251, which corresponds to
the theoretical mass fraction of CuO in a sample containing only CuMn»O4 + CuO. This finding
indicates that during calcination the formation of CuO + CuMn2Os is more favourable than the
formation of CuMn,304 with x > 1. Therefore, it was deemed impossible to obtain a phase-pure
copper manganese oxide oxygen carrier (containing only Cu;sMn;s04) by mechanical mixing and
calcination at these conditions. Since no further reduction of mcyo after a calcination at 950 °C for 6
h was observed, these calcination conditions were used for the calcination of all mechanically mixed
oxygen carriers in this work. In the next section, the importance of removing Na* from the co-

precursors is demonstrated, by examining Na-rich samples.

5.4.4 Effect of residual sodium in the precursor on the calcined sample

To elucidate the effect of Na on the calcined materials, a sample that was washed according to the
standard procedure (i.e. until the electrical conductance was below 50 uS), was compared with
samples that containted higher amounts of Na (with the electrical conductance being ~250 uS and
~1250 uS, as well as a sample without the removal of the Na). The samples were calcined for at 900
°C for 2 h in air, crushed, and the crystalline phases examined by XRD. The results are shown in Fig.

5-21, below.

a) calcined, without the removal of Na* @ Cu, sMn, ;0, (01-070-0262)
O CuO (00-045-0937)

© NaO, (00-006-0500)

@ Na;MnO, (00-033-1268)

£z Nag;Mn0, 45 (00-027-0751)
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b) calcined, 123 us ®
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Bragg angle, 26 (deg.)
Fig. 5-21 XRD pattern of 1Cu-1Mn (3:0) pH 8.3 with different amounts of residual Na: (a) without
the removal of Na, and removal of Na to obtain a electrical conductivity of (b) 1238 uS, (c) 256 usS,
and (d) 46 uS.
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The examination of the phases of the unwashed material (Fig. 5-21) shows that the Na reacts with
the manganese species to form sodium manganese oxide, thereby reducing the amount of Mn
available for the formation of copper manganese oxide. Neither manganese oxide nor copper
manganese oxide was identified by XRD and the presence of NaO, suggests that more Na was
available than required for the formation of the sodium manganese oxides. No phases were identified

that suggest that the Cu species reacts with Na and CuO was the only phase found to contain Cu.

5.4.5 XRD patterns of the co-precipitated precursors

Two series of co-precipitated oxygen carriers were prepared. The results of the XRD analysis of the

precursors of the first series of co-precipitated oxygen carriers is presented in Fig. 5-22, below.
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- ¥ MnCO, (044-1472)
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(e) Precursor of 1Cu:1Mn-CP(1:2)
&
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Bragg angle, 26 (deg.)

Fig. 5-22 XRD pattern of the precursors of the first series of co-precipitated oxygen carriers. The
samples are precursors of (a) 1Cu-2Mn-CP(3:0), (b) 2Cu-1Mn-CP(3:0), (c) 1Cu-IMn-CP(3:0), (d)
1Cu-1Mn-CP(2:1), and (e) 1Cu-I1Mn-CP(1:2).

Fig. 5-22a-c show the XRD patterns of the precursors with different Cu:Mn molar ratios. The peaks
agree well with the reference patterns for manganese carbonate (MnCOs, JCPDS 00-044-1472) and
malachite (CuCO3(OH),, JCPDS 00-001-0959). The XRD analysis of the samples shown in Fig. 5-
22¢ to Fig. 5-22e was performed to study the effect of the substitution of Na,COj3; with NaOH in the
precipitation agent. The phases of the samples shown in Fig. 5-22¢ (prepared with 1 M Na>CO3) and
Fig. 5-22d (prepared with 0.66 Na,COs and 0.66 NaOH) do not differ significantly. However, further
substitution of Na,COs3 with NaOH (c.f. Fig. 5-22e, prepared with 0.33 M Na,COs and 1.33 NaOH)
results in the formation of a highly crystalline material containing Cu,(OH);-NO; (JCPDS 00-003-
0061), as correctly predicted by the ‘Spana-Medusa’ calculation shown in Fig. 4-2c.
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The relatively weak peaks indicate a low crystallinity of the material. To quantify the mass fractions
of crystalline material in the co-precipitated precursor, CeO, powder was added to the 1Cu-2Mn-
CP(3:0), 2Cu-1Mn-CP(3:0) and 1Cu-1Mn-CP(3:0) precursors as an internal standard, so that the
amount of CeO, was 10 wt% in the mixed powders. The peak 26 = 31.3°, which belongs to MnCOs,
Cu2CO3(OH); or to a combination of both (the main peaks of these two phases are very similar) was
used to calculate the ratio of the mass fractions of the crystalline phase, Xcrystwl, in the sample to the
mass fraction of CeOa, xce02, using the method of the relative intensity ratios with corundum (c.f.
€q.(5-5a) and eq.(5-5b) in section 5.4.2).2* For this calculation, data from the three largest CeO» peaks
was used, which are located at 26 = 28.7°, (I/I;max = 1.000 £ 0.000), 47.6° ({/Imax = 0.486 + 0.046)
and 56.5° ({/Iymax = 0.388 £ 0.050). The method and the calculation of its uncertainties are detailed
in Appendix A.5. The XRD plots that were used for this calculation are shown in Fig. 5-23, below.

(a) Precursor of 1Cu:2 Mn-CP(3:0) © Malachite (00-001-0959)
CeO, 7 MnCO, (00-044-1472)
[}
CeO,
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|
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Ny Ce0,
I CeO,
2 ‘ CeO f Ce0,
‘E | |I I| I.I
= Lpraptenteton e ..., s e iy ...‘... " e g N b o caban PO\
(c) Precursor of 1Cu:1Mn-CP(3:0)
CeO,
o} CeO,
CeO, 1 CeO,
o ¢ | v |
—
| | | | nop
A _— ", ") At sl L ol
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Fig. 5-23 XRD patterns of a mixture of the precursors (90 wt%, black lines) of (@) 1Cu:2Mn-CP(3:0),
(b) 2Cu:1Mn-CP(3:0), (c) 1Cu:IMn-CP(3:0), and CeO; (10 wt%, blue lines) as an internal standard

for the determination of the mass fractions of crystalline material.

The calculation was carried out twice, once assuming the peak of the precursor at 26 = 31.3° belongs
to MnCOj; and once assuming the it belonged to Cu,COs3(OH),. The results of the calculation are
shown in Fig. 5-24, below.

115



o
N

1Cu-2Mn

©
w
L

1Cu-1Mn

.
[
L

crystalline mass fraction
o
N
1L

1Cu-1Mn

0-0 L] L] I L]
0.0 0.5 1.0 1.5 2.0 25
[Cul/[Mn]
Fig. 5-24 Mass fractions of the crystalline phase calculated from the XRD patterns from Fig. 5-23
assuming the all crystalline material is either MnCQO3 M) or Cu,CO3(OH); (@Q). For a combination
MnCO;s and CuCO3(OH); the mass fraction of crystalline material is between the two dotted curves,

which are drawn as guidelines.

The results shown in Fig. 5-24 suggest that the crystalline mass fraction for the molar 1Cu:2Mn,
1Cu:1Mn and 2Cu:1Mn ratios are in the range of 8.2 —31.4 wt%, 3.6 — 11.5 wt% and 1.5 — 6.5 wt%,
respectively. The increase of the crystalline mass fraction with an increase in [Mn] indicates that the
crystalline phases consist predominantly of MnCOs. In this case, the mass fraction of the crystalline
material in the precursors of 1Cu-2Mn-CP(3:0), 1Cu-1Mn-CP(3:0), 2Cu-1Mn-CP(3:0) is only 9.6 +
1.3 wt%, 3.8 £ 0.2 wt% and 1.8 £ 0.3 wt%, respectively (as shown by the black markers in Fig. 5-

24). This shows that the samples consist predominantly of amorphous Cu and Mn species.

5.4.6 XRD patterns of the co-precipitated oxygen carriers

The precursors of co-precipitated oxygen carriers were calcined for 2 h at 900 °C under air (1 I'min°
"'at SATP). The calcined materials were crushed and analysed by XRD. The XRD patterns are
presented in Fig. 5-25, below.
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Fig. 5-25 XRD pattern of the first series of calcined co-precipitated oxygen carriers. The samples
(a, b, ¢) were co-precipitated with 1 M Na>CO3 and have the molar composition of (a) 1Cu:2Mn, (b)
I1Cu:1Mn, (c) 2Cu:IMn. The samples (c, d, e) have a molar composition of 1Cu:1Mn and were
precipitated with (c) 1 M Na;COs3, (d) 0.66 M Na.CO; + 0.66 NaOH, and 0.33 M Na2CO3 + 1.33 M

NaOH. During all co-precipitation experiments, the [Na+] in the co-precipitation agent was 2 M.

In all XRD patterns of the five samples shown in Fig. 5-25, copper manganese spinel oxide was
identified — a face-centred cubic cell phase, which belongs to the Fd3m space group and has the
general structure A3* Bf3 037 with A being either Cu?*or Mn?* and being B is Mn3*. In this work,
the structural formula is simplified using the form AB,0,. Furthermore, Cu and Mn single metal

oxides were identified.

The samples of the XRD patterns shown in Fig. 5-25a-c were prepared using the same composition
of the co-precipitation agent, but different Cu:Mn molar ratios. In the crushed 1Cu-2Mn-CP(3:0)
oxygen carriers (Fig. 5-25a), CuMn,O4 (JCPDS 01-071-1143) was identified as the main phase.
Furthermore, minor amounts of Mn3;O4 (JCPDS 00-024-0734) were identified. The sample 1Cu-
1Mn-CP(3:0) (Fig. 5-25b) contained mainly Cu; sMn; sO4 (JCPDS 01-070-0262), and small amounts
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of CuO (JCPDS 00-045-0937). In the crushed 2Cu-1Mn-CP(3:0) oxygen carriers Cu;sMn;sO4
(JCPDS 01-070-0262) and CuO (JCPDS 00-045-0937) were identified as the main phases. All three
samples (Fig. 5-25a-c) contained predominantly copper manganese oxide. For the samples with
molar ratios of 1Cu:1Mn and 1Cu:2Mn, small amounts of CuO and Mn3O4 were identified, while the
sample with 2Cu:1Mn contained significant amounts of CuO. This indicates that formation of
Cu,Mn;3.,04 with x > 2 is not favourable, and instead CuMnj;.,O4 with x <2 and CuO co-exist in these

Cu-rich samples.

The samples of the XRD patterns shown in Fig. 5-25b, Fig. 5-25d and Fig. 5-25e were prepared
using the same molar Cu:Mn ratio, but with different compositions of the precipitation agent. The
ratio of [Na>CO;]:[NaOH] was in the order 1Cu-1Mn-CP(3:0) > 1Cu-1Mn-CP(2:1) > 1Cu-1Mn-
CP(1:2). In In the crushed 1Cu:1Mn-CP(2:1) oxygen carriers (Fig. 5-25d), Cu;sMn; sO4 (JCPDS 01-
070-0262) and CuO (JCPDS 00-045-0937) were identified as the main phases. The 1Cu:1Mn-
CP(1:2) oxygen carriers (Fig. 5-25e) contained mainly CuO (JCPDS 00-045-0937) and Mn3O4
(JCPDS 00-024-0734) and only minor amounts of copper manganese oxide (Cu;sMn;s04; JCPDS
01-070-0262). The increasing substitution of Na,CO3 with NaOH, and the required decrease of the
pH value (to prevent the formation of CuO in the precursor) resulted in a decrease in the fraction of

copper manganese oxide, and an increase in the fractions of the single metal oxides.

A second series of co-precipitated oxygen carriers was prepared to further study the effect of the co-
precipitation pH value, the co-precipitation agent and the molar Cu:Mn ratio. XRD analysis of the
oxygen carrier precursors of the second series showed high similarity with those of the first series:
predominantly amorphous species precipitated. The XRD patterns are therefore not further discussed

in this chapter but are presented in the Appendix in Fig. A-1.

The XRD results of the calcined samples with a molar Cu:Mn ratio of 1:2, 1.25:1.75 and 1:1 are
shown in Fig. 5-26, Fig. 5-27, and Fig. 5-28, respectively.

118



a) 1Cu-2Mn (3-0), pH 8.3 © Cu;4Mn, 60, (01-071-1145)
e Cu,:Mn, 0, (01-070-0262)

[ cuo (00-045-0937)
< Mn,0; (00-041-1442)

H 5o
./? j L,—\._.J I'&Jw«mawﬁp.mfnwm

b) 1Cu-2Mn (3-0), pH6.0

s
--#L-‘JLA.,J L\.MWM'I nl\,/\_a"\._...._ﬂ-_—"w-____

¢) 1Cu-2Mn (2-1), pH 7.0

Intensity (a.u)

o o©
_MLMJJS Q (?k“LJ\ _";'n'. WEUﬁ oo

d) 1Cu-2Mn (2-1), pH 6.0

D
? ‘f 'QJLXWJ bjtmmw
10 20 30 40 50 50 70 80

Bragg angle, 26 (deg.)

Fig. 5-26 XRD pattern of the crushed co-precipitated oxygen carrier. The samples have a molar
Cu : Mn ratio of 1 : 2, were calcined at 900 °C for 2 h under air, and were prepared using a 1 M
Na;COs and a set pH value of (a) 8.3 and (b) 6.0; and using 0.66 M Na:CO;3 and 0.66 NaOH and a
set pH value of (c) 7.0 and (d) 6.0.

In the sample, which was prepared with Na>COj at a higher pH of 8.3 (Fig. 5-26a) only Cu; 4Mn; 04
(JCPDS 01-071-1145) was identified. A reduction of the pH value of co-precipitation (Fig. 5-26b)
resulted in an increase in the fraction of CuO (JCPDS 00-045-0937) and a decrease in the fraction of
Cu;.4Mn;604 (JCPDS 01-071-1145). The sample, which was precipitated with a solution containing
[Na*l\}azco3]: [Naf,on] = 2 and at a pH of 7.0 (Fig. 5-26¢), was found to contain predominantly
Cu;.4Mn; 604 (JCPDS 01-071-1145) and a minor fraction of CuO (JCPDS 00-045-0937). A reduction
of the pH value to 6.0 resulted in a substantial increase in the mass fraction of CuO JCPDS 00-045-
0937). The copper manganese oxide phase of this sample was in good agreement with the reference

pattern for Cu;4Mn; 404 (JCPDS 01-071-1145) and Cu; sMn; sO4 (JCPDS 01-070-0262).
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Fig. 5-27 XRD pattern of the crushed co-precipitated oxygen carrier. The samples have a molar
Cu : Mn ratio of 1.25 : 1.75, were calcined at 900 °C for 2 h under air, and were prepared using a
1 M Na;COs and a set pH value of (a) 8.3 and (b) 6.0; and using 0.66 M Na>COs and 0.66 NaOH
and a set pH value of (c) 6.9.

In the sample which was prepared with Na,CO; at a higher pH of 8.3 (Fig. 5-27a) Cu;4Mn,; 04
(JCPDS 01-071-1145) was identified as the only phase. A reduction of the pH value to 6.0 (Fig. 5-
27b) resulted in the formation of significant amounts of CuO (JCPDS 00-045-0937) besides copper
manganese oxide. The XRD pattern of the latter agrees well with either Cu;4Mn; 04 (JCPDS 01-
071-1145) or CuMn20O4 (JCPDS 01-071-1143). The XRD analysis of the sample prepared with
[Na*l\}azco3]: [Naf,on] = 2 (Fig. 5-27¢) suggests that the oxygen carriers contain predominantly

Cu1.4Mn1.60s (JCPDS 01-071-1145) and only a small fraction of CuO (JCPDS 00-045-0937).
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Fig. 5-28 XRD pattern of the crushed co-precipitated oxygen carrier. The samples have a molar
Cu:Mn ratio of 1:1. They were calcined at 900 °C for 2 h under air, and were prepared using a 1 M
Na>COs and a set pH value of (a) 8.5 and (b) 6.0; and using 0.66 M Na>CO;3 and 0.66 NaOH and a
set pH value of (c) 7.2 and (d) 6.0.

The XRD pattern shown in Fig. 5-28a indicates that the sample prepared with Na,COs at a higher
pH contained the highest fraction of copper manganese oxide (Cu;4Mn; 04, JCPDS 01-071-1145)
and only a small fraction of CuO (JCPDS 00-045-0937). A reduction of the pH value of co-
precipitation (Fig. 5-28b) resulted in a decrease in the fraction of Cu;4Mn; 04 (JCPDS 01-071-1145)
and an increase in the fraction of CuO (JCPDS 00-045-0937). Both samples prepared with
[Na?\}azc%]: [Naj.onl = 2 (Fig. 5-28¢ and Fig. 5-28d) contained significant amounts of copper
manganese oxide and CuO (JCPDS 00-045-0937). The copper manganese oxide in the sample
precipitated at a pH of 7.2 and 6.0 was identified as Cui4Mn;¢O4 (JCPDS 01-071-1145) and
CuMn,0O4 (JCPDS 01-071-1143), though the structures of most Cu,Mns.«O4 phases are very similar,
which makes their XRD patterns not always clearly distinguishable.

The XRD analysis of the crushed oxygen carriers shown in Fig. 5-26, Fig. 5-27, and Fig. 5-28
revealed that generally co-precipitation at the lower pH value and the substitution of Na,CO3 with

NaOH in the co-precipitation agent results in an increase in the fraction of CuO in the sample. The
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samples prepared at a higher pH value using only Na,COs; for the co-precipitation resulted in
materials with a high copper manganese oxide content without any other phases (Fig. 5-26a and Fig.

5-26b) or with only a small fraction of CuO (Fig. 5-26¢).

The mass fractions of the phases form the XRD results shown in Fig. 5-26, Fig. 5-27, and Fig. 5-28

were calculated, and the results are presented in Fig. 5-29, below.

0.8 0.8
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Fig. 5-29 Mass fractions of CuO (calculated from XRD data using eq.(5-5)) in the calcined co-
precipitated oxygen carriers as a function of the co-precipitation pH for oxygen carriers prepared
with aqueous solutions containing (a) 1 M Na,COs and (b) 0.66 M Na:COs + 0.66 M NaOH. The

oxygen carriers were calcined at 900 °C for 2 h in air.

Fig. 5-29a shows that it was possible to produce an almost CuO-free material using the higher co-
precipitation pH value (highest possible theoretical pH value without the formation of CuO in the
precursor). The only phase detected in the 1Cu-1Mn-CP(3:0) pH 8.3 was Cu; sMn; sO4. If the initial
phases were to persist over repeated redox-cycling, this co-precipitated oxygen carrier containing
only Cu;sMn;sOs would have a superior oxygen release capacity over the mechanically mixed
oxygen carrier with the same molar Cu:Mn ratio (1Cu-1Mn-MM) containing CuMn,04 and CuO.
However, it is possible that the copper manganese oxides and the copper oxides in the mechanically
mixed oxygen carriers combined to form Cu; sMn; 504 during redox-cycling, which would diminish

this advantage. This was tested during TGA experiments, as detailed in the next chapter.
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5.4.7 XRD patterns of the mechanically mixed oxygen carriers

The oxygen carriers that were prepared by mechanical mixing according to the standard synthesis
protocol (c.f- Table 4-6) were crushed and analysed by XRD. The results are shown in Fig. 5-30,

below.
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Fig. 5-30 XRD pattern of the mechanically mixed oxygen carriers with varying molar Cu:Mn ratio
preapred using the standard synthesis procedure shown in Table 4-6 and calcined at 950 °C for 6 h.

In all mechanically mixed oxygen carriers that were studied by XRD as shown in Fig. 5-30, copper
manganese oxide was identified with the diffraction peaks agreeing very well with CuMn,O4 (JCPDS
01-071-1143) and Cu;2Mn; 304 (JCPDS 01-071-1144). In the 1Cu-2Mn-MM oxygen carriers (Fig.
5-30a) no peaks of single metal oxides were identified. In all other samples (Fig. 5-30b-e) CuO
(JCPDS 00-45-0937) was also identified, while the observed intensity of the CuO-peaks increases
with an increase in the molar Cu:Mn ratio of the oxygen carriers. The mass fractions of the phases
were calculated using the ‘relative intensity ratios” method (c.f. eq.(5-5a) and eq.(5-5b) in section

5.4.2).2* The results are presented in Table 5-8, below.
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Table 5-8 The mass fractions of the phases identified in the mechanically mixed unsupported oxygen
carriers calculated using XRD data.

Sample CuMns.,04* Mn; O3 MnO, CuO

the results of mechanically mixed oxygen carrier calcined at 950 °C for 6 h with various Cu:Mn
molar ratios:

1Cu-2Mn, MM 1.00 - - -
1.2Cu-1.8Mn, MM 0.87 0.06 - 0.07
1.4Cu-1.6Mn, MM 0.70 - 0.16 0.14
1Cu-1Mn, MM 0.74 - - 0.26
1.6Cu-1.4Mn, MM 0.68 - - 0.32
/Iy of the phase: 4,932 4.5 0 2.8
position of peak 36.1° 32.9° 28.9° 38.7°

used for quantification, 26:
Footnotes: (a) The calculation of CuxMn..304 in the range of 1 <x < 1.5 is possible without the specification

of x, because the relative intensities, 1/lo, of the copper manganese oxides in this x-range are almost
identically (e.g. the literature values of I/l of CuMn;O4 and Cu;sMn;sOs are 4.93 and 4.92,
respectively).?'?
The data in Table 5-8 shows that the mass fraction of copper manganese oxide is decreasing with an
increase in the molar Cu:Mn ratio. To elucidate the reason, the mass fraction of CuO was plotted

against x in CuMns3.,O4, in Fig. 5-31, below.
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Fig. 5-31 Mass fractions of CuQ in the calcined mechanically mixed oxygen carriers calculated from

XRD data using eq.(5-5).

In addition to the calculated mass fractions of CuO in the samples, a line is drawn onto the graph
(Fig. 5-31), which would correspond to the mass fraction of CuO if the sample contained only CuO
and CuMn;04. The good agreement between the experimentally obtained points and the line at x =

1.5 and x = 1.6 suggests that in these samples only CuO and CuMn,0Os exists. Atx=1.2andx=1.4
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the calculated CuO mass fractions are below the line, which indicates that other copper manganese
oxide phases — such as Cu;2Mn; 304, CuisMn60s, CuisMnsOs — exist. This indicates that the
formation of CuMn3.«O4 phases with x > 1 is not favourable in the molar Cu:Mn ratio range of 1:1
— 1.6:1.4 and only partially favourable for the molar Cu:Mn ratio range 1.2:1.8 — 1.4:1.6. When
preparing oxygen carriers with this composition via co-precipitation the formation of CuxMn;3.4O4
phases with x > 1 was possible (see Fig. 5-27, and Fig. 5-28) and a copper manganese oxide mass
fraction of unity or close to unity was achieved. This could provide the co-precipitated oxygen carrier
with a significant advantage during CLAS operation at lower temperatures, at which the CuO in the
mechanically mixed oxygen carriers remains inert, thereby resulting in a significantly lower oxygen

release capacity.

5.5 Quantitative analysis by X-ray fluorescence

X-ray fluorescence (XRF) analysis was carried out in an AXS S4 Explorer (Bruker) to quantify the
mass fraction of the impurities in the powders used for the preparation of the mechanically mixed
oxygen carrier (section 5.5.1), and to confirm the Cu:Mn molar ratios of the co-precipitated oxygen

carrier (section 5.5.2).

5.5.1 Measurement of the mass fraction of impurities in the reagents

The results of the XRF analysis for the quantification of the mass fractions of impurities in powders

used for the preparation of the oxygen carriers are presented in Table 5-9, below.

Table 5-9 Mass fractions of the powders used for the preparation of the mechanically mixed oxygen
carriers and of the quartz sand used as an inert bed material during fluidised bed reactor
experiments, measured by XRF.

CuO powder MnO powder TiO, powder ZrO, powder rtz sand
(Sigma Aldrich) (Sigma Aldrich) (Sigma Aldrich) (Sigma Aldrich) quartz sa
elem. wt%? elem. wt%? elem. wt%? elem. wt%?® elem. wt%?®
Cu 99.86 Mn  99.71 Ti 99.52 Zr 97.34 Si 98.31
Tb 0.06 Pr 0.17 K 0.25 Hf 2.47 Al 0.83
Cd 0.03 Nd 0.05 P 0.12 Ti 0.08 Fe 0.28
Tm 0.02 Lu 0.03 Sm 0.03 Al 0.04 S 0.17
Te 0.01 Lu 0.02 Bi 0.03 Fe 0.02 K 0.12
P 0.01 Hf 0.01 Nb 0.02 Pb 0.01 Cl 0.08
Si 0.01 Hg 0.01 Mn 0.01 v 0.01 Ca 0.07
- - Te 0.01 Te 0.01 - - Ti 0.07
- - Si 0.01 Zr 0.01 - - Te 0.03
- - - - - - - - Zr 0.02
- - - - - - - - Sn 0.02

Footnotes: This analysis excludes oxygen, carbon, nitrogen and hydrogen.
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Table 5-9 confirms that the purity of the CuO, MnO and TiO; powders is > 99.5 wt%. The low mass
fraction of the impurities is not expected to influence the experimental results significantly. The ZrO»
powder contains 2.47 wt% Hf. To assess whether the Hathium(IV) oxide participates in the redox-
reactions and Ellingham diagram was generated using the data from FactSage, as shown in Fig. 5-

32, below.
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Fig. 5-32 Ellingham diagram for the oxidation of Zr and Hf and the redox reactions relevant the

chemical looping processes.

The Ellingham diagram (Fig. 5-32) shows that the HfO, — and impurity of the ZrO, powder and thus
of the ZrO,-supported oxygen carriers — does not participate in the redox-reactions, since the 4G of
the oxidation of Hf is larger than the 4G of the oxidation of the fuel across the studied condition

range. Therefore, the HfO, remains in its fully oxidised state.

Furthermore, XRF was used to quantify the molar Cu:Mn ratio of the co-precipitated oxygen carriers.
The experimental procedure and the results of these measurements are reported in the following sub-

section.

5.5.2 Determination of the Cu:Mn molar ratio of the co-precipitated
oxygen carriers

To quantify the Cu:Mn molar ratios of the co-precipitated oxygen carriers, a calibration was carried
out using mechanically mixed oxygen carriers with a molar Cu:Mn ratio between 1:1 and 1:1.6, a
sample mass of 1.5 g and a particle size range of 300 - 425 um. The mechanically mixed oxygen
carriers were prepared with known quantities of Cu and Mn and it is therefore assumed that the molar
Cu:Mn ratio did not change during the preparation, e.g. no loss of Cu and Mn occurred during the

preparation or loss of Cu and Mn during preparation was proportional to the initial molar Cu:Mn
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ratio. The measured mass fraction ratios were plotted against the actual mass fraction ratios (Fig. 5-
33a) to obtain a correlation to correct the measurements. Furthermore, it was tested whether the
sample mass is sufficient to ensure that the height of the sample in the sample holder is larger than
the penetration depth of the x-rays across the entire kV-range (the kV changes for the detection of
different elements). If the sample bed height is insufficient (i.e. sample bed height < x-ray penetration
depth), then x-rays escape during measurements at certain kV-range, while during other
measurements all x-rays stay within the sample, which would lead to an error in the mass-fraction
measurements. To ensure that the sample bed height is sufficient an experiment was carried out in

which the sample mass was varied, as shown in Fig. 5-33b, below.
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Fig. 5-33 The results of the XRF calibration and validation experiments: (a) a plot of the mass
fractions of mechanically mixed oxygen carriers measured by XRF against the actual fractions for
the determination of a calibration function, (b) the mass fraction of the 1Cu-1Mn-MM using a sample
mass of 1.5 g (©) and a sample mass of 4.0 g (©).

Fig. 5-33a shows that the relationship between the actual and the measured mass fractions can be
well described (R*> = 0.997) by a linear function. The standard deviation of three repeated
measurements was 0.24%. Based on this value an uncertainty of 0.5% within a 95% confidence
interval was calculated, assuming the deviation follows a normal distribution. An increase in the
sample mass from 1.5 g to 4.0 g (Fig. 5-33b) resulted in variation of the calculated Cu:Mn ratio of
0.12%, which is below the uncertainty of the measurements and it is therefore assumed that the
distance between the top and the bottom of the sample is larger than the penetration distance of the
x-rays. Following this calibration and validation of the experimental set-up, the mass fractions of the
co-precipitated samples were analysed by XRF. The data was corrected using the linear correlation

(Fig. 5-33a) and converted to molar fractions using the relative molecular masses of Cu and Mn.
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The results of the measurements are shown in Table 5-10, below.

Table 5-10 The Cu:Mn molar ratios of the crushed oxygen carriers determined by XRF.
pH Cu:Mn Cu:Mn

sample value® molar ratio®® sample molar ratio®®

co-precipitated unsupported oxygen carrier: mechanically mixed oxygen carrier:
1Cu-2Mn-CP(3:0) 8.3 1.024: 1.976 1Cu-2Mn-MM 1.020: 1.980
1Cu-1Mn-CP(3:0) 8.3 1.469 : 1.531 1.2Cu-1.8Mn-MM 1.243:  1.757
2Cu-1Mn-CP(3:0) 8.3 2.040 : 0.960 1.4Cu-1.6Mn-MM 1.400: 1.600
1Cu-2Mn-CP(2:1) 7.0 1.345: 1.655 1Cu-1Mn-MM 1.501: 1.499
1Cu-1Mn-CP(2:1) 7.0 1.588: 1.412 1.4Cu-1.6Mn-MM 1.595: 1.405
1Cu-1Mn-CP(2:1) 6.0 2.049 : 0.951

Footnotes: (a) this is the pH value set during the co-precipitation, which was maintained within £ 0.1, (b) the
measured molar fractions were corrected using the equation shown in Fig. 5-33a; (c) the uncertainty of the
measured molar fractions is 0.5%, and was determined by repeating the measurement for 1Cu-1Mn-MM three
times.

The Cu:Mn molar ratio of the three co-precipitated standard oxygen carriers of this work 1Cu-2Mn-
CP(3:0), 1Cu-1Mn-CP(3:0) and 2Cu-1Mn-CP(3:0) differ from the target composition by 4-6 %
(three first entries in Table 5-10), which is deemed acceptable. However, the Cu:Mn molar ratio of
the oxygen carriers co-precipitated with a lower [Na,COs]:[NaOH] and at a lower pH differ
significantly from the target molar ratio. This indicates that the driving force was insufficient for the
precipitation of all Mn species during the duration of the precipitation experiment. Using the theory
of co-precipitation that was introduced in section 3.4.3 and the equilibrium plots for the precipitation
experiments in 4.1.1, it becomes apparent that at a lower pH value the driving force for the
precipitation of Cu species is larger than of the Mn species. This might thermodynamically favour
the precipitation of Cu species over that of Mn species on the nuclei, which were formed during a
probably short nucleation regime (c.f. textured area in Fig. 3-14). A reduction in the precipitation of
Mn species is likely to cause a reduction of the surface area of the calcined samples, as less carbonates
are formed, which function as a blowing agent. They release gaseous CO; during the heating process
of the calcination, which forms pores. While Cu species were found to predominantly precipitate as
amorphous material, Mn precipitates as a combination of amorphous material and MnCOs (c.f.
section 5.4.5). Therefore, less precipitated Mn species result in less MnCQO3, and thus a material with
alower porosity. However, deviations of the composition from the target composition are never ideal.
Therefore, samples in which the Cu:Mn molar ratio (measured by XRF) deviated from the target by
more than 6% (e.g. owing ot incomplete precipitation) were not further considered in the following

chapters.
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5.6 Scanning electron microscopy and the determination of the
grain sizes

The surface morphology of the oxygen carriers was studied by scanning electron microscopy (SEM)
using a LEO Gemini 1525 at 10 kV. Particles were loaded onto an SEM stub using double sided
carbon tape and sputter coated with gold for 30 s at 20 mA to improve their conductivity, which
corresponds to a thickness of about 5 nm. SEM was also used to conduct electron-dispersive
spectroscopy (EDS) to examine the ion dispersion by elemental mapping. The freshly calcined

oxygen carriers were examined by SEM. Selected SE micrographs are shown in Fig. 5-34, below.
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Fig. 5-34 Scanning electron micrograph of 1Cu-1Mn oxygen carrier calcined under 1 I'min” air at
980 °C and 6 h. Sample (a) and (b) were co-precipitated with 0.5 M Na>CO:s at a constant pH of 8.3
and are the fully oxidised and N>-decomposed state; Sample (c) was prepared at a constant pH of
7.2 with 0.33 M Na>CO3 + 0.33 M NaOH, and sample (d) was co-precipitated at a constant pH of
7.0 with 0.16 M NaCO; + 0.66 M NaOH. An increase in porosity with a decreasing
[Na>COs]/[NaOH] is clearly visible.

5.6.1 Grain size measurements

The distribution of the average diameter of the metal oxide grains was measured using the ASTM
E1382-97 method,*' for which ten diagonal lines from the top-right to the bottom-left and from the
top-left to the bottom-right are drawn. The size of the grain at which the diagonal lines crossed was
measured. To evaluate the uncertainty of this method three different SE micrographs of the same
sample (1Cu-1Mn-CP(3:0)) were analysed, one of which is shown in Fig. 5-35a. The mean grains
size, dg, of the three repeats were 1.566 um, 1.490 um and 1.572 pm. The standard deviation of the
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results is 2.9%, and the relative uncertainty of the measurement, u(dg), was therefore estimated to
be 0.06 - dg. The relatively low value of u(dg) suggests that this method is well suited for the

estimation of the mean grain size. However, it should be noted that the mean grain size might vary
by area across the sample. These grain size measurements should therefore only be taken as an

approximation of the samples mean grain size.

As the grain-size was found not to follow a normal distribution, other distribution functions were

tested. The log-normal distribution?!”,

[ (e, )

1 i !
dg) = ——"exp| - :
p( g) ,—ZTL'O'lmdg exp 2. O—l%fn

(5-7)

was found to represent the probability density of the grains’ characteristic length best. In eq.(5-7) d,
is the average diameter of a grain in um calculated by dy = (dgmax + dgmin)/ 2 , (dg) lmis the mean

deviation and oy,, the standard deviation of In(dg). The aspect ratio (Ra) was calculated by,

d. .
Ag = 222 (5-8)
dg,max
where dymin and dymax are the minimum and maximum diameter of a grain. The log-normal
distribution of the different samples was used to determine the most probable range of the

characteristic length of the platelets, with 95% confidence for the grain models of the reaction rate,

discussed later in chapter 7. The results of the measurements are shown in Fig. 5-35, below.
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Fig. 5-35 SE micrographs for and results from the grain size measurements of (a, b, ¢) 1Cu-1Mn-

CP(3:0), (d, e, f) 1Cu-2Mn-CP(3:0), and (g, h, i) 1Cu-IMn-MM; (a, d, g) are the SE micrographs

used for this analysis, (b, e, h) are the calculated probability densities of the average grain
diameter (grey bars on main graph) using a bin size of 0.25 um, their log-normal distribution

functions (solid lines) calculated by eq.(5-7) with parameter specified on the plot areas, and (c, f,

i) are the probability densities of the aspect ratios of the grains with bin size of 0.9 calculated by
eq.(5-8). The sample size is 75 grains per SE micrograph.
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The cumulative variant of the log-normal distribution was used to calculate the average grain
diameter, below which statistically 2% ( dg0.02), 50% (dg050), 98% (dy0.98) of the grains are fall. The

results are summarised in Table 5-11, below.

Table 5-11 The results of the cumulative log-normal distribution function using the data from the

grain size assessment.

Sample dg,0.0Z / pm dg,O.SO / pm dg,0.98 / pm dg,0.98 - dg,0.0Z / pm
1Cu-1Mn-CP 0.551 1.122 2.270 1.719
1Cu-2Mn-CP 0.452 0.936 1.949 1.497
1Cu-1Mn-MM 0.587 1.349 3.076 2.489

The grains of the mechanically mixed samples have the largest grain diameter (dg0.50 = 1.349 pm)
and the widest distribution (dg0.98 - dg0.02 = 2.489 um), this might be a result of imperfect grinding
and mixing in the planetary ball mill. The smallest mean grain size and narrowest grain size
distribution has the sample 1Cu-2Mn-CP(3:0). This indicates that the co-precipitation at these
conditions is relatively effective in controlling the grain size diameter. The results of this grain size

assessment will be used in chapter 7 to model the reaction rate function using the grain model.

Further SEM results of fresh and cycled oxygen carriers are presented and discussed in the following
chapters in the sections on long-term cycling tests in the thermogravimetric analyser and in the

fluidised bed.

5.7 Thermo-gravimetry evolved gas analysis mass spectrometry

Mass spectrometry (MS) was used in combination with a TGA type TG 209F1 Libra (NETZSCH)
to determine the gas species that are released during the thermal decomposition of the precursor to
elucidate the process of the formation of the copper manganese oxide. About 30 mg of the precursor
were loaded into an alumina crucible. In a typical TGA-MS experiment, the sample was exposed to
air (50 ml min™! at SATP) and the temperature was increased to 950 °C with a heating rate of 5 K
min’'. During the experiment, the TGA measured the mass of the sample and the MS measured the
ion current of the gas species with the atomic mass 12 u, 18 u, 28 u, 30 u, 32 u, 44 u, and 46 u, which
correspond to the masses of the atoms or molecules C, H>O, CO, NO, O,, CO, and NO. The signal
of the ion currents (/C) were normalised with (/C-/Cuin)/({Cpax-ICrmin). The results of the experiments

are shown in Fig. 5-36, below.
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Fig. 5-36 A plot of the rate of mass change and the ion currents of the atomic masses that correspond
to CO; and H>O measured during the thermal decomposition of the precursor (a) 1Cu-2Mn-
(2:1)pH7.0, (c) 1Cu-IMn-CP(2:1)-pH6.0 in the TG-MS under air. A sample gas flow rate of 50 ml
min™ (at SATP) and a heating rate of 5 K min™" was used.

Fig. 5-36a shows that the precursor releases H-O mainly at temperatures below 400 °C. The ion
current that corresponds to the atomic mass of H,O has a peak at 109 °C and 198 °C, which are
attributed to the evaporation of moisture and the thermal decomposition of Cu and Mn hydroxides.
Though, the rate of mass change (black line in Fig. 5-36a) shows that these are rather minor
quantities. The ion current that corresponds to the atomic mass of CO» peaks at 412 °C and 460 °C,
which is attributed to the release of CO; due to the thermal decomposition of Cu and Mn carbonates.
The mass lost during this decomposition (c.f. Integral in Fig. 5-36a) corresponds to 15.7 wt% of the
initial precursor mass. Fig. 5-36b shows the evaporation of water (peak at 118 °C) and the
decomposition of Cu and Mn carbonates (peaks at 419 °C and 485 °C). Here the integrated area
corresponds to only 11.7 wt% of the initial precursor mass. This supports the theory from section
4.1.1,5.1,5.4.5 and 5.5 that a lower co-precipitation pH value and a lower [Na,COs]:[NaOH] resulted
in less MnCOs, which in turn releases less CO, during the thermal decomposition, resulting in a

lower pore volume.
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5.8 Concluding remarks

The BET surface area, Sger, of the oxygen carriers were measured by N physisorption experiments
at 77 K. The values of Sger for the oxygen carriers from the twelve co-precipitated batches prepared
using the standard synthesis procedure were in the range 0.17 - 0.91 m?/g. The pH value during the
co-precipitation was found to have the largest effect on Sger (a higher pH value results in a higher
Sser). The second largest effect on Sger had the molar Cu:Mn ratio (a higher Cu-content resulted in
a lower Sger), and the least large effect on Sger had the co-precipitation agent (a substitution of
Na,CO; with NaOH reduced Sger only slightly). A correlation has been developed to forecast the

Seer based on these three co-precipitation variables.

The Sger of the series of micro-structured oxygen carriers, which was prepared via co-precipitation
at higher super-saturation (a deviation from the standard synthesis procedure) was in the range of
20.7 — 25.8 m*/g. Some unwashed precursors were re-filled into auto-claves, and were kept in their
supernatant for 8 to 72 h to study the effect of ageing at temperatures between 80 °C and 125 °C. An
increase in ageing time from 8 h to 72 h was found to decrease the surface area from an average of
25.1 m%/g to 22.7 m?/g, and an increase in the ageing temperature was found to decrease the surface
area from an average of 24.0 m?/g to 23.4 m?/g. It was concluded that the ageing at those conditions
does not increase the Sger. During calcination at 600 °C and 900 °C the surface area of the micro-
structured oxygen carrier was reduced to 7.9 — 12.7 m%*/g and 2.3 — 5.0 m*/g. The crushing force of
all calcined high-surface area oxygen carriers was below the minimum limit of the measurements at
0.5 N. This low mechanical stability would have been insufficient to withstand stresses in the
fluidised bed reactor and would have caused disintegration of the oxygen carriers over the first cycles
in the fluidised bed reactor. Therefore, these high-surface oxygen carriers were not investigated any

further.

The values of Sger for the unsupported mechanically mixed oxygen carriers was found to be in the
range 0.22 - 0.34 m*/g and increased with an increase in the molar Cu:Mn ratio. The effect of two
pore-forming agents (microcrystalline cellulose (MCC) and starch) were tested. The addition of
MCC resulted in a pore structure with more smaller pores, which resulted in an increase in the surface
area, while leaving the cumulative pore volume mostly unchanged. The addition of starch resulted
in a pore structure with fewer larger pores, resulting in a larger cumulative pore volume, while not

affecting the surface area significantly.

The Sger of the TiO,, Al,O5 and ZrO,-supported oxygen carriers was found to be 0.30 m?%/g, 0.75
m?/g, 2.00 m*/g, respectively. The values of the particle porosities follow the same order, as do the
Tammann temperatures of these supporting materials: TiO; (789 °C) < AlLOs (884 °C) < calcination

temperature (950 °C) < ZrO, (1214 °C). An insufficient rate of solid-state diffusion of ZrO, might
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have inhibited the densification of the ZrO,-supported oxygen carriers during calcination. It is

suggested for future work to test liquid phase sintering (LPS) for ZrO»-supported oxygen carriers.

The average force required to crush an oxygen carrier particle, ocr, of the unsupported co-precipitated
oxygen carriers (prepared by the standard synthesis procedure) was measured to be in the range of
0.76 — 9.12 N. The ocr was found to increase with a decrease in Sger, and it was demonstrated that
careful selection of the co-precipitation conditions can result in an increase of ocr by more than an
order of magnitude. The values of ocr for the mechanically mixed unsupported oxygen carriers were
found to be in the range between 3.27 — 5.18 N. The crushing strength of the supported oxygen
carriers was: TiO, (5.48 £ 0.28 N) > ZrO, (1.84 £ 0.28 N). An increase in ocr due to the introduction
of a supporting material was not observed. It might be worthwhile testing higher calcination
temperatures (i.e. for liquid phase sintering) to increase the wettability and the bonding between the

copper manganese oxide and the inert phase.

Pycnometry experiments with He were carried out to calculate the skeletal density of the samples,
which ranged between 5.02 — 5.80 cm® g! and 4.22 — 5.39 ¢cm? g'! for the unsupported and supported
oxygen carriers, respectively. The values of the densities were on average 6% higher than the values
for ideal CuxMny304 materials calculated using DFT theory.?!! The deviations suggest that not all
single metal oxides had fully combined into copper manganese oxides. The measured values were
combined with data from mercury intrusion porosimetry (MIP) to iteratively calculate the porosity
for pores in the size range 5.5 nm — 10 pm and the envelope density. The porosity of the unsupported
co-precipitated and mechanically mixed oxygen carriers was found to be in the range 0.009 — 0.565
and 0.255 — 0.359, respectively. This shows that the preparation of CMO oxygen carriers by co-
precipitation allows control of the porosity over a relatively wide range. Plots of the differential
intrusion (DI, with DI > 0.001 ml g' pm™) against the pore size showed that the co-precipitation
allowed the preparation of materials with a relatively narrow pore size range. All co-precipitated
oxygen carriers with a porosity larger than 0.05 were found to have > 99% of their pore volume
within pores with a difference in pore size of one magnitude or less. All of these pores were in the
range of 0.38 — 3.8 um and the highest differential intrusions (peaks of curves) was between 0.94 —
2.09 um. Contrary, the unsupported mechanically mixed oxygen carriers had pores (DI > 0.001 ml
¢! um™) across the entire studied range above 0.18 — 0.31 um, though, with peaks in the DI (highest
differential intrusion) between 0.83 — 1.33 um. The ZrO»- and TiO,-supported oxygen carriers were
found to have a bi-modal pore distribution. The smaller pores were found at 0.10-1.62 pum (ZrO»
supported samples) and 0.28 — 2.08 pum (TiO: supported samples) and the larger pores dpore > 1.62
pum (ZrO, supported samples) and dpore > 4.84 pm (TiO, supported samples).

X-ray diffraction (XRD) experiments were carried out to identify the optimal calcination conditions

for the co-precipitated and mechanically mixed oxygen carriers with a molar 1Cu:1Mn ratio. It was
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revealed that the co-precipitated precursors react directly to copper manganese oxide, without the
formation of single metal oxides as intermediates. Copper manganese oxide was identified in the co-
precipitated samples even after short calcination (15 min holding time) and temperatures as low as
500 °C. The mean crystallite size, d, was found to increase with calcination temperature (e.g. calcined
at 500 °C for 15 min: d = 17.0 nm; calcined at 900 °C for 15 min: d = 49.2 nm), and with calcination
time (e.g. calcined at 900 °C for 15 min: d = 49.2 nm; 900 °C for 12 h = 101.9 nm). Based on this
sensitivity study, it was decided to use for the standard synthesis procedure of the co-precipitated

oxygen carriers a calcination temperature and holding time of 900 °C and 2 h, respectively.

A similar study was carried out for the mechanically mixed oxygen carriers, though here the objective
was to identify calcination conditions with the maximum conversion of CuO and MnO to copper
manganese oxide. The mechanically mixed precursors were calcined at different temperatures and
for different durations. An increase in calcination temperature from 900 °C to 950 °C was found to
increase the mass fraction of Cu.Mn;.(O4 significantly. The effect of the holding time was studied,
and a decrease in the mass fraction of CuO was measured when increasing the holding time from 2
h to 6 h. A further increase in the calcination time did not result in a further decrease in the measured
CuO mass fraction. Therefore, a calcination time and duration of 950 °C and 6 h, respectively, were
selected for the standard synthesis procedure of the mechanically mixed oxygen carriers. The
samples that were calcined at 950 °C for 6 h and for 12 h, had a CuO mass fraction of close to 25.1
wt%, which is mass fraction of a CuO of a sample with a molar 1Cu:1Mn ratio that contains only
CuO and CuMn;0O4. This finding indicates that the mechanically mixed precursors do not form
CuMn;..O4 with x > 1 (e.g. no Cui.sMn;.504) during calcination — contrary to the samples prepared
by co-precipitation. This finding was confirmed when studying the effect of a varying molar Cu:Mn
ratio. At (lower) temperatures at which CuO remains inert, a sample that contains a mixture of
CuMn,04 and CuO is disadvantageous compared to a sample containing Cu; sMn; sO4 (with the same

molar Cu:Mn ratio), since the O release capacity is significantly reduced.

To find the optimal washing procedure during co-precipitation, samples with varying residual
amounts of Na were prepared. XRD analysis of a sample, which was calcined without washing
revealed that all Mn had reacted with Na to sodium manganese oxides. Furthermore, NaO, and CuO
were identified. The sample contained neither copper manganese oxide nor was its resistance to
mechanical stresses detectable (the average force to crush a particle was below 0.5 N — the lower
limit of force measurements) and was therefore not considered promising. Samples with lower Na
concentrations were studied: in the samples with an electrical conductance (the indirect measure of
the Na concentration) of 46 uS, 256 uS and 1238 uS, no significant amounts of sodium manganese

oxides were detected. However, SEM images of the 256 uS and 1238 uS samples identified Na-rich
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needle-like features in the sample, which were not found in the 46 pS sample. It was therefore

descried to wash the co-precipitated precursors until the electrical conductance is < 50 pS.

The co-precipitated precursors were analysed by XRD using CeO- as an internal standard, and it was
found that those prepared with only Na>COs had a mass fraction of crystalline material in the range
1.5 — 10.9 wt%, which is very likely MnCOs. Upon calcination, the highly amorphous material
formed a material with a mass fraction of Cu.Mnj3.1O4 close to unity. Co-precipitation with different
mixtures of Na,COs and NaOH were tested. At low [Na,CO;]:[NaOH] the formation of a highly
crystalline material containing Cu(NO3),-3Cu(OH), occurred, which was previously correctly
predicted by the ‘Spana-Medusa’ software (see Fig. 4-2). The highly crystalline material formed a
material with a low copper manganese oxide content during the calcination. The results of this study
suggest that crystalline phases in the precursor inhibit the formation of CuMns..Os. Further co-
precipitation conditions were tested, and the XRD analysis of the calcined material revealed that a
lower pH value and the substitution of Na,CO3; with NaOH resulted in an increase in the CuO mass

fraction.

In all mechanically mixed oxygen carriers, either CuMn,O4 or Cu;2Mn; 304 was identified as the
main phase by XRD. Apart from 1Cu-2Mn-MM, all samples contained CuO, and the mass fraction

of CuO was found to increase with an increase in the molar Cu:Mn ratio.

Quantitative elemental analysis by XRF confirmed that the CuO, MnO and TiO» powder had a purity
in excess of 99.5 wt%. In the ZrO, powder, 2.47 wt% Hf was identified. Zr and Hf accounted for
99.8 wt% of tested elements (metals and alkaline). XRD analysis confirmed that the Hf occurred as
HfO,, and a calculation using data from FactSage showed that the HfO, remains inert across the

entire condition range of the redox-experiments.

The data obtained from the material characterisation is used for hydrodynamic calculations and

reaction rate modelling, as described in the following sections.
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Chapter 6

Thermo-gravimetric
analysis of the
oxygen carriers

6.1 Thermo-gravimetric analysis and a screening of the reactivity

In the following sections, the set-up of the thermo-gravimetric analyser (section 6.1.1) and the

experiments for the determination of the gas mixing time (6.1.2) are described.

6.1.1 Description of the set-up of the thermo-gravimetric analyser

The experiments of this chapter were performed in a thermo-gravimetric analyser (TGA) of type
Q5000 (TA Instruments). The gas supply to the TGA was controlled by three external mass flow
controllers (MFC). Furthermore, two TGA-internal MFCs controlled the sample and balance purge
flow, respectively. TGA set-up, including the gas supply system, is illustrated in Fig. 6-1, below.

138



Gravimetric data

A

balance

purge gas
e

- Baffles

_ Platinum
~ crucible

To fume
hood

- Electric
furnace

i sample

N, — | purgegas MFC & SV
control box

TGA data > / \ ‘
]

DAQ Computer

Fig. 6-1 A diagram of the TGA set-up including the gas supply system.

The TGA software from TA Instruments controlled the furnace temperature, and the gas flows of the
two TGA-internal MFCs. Furthermore. the software measured the sample mass with 0.2 — 0.5 data
points per second and communicated with a binary signal with the control box of the external MFC.
A second software, Agilent VEE, controlled the external MFCs of the gas supply system. An Agilent
VEE code for a gas switching sequence with the four phases for (i) reduction, (i) N, purge, (iii)
oxidation and (iv) N, purge already existed and was used for CHy-fuelled experiments. For
experiments relevant for CLAS, a two-phase gas switching sequence was required, in which the
degree of dilution of N> or CO» with O» during the O, release and oxidation phase is adjustable. Such
a programme did not exist and was therefore programmed in Agilent VEE. The calibration of the
MFCs of the gas supply system and the calculation of the uncertainties of their mass flows is
described in Appendix A.6. A gas analyser was used to validate the calibration by comparing the O»
volume fractions that were set in the Agilent VEE computer programme with the actual (measured)
O volume fractions in the range 0 — 20 vol%. The average absolute relative deviation and the
maximum relative deviation between the set and the measured values were 0.12% and 0.60% (= 0.10

vol%), respectively.
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6.1.2 Rate of gas mixing in the TGA

The change of the actual gas concentration upon gas switching from an oxidative to a reductive
atmosphere, or vice versa, is not a step-function. This is due to the time required for the mass flow
controllers to assume their new target flow rate, and for gas mixing in the tubing and inside the TGA
furnace to occur. Substantial differences between the actual gas concentration inside the TGA furnace
and the set gas concentration during the measurement of a reaction would result in misleading results.
To determine the time required for the gas concentration to reach the set value three experiments

were carried out using a gas analyser and 20 cm of 1/8-inch nylon tubing:

(1) The O,+CO; and CO» gas lines with 1.3 bar line pressure were connected to a 3-way
valve with a subsequent needle valve. The flow rate of this needle valve was set to 200
ml'min™! (i.e. the gas flow rate used for most TGA experiments) using a rotameter, which
was removed after calibration. Then, the needle valve was connected to the 20 cm tubing
of the gas analyser, and the gases were manually repeatedly switched.

(ii) The outlet of the TGA gas supply system was connected to the gas analyser, and the
gases were switched automatically using the Agilent VEE standard code.

(iii)) A 5 cm Y-inch steel tubing was connected to the outlet of the TGA furnace (to cool the
exhaust gas). This steel tubing was connected to the 20 cm nylon tubing of the gas

analyser, and the gases were switched automatically at a furnace temperature of 800 °C.

The data of five gas switching events were averaged and de-convoluted by,

Y0o,m
yOZ = Trd—zt:_ + yOZ,m ’ (6_1)

where yo, and yg, — are the deconvoluted and measured O, molar fractions, respectively. The

response time, T, for the three cases described above was calculated by minimising the mean square

error, which was taken as the difference between yo, and the set gas molar fraction. The response

time for case (i), in which the gas analyser was directly connected to a 3-way valve, was assumed to
correspond to the response time of the gas analyser and was found to be 3.8 s. The response times
measured downstream of the TGA gas supply system and downstream of the TGA furnace were
found to be 4.2 s and 5.3 s, respectively. The response time of the gas analyser was subtracted from
the other two response times. A response time delay caused by the TGA gas supply system of 0.4 s
was calculated. The response time across the entire TGA (including the TGA gas supply, the TGA

furnace and the tubing between those parts) was found to be 1.1 s. The values of yo, and yo,  for

the three cases are plotted against time in Fig. 6-2, below.
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Fig. 6-2 The change of gas concentration after switching from CO; to 10 vol% O,+CO;, measured
downstream a 3-way valve (0), downstream of the gas supply system (4), and downstream of the
TGA furnace at 800 °C (), and a best fit function for the change of gas concentration before de-

convolution (thin lines) and after de-convolution (thick lines).

This finding suggests that the gas concentration during the first 1.1 s increases exponentially, and
thus initially differs significantly from the change in set gas concentration (which is almost a step
function). Therefore, the data obtained during this period will neither be used for the calculation of
the kinetic parameter nor the fitting to a reaction function. The fastest CLAS-relevant reaction
measured in the TGA (the oxidation of 1Cu-2Mn-based oxygen carriers at 900 °C in 10 vol% O, +
N2) required ~15 sec to reach a conversion of X = 0.8. Since this interval is an order of magnitude
larger than the response time of the gas concentration in the furnace, it is assumed that the gas mixing

is rapid enough for the TGA to be a suitable instrument for the experiments.

After completing the calibrations, validations and calculations for the experimental set-up, a model
for the quantification of the external mass transfer in the TGA was developed, as described in the

following section.

6.2 External mass transfer in the TGA

The measured rate of reaction during TGA experiments may be significantly influenced by external
mass transfer. Therefore, the maximum rate of external mass transfer was calculated for all TGA

according to the method proposed by Hu et al.?'® During the Or-release, this method assumes that
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the molar flow of oxygen from the oxygen carrier to the bulk of the TGA furnace, N;, can be

calculated by,

C - Dwv,ij (1—}’0 b)
N, = - In 2, 6-2
r lc 1 _YOZ,S ( )

where C is the calculated molar gas concentration calculated and Dy ;; the diffusivity of gas species
i in gas species j, with i being O, and j being either CO, or Na. In eq.(6-2), L. is the height of the
crucible, and yo, 5, and y, s are the molar fractions in the bulk and at the surface, respectively. This

relationship is illustrated in Fig. 6-3, below.

yr,b

Fig. 6-3 Drawing of the TGA cross-section to illustrate the gas flow and the diffusion of gas from

the oxygen carriers during the O; release.

The diffusivity in eq.(6-2) is calculated with the empirical correlation proposed for simple molecules

by Fuller, Schettler and Gidding:**°

1/2
0.00143 - (T/K)*75 (1/Ml- + 1/Mj>

Dy,ij/(cm?/s) = (6-3)

P- [(Zv)il/3 + (Zu)]l-/3]2

Eq.(6-3) is a correlation for the diffusion of gas species i inj. In this equation 7 is the temperature in
Kelvin, M; and M; are the relative molecular masses, (X,); and (2,); are the diffusion volumes, and

p is the pressure in atm. The values for M and (2,) that were used in this work are listed in Table 6-

1, below.

142



Table 6-1 Diffusion volumes and relative molecular masses used for the calculation of the molecular

diffusion.

Molecule, i or j Zy)iorj M; 5y j [g mol']
0,? 16.3 15.999
Np® 18.5 28.013
co?® 18.0 28.010
CO,*® 26.9 44.010
CH,® 25.14 16.040
H*? 6.12 2.016
H,O? 13.1 18.015

Footnotes: The values are taken from (a) Poling **! and (b) Kleiber et al.*?

Values of the maximum rate of external mass transfer in the TGA were reported by Hu et al.*'® The
results of their calculation were reproduced by using the same input data, and the results of the
gPROMS calculation of this work were compared with the values reported in Hu et al.*"® to validate

the model. The results are shown in Fig. 6-4, below.
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Fig. 6-4 The rate of the external mass transfer controlled maximum rate of mass change in the TGA

assuming an effective crucible height of 0.35 mm: The values reported by Hu et al.*"® for N> (-) and
the results of the gPROMS model for N; (¢) and CO (O).

The result of the gPROMS calculation is in good agreement with the values calculated by Hu et al.?"’
The small deviation could derive from a slightly different correlation to calculate the molar

diffusivity and/or the O, equilibrium partial pressure (both are not further specified in their study).?"’

In €q.(6-2), a value of yq, , is required for the calculation of the diffusion. To test if yg, p, can be

assumed to be equal to the yq, at the inlet of the TGA, the total TGA sample gas flow rate was
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varied, and the change of the maximum rate of O, release was observed. The maximum rates are

plotted against the TGA inlet gas flow rate in Fig. 6-5, below.
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Fig. 6-5 The effect of gas flow rate into the TGA on the maximum O; release rate of 2 mg 1Cu-1Mn-
CP(2:1) in the TGA at 850 °C with decomposition under pure N;. A second order polynomial trend-
line is drawn to illustrate the relationship. The error bars indicate the uncertainty, which was

estimated by 2-SD of the maximum rate of three redox-cycles.

Fig. 6-5 shows that the maximum observed rate of O, release increases with increasing gas flow rate
in the range between 80 ml-min’' and 150 ml-min"'. However, the rate of increase of the maximum
rate is decreasing with increasing gas flow rate. At around 200 ml-min™! the slope of the fitted curve
is almost zero. This indicates that at 200 ml'min™' the inlet concentration of Oz, ¥ ¢, is approximately
equal to the O, concentration inside the furnace — or in this case the bulk concentration of O in the
furnace, y;j in eq.(6-2), is ~ zero. For these experiments (Fig. 6-5) the highest temperature and
lowest [O2] of all TGA experiments were used. Since the rate of O, release is expected to be lower
at lower temperatures and higher [O:], the assumption y,. o = ¥, , is assumed to be valid for all other

conditions as well.

6.3 Intra-particle diffusion resistance and tortuosity

During the O; release reaction, gas molecules are desorbed from the metal oxide surface and have to
diffuse through the pores of the particle to the bulk of the gas. During the oxidation, the direction of
transport reverses, and the O, molecules diffuse from the gas bulk, through the pores, to the metal
oxide surface. This diffusion occurs due to Brownian motion and due to concentration gradients. The
pore size can thereby affect the rate of diffusion and results in the classification of two diffusional

modes — Knudsen diffusion and molecular diffusion.
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Knudsen diffusion occurs in pores where the mean free path, 4, is relatively long compared with the
diameter of the pores, i.e. A >> dpore. It is typically dominant for 2 nm < dpore < 50 nm. Molecular
diffusion occurs in larger pores, where 1 << dpore. In this diffusional mode the movements of the
molecules are not significantly influenced by the walls of the pores. In both cases the driving force
is concentration gradient and the molecules move owing to Brownian motion. The two diffusional

modes are illustrated in Fig. 6-6, below.
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Fig. 6-6 A comparison of Knudsen diffusion and molecular diffusion: (a) a schematic of the diffusion
of a gas molecule (black dot) from the solid surface, through the pores to the bulk of gas; (b) values
for the diffusion coefficient as a function of the pore radius.

The N, adsorption analysis at 77 K (c.f. section 5.1) revealed that a substantial part of the pore volume
lies in pores with 7, < 50 nm, e.g. 38% of the volume for mechanically mixed 1Cu-1Mn-MM. Thus,

the two diffusional modes have to be considered.

The Knudsen diffusion was calculated by,'”

4 g,d,
D=3 [8RT /M, - 22T ra— &4

where Mg, is the molecular mass of the diffusing O, molecule, &, is the porosity of the particle
calculated from MIP and He pycnometry, (Zpore is the mean diameter of the pores. The value of &pore

can be approximated by,

- 4

dpore = (6-5)

SBET Pp,

where Sggr is the specific surface area determined by N> adsorption at 77 K and pj, is the envelope

density of the particle determined by MIP and He pycnometry.
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The combination of eq.(6-4) and eq.(6-5) yields,

8-¢
Dgx=—2— /ZRT/nMOZ. (6-6)
3 - SBeT * Pp

The molecular diffusion was estimated using eq.(6-3), which was introduced in the previous section.
The Knudsen diffusion and the molecular diffusion were assumed to occur in series. This can be
expressed by,
1 ( 1 4 1 ) 67)
D, \Dx Dy/' )
where Dy, Dy, and Dy are the diffusion coefficients for the combined diffusion inside the particle,
the Knudsen diffusion, and the molecular diffusion, respectively. Wakao**® demonstrated that the

effective diffusion also depends on the porosity of the particle, &,, and proposed to calculate the

effective diffusion inside the particle, D,, by,
D = €} D, (6-8)

Satterfield*** later refined Wakao’s model by considering additionally a tortuosity factor, T,:

&
D.=-2D, (6-9)
Tp

The tortuosity accounts for the curvature of the pores. A simple definition of 7,, is that it corresponds
to the ratio of the actual length of the diffusion path to the shortest length between the beginning and
the end of the diffusion path.?>* Eq.(6-9) was used in this work to calculate D, for all TGA and
fluidised bed reactor experiments. However, in this work 7,, is a fitted parameter which, in contrast
to the true tortuosity factor, accounts for errors in the particle characterisation measurements.”!>22° It
was determined iteratively, by measuring the rate of reaction of oxygen carriers from eight different
particle size ranges. The calculation of k; and 7}, is possible, since neither of the two variables depend
on the particle radius. The experiments were carried out in the TGA at 850 °C using 10 vol% O, +
Ny for the oxidation and pure N for the decomposition. The particle size ranges that were used for

this experiment are shown in Table 6-2, below.
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Table 6-2 The particle size ranges used for the TGA experiments to determine the intrinsic kinetics

and the tortuosity factor.

dpmin [p0] s [10] RMS(ry) [um]

90 150 58

150 212 89

212 300 126
300 425 179
425 500 230
500 710 298
710 850 388
850 1000 461
1000 1250 559

The results of the first five cycles were ignored, as the measured rate during those initial cycles is

potentially lower than the average rate that is achieved during long-term cycling. This is because

initially the particles might not be fully activated. The data of the remaining cycles was averaged.

The results of this experimental series are shown in Fig. 6-7, below, where the conversion is plotted

against the time of the O release reaction to show the effect of a variation in the particle size range.
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Fig. 6-7 A plot of conversion against time during the O; release from 2 mg 1Cu-1Mn-MM oxygen
carrier of various particle size ranges as defined by the legend on the figure. The experiments were
carried out at 850 °C in the TGA using pure N for the decomposition with a flow rate of 200 ml min”
""at SATP. The results of some particle size ranges were omitted from this graph for clarity. The
conversion at maximum rate of external mass transfer (dashed line) was calculated using eq.(6-2)
and eq.(6-3) with yo, p = 0 and Yo, s = Yo, ,eq and was shifted by 4.5 s to account for the initiation

period.
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Fig. 6-7 shows that the time to reach a given conversion (lower than the final conversion) increases
with an increase in particle size, thus indicating that intra-particle diffusion resistance is affecting the
overall rate of reaction. The measured values of the maximum observed rate, »’, are presented in

Table 6-3, below.

Table 6-3 The observed rate measured during TGA experiments to determine the intrinsic kinetics
and the tortuosity factor.

particle max observed rate, r’
diameter . - . RMS(r,) [mmol(0s) g s7]
[nm] [nm]
range group
1 90-150 58 0.0699
2 150-212 89 0.0519
3 212-300 126 0.0611
4 300-425 179 0.0436
5 425-500 230 0.0343
6 500-710 298 0.0308
7 710-850 388 0.0284
8 850-1000 461 0.0263
9 1000-1250 559 0.0242

It was assumed that the oxidation and the O, release reaction have a reaction order close to unity (this
was later confirmed during kinetic experiments). The observed rate constant, k, can therefore be

calculated by,
— [s7', (6-10)

where C(S)Z is the concentration of O; at the solid surface and p,, (g m™) is the envelope density

(determined by MIP and He pycnometry).

Assuming pseudo steady-state conditions, Fan et al.®! demonstrated that the observed maximum rate
of carbonation of CaQ, r, can be related to the external mass transfer coefficient, kg, the intrinsic
rate constant, k;, and an effectiveness factor, 77, that accounts for effect of the intra-particle diffusion

resistance on the overall rate by,

r=kC,, (6-11a)
1_n»n, (6-11b)
Kk~ 3k, nks

where k is the observed rate constant, C,- the concentration of the reagent, and 7, the mean radius of

an oxygen carrier particle. This equation was slightly modified for the oxygen carriers in this work,
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to account for the dependence of k; on both, the O, surface concentration, CSZ, as well as on the O,
equilibrium concentration, Co, ¢q, using additionally the equations suggested by Hu et al.*"” The

diffusion of O, in N, from the bulk to the oxygen carriers in the crucible was assumed to occurs

according to the Stefan’s tube model, as detailed in section 6.2 (c.f- eq.(6-2)).

The diffusion in eq.(6-2) can be approximated by linearizing the natural logarithm with a Taylor

expansion, which yields: 2!

C * DM,ij
e

Duy ;s
‘;“'” (s, —¢8) (6-12)
C

Nr ~ (3/5 - Yb) ~

The maximum error of N, when using this approximation for the extreme case (ys = yeq = 0.04) is
7%. This approximation allows definition of the mass transfer coefficient as kg = Dy ;j/l¢, and the

diffusional flux of O; as,?"’
Ny ~ kg(C§, — C3,) (6-13)

Assuming quasi steady-state conditions, the reaction rate inside the particle has to be equal to the

external diffusion:

Nky(Coyeq — C,) = kg(C5H, — CB) (6-14)

This equation can be solved for the surface concentration, Cj:

s — nkV(COZreq - 682)
0z (nk, + kg)

+ 3, (6-15)

The derivation of eq.(6-15) is detailed in Appendix A.9. Re-substituting eq.(6-15) into eq.(6-13)

yields,
Nkykg b
70, = Tiew ke (C0zea ~ C6.); (6-16)
or,
< ! + ! >_1 (6-17)
To, = -
: kg(COz,eq - 682) Nky(Co,eq — 682)
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The intrinsic rate constant per unit of surface area, k;[m - s~1] and the intrinsic rate constant per unit

volume, k[ s~1] are related by,

k—Vlk—4 5,1 k=2

where Vj,, S, and 7, are the volume, the external surface area (assuming spherical particles), and the

radius of an oxygen carrier particle, respectively. The observed rate in terms of kg is,

< T s 1 )‘1 619
TO = -
’ 3kg(cozreq - Cct))z) nkS(COZ,eq - 682)

The value of pg, q Was calculated using €q.(6-30), and Cq, q Was calculated from pg, ¢q using the

ideal gas law,

Po,,eq
Coseq = g7 (6-20)

The effectiveness factor, 1, in eq.(6-20) was calculated by,”! 144

3
=3z (¢ - coth(d) — 1), (6-21)

where ¢ is the Thiele modulus, which in turn can be calculated by,’! 144

g (6-22)
The values of 7, and k; were determined iteratively using eq.(6-9), eq.(6-19), eq.(6-21) and eq. (6-

22). This was done by minimising the square error of k; for a given mean particle radius and the

average value of k; by varying 7p,.
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The results are plotted in Fig. 6-8, below.

500

400 -

. % ....... S } ....... + ..... } ....... }
200 - % {)(} %

100 -

k/(s*)

0 L] L]
0 200 400 600
r,/ um

Fig. 6-8 The apparent rate constant, O, and the calculated intrinsic rate constant, e, for the O;
release reaction of 1Cu-1Mn-MM measured in the TGA at 850 °C under N; using a flow rate of 200
ml min” at SATP.

This procedure yields the value of 7, of 2.21, when using a porosity &, = 0.492 amd an envelope
density p, = 2.88 g cm? (c.f. MIP results in chapter 5). The effectiveness factor decreases with an

increasing 1y, as shown in Fig. 6-9, below.
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Fig. 6-9 A plot of the effectiveness factor against the mean particle radius for the O; release reaction

of 1Cu-1Mn-MM measured in the TGA at 850 °C under N> using a flow rate of 200 ml min™ at SATP.

The calculated value of 7, and the diffusion model of this section were used in the following sections

to calculate the intra-particle diffusion resistance during TGA and fluidised bed reactor experiments.
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6.4 Testing the reversibility of the redox-reactions at CLAS
conditions

To assess if the redox-reactions of the oxygen carriers at conditions relevant to the CLAS process
are fully reversible (i.e. no deactivation occurs with an increasing cycle number), the oxygen carriers
were tested over several redox-cycles in the TGA. Preliminary experiments had shown that an
activation process with slightly different rates and O, capacities over the first two to four cycles can
occur. To ensure that the data contained at least three cycles after full activation, a total of seven
redox-cycles was selected for a typical experiment. Furthermore, the experiments were performed at

different conditions and in different cycling modes (isothermal and non-isothermal).

In the literature, the O, release behaviour is often studied in isothermal experiments under pure N».
43, 66,102, 123, 168, 226 Only a few works have studied the O, release in the presence of CO, during
isothermal experiments.??” In the CLAS process, however, the inert gas is CO,, not N,, the oxidation
and decomposition are facilitated by a temperature swing (7 swing) rather than an O, partial pressure
swing (po, swing) — or by a combination of both. Furthermore, the decomposition of the oxygen
carriers in the CLAS process occurs in the presence of substantial amounts of O, i.e. with pg, being
presumably in the range 0.25 - 0.35 bar without the injection of steam and in the order 0.10 bar when
using steam as an inert (c.f. section 2.3.4) Those three differences might change the results of repeated
redox-cycling experiments significantly. When substituting N> by CO», different metal oxide phases
might form as well as carbonates, and elemental carbon deposition might occur. The formation of
phases might also be significantly influenced by the presence of O, as well as by the rapid
temperature changes and the temperature differences (between the redox-phases) in the T swing
process.

For the evaluation of the oxygen carriers for the CLAS process, T swing experiments were carried
out in which 10 vol% O, balanced with N, was used during the oxidation and 10 vol% O, balanced
with CO; during the decomposition. A successful O; release in an atmosphere of 10 vol% O»
demonstrates the feasibility to produce an oxy-fuel mixture with this O, volume percentage. Though
generally the optimal pg, of the O>+CO. mixture for oxy-fuel combustion is considered to be in the
range 0.30 — 0.35 bar,''* ''% it is not reasonable to take this pg, range as the target for gas leaving the
reducer of the CLAS process.*’ This would require the reducer to operate at a significantly higher
temperature than the oxidiser, which in turn would require enormous amounts of heat to be
transferred.*’ Instead, a mixture of CO, and steam is assumed as the fluidising gas in the reducer. In
section 2.3.4 it was shown that when producing a 10 vol% O, mixture at the reducer outlet, a mixture
with 25 vol% and 36 vol% O, + CO, would be obtained after condensation of all H,O, when using a

fluidisation gas with a steam:CO; molar ratio of 2:1 and 4:1, respectively. Though, an increase in the
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steam injected (and condensed) can result in a significant reduction in the CLAS process efficiency.
Arguably, the best way to predict the optimum is to perform process simulations.

For the TGA experiments in this section, a pg, of 0.1 bar was used for all T swing experiments.
Besides the T swing experiments, some isothermal (pg, swing) experiments were carried out with
decomposition under pure N> to allow direct comparison between the two cycling modes.

In most experiments (unsupported) co-precipitated oxygen carriers were used, since XRD analysis
of those samples (c.f. section 5.4) revealed that the copper manganese oxide mass fractions are higher
than those of the mechanically mixed oxygen carriers. The 1Cu-2Mn-MM oxygen carriers are an
exception to this (XRD indicated copper manganese mass fractions close to unity), and these oxygen
carriers were therefore also studied during the experiments of this section. The oxygen carriers were
repeatedly oxidised at 850 °C in 10 vol% O, + N; and decomposed at 950 °C in 10 vol% O, + COa.
After seven redox-cycles, the samples were recovered at the end of the oxidation and reduction period
and analysed by XRD. Selected results for the unsupported oxygen carriers are shown in Fig. 6-10,

below.
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Fig. 6-10 Plots of the normalised sample mass measured during T swing experiments in the TGA
with alternating periods of 850 °C with 10 vol% O>+N: (for the oxidation) and 950 °C with 10 vol%
0,+CO: (for the O; release) for different oxygen carriers of the size range 150-212 um: (a) 1Cu-
2Mn-CP(3:0), (b) 1Cu-2Mn-MM, (c) 1Cu-1Mn-CP(3:0), (d) 2Cu-1Mn-CP(3:0). The total gas flow
rate was kept constant at 170 ml.min™" at SATP.

A second series of experiments was carried out in which the oxygen carriers were cycled by pg,
swing at 850 °C, using 10 vol% O + N, during the oxidation period and pure N, during the reduction
period. In addition, further experiments were carried out with various gas compositions during the
oxidation and the decomposition to study the effect of substituting O>+N, with O>+CO; during the
redox-cycling. For all isothermal and non-isothermal experiments, the O» release capacity for cycle
[, Roexp, Was calculated using the average sample mass of the last 30 s of the oxidation period,

Moy avgs and decomposition period, Mred avg, Y,

(m — Mredavg)
Roexp = ox,avg red,avg (6-23)
’ Mox,avg

The values of Ry exp, calculated for cycles five to seven were averaged and the values are reported as

Eo,exp- The calculated values are shown in Table 6-4, below.
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Table 6-4 Values of ﬁo,exp obtained during experiments in the TGA.

T swing Po, swing
. (T=1850°C < 950 °C) (T=850°C)
oxygen cartier oxidation: 10 vol% O, + N, oxidation: 10 vol% O, + N,
O, rel.: 10 vol% O, + CO, O, rel.: 10 vol% O, + CO,
1Cu-2Mn-CP(3:0) 2.01 4.31
1Cu-1Mn-CP(3:0) 4.08 4.81
2Cu-1Mn-CP(3:0) 3.17 6.55
1Cu-2Mn-MM 1.67 4.14
1.2Cu-1.8Mn-MM n.d. 4.39
1Cu-1Mn-MM n.d. 4.90

Footnotes: The experimentally obtained O; release capacity was calculated by eq.(6-23); "n.d.” denotes “not
determined”.

The results presented in Table 6-4 are discussed together with Fig. 6-11, which shows a selection of

the results from the isothermal and non-isothermal experiments.
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Fig. 6-11 Normalised weight during the redox-cycling in the TGA by (a, b) po: swing and (b, ¢, d) T
swing: (a) by T swing: (a) O; release during po: swing of samples with different Cu:Mn molar ratios,

(b) a comparison of the O; release during po> swing and T swing, (c¢) O: release during T swing of
samples with different Cu:Mn molar ratios, (d) O release and oxidation with different gas mixtures.

During a typical po: swing experiment the oxidation occurred in 10 vol% O, + N; and the
decomposition under pure N> at 850 °C. During a typical T swing experiment periods of 850 °C with
10vol% O>+N; (for the oxidation) and 950 °C with 10 vol% O>+CO: (for the O: release) alternated.

The total inlet gas flow rate during all experiments was 170 ml min™ at SATP.

Fig. 6-11a shows that the Ro,exp varies with the Cu:Mn molar ratio during isothermal experiments at
850 °C under pure N> for the decomposition. For 1Cu-2Mn-CP, 1Cu-1Mn-CP and 2Cu-1Mn-CP, the

measured values for Ro,exp are 4.31 wt%, 4.81 wt%, and 6.55 wt%, respectively. A substitution of

Mn with Cu resulted in an increase in the Ry exp-

Fig. 6-11b shows that for 1Cu-2Mn-CP the O, release under pure N, at 850 °C results in a
significantly larger ﬁo,exp (4.31 wt%) than the RO,exp measured during the 7 swing between 850 °C

and 950 °C at pg, = 0.1 bar (2.01 wt%). This is attributed to incomplete reduction to crednerite (as
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confirmed later in this section by XRD data). This phenomenon was also observed when comparing

the results of the py,and T swing experiments with 1Cu-1Mn-CP and 2Cu-1Mn-CP.

Fig. 6-11c shows that during the T swing, ﬁO,exp of 1Cu-1Mn-CP (4.08 wt%) is larger than Eo,exp
of 1Cu-2Mn-CP (2.01 wt%), and larger than the ﬁo,exp of 2Cu-1Mn-CP (3.17 wt%). The latter
finding is at odds with the results from isothermal cycling experiments with N», in which the RO,eXp
of 2Cu-1Mn-CP was higher the Eo,exp of 1Cu-2Mn-CP. The reason for the relatively small Eo,exp of
2Cu-1Mn-CP during T swing experiments is attributed the relatively large fraction of CuO in the
sample (~ 60 mol% CuO), which remains inert during the T swing cycling (later confirmed by XRD).

Contrarily, the CuO decomposes to Cu20O during the pg, swing experiments, owing to the lower pg, .

Fig. 6-11d shows that a substitution of N, with CO, during the oxidation and the O, release during
T swing experiments did not affect the redox-behaviour of the samples, and the values of the Ro,exp
changed only marginally. The following values of ﬁo,exp were measured: 2.06 wt% during oxidation
and decomposition under O>+N>, 2.03 wt% during oxidation under O>+N; and decomposition under
02+CO3, and 1.99 wt% during oxidation and decomposition under O>+CO; (repeats with a higher
sample mass indicated that this deviation is caused by the experimental equipment, e.g. by a slightly
changing buoyancy force exerted at the crucible when changing between O>+N, and O,+CO,, since

this error did not scale with the sample mass).

To further elucidate the reason for the differences in Ry exp between the T swing and po, swing
experiments, the oxygen carriers recovered from the TGA experiments were analysed by XRD. To
minimise phase changes during the cooling of the sample, a rapid temperature drop (of initially -200
°C min™") was programmed as the last step of each TGA experiment. The results of the XRD analysis
for the recovered oxygen carriers 1Cu-2Mn-CP, 1Cu-1Mn-CP and 2Cu-1Mn-CP are shown in Fig.
6-12, Fig. 6-13, and Fig. 6-14, respectively.
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Fig. 6-12 XRD patterns of the cycled 1Cu-2Mn-CP(3:0) oxygen carriers recovered in the seventh
redox-cycled at the end of the (a) oxidation period with 10 vol% O + N, (b) decomposition period
of Po, swing experiments using pure N>, and (c) decomposition period of the T swing experiments
using 10 vol% O; + CO..

XRD analysis of the 1Cu:2Mn-CP oxygen carriers recovered after the seventh oxidation period from
T swing experiments (Fig. 6-12a) identified CuMn,O4 (JCPDS 01-071-1143) and Cui.sMn; 504
(JCPDS 01-070-0262) as the main phases. Additionally, minor amounts of Mn>O3; (JCPDS 00-041-
1442) were identified. The XRD patterns are very similar to those of freshly calcined materials, and
the absence of significant amounts of Cu and Mn oxides demonstrates that no phase separation of
the copper manganese oxide during the redox-cycling at these conditions occurs. In the sample
recovered at the end of the seventh decomposition period of the pg, swing experiment CuMnO»
(JCPDS 04-017-1231) and Mn304 (JCPDS 00-024-0734) were identified as the main phase by XRD
(Fig. 6-12b). Furthermore, minor amounts of Mn»O3 (JCPDS 00-041-1442) and Cu4O;3 (JCPDS 00-
033-0480) were detected. In the decomposed sample recovered from T swing experiments the
CuMnO; (JCPDS 04-017-1231) and Mn,O3; (JCPDS 00-041-1442) were identified by XRD. Based

on the identified phases, it is proposed that the redox-reactions during the po, swing and T swing

experiments correspond to the reactions shown in eq.(6-24a) and eq.(6-24b), respectively.
3 CuMn,0, < 3 CuMnO, + 1 Mn;0,4 + O, (6-24a)
4 CuMn,0, & (4 —n) CuMnO, + n CuMn,0, (6-24b)

Using the molecular masses of the phases shown in eq.(6-24a) a theoretical O release capacity, Ry tp,,

of 4.49 wt% was calculated. This is close to the experimentally obtained value of 4.31 wt%.

158



Contrarily, the Ry ¢, for eq.(6-24b) cannot be determined from the balanced equation, as the equation
has an infinite number of possible solutions, since n can assume any value between zero and four.
The R exp for this reaction is 2.01 wt% (c.f/. Fig. 6-10a). The rate of weight change at the end of the
decomposition period (after 30 min) in Fig. 6-10a is ~ zero, which indicates that this is the maximum
conversion at this condition (when not considering very slow reactions). Rg equals R exp if 7=

1.61, which demonstrates that the two forms of copper manganese oxide on the right-hand side of

€q.(6-24b) co-exist in considerable quantities.

Next, the recovered 1Cu-1Mn-CP(3:0) samples were studied by XRD, and the results are shown in
Fig. 6-13, below.

1Cu-1Mn-CP (cycled) |

a) oxidised in 10vol% 0,+ N, ¢ O CuMn,0,

(o]
A
b) decomposed under N,
= ° ¢ CuMnoO,
o © < Mn,0
,?,‘ 2Y'3
g ¢ 3
3 Y
= :h <
< <o O O )\ i
¢) decomposed under o
10 vol% 0, + CO, é:' ¢ CuMnO,
% Cu,Mn,0q
M &
o M
10 20 30 40 50 60 70 80

Bragg angle, 20 (deg.)

Fig. 6-13 XRD patterns of the cycled 1Cu-1Mn-CP(3:0) oxygen carriers recovered in the seventh
redox-cycled at the end of the (a) oxidation period with 10 vol% O: + N., (b) decomposition period
of Po, swing experiments using pure N>, and (c) decomposition period of the T swing experiments
using 10 vol% O + CO..

During the XRD analysis of the redox-cycled 1Cu:1Mn-CP(3:0) oxygen carriers recovered at the end
of the seventh oxidation period (Fig. 6-13) predominantly CuMn,Os (JCPDS 01-071-1143) and
minor amounts of CuO (JCPDS 00-045-0937) were identified. The fresh sample contained mainly
Cu; sMn; sO4 (Fig. 5-25b). This finding suggests that the Cu; sMn; 504 is separating into CuMn,O4
and CuO during the T'swing and pg, swing experiments. In the reduced sample recovered from po,
swing cycling, CuMnO, (JCPDS 04-017-1231) was the only phase identified by XRD (Fig. 6-11b).
Contrarily, in the reduced samples recovered from T swing experiments, CuMnO, (JCPDS 04-017-
1231) and a defected perovskite-like structure with the composition Cu,Mn,Os (JCPDS 00-010-
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0364) were identified (Fig. 6-11c). Based on the phases identified by XRD, it is proposed that the
reactions shown in eq.(6-25a) and eq.(6-25b) occur during the redox-cycling by po, and T swing
cycling, respectively.

2 CuMn,04 + 2 CuO < 4 CuMnO, + O, (6-25a)

4—n

n
2 CuMn,0,4 + 2 CuO © n CuMnO, + Cu,Mn,05 + ZOZ (6-25b)

The theoretical O release capacity, Ry, calculated from eq.(6-25a) was 5.05 wt%. The
experimentally obtained value during the pg, swing experiments was 4.81 wt%. Eq.(6-25b), which
represents the redox-reactions during the 7 swing cycling has an infinite number of solutions, since
n can assume any value between zero and four. For Ry, to assume a value of 4.08 wt%, which is
the experimentally obtained R exp, 7 has to be equal to 3.28. This shows that the sample consists
predominantly of CuMnOQ,. Further decomposition of Cu;Mn,0s to 2 CuO and Mn,O3; would be
possible without affecting the R,. However, this did not occur in this case, demonstrated by the
absence of CuO and Mn,O; peaks on the XRD plot (Fig. 6-13¢). Decomposition of CuO to Cu,O
under 10 vol% O, + CO; at 850 °C and 0.1 MPa is thermodynamically not favourable since po,
(0.100 bar) is larger than the pg, ¢q of CuO/Cu,O at these conditions (0.042 bar).

The XRD plots of recovered 2Cu: 1Mn-CP(3:0) oxygen carriers are shown in Fig. 6-14, below.

|2Cu-1Mn-CP (cycled) |
a) oxidised in 10 vol% O, + N, o © CuMn,0,
¥ CuO
(o]
A
5 b) decomposed under N, & CuMnO,
:"g "™ A Cu,0
B
=
el
=
c) decomposed in ¢ CuMnO,
10 vol% O, + CO, ¢ v Cuo
10 20 30 40 50 60 70 80

Bragg angle, 26 (deg.)

Fig. 6-14 XRD patterns of the cycled 1Cu-2Mn-CP(3:0) oxygen carriers recovered in the seventh
redox-cycled at the end of the (a) oxidation period with 10 vol% O + N>, (b) decomposition period
of po:2swing experiments using pure N,, and (c) decomposition period of the T swing experiments
using 10 vol% O; + CO..
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During XRD analysis of the oxidised 2Cu-1Mn-CP(3:0) oxygen carriers that were recovered from T
swing experiments (Fig. 6-14a) CuMn,O4 (JCPDS 01-071-1143) and CuO (JCPDS 00-045-0937)
were identified. XRD analysis of the fresh oxygen carriers (Fig. 5-25c¢) identified CuisMn; 504 as
the main phase. This indicates that over the seven redox-cycles, CuisMnisOs separates into
CuMn;04 and CuO. The decomposed oxygen carriers recovered from pg,swing experiments (Fig.
6-14b) contained CuMnO, (JCPDS 01-071-1143) and Cu,O (JCPDS 00-005-0667), while the
decomposed samples recovered from T swing experiments (Fig. 6-14c¢) contained CuMnO, (JCPDS
04-017-1231) and CuO (JCPDS 00-045-0937). It is therefore proposed that the redox-reactions
during po, swing and T swing cycling correspond to the reactions shown in eq.(6-26a) and eq.(6-

26b), respectively.
CuMn,0,4 + 3 CuO & 2 CuMnO, + 1 Cu,0 + 0, (6-26a)
2 CuMn,04 + 6 CuO < 4 CuMnO, + 4 CuO + O, (6-26b)

From eq.(6-26a) and eq.(6-26b) an Ry, of 6.72 wt% and 3.36 wt% can be calculated for the po,

swing and T swing, respectively. These values are within 6% of the experimentally obtained values

of 6.55 wt% and 3.17 wt% for the po, swing and T swing, respectively.

The values of Ry, calculated from eq.(6-24a), eq.(6-25a), eq.(6-26a), and eq.(6-26b) are on average
merely 4.4 wt% higher than the experimentally obtained values. This indicates that the proposed
balanced equations are generally correct. The (relatively small) difference between the values of R ¢,
and Ry exp might be attributed to an unreacted core at the centre of the oxygen carrier particles, the
loss of bed material during the experiments, or the formation of minor amounts of single metal oxides
that were not considered in the stoichiometric equations — or a combination of all. Eq.(6-24a) and
eq.(6-25a) represent linear combinations of reactions in different amounts. For the two equations, the
value of n was determined experimentally at 850 °C in 10 vol% O, + N». It shall be noted that at
different conditions » might assume different values. For the equations shown in eq.(6-24a) and
€q.(6-25a), the value of R ¢y, Was found to be significantly lower than the value of R, for n = 0.
This finding suggests that during a decomposition in the presence of O,, the oxygen release capacities
of the materials with Cu:Mn molar ratios in the range 1:1 — 1:2 are significantly reduced in
comparison to a decomposition in the absence of O,. This should be considered in future works on

materials for the CLAS process when measuring the R ¢xp, 0f mixed metal oxides.

161



6.5 O equilibria and enthalpy of the O> release

Precise knowledge of the O equilibrium partial pressure, pg, eq, Of an oxygen carrier is important
as the po,eq 18 typically part of the reaction rate expression of the O release and oxidation

reaction.??® Furthermore, it allows for the calculation of the enthalpy for the O, release reaction, as

demonstrated by Patzschke et al.*® For single metal oxides, the Po,,eq can be determined by placing
the oxygen carrier into an atmosphere with known pg,, followed by a slow increase (or decrease) in
temperature. In theory, the temperature at which the first weight change due to the oxidation or
decomposition of the oxygen carrier occurs is equal to the equilibrium temperature, Teq. At this
temperature pg, q 18 €qual to poz.‘“’ In this work, a positive heating rate is used, and this method is

referred to as the ‘onset-of-decomposition’ method. It was applied in section 6.5.1 to determine

P0,,eq(T)- A disadvantage of this method is that it only measures the pg, ¢q(T) of the phase with the
lowest, or the highest, Toq for experiments with a positive heating rate or a negative heating rate,

respectively. Therefore, a new rate-based method was developed, which allows determination of the
Po,,eq Of a single phase system (i.e. combined metal oxide) or an effective pg, eq for a multi-phase

system (i.e. mixed metal oxide), as described in section 6.5.2. This method was then applied to the

oxygen carriers of this work (section 6.5.3).

6.5.1 Determination of the O: equilibria by the ‘onset-of-
decomposition’ method

The pg,eq function of several oxygen carriers of this work was determined by measuring the
equilibrium temperature, Teq, for a given O partial pressure, po,. This was done by exposing 10 mg
of fully oxidised oxygen carriers to a mixture of either O2+N; or O,+CO; with a known pg,. The
temperature was then increased using a heating rate of 10 °C-min’!. At temperatures where pg , =
Po,,eq Was exceeded the O, release occurred. The temperature at the onset of the decomposition was
assumed to equal Teq. In this work, the method is therefore referred to as the ‘onset-of-
decomposition’ method. A similar method was used by Li et al."*® to compute the pg, ¢q curve for
Co0O/C0304. The values of Teq can be identified manually, by identifying the temperature beyond

which the relative mass (m/mo) begins to decline or the measured rate of mass change (dm/dT)
deviates from zero. However, an automated method has the advantage that it prevents biased results.
Furthermore, it allows for faster data analysis. To determine T .5t @ discontinuous function

consisting of a linear fit for T = T, and being zero below Ty 50t Was used,
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dm 0, forx =T, eq
(Z) = , (6-27)
dT ) model a-(T—Teq) for x > Toq

where a is the slope of the function. Eq.(6-27) was fitted to the experimental data in a 40 °C
temperature range around the assumed Teq. Then the temperature range above Teq was reduced so
that only data points with 0 < dm/dT < 0.3 pug °C™? are considerd. A larger temperature range with
dm/dT > 0.3 pg °C~! would require fitting of a polynomial function to obtain a good fit, rather a
linear function. Using a polynomial function instead of a linear function in eq.(6-27) for x = Teq
would result in a larger uncertainty in Teq, hence the additional range restriction. For the fitting, Teq
and a in eq.(6-27) where varied using a mathematical solver to minimise the square error between
the modelled and the experimental values for dm/dT. The data and the fitted function for a typical

experiment are shown in Fig. 6-15, below.
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Fig. 6-15 The experimental data and the fitted function for the determination of Teq of 40-CuMn/Zr-
MM by the ‘onset of decomposition method’ in the TGA using 2 vol% O:; + N>, a heating rate of 10
°C-min”, and a total flow rate of 150 ml-min™ (SATP).

For the data shown in Fig. 6-15 the calculated value of Teq is 805.1 °C. The experimentally
determined for values of T,q for 1Cu-1Mn-CP, 1Cu-2Mn-CP, and 40-CuMn/Zr-MM are presented

in Table 6-5, below.
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Table 6-5 The experimentally determined equilibrium temperatures, T, using the ‘onset-of-
decomposition method’ in O;+N, and O,+CO: at 0.1 MPa.

O+N» 0,+CO,
1Cu-2Mn-CP(3:0) 1Cu-1Mn-CP(3:0) 40-CuMn/Zr-MM 1Cu-1Mn-CP(3:0)
pOZ Teq (oc)a pOZ Teq (OC) pOZ Teq (OC) Poz Teq (OC)
0.025 - 0.025 825 0.0025 725.6 0.0025 726
0.050 853.8 0.050 860.4 0.005 752.4 0.005 754
0.075 879.9 0.075 885.4 0.010 778.9 0.010 781
0.100  898.21 0.100 900.9 0.020 805.1 0.020 813
0.125 911.18 0.125 916.6 0.040 845.2 0.040 850
0.150 925.0 0.150 928.0 0.080 881.0 0.060 875
0.175 934.4 0.175 935.2 0.160 927.0 0.080 892
0.200 936.4 0.200 943.6 - - 0.100 907

Footnotes: (a) the uncertainty in Ty, U(T.y) is + 6.6 °C and was determined by 2-SD of the deviation between
the measured values of Toq and a best fit (power), (b) the uncertainty in yo: is u(yo))= 0.0047-yo: and was
determined using a gas analyser as described in Appendix A.6.

The results from Table 6-5 are illustrated in Fig. 6-16 and Fig. 6-17, below.

0.25 0.25
a) + 1Cu-1Mn-CP b) * 1Cu-1Mn-CP

A 1Cu-2Mn-CP © 1Cu-1Mn-Zr-MM

0.20 - 0.20 -

0.15 - 0.15 -+

0.10 - 0.10 A

0.05 1 best fit (power) 0.05 ~ best fit (power)
of the data for of the data for

0.00 . . 1CIu:1Mn-CP 0.00 . . 1ICu:1|V|n-CP

750 800 850 900 950 750 800 850 900 950
T/°C T/°C

Fig. 6-16 The experimentally obtained values of Teq using the ‘onset of decomposition method’ in the
TGA under O>+N: for (a) 1Cu-1Mn-CP and 1Cu-2Mn-CP, and (b) 1Cu-1Mn-CP and 40-CuMn/Zr-
MM, respectively.

Fig. 6-16a shows that despite having different Cu:Mn molar ratios, the measured T4 points of 1Cu-
2Mn-CP and 1Cu-1Mn-CP agree within the experimental error. Fig. 6-16b compares the measured
Teq points of unsupported and ZrO,-supported oxygen carriers with a 1Cu:1Mn molar ratio. The

good agreement between the data points of the ZrO;-supported oxygen carrier and the best fit for

1Cu:1Mn-CP indicates that the introduction of a supporting material does not affect the pg, eq

significantly. Additionally, an experiment was carried out using O,+CO,, to study the effect of
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substituting O»+N; with O,+CO,. The results of the experiments with O,+N and O,+CO, for 1Cu-
1Mn-CP(3:0) are illustrated in Fig. 6-17, below.

0.25
1Cu-1Mn-CP
© 0,+N,
0.20 - » 0,+CO;
0.15 4
&
=
0.10 4
0.05 1 best fit (power)
of the data for
1Cu:1Mn-CP (N,)
0.00 T T T
750 800 850 900 950

T/°C
Fig. 6-17 The experimentally obtained values of T., for 1Cu-IMn-CP using the ‘onset of
decomposition method’ in the TGA under O>+N; and under O,+CO.:.

The measured points of Teq in O2+CO> deviate less than the uncertainty of the measurement, U(Teq),
from the curve fitted to the points of Toq measured in O>+N; (black line in Fig. 6-17). This indicates
that the pg, eq is not significantly affected by a substitution of O2+N, with O,+CO within the studied

condition range.

The ‘onset of decomposition’ method has a significant drawback when being applied to multi-phase
mixture. In a system with several phases with different pg, ¢q(T), the method would only allow to
determine the pg, eq(T) of the material with the lowest or the highest Teq when using oxidised
samples with a positive or decomposed samples with a negative heating rate, respectively. The
oxygen carriers that were studied in the experiments shown in Fig. 6-16 and Fig. 6-17 have an active
phase with copper manganese oxide mass fractions close to unity (according to XRD analysis). In
theory, the results of the experiments with these single phase combined metal oxides should result in

the calculation of a pg, eq(T), which leads to a correct result when being used in the typical reaction

rate function for the O release from oxygen carriers in a chemical looping process, i.e. r =

f(P’ T’ pOZ’ pOZ,eq)'228

To test this assumption, a new method was developed, which measures an apparent pg, eq(T)

‘across’ all phases. If the above assumption is correct, this new method should yield the same values
for pg, eq those obtained using the ‘onset-of-decomposition method’ when testing the materials from

Fig. 6-16 and Fig. 6-17. Since the new method is based on the observed maximum O, release rate, it

is referred to hereafter as ‘max-rate’ method. The method is detailed in the following section.
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6.5.2 Determination of the Oz equilibria by the ‘max-rate method’

In this section, a method for the calculation of pg, ¢q based on the maximum rate of O; release

observed during TGA experiments is developed, validated with CuO powder, and used to determine

the pg,eq Of the copper manganese oxide oxygen carriers. The maximum O release rate of a
CLOU/CLAS oxygen carrier material is typically a function of pg, eq, such as,”*

_E
r'=k-exp (R_Ta) - [Cu01™ - (po, eq(T) — Po,)™, (6-28)

where k is the pre-exponential factor, E, the activation energy and n; and n, the orders of reaction
with respect to the CuO concentration and (po ,eq — Po 2), respectively. The results of a series of
experiments in which pg, is varied at a given temperature should therefore produce a linear series of

points on a plot on which po, is plotted against ', provided that » has a value of unity, and for the

case that the influence of the external mass transfer on the overall rate does not significantly change
within the studied condition range. To prevent transitioning from a mass transfer-controlled to a

kinetic-controlled rate regime, the studied pg, was limited to the range (pg,,eq — 0.03 bar) <pg, <
Po,,eq- The method was validated with CuO powder. This was done by comparing the experimentally
obtained values of pg, ¢q for the system CuO/Cu,O with data from FactSage'” at temperatures in

the range 900 °C — 975 °C. The O; release rate vs. conversion measured during such an experiment

is shown in Fig. 6-18a-b, below.
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Fig. 6-18 Observed rate of O; release of ~1 mg CuO powder measured in the TGA at 925 °C under
Nx-diluted O with varying O> molar fractions, using a total gas flow rate of 200 ml-min™" at SATP.

After processing the raw data, the maximum measured rates of O release of a given temperature

were plotted against the inlet O, partial pressure that was set during each experiment. Then, a linear
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fit was plotted through the experimental points of a given temperature. The x-axis intercept of each
line corresponds to the O, partial equilibrium pressure at this temperature under the above discussed

assumptions. This method is illustrated in Fig. 6-21, below.
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Fig. 6-19 Results of the experiments with CuO powder to validate the ‘max-rate method’ for the
measurements of the O; equilibria: (a) The maximum rate of decomposition plotted against the O;
partial pressure at the TGA inlet, and (b) calculated points of po, eq (markers) and po, eq-fuction
from FactSage (line).

The rate of external mass transfer for each condition was calculated using eq.(6-2) and eq.(6-3) to
determine the influence of the mass transfer and compared against the measured rates, as shown in
Fig. 6-20, below.
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Fig. 6-20 The measured flux of O: during the decomposition (black marker) and the maximum rate
of external mass transfer (grey marker) for the experiments to determine the oxygen equilibria of
CuO powder.

From Fig. 6-20 it becomes apparent that the rate measured during the experiments to obtain the O,
equilibrium function is mainly controlled by external mass transfer. In the temperature range 900 °C
— 950 °C, the maximum rate of mass transfer was within the uncertainty of the observed O, release

rate, which was determined by repeated experiments. (c.f. error bars in Fig. 6-20a). This indicates
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that the O; release in this temperature range is external mass transfer controlled. Only at 975 °C the
rate of external mass transfer was significantly larger than the observed mass transfer. This also
explains the deviation of the data point in Fig. 6-20b for 975 °C. As the intrinsic kinetics at 975 °C
were lower than the rate of maximum mass transfer, the measure rate of O, release is lower as well,
especially at lower partial pressures of oxygen. This decreases the slope of the best fit and shifts the

y-axis interception to the right, i.e. to a higher oxygen partial pressure.

The ‘max-rate method’ to determine the pg, oq function was validated by the experiments with CuO

powder and the comparison of the results with FactSage values. However, it demonstrates the

importance of calculating the effect of the external mass transfer on the observed rate for each point.

6.5.3 Measurement of the O equilibria using the ‘max-rate method’

Experiments for the calculation of the pg, ¢q using the ‘max-rate method” were carried out with 1Cu-

IMn-CP(3:0) oxygen carriers in the temperature range 800°C — 875 °C. The results of these

experiments are shown in Fig. 6-21, below.
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Fig. 6-21 Measured reaction rate versus conversion of 1Cu-1Mn-CP(3:0) oxygen carriers under N-
diluted Os at (a) T = 800 °C, (b) T =825 °C, (¢c) T =850 °C, and (d) T = 875 °C; using a gas flow
rate of 150 ml-min”. For the calculation of the conversion redox-cycling between Cu; sMn; sO4 and
CuMnQO: was assumed.
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The maximum rates from Fig. 6-21 were plotted against the set O, partial pressure. As detailed in
the previous section, the x-axis interception of the linear best fit corresponds to the calculated pg, eq
at a given temperature (Fig. 6-22a). Those equilibrium partial pressures are plotted against

temperature, as shown in Fig. 6-22b, below.
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Fig. 6-22 Plots of (a) observed rate of O; release against the po> at the TGA inlet for the
determination of the poze, and (b) the calculated values of pos.q against temperature. The
experiments were carried out in the TGA using 1Cu-1Mn-CP(3:0) oxygen carriers and a total flow
rate of 150 ml-min’.

To test, if all points of the experiments illustrated in Fig. 6-22a were obtained in the same mass
transfer regime, the observed rate of O, release was compared maximum rate of external mass
transfer. The rate of mass transfer was calculated using eq.(6-2), and the results are illustrated in Fig.

6-23, below.
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Fig. 6-23 The calculated maximum rate of mass transfer at, 0, 800 °C, &, 825 °C, A, 850 °C, o, 875
°C, and the measured rate of O: release at, m, 800 °C, &, 8§25 °C, a, 850 °C, ®, 875 °C. The small
average relative deviation of 7% shows that the experiments to measure the po, oq were at conditions

where the overall rate equals the maximum rate of external mass transfer.
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Fig. 6-23 shows that the difference between the maximum rate of mass transfer and the maximum

observed rate of O release across the condition range shown in Fig. 6-23 is within the experimental

error of each other — this means that the observed rate is controlled by external mass transfer. The

calculated values of pg, ¢q of this experimental series are detailed in the following section.

6.5.4 Results of the O; equilibrium measurements

The results of the pg, ¢q measurements for CuO and the copper manganese oxide oxygen carriers are

shown in Fig. 6-24, below.
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Fig. 6-24 Oxygen partial pressure equilibrium (po2,cq) curves: plotted as (a) poa.eq against T and (b)
In(poaeq) against 10°/T (van 't Hoff plot). The dashed lines are FactSage values for Mn>O3/Mn;0,

and CuO/Cuz0. The markers are experimentally obtained values for pozeq using the ‘onset of O;

release’ method (%A ) and the ‘rate-based’ method (O, W ); for 1Cu-I1Mn-CP(3:0) (%A, O) and for

CuO powder (M ); under O,+N, @, A ) and O,+CO: (% ).

Fig. 6-24a shows good agreement between the results of the onset-of decomposition method and the

results of the max-rate method. However, the onset-of decomposition method tends to underestimate

the po, eq at values below 0.03 bar slightly. Furthermore, comparison of the results of the onset-

method for O>+N; (& in Fig. 6-24) and for O, + CO> (% in Fig. 6-24) indicate that the pg, ¢q does not

change when substituting O»+N; with O,+COs.
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The calculated points of pg,eq Were correlated using an Antoine type equation, which has the

form,**’

Po B
1 2= _
n(gng) =4 T+ ¢ (6-29)

where (T / K) is the temperature in Kelvin, and A, B and C are fitted parameters. When fitting the
experimental data from Fig. 6-24 to the three-parameter equation in eq.(6-35), C assumes a value of
0.0018 and the average deviation (0.854%) was only slightly lower than when fitting a two-parameter

equation (0.853%). Therefore, the following two-parameter correlation is suggested for this work:

22710
VTR 6-30
T/ (6-30)

In (Poz ) =16.960 —
atm
For the experimental data from Fig. 6-24 and the values calculated by eq.(6-30), the absolute average

relative deviation, Aparp, calculated by 1/NZ(|p02,eqexp—poz,eqexp D/poz,eqexp and the
maximum average relative deviation, Ayarp, calculated by max(|1002,eqexp ~ 10,640 del D/

P04 6y A€ 0.852% and 5.6%, respectively.

The heat of O, release is an important parameter for the design of a CLAS process.*® To determine
this value, the results shown in Fig. 6-24a are replotted in Fig. 6-24b as a van ’t Hoff plot (i.e.
In(po, eq) is plotted against 10*7).* During the O release reaction, the energy of the material
changes due to (i) the change of entropy (AS),r), which is typically governed by the restructuring of
the crystal structure upon the removal of lattice oxygen, and due to (ii) the heat that is thereby released
(AH, 7). The total energy balances the kinetic energy of one mole of O, at its equilibrium point. This
can be explained by the fundamental thermodynamic concept of the Gibbs free energy as:*’

dG = —SdT + VdP, (6-31)

where G is the Gibbs free energy and S, V and P, are the entropy, the volume, and the pressure,

respectively. During an isothermal O> release, dT is zero, and integration of both sides of eq.(6-31)

yields,

AG = GO + [, Vimdp, (6-32)

where p is the pressure at which the O release occurs, i.e. o, eqs P9 is the reference pressure, i.e.

the pressure of the surroundings, and 1}, is the molar volume of O,.
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According to the ideal gas law, Vi, = RT /p, and eq.(6-32) can therefore be rewritten as,?*°
AG = G® + RT [ dp = RT In(55), (6-33)

At the equilibrium, the Gibbs free energy is by definition zero. Furthermore, the Gibbs free energy

is also a function of the entropy and the enthalpy:>*°

AGY = AH? —TAS?. (6-34)
The eq.(6-33) and eq.(6-34) can be combined to,

TAS® — AH® = RTIn (22220), (6-35)

With P® = 0.1 MPa, the pressure at which experiments were carried out, the equation becomes,

As®  AH® 1 Po,.eq
= 7= ("0 1 mpa) (6-36)

Thus, when plotting ln(po z,eq) against 1/7 (the van ’t Hoff plot) the intercept is equal to AS? /R and
the slope is equal to AH® /R.

The derivation above?° demonstrates, that when assuming O behaves like an ideal gas, the energy
of one mole is equal to RT, where R, the ideal gas constant, which has a value of 8.314 kJ/mol(O,)/K.
This relationship allows the addition of a second y-axis scale with the values of AG;,r to the plot in
Fig. 6-24b, which were obtained by multiplying In(pg, eq) With RT. When using the AG;,7,-scale in
Fig. 6-24b, the gradient of a line fitted to the experimental data points corresponds to AH,r, while
the y-axis interception is AS,. 7 of the oxygen carrier. The values of AH,.7 and AS,r of the oxygen
carriers are equal to those of the decomposition of CuMn,Os4 to crednerite (c.f. (6-25a)) if the crystal
structure of the samples is free of defects. The stable cycling performance that is reached after
typically two to four activation cycles indicates that the activate crystal structure is mainly free of
defects. Thus, it can be assumed that AH,.rand AS,. 7 of the activated oxygen carriers is approximately

equal to AH,,r and AS,.r of the redox-reaction shown in eq.(6-25a).

The method of the calculation of AH,,rand AS,.r was validated with the data obtained for CuO powder
(for the transition between CuO and Cu,O; O in Fig. 6-24). When using the correlation for the best
fit of the data (the values of the correlation are shown on the graph in Fig. 6-24b), the calculated
values for AH,sppec and AS;.sp0ec are 264.0 kJ, and 189.3 J/mol/K, respectively. This is in good
agreement with the values from FactSage (AH,. sp0°c = 264.7 kJ and AS; s00.c = 190.2 J/mol/K). For
the 1Cu-1Mn-CP(3:0) oxygen carriers ( W in Fig. 6-24), the calculated values for the release of one
mole of O; from 2 moles of Cu;sMn;sO4 are AH, s00oc = 199.7 kJ and AS;.s00.c = 151.4 J/mol/K,
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respectively. The positive value of AH, spc indicates the endothermic nature of the reaction. To
maintain the heat of the reducer in a CLAS process, heat has to be provided either by direct heating
of the reactor or by indirect heating using hotter gases or hotter solids. The mass specific amount of
heat that has to be transferred when using the 1Cu-1Mn-CP(3:0) oxygen carriers for the O release
can be estimated from AH,.sp°c and the molar mass of the compound (241.74 g/mol). Assuming full
conversion, the heat of reaction is 413.1 kJ/kg(oxidised oxygen carriers). The values for
Mn03/Mn304 and CuO/Cu,O are 203.8 kJ/kg(Mn2O3) and 829.7 kJ/kg(CuO), respectively. This
demonstrates that the 1Cu-1Mn-CP oxygen carrier material has a lower mass specific heat of O,

release than CuO.

6.6 Observed rate of oxidation and O; release in the TGA

The observed rate of oxidation and O release of the copper manganese oxide oxygen carriers was
measured in the TGA to elucidate the effect of the temperature, the preparation method, the Cu:Mn
molar ratio, and the gas composition (O>+N, or O,+CQO,) on the observed reaction rate and
conversion. The results of the rate of O, release and oxidation observed during experiments in which

the temperature was varied between 800 °C and 875 °C are shown in Fig. 6-25, below.
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Fig. 6-25 Plots of the observed (a) O: release rate and (b) oxidation rate versus conversion of 1Cu-
2Mn-MM at different temperatures, the O; release and oxidation was carried out in 0 vol% O + N>
and 10 vol% O + N, respectively. A sample mass of 1 mg and a gas flow rate of 200 ml-min™" was
used. The conversion was calculated using the balanced equation in eq.(6-24a).

The maximum observed rate of oxidation of copper manganese oxide in 10 vol% O> (Fig. 6-25b)
was around twice as high as the maximum observed O; release rate under N, at temperatures between
800 °C and 875 °C. The rate of oxidation peaks around X = 0.1 and falls rapidly until X = 0.2, after
which the rate falls steadily with approximately the same profile for each temperature. This
discontinuity of the profile might be attributed to the occurrence of two reactions with different
reaction times - the fast oxidation of Mn3;O4 to MnyOs3, and the slower oxidation of CuMnO; to

CuMn,04 with simultaneous incorporation of the manganese oxides into the lattice.
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To study the effect of the Cu:Mn molar ratio on the observed rate of reaction mechanically mixed
oxygen carriers with five different compositions have been tested at 850 °C. The results are shown

in Fig. 6-26, below.
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Fig. 6-26 The effect of Cu:Mn molar ratio on the observed rate reaction of 2 mg mechanically mixed
150-212 um oxygen carriers measured in the TGA (average of cycles 4 to 7) at 850 °C for the (a, c,
e) O; release under pure N> and (b, d, f) oxidation in 10 vol% O, + N>, the plots show (a, b) the
conversion against time, (c, d) the observed rate against conversion, and (e, f) the maximum observed
rate against the molar Cu/(Cu+Mn) ratio. A total gas flow rate of 200 ml-min™ was used during the
experiments.
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Fig. 6-26a shows that the oxygen carriers with a lower Cu content require less time to reach a
conversion of X = 0.6 during the O, release. The order was found to be: 1.0Cu:2.0Mn (38 s) <
1.2Cu:1.8Mn (43 s) < 1.4Cu:1.6Mn (46 s) < 1.5Cu:1.5Mn (48 s) < 1.6Cu:1.6Mn (59 s). Contrarily,
as shown in Fig. 6-26b, the oxygen carriers with a lower Cu content oxidised slower. The time to
reach a conversion of X = 0.6 was in the order: 1.0Cu:2.0Mn (20 s) < 1.2Cu:1.8Mn (39 s) <
1.4Cu:1.6Mn (124 s) < 1.5Cu:1.50Mn (141 s) < 1.6Cu:1.4Mn (190 s). Presumably, the Cu oxides in

the sample inhibit the oxidation rate.

The maximum observed rates of O, release (Fig. 6-26¢ and e) decreased with a decrease in
Cu content. The order was: 1.0Cu:2.0Mn (0.030 mmol(O»)g's™) < 1.2Cu:1.8Mn (0.031 mmol(O,)g
sy < 1.4Cu:1.6Mn (0.037 mmol(0,)g!s™!) < 1.5Cu:1.50Mn (0.045 mmol(0»)g's™!) < 1.6Cu:1.4Mn
(0.055 mmol(0,)g’'s™). Contrarily, the observed rate of oxidation increased with a decrease in the
Cu content: 1.0Cu:2.0Mn (0.076 mmol(O,)g's?) > 1.2Cu:1.8Mn (0.072 mmol(Oy)g's?) >
1.4Cu:1.6Mn (0.049 mmol(O2)g's™) > 1.5Cu:1.50Mn (0.023 mmol(O,)g's™') < 1.6Cu:1.4Mn (0.012
mmol(O2)g's™).

Kinetic parameters were not calculated from the results of the TGA experiments owing to significant
external mass transfer effects. The fluidised bed reactor (chapter 7) was used for measurements of

the rates of reactions.
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6.7 Possible reaction pathways of the redox reactions

To elucidate the reaction mechanism, partially reacted samples were analysed by XRD. A fully
reduced sample was oxidised under 10 vol% O, + N», when reaching the desired conversion, which
was calculated from the TGA reading of the actual sample mass, the reaction was slowed down by
setting the po, = po,,eq and the sample was rapidly cooled, with an initial cooling rate of -200 °C
min™!. During the cooling, the pg , Was constantly adjusted to correspond to the pg, ¢q at a given

temperature, which were calculated using eq.(6-30). The results for the experiments with 1Cu-1Mn-

CP are shown in Fig. 6-27, below.

(a) fully reduced, X = 0.0™

® Cuy sMny 5Oy
s CuMnO,

(b) partially oxidised, X:E.ﬂf . o Cu; sMny 50,
n CUMnO;,
S
£
> (c) partially oxidised, X=0.6 e Cu; sMn; 50,
.4? m CuMnO,
0
c
[
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(d) fully oxidised, X= 1.0 o ® Cu, sMn, 50,

v CuO
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Bragg angle, 20 (deg.)

Fig. 6-27 XRD patterns of the 1Cu-1Mn-CP samples after redox-cycling in the TGA at 850 °C with
various conversion of the oxidation reaction: (a) fully reduced (X = 0), (b) partially oxidised (X =
0.4), (c) partially oxidised (X = 0.6), and (d) fully oxidised (X = 1).

In the fully reduced sample (Fig. 6-27a) the only peaks that were identified belong to crednerite
(CuMnO,, JCPDS 04-017-1231). During the oxidation (Fig. 6-27b—c¢ —d), the two main phases
that were identified belong to CuMnO, (JCPDS 01-071-1143) and Cu;sMn;sO4 (JCPDS 01-070-
0262). The absence of significant amounts of the single metal oxides suggests that CuMnQO: reacts
directly to Cu,Mns.«O4, without the formation of single metal oxide intermediates. However,
HighScore did identify some minor amounts of a defected perovskite like compound with structure
Cu;Mn,Os (JCPDS 00-010-0364). The absence of single metal oxides during the reaction suggests
that phase separation is thermodynamically not favourable. Formation of single metal oxides during
the reaction could have resulted in the undesired migration of one metal species relative to the other

via solid state diffusion.
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6.8 The performance of the oxygen carrier over 100 redox-cycles

The long-term cycling performance of the oxygen carriers was tested over 100 redox-cycles in the
TGA. The reduction of the oxygen carriers was carried out (i) by O, partial pressure swing (e.g.
relevant for packed-bed reactors) and (ii) by temperature swing. The aim of this study is to assess if
the reaction rates and O» capacities are stable over 100 cycles, and to identify differences in the kind
and rate of oxygen carrier deterioration due to the chemical stresses in the TGA. The observed rate
of reaction (which includes external mass transfer effects and intra-particle diffusion effects) was
determined by calculating the observed rate of reaction between each recorded weight measurement
by,

dm 1

)/ (mol(0)g™'s™) =3 g (6:37)

where m is the mass of the sample at time t, m,y is the mass of the fully oxidised sample, and Mg,
is the relative molecular mass of O,. The sampling rate was 0.2 s!, and the maximum observed rate
was calculated from the three highest values of r'(t) and corrected by the method presented in

Appendix A.7. The oxygen capacities, Ry exp, Were calculated using the method that was presented

in section 6.4 (c.f. €q.(6-23)), using the average mass of the sample in the last 30 s of the oxidation

period and of the reducing period, respectively. The calculated values for Ry ey, are reported without

any smoothing.

In the following sections the results of experiments with redox-cycling by O, partial pressure swing

(section 6.8.1) and temperature swing (section 6.8.2) are presented.
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6.8.1 Cycling of the oxygen carriers by O partial pressure swing

The result of the TGA long-term experiments for the redox-cycling by pg, swing with oxidation

under 10 vol% O, + N, and decomposition under N, at 850 °C are shown in Fig. 6-28, below.
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Fig. 6-28 The (a, ¢, e) maximum observed rate of O; release and (b, d, f) O: storage capacity over
100 cycles of 2 mg 150-210 um (a, b) 1Cu-I1Mn-CP(3:0), (c, d) 40-CuMn/Zr-MM, and (e, f) 40-
CuMn/Ti-MM measured in the TGA at 850 °C. The gas during the oxidation and O; release was 10
vol% O> + N> and pure N>, respectively, and the total gas flow rate was 200 ml.min™ at SATP.
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Fig. 6-28a shows that the observed maximum rate of O; release of 1Cu-1Mn-CP decreased over the
first 15 cycles by 24% (from 0.088 to 0.067 mmol(O,)g's™). Then, over the cycles 15 to 100 the rate
decreased by 5% (from 0.067 to 0.064 mmol(O»)g's™!), which was determined from the slope of a
linear best fit over this cycle number range. XRD analysis in the previous section (Fig. 6-13) had
revealed that the Cu; sMn; 504 initially present in the (oxidised) fresh oxygen carriers is converted to

CuMn,04 and CuO over the few redox-cycles, which presumably is the reason for the initial decrease

in the O release rate. The Ry exp Of the sample was stable at 4.99 wt% over the 100 redox-cycles
(Fig. 6-28b).

Fig. 6-29 SEM of a redox-cycled 1Cu-1Mn-CP(3:0) oxygen carrier (a) particle and (b) the particle
surface recovered after 100 po> swing cycles in the TGA. The oxygen carriers are from a size range
of 150-210 um and 1 mg of sample was used. The gas used at a flow rate of 200 ml-min”" at SATP is
10 vol% O and 0 vol% O: balanced with N: for oxidation and reduction, respectively.

Fig. 6-28c shows that the O, release rate of the ZrO, supported oxygen carriers decreased over the
first 70 cycles by 29% (from 0.029 to 0.021 mmol(O,)g's™") before being stable. The O, release
capacity (Fig. 6-28d) showed a similar behaviour. It decreased by 32% (from 4.7 to 3.2 wt%) over
the first 61 cycles, and then remained almost stable (-0.2 wt%) over the cycles 61 to 100. To elucidate
the reason for the reduction in the maximum observed O release rate, the cycled oxygen carriers

were analysed by SEM and the results are shown in Fig. 6-30, below.
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Fig. 6-30 SEM of a redox-cycled 40-CuMn/Zr-MM oxygen carrier (a) particle and (b) the particle
surface recovered after 100 po> swing cycles in the TGA. The atom percentages in (b) were
determined by EDS. The smaller and the larger black circles indicate the centre and the
circumference of the area of the area measured by EDS. The oxygen carriers are from a size range
of 150-210 um and 1 mg of sample was used. The gas used at a flow rate of 200 ml-min” at SATP is
10 vol% O and 0 vol% O: balanced with N for oxidation and reduction, respectively.

Fig. 6-30a shows a ZrO,-supported oxygen carrier particle recovered after 100 po, swing cycles in
the TGA, which appears to have densified in the presence of ZrO, (this theory is later studied in
detail during FBR experiments and confirmed, c.f- section 7.3.2). Furthermore, large CMO grains
can be seen in Fig. 6-30b. The longest visible length of the CMO grain in Fig. 6-30b on which the
EDS spectra S2 points measures 7.61 pm. The mean diameter of the CMO grains in the fresh
mechanically mixed oxygen carrier is 1.35 um and the log-normal distribution of the grain size
suggests that 98% of the grains have a diameter below 3.08 um. This indicates that CMO grain
growth occurred over the 100 redox-cycles of the experiment. The decrease in rate with increasing
cycle number was attributed to this growth of the CMO grains. A larger grain size requires the ions
to migrate a longer average distance by solid-state diffusion through the lattice to reach before they
desorb at the solid-gas interface of the CMO grain. Since the intrinsic rate of reaction (i.e. a series of
chemical reaction rate, diffusion through the lattice and diffusion across grain boundaries) is
affecting the overall rate of reaction (c.f. section 6.3), a slower intrinsic rate owing to coalescence of

the CMO grains results in a lower observed rate.

The O, release rate of 40-CuMn/Ti-MM oxygen carriers in Fig. 6-28e increased over the first five
redox-cycles, which was attributed to activation processes. A second-order polynomial fit through
the experimental points of cycle 6 to cycles 100 showed that over this range the maximum observed
O; release rate decreased by 77% (from 0.031 to 0.007 mmol(O2)g's™). Over the same range, the O,
release capacity decreased by 26% (from 6.8 wt% to 5.0 wt%; Fig. 6-28f). The cycled sample was
analysed by SEM-EDS, as illustrated in Fig. 6-31, below.
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Fig. 6-31 SEM with values for atom fractions quantified by EDXS of 60 wt% TiO/1Cu-1Mn-MM
after 100 redox-cycles in the TGA. White cross and the dashed circle indicate the centre and the
circumference of the area on which the X-ray detector is focused. The values in the black-transparent
boxes indicate the respective atom percent. The oxygen carriers are from the size range 150-210 um
and 1 mg of sample was used. The gas used at a flow rate of 200 ml.min™ at SATP is 10 vol% O> and
0vol% O: balanced with N for oxidation and reduction, respectively.

The cycled TiO2-supported oxygen carrier particle shown in Fig. 6-31a does not appear as densified
as the ZrO»-supported cycled particle (Fig. 6-30a). The large reduction in the O, release rate and O,
release capacity due to structural changes (e.g. a loss of pores due to sintering) is therefore unlikely.
The atom percentages in Fig. 6-31b indicate that the grains on the surface of the particle contain
predominantly TiO;. This in turn indicates that the TiO, migrated outwards relative to the copper
manganese oxide. Generally, the formation of a core-shell with harder supporting material being in
the shell might be desirable, since this might further reduce the rate of attrition and the agglomeration
tendency. However, it seems that this separation between active phase and supporting material and
possibly a phase change inside the particle have cause a significant deactivation (e.g. due to the
formation of parasitic phases). The sample mass was too low for the determination of the phases by
XRD. When repeating the experiment in the FBR and studying the phases of the recovered particles
by XRD it was found that most Mn had formed TiMnO:s.
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6.8.2 Cycling of the oxygen carrier by temperature swing

Temperature swing experiments were carried out to assess the cycling-behaviour of the oxygen
carriers at conditions that better approximate the operation in the CLAS process. The oxygen carriers
were oxidised at 800 °C in 10 vol% O, balanced with N». The temperature was then rapidly increased
to 950 °C and O; release occurred in 10 vol% O, balanced with CO,. The maximum rate of
temperature change between the periods was 200 °C min!. The results of the temperature swing

experiments are shown in Fig. 6-32, below.
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Fig. 6-32 Results of the T swing experiments in the TGA using 150-212 um 1Cu-1Mn-CP oxygen
carriers with oxidation at 800 °C in 10 vol% O: balanced with N> and decomposition at 950 °C in
10vol% O balanced with CO;: (a) a plot of the relative mass (black lines) and the temperature (grey
lines) measured during an experiment with 40 mg of the oxygen carriers for the determination of the
Ro,exp, and (b-d) results of the long-term cycling experiments using 4 mg of the oxygen carriers; (b)
is a plot of the O; release reaction rate over 100 cycles, (c) shows the O; release rate over the
conversion during the first cycles of the long-term-cycling experiment and (d) shows averages of the
O; release rate for cycles 11 to 100. The grey-lines in (c) and (d) show the temperature inside the
TGA furnace average for the cycles 1-10 and 11-100, respectively. The gas flow rate was kept
constant at 170 ml min™ at SATP and the dT/dt during the temperature jumps was 200 °C min™

Fig. 6-32a shows that stable redox-cycling by T swing is possible, and that a O,+CO, mixture with
10 vol% O» can be produced at these conditions. Fig. 6-32b shows that over the first 10 cycles the
maximum O release rate decreased by 62% (from 0.08 mol(O2) g s to 0.03 mol(O,) g s'), and
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then increased steadily to reach its initial value (0.08 mol(O) g s™) around cycle 100. Fig. 6-32 ¢
and Fig. 6-32 d show the reaction rate profiles during the long-term cycling experiments. The
conversion range remains stable over the course of the experiment. The decreases and subsequent
recovery of the maximum O, release rate is most likely due to changes in the structure of the oxygen
carrier (e.g. the blocking of micro-pores during the first 10 cycles and subsequent re-opening). To

test this hypothesis, fresh and cycled samples were analysed by SEM, as shown in Fig. 6-33, below.

Fig. 6-33 Scanning electron micrographs of fresh and cycled 1Cu-IMn-CP(2:1)-pH7.2 oxygen
carriers. The micrographs (a, b) show the fresh sample, (c, d) the sample after 10 T-swing cycles,
and (e, f) the sample after 100 T-swing cycles, (a, ¢, e) 300 x, and (b, d, f) 10 000 x magnified. The
temperature swing was carried out in the TGA between 850 °C and 950°C using 10vol% O balanced
with N> during the oxidation and CO; during the decomposition. The gas flow rate was kept constant
at 200 ml.min" at SATP.

Fewer pores on the surface of the sample can be seen after 10 cycles (Fig. 6-33¢ and d) compared to
the fresh sample (Fig. 6-33a and b), which might indicate that the rapid initial decrease in the
observed rate is a result of an increase in intra-particular diffusion resistance due to ‘clogging’ of the
pores. After 100 cycles (Fig. 6-33e and f) pores at the surface of the sample are visible, which co-
inside with the increase in the observed rate. The sample mass was insufficient to demonstrate the

absence of pores after 10 cycles by MIP. The experiments have therefore been repeated with a larger

sample mass. Though direct comparison is not possible, since contribution of external mass transfer
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is significantly larger, MIP analysis of the sample recovered after 10 7 swing cycles confirmed the
absence of micro-pores (no pores with dpore < 4 um were measured). Contrarily, the smallest pore
size measured by MIP in the samples after 10 pg, swing cycles was 0.4 um, as detailed in the next
section. Besides the ability to study the differences in the changes in pore morphology over 100
cycles by T'swing and pg, swing, the experiments with a larger sample mass were also conducted to

recover sufficient material for crushing strength tests.

6.8.3 Change of crushing strength over 100 redox-cycles

Understanding the relationship between the change of mechanical properties over extended redox-
cycling and the redox-cycling mode (7 swing or pg, swing) allows the estimation of the effect of the
redox-cycling mode on the average oxygen carrier lifetime (and thus the resulting changes in cost
due to the renewal of oxygen carriers), which in turn can be a further consideration for the process
design. For this reason, oxygen carriers from the same batch (1Cu-1M-CP(2:1) pH 7.0) were cycled
by po, swing (e.g. rather relevant for O, production in a packed bed reactor) and by 7 swing (e.g.
relevant for conventional dual fluidising bed reactor set-up). Oxygen carriers with a relatively high
crushing strength (10.0 = 0.8 N) were chosen so that the reduction in crushing strength becomes more
apparent. Experiments were carried out over 10 and 100 redox-cycles, and the crushing strength of

the fresh and cycled oxygen carriers was measured. The results are shown in Fig. 6-34, below.
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Fig. 6-34 The results of the crushing strength measurement of 1Cu-1Mn-CP(2:1)-pH7.2 cycled by
different chemical looping modes in the TGA. The temperature swing was carried out between 850
°C and 950°C using 10 vol% O: balanced with N, during the oxidation and CO; during the
decomposition. The O; partial pressure swing was carried out at 850 °C using 10 vol% O; + N

during the oxidation and pure N> during the decomposition. The gas flow rate was kept constant at
200 ml.min" at SATP.
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Fig. 6-34 shows that the crushing strength of the sample cycled by the two different modes decreases
steadily with an increase in cycle number. After 10 cycles the sample cycled by T swing has a slightly
lower crushing strength (6.9 + 0.7 N) than the sample cycled by pg, swing (7.9 + 1.8 N). However,
the difference is smaller than the uncertainty (c.f. error bars in Fig. 6-34). After 100 cycles the sample
cycled by 7' swing was found to have a slightly higher crushing strength (5.4 + 0.2 N) than the sample
cycled by po, swing (4.9 £ 0.1 N), though the difference is only slightly larger than the uncertainty.
This suggests that the rate of the decrease of crushing strength beyond cycle 10 is slightly slower
when cycling the sample by T swing instead of po, swing. Mercury intrusion porosimetry (MIP) was

carried out to elucidate the reason for decrease in crushing strength. The results are plotted in Fig. 6-
35, below.
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Fig. 6-35 Plots of the differential intrusion (DI) against pore size of 1Cu-IM-CP(2:1) oxygen
carriers measured by MIP of (a) the fresh sample and the samples cycled by temperature swing, and
(b) the fresh sample and the samples cycles by po>-swing.

Only pores larger than 4.9 um with DI > 0.01 pl g um™ were identified in the fresh sample (black
markers in Fig. 6-35a and b). After 10 cycles, the differential intrusion over most of this pore size
range (5 pm — 40 pm) had increased during the 7 swing and po, swing experiments (dark grey
markers in Fig. 6-35a and b). However, in the sample cycled by po, swing, pores in the range
between 0.3 pm and 0.5 um were additionally detected after 10 cycles (dark grey markers in Fig. 6-
35a). After 100 po, swing cycles this bi-modal distribution of pores that was identified after 10
cycles had combined into a wide pore size distribution with DI > 1 ul g! um™ between 0.3 um and
22 um (light grey markers in Fig. 6-35a). Conversely, no pores with DI > 0.01 pl g pm™ smaller
than 1.1 pm were identified in the oxygen carriers recovered after 100 7-swing cycles (light grey
markers in Fig. 6-35b). The wider pore size range of the sample after 100 cycles by po, swing
(compared to the pore size range of the sample after 100 cycles by 7' swing) might result in a reduction

in oxygen carrier lifetime. From He-pycnometry and MIP data, the change of the specific particle
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volume (normalised inverse of the envelope density) was calculated and is plotted against cycle

number in Fig. 6-36, below.
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Fig. 6-36 Plots of the particle volume against cycle number calculated as the normalised inverse of

the envelope density for the oxygen carriers cycled by temperature swing and po>-swing in the TGA.

Fig. 6-36 shows that over the course of the experiment the average swelling of the oxygen carriers
during po, swing was significantly faster (0.22 vol%/cycle) than during T swing (0.05 vol%/cycle).
It is likely that this swelling, which typically results in an increase in porosity, results in a decrease
in the resistance of mechanical stresses and results ultimately in either an excessive rate of attrition
or a particle fragmentation. This swelling and its relationship with the rate of attrition as well as the
particle’s lifetime will be studied in further detail during experiments in the fluidised bed (section

7.3).

6.9 Redox-cycling with CH4

The performance of selected oxygen carriers was tested with CH4 to obtain parameters that allow for
a direct comparison to the oxygen carriers cycled at CLAS conditions. The objective of this study
was to find out (i) if the redox-reactions are fully reversible (section 6.9.1), (ii) how fast the reduction
and oxidation reactions are — the results were used to estimate the minimum required solid inventory
by the method proposed by Garcia-Labiano'*® — and (iii) if the oxygen carriers (unsupported and
supported) withstand the chemical stresses of the reactions. Ultimately, these results were used to
benchmark the performance of the copper manganese oxygen carriers in the CLAS process against

the performance in the CH4-CLC process.

6.9.1 Reversibility of the redox-reactions with CHy

This section presents data from experiments that evaluate if stable redox-cycling of the oxygen

carriers with a reduction under CH4+Nj is possible. The reversibility of the redox-reactions with CHs4
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of the unsupported oxygen carriers was tested over 10 cycles in the TGA at 650 °C. The results are

illustrated in Fig. 6-37, below.
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Fig. 6-37 Plots of the normalised sample mass of (a) 1Cu-2Mn-MM and (b) 1Cu-1Mn-MM measured
during TGA experiments with alternating periods 5 vol% CHy + Nz and 10 vol% O:+N; at 650 °C.
The sample mass during the experiments was 2 mg and the gas flow rate was kept constant at 200

ml-min™" at SATP.

Fig. 6-37a and Fig. 6-37b show that the 1Cu-2Mn-MM and the 1Cu-1Mn-MM react reversibly with

an Ry exp 0f 15.6 wt% and 13.4 wt%, respectively. Owing to these results, it was decided to continue

testing of the unsupported oxygen carriers with CHs to assess their reactivity and long-term cycling

performance. Furthermore, the ZrO» and TiO, supported oxygen carriers were tested over 20 redox-

cycles with CHs. The higher cycle number was selected to be able to even observe slower

deactivation due to interactions between the active phase and the supporting material. The results of

the experiment are shown in Fig. 6-38, below.
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Fig. 6-38 Plots of the normalised sample mass of (a) 40-CuMn-Zr and (b) 40-CuMn-Ti measured
during TGA experiments with alternating periods 10 vol% CH4 + N> and 10 vol% O>+N; at 650 °C.
A higher sample mass of 40 mg was used to study the recovered samples by XRD, and the gas flow

rate during the experiment was kept constant at 200 ml-min™" at SATP.
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Fig. 6-38 shows that the ZrO; and the TiO supported samples react reversibly with CH4 and the
measured values of Rgexp were 6.26 wt% and 6.05wt%, respectively. After the end of the 20"
reduction period and 20™ oxidation period, the samples were quenched by cooling the furnace with
an initial rate of -200 °C min. After the cool-down, the samples were recovered, and their phases
analysed by XRD. The results of this characterisation together with the diffraction patterns of the

fresh oxygen carriers is shown for the ZrO» supported samples in Fig. 6-39, below.
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Fig. 6-39 XRD patterns of 40-CuMn/Zr-MM oxygen carriers, (a) freshly calcined, (b) recovered at
the end of the 20™ reduction period, and (c) recovered at the end of the 20" oxidation period. During
the redox-cycling in the TGA, periods with 10 vol% CHy + N> and 10 vol% O:+N: at 650 °C were
alternated and the gas flow rate during the experiment was kept constant at 200 ml-min™ at SATP.

In the oxidised sample recovered after 20 redox-cycles, the phases CuO (JCPDS 00-005-0661),
Cu;4Mn; 604 (JCPDS 00-035-1030), ZrO, (JCPDS 00-013-0307) and CuMn,O4 (JCPDS 00-034-
1322) were identified. Furthermore, some weak peaks matched CuZrOs (JCPDS 00-043-0953) well.
In the reduced sample recovered after 20 redox-cycles, the phases ZrO, (JCPDS 00-013-0307), Cu
(a-brass, 00-004-0836), MnO (JCPDS 00-001-1206) were identified.

The results of the XRD analysis of the fresh and redox-cycled TiO»-supported oxygen carriers is
shown in Fig. 6-40, below.
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Fig. 6-40 XRD patterns of 40-CuMn/Ti-MM oxygen carriers, (a) freshly calcined, (b) recovered at
the end of the 20™ reduction period, and (c) recovered at the end of the 20" oxidation period. During
the redox-cycling in the TGA, periods with 10 vol% CHy + Nz and 10 vol% O:+N: at 650 °C were
alternated and the gas flow rate during the experiment was kept constant at 200 ml-min™ at SATP.

XRD analysis identified Mn,O3 (JCPDS 00-041-1442), CusTizO (JCPDS 00-049-0665), TiO,
(JCPDS 00-034-0180) and minor amounts of Cu;sMn;sOs (JCPDS 01-070-0262) in the fresh
sample. This indicates that the presence of TiO; is inhibiting the formation of copper manganese
oxide. In the oxidised sample recovered after 20 redox-cycles, the phases TiO> (JCPDS 00-034-
0180), CuMn;04 (JCPDS 00-034-1400), CuO (JCPDS 00-048-1548), and CusTizO (00-049-0665)
were identified. No Mn oxides were identified. This shows that during the redox-cycling with CH4
copper manganese oxidised is formed. In the reduced sample recovered after 20 redox-cycles, the
phases MnTiO3; (JCPDS 00-012-0435), Cu (a-brass, 00-004-0836), TiO, (JCPDS 00-034-0180), and
Mn,TiO4 (JCPDS 00-016-0241). In all three samples, combined metal oxides containing Ti and Mn
or Cu were identified. This shows that TiO: is not inert, but forms combined phases with the active
phase. Furthermore, kinetic parameters (activation energy and pre-exponential factor) as well as the
reaction order of several oxygen carriers were calculated from TGA experiments to allow estimation
of the minimum solid inventory or process simulation of the CH4-CLC process. This in turn allows

direct of the performance of a CLAS process. The results are provided in Appendix A.10.

6.9.2 Long-term cycling tests with CHy4

As a third type of test, long-term cycling experiments in the TGA were performed to assess the
chemical stability of the oxygen carriers in the CH4-CLC process. In a typical experiment 2 mg of

the oxygen carriers in the size range 300-425 pm were redox-cycled 100 times at 700 °C with
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reduction in 10 vol% CH4 + N, and oxidation in 10 vol% O, + N,. The results of this assessment are

shown in Fig. 6-41, below.
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Fig. 6-41 The (a, c, e) rate of reduction and (b, d, f) O: storage capacity measured over 100 redox-
cycles at 700 °C in the TGA. The samples are (a, b) 1Cu-1Mn-CP(3:0), (c, d) 40-CuMn/Zr-MM, (e,
1) 40-CuMn/Ti-MM. The reduction and oxidation were carried out in 10 vol% CHy + N> and 10 vol%
O; + N, respectively. A sample mass of 2 mg, a particle size range of 300-425 um, and a total flow
rate of 200 ml.min™" at SATP were used.
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The cycled samples were analysed by SEM-EDS. The micrographs are shown in Fig. 6-42, below.

Fig. 6-42 SE micrographs with (a) x 200 and (b) x 10 000 magnification of 1Cu-1Mn-CP-CP(3:0)-
pH-8.3 after 100 redox-cycles in the TGA at 700 °C with reduction under 10 vol% CH; + N> and
oxidation under 10 vol% O + N.. The total gas flow rate was 200 ml.min”" at SATP.

Fig. 6-42a shows that the unsupported particle disintegrated during the redox-cycling with CHa4. The

micrograph with higher magnification (Fig. 6-42b) shows that a highly porous structure had formed.

Scanning electron micrographs of the ZrO; supported oxygen carriers, which were recovered after

100 redox-cycles are shown in Fig. 6-43, below.

Fig. 6-43 SE micrographs with (a) x 200 and (b) x 10 000 magnification of 40-CuMn/Zr-MM after
100 redox-cycles in the TGA at 700 °C with reduction under 10 vol% CH4 + N and oxidation under
10 vol% O; + N-. The total gas flow rate was 200 ml.min”" at SATP.

Fig. 6-43 shows that the oxygen carriers maintained their integrity over 100 cycles. Scanning electron
micrographs of the TiO supported oxygen carriers, which were recovered after 100 redox-cycles are

shown in Fig. 6-44, below.
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Fig. 6-44 SEM with atom fractions quantified by EDS of 60 wt% TiO/1 Cu-1Mn-MM after 100 redox-
cycles in the TGA with CHy for the reduction. White cross and the dashed circle indicate the centre
and the circumference of the area on which the X-ray detector is focused. The oxygen carriers have

a size range of 150-210 um, and a sample mass of 1 mg was used. The gas used at a flow rate of 200
ml.min™ at SATP is 10 vol% O and 10 vol% CH, balanced with N> for oxidation and reduction,
respectively.

The scanning electron micrograph of the surface of the TiO» supported oxygen carrier after 100
redox-cycles (Fig. 6-44) shows a mixture of smaller slab-like grains (brighter) and larger slab-like
grains (darker). To elucidate the difference between those two different types of grains, elemental
surface analysis by EDS was carried out at four points (Fig. 6-44b)—two in areas with predominantly
brighter grains and two in areas with darker grains.

The fact that significant amounts of each metal is found at the surface confirms that redox-cycling
with a reduction by CH4 does not result in a separation between the active material and the inert
support, in contrast to inert cycling, where predominantly Ti species were found at the surface.

The two spectra S1 and S4 that are targeted at an area with predominantly brighter grains have the
average composition 54 at% Ti, 30 at% Mn, 16 at% Cu, which is almost identical to the average
composition of the spectra S2 and S3 that are targeted at the darker grains, which have the average
composition 55 at% Ti, 28 at% Mn, 17 at% Cu.

Combining the findings from XRD, SEM and EDS analysis a mechanism is suggested that inhibits

the separation of the active material and the supporting phase that is illustrated in Fig. 6-45, below.

CuMn,0, + TiO,
MnO -TiO,

1.250
1.250, Cu + TiMnO, 2

Fig. 6-45 A diagram of the suggested mechanism for the stabilisation of the active and supporting

phases by chemical reaction between the phases.
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The unsupported oxygen carriers disintegrated over 100 cycles, while the ZrO» and TiO; supported
oxygen carriers maintained the shapes of particles. Although the O, release rate and O; release
capacity over 100 redox-cycles with a reduction under CH4+N> for the unsupported as well as the
ZrO»- and TiO,-supported oxygen carriers is stable (Fig. 6-41), the SE micrographs of the cycled
oxygen carriers (Fig. 6-42, Fig. 6-43, Fig. 6-44) showed that the degree of deterioration was very
different. The unsupported oxygen carriers had disintegrated, while the supported oxygen carriers
maintained their shape. To demonstrate the effect of the different magnitudes of thermal and
chemical stresses during the different cycling modes on the particle morphology and the resulting
differences in the degree of deterioration, micrographs of the redox-cycled unsupported oxygen
carriers (1Cu-1Mn-CP) recovered after 100 redox-cycles from the TGA are compared in Fig. 6-46,

below.

Fig. 6-46 SEM with (a, c, e) low and (b, d, f) high magnification of a 1Cu-1Mn-CP oxygen carrier
particle recovered after 100 redox-cycles (a, b) by T swing, (c, d) by po> swing and (e, f) with a
reduction by CH,.

Furthermore, the characterisation of the long-term cycled samples indicated that the unsupported and
supported samples evolve differently during redox-cycling with and without CHas, as illustrated in

Table 6-6, below.
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Table 6-6 Scanning electron micrographs and diagrams of the suggested growth modes for
unsupported and supported copper manganese oxide oxygen carriers cycled by po»-swing and by
reduction with CH,.

supporting cycling by po, swing redox-cycling with CH4
material micrograph diagram micrograph diagram
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The sample mass of the TGA experiments was insufficient to analyse the pore structure by MIP, He
porosimetry or N, adsorption to further support the theories for the particle evolutions shown in
Table 6-6. Therefore, some redox-cycling experiments were repeated in the fluidised bed (with a
larger sample mass), and in fact, an increase of the specific particle volume was measured for the
unsupported and TiO>-supported oxygen carriers after long-term cycling by po, in the fluidised bed,
while the specific volume of the ZrO,-supprted oxygen carriers decreased. The results of the fluidised

bed reactor experiments are reported in full detail in the following chapter.
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6.10 Concluding remarks

In this chapter, the TGA set-up, the calibration and validation of the flow rates of the gas supply
system, and the experiments that were conducted to determine the response time of the TGA system
are described. Then a model was presented, which has been developed to calculate the external mass
transfer during the O, release inside the TGA. The model was validated with data from the literature
and showed very good agreement. Another model was developed to estimate the effective intra-
particle diffusion. This model was used to determine an apparent tortuosity factor. This factor was
found to have a value of 7 = 2.21 and was used in the reaction rate models of this thesis. The
reversibility of the redox-reactions and the oxygen release capacity, R exp, Was determined for pg,
and T swing experiments. It was demonstrated that the substitution of O,+N, with O,+CO, affects
neither the redox-behaviour nor the Rgeyp. However, the precence of Oz during the O release
resulted in a significant reduction in Ry ey, which was attributed to the occurrence of phases with
higher oxidation states compared to the samples decomposed in the absence of O,. Balanced
equations for the redox-reactions of the pg, and T swing experiments were developed and presented.
Furthermore, the O equilibria were determined by a series of TGA experiments and expressed as an
Antoine type correlation. The equilibrium data was then used to calculate the enthalpy of the O,

release, which is essential for the CLAS process design, and an equation to correlate the pg, eq Of

the oxygen carriers of this work was presented. This correlation was used to calculate the enthalpy
of the O, release reaction of the oxygen carriers. During the TGA experiments for the determination
of o, eq» the observed rate of O, release was predominantly mass transfer controlled. This indicates
the problems in calculating the intrinsic rate of reactions of the CLAS process (rate of O, uncoupling
and oxidation) from TGA experiments, which was the reason that in this thesis kinetic parameters
were only calculated from fluidised bed reactor experiments. Furthermore, partially reacted
(quenched) oxygen carriers were studied by XRD to elucidate the reaction pathways. The absence of
single metal oxides suggests that these do not form as intermediates. Moreover, experiments with
CH4 were carried out to test the reversibility of the redox-reactions, the interactions between the
active phase and the support material, the rate of reactions and the long-term cycling performance.
All samples reacted reversibly with CHs and the rate of reduction was in the order: 40-CuMn/Zr-
MM > 1Cu-1Mn-CP > 1Cu-1Mn-MM > 40-CuMn/Ti-MM, indicating that ZrO, and TiO; enhances
and inhibits the rate of reduction. The inhibition of the reaction rate was attributed to the formation
of TiMnQOs3 during the reduction. In contrast to the CLAS experiments, the O, capacities during redox-
cycling with CHy. Furthermore, it was found that the different magnitudes of thermal and chemical
stresses during the different cycling modes has a significant impact on the morphology of the sample

and result in different degrees of deterioration.
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The sample mass during most TGA experiments was too low for MIP, He porosimetry and N>
adsorption analysis to support some of the observations made from the SE micrographs. Thus, some
redox-cycling experiments were repeated in the fluidised bed, and the observation from the TGA
experiments regarding the swelling and the shrinking of the oxygen carriers during pg, when being
unsupported or TiO»-supported and ZrO»-supported, respectively, were confirmed by calculating the
change in the specific volume from MIP data. The results of the fluidised bed reactor experiments

are reported in full detail in the following chapter.
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Chapter 7

Redox-cycling of the
oxygen carriers in the

fluidised bed

In this chapter, the modification of a fluidised bed reactor is described and the results of the FBR
experiments are reported to fulfil the objectives described in section 1.1, which are (i) to measure the
rates of reactions, and (ii) to determine the long-term cycling performance of the oxygen carriers of

this research project.
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A 1.5 kW, bench-top fluidised bed reactor (FBR) was used for the experiments of this chapter. The

reactor is illustrated in Fig. 7-1, below.
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Fig. 7-1 Flow sheet of the modified fluidised bed for redox-cycling at CLAS conditions.

The fluidised bed reactor shown in Fig. 7-1 has no distributor (typically a porous sintered disk at the
bottom of the liner). The gas enters the reactor instead through a single orifice at the bottom of the
reactor vessel. This results in the formation of an “open cylindrical cavity that penetrates to the bed

surface”,??!

which is referred to as the spout. Therefore, this type of fluidised bed reactor is also
called a spouting bed reactor. A spouted bed has typically a lower pressure drop than a fluidised
bed.?! Furthermore, in a spouted bed reactor the contacting between the gas and the solids over a
wide condition range is superior compared to a fluidised bed reactor with a distrubutor.?*! The
following section describes the modification of a fluidised bed reactor (to reach the status shown in

Fig. 7-1) as well as the principles of reactor operation.

7.1  Modification and operation of the fluidised bed reactor

This section starts by outlining the modifications to the fluidised bed reactor that have been done to
allow for automated redox-cycling (section 7.1.1). Then, the deconvolution of the gas sampling
system and the calculation of the observed rate of reaction from the measured O, volume fraction is
detailed (section 7.1.2). The minimum fluidisation velocity was calculated for the determination of
the feasible gas flow rate range (section 7.1.3). Finally, a heat balance around a reacting particle in

the fluidised bed has been done to determine if temperature gradients inside the particle exists and to
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estimate the difference between the mean particle temperature and the bed temperature during the

reaction (section 7.1.4).

7.1.1 Modification of a fluidised bed reactor

The reactor that is used for the experiments of this chapter (illustrated in Fig. 7-1) was previously
used to evaluate the performance of sorbents for enhanced reforming in batch mode.?2?* To allow
continuous redox-cycling of the oxygen carriers at the relevant conditions the following

modifications had to be made:

(1) The gas supply system was previously used for steady-state operation (batch mode) and therefore
consisted of manual valves and rotameters. It was automated to allow redox-cycling by replacing the
rotameter with four mass flow controllers (MFCs) as well as two solenoid valves. The calibration of

the MFC is detailed in Appendix A.11.

The solenoid valves were used for rapid gas switching, since the MFCs were found to have a definite
ramp-up time before they reach the set value. This gradual increase in flow rate could impact the
reaction rate measurements. Therefore, the MFC that controlled the gas of the next redox-phase were
set to the target rate a few seconds before the end of a redox-phase. This allowed the MFC to reach
the new target rate, while the gas was vented through the flare stack. At the end of the redox-phase
the two solenoid valves were switched to vent the gas that was flowing into the reactor, and to route

the gas of the new redox-phase — which was routed to the flare stack — into the reactor.

(i1) A new Agilent VEE code was written, which enables an automated sequence with predefined gas
compositions and redox-phase duration for the oxidation and decomposition phase. The new code
allowed to either set a total inlet gas flow rate or a value for the ratio of the gas velocity to the
minimum fluidisation velocity at reactor temperature, u/uy,s. To code automatically calculates the
minimum fluidisation velocity from the envelope density, pp,, the mean particle diameter, cip, the
specified gas composition (using density and viscosity correlations based on RefProp (NIST)?* data),
and the measured bed temperature (or wall temperature, if the bed thermocouple is disconnected, e.g.
during the loading of the oxygen carriers). This automated gas flow rate mode was used during most
fluidised bed reactor experiments. It reduced the probability of selecting an improper flow rate and

simplified the operation during heating and cooling.

(ii1) The piping at the bottom of the reactor vessel (where the gases enter) was changed to have an
opening directly below the centre of the reactor liner. This allowed to unload the bed particles by
“dropping the bed” during the cool-down phase after experiments. This enabled repeated unloading

and re-loading of the bed particles during long-term cycling tests.
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(iv) A U-shaped 's-inch tubing was installed downstream of the reactor vessel. It was packed with
glass wool and functioned as a trap to collect elutriated particles for characterisation by SEM, EDS

and XRD. The U-shape simplified the de-installation and re-installation of the elutriates trap.

(iv) A smaller CaCl,-vapour trap was built for operation without steam. The reduction in size resulted
in a reduction in gas mixing inside the trap. This is demonstrated in the following section about the
de-convolution of the gas sampling measurements. The new vapour trap consists of a */s-inch tubing
with cross-overs to Y4-inch tubing on both ends. The calculated internal volume of the unpacked and
packed vapour trap is ~5.7 cm® and ~2.2 cm?, respectively. The trap was packed with dry CaCl,
granules and a sheet of fine steel wire mesh was placed inside the larger side of each cross-over to

prevent granules (or their fragments) leaving the device.

After completion of the modifications and calibration of the MFCs, a method for the deconvolution
of the gas sampling system was applied and the model for the calculation of the observed rates from

the deconvoluted O, molar fractions was developed, as described in the following section.

7.1.2 Deconvolution and calculation of the observed rates

The gas sampling system was deconvoluted following the method proposed by Fennell ef al.,**

which was subsequently used elsewhere in the literature.??>%*> The path of the gas from the fluidised
bed to the gas analyser is finite, which results in a time difference between C;, the concentration
inside the fluidised bed of species i, and C; ,,, the measured concentration of i. This time difference
is the dead time, t4. Additionally, gas mixing along the path occurs, and the sensitive elements of the
gas analyser have an intrinsic response time.?**2** Those phenomena can be modelled by a dead time
followed by two well-stirred tanks with the residence times 7,z and 7, g to account for the gas
mixing along the path from the reactor to the gas analyser, and for the response time of the gas

analyser, respectively.?*®> This model is illustrated in Fig. 7-2, below.

Ci t C; t-t ij t-t
—v() dead time, t4 i C,-C‘,,?CDr — (et

Fig. 7-2 Schematic diagram of the mathematical model that is used for the deconvolution of gas
measurements during fluidised bed reactor experiments. The figure is adapted from Tighe.*®
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The model shown in Fig. 7-2 can be expressed by,

d(Cim) (7-1)
dt

Ci(t—tg) =Cipp + Ty
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Eq.(7-1) can also be expressed in terms of molar fractions as,

d(Yo,m) (7-2)

Yo, —tq) =Yo,m + Tr at

The measured molar fraction of O, Yo, m, consisted of the signal and the noise. The latter was
assumed to be random. Since deconvolution is typically amplifying the noise, the noise in yg, m, was
reduced prior to the deconvolution by, firstly, averaging the yo, m(t) of three cycles (either inert or

with the sample) and, secondly, by applying the filter developed by Savitzky and Golay**. The
method is detailed in Appendix A.12.

To determine 7, in eq.(7-2) the gas going into the FBR was switched repeatedly from air to N». The
fluidised bed contained 40 g of inert bed material, was at a temperature of 850 °C, and the inlet gas
flow rate was 2.537 1 min! as SATP. The sampling flow rate into the gas analyser was choked to 300
ml min! (at SATP) using a needle valve. These conditions corresponded to operating conditions of
the fluidised bed during a typical experiment. At t = tq, with the dead time, tq, = 15.94 s, the
measured molar fraction of O, started to decrease. This decrease in yo, was compared to a step-
function, in which rapid gas switching from y,, = 0.1 to ¥, = 0 was assumed. Then, the square
error between the deconvoluted O, fraction in eq.(7-2) and the step-function was minimised by

varying 7,. The measured and the deconvoluted signal are shown in Fig. 7-3, below.

0.12

dead time _

- measured

deconvoluted

0.00 T r ; ¥

0 10 20 30 40 50 60
t/s

Fig. 7-3 A plot of the measured and the deconvoluted molar fraction of O, upon gas switching from
air to N in the fluidised bed containing 40 g of sand at 850 °C.

This procedure yielded a value of 7. = 4.55 s for the optimised fluidised bed reactor system, in which
the volume of the vapour trap and the tubing downstream of the reactor vessel was reduced to

minimise gas mixing.
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The observed rate of reaction (oxidation and O, release) per unit of oxygen carrier mass, r’, was

calculated from the deconvoluted O, molar fractions from inert cycles, Yo, inert, and cycles with the

sample, Yo0,,sample» by,

d_m — [mOI(OZ) _ Yoyinert ~ Y0, sample fjg,out (7-3)
dt goc 'S dt Msample * Vi

In a typical experiment, the data of the first two redox-cycles with the sample were ignored and
Y0,,sample Was calculated from the averaged measured O, molar fractions of cycle 3 to cycle 5. In
€q.(7-3), Msample [g] is mass of oxygen carriers loaded into the reactor and vy, is the molar volume
at SATP. For v, a value of 24.790 I'mol! was assumed, which was calculated using the ideal gas
law. The deconvoluted volumetric flow rate of gas at SATP leaving the reactor, Vgasout, Was

calculated from the inlet flow rate and the deconvoluted molar fraction of O3 by,!%

Dgin (7-4)

v =_ &1
gout )
1-yo,

During a redox-experiment, Vg oy¢, differs slightly from vg;y,, as the production or consumption of

O: results in an increase and decrease of Vg oy, respectively. This is illustrated in Fig. 7-4, below.
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Fig. 7-4 A plot of the inlet flow rate and calculated outlet flow rate during the O; release of 1Cu-
2Mn-MM oxygen carrier at 850 °C in the fluidised bed reactor, using an inlet flow rate of 2.53 | min®
"at SATP.
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It is important to consider this subtle difference between Vg, and Vg oy during a reaction, as

otherwise Yo, inert and Yo, sample Would not be correctly aligned over time.
The conversion was calculated from the rate using eq.(7-3) by,

t
_ dm MOZ (1)

- E RO,th ’
to

where Mo, is the relative molecular mass of O2 (32 g mol™) and Ry, is the theoretical oxygen release
capacity. For R v, values of 4.49 w%, 5.35 wt% and 6.62 wt% were assumed for the oxygen carriers
with a molar ratio of 1Cu:2Mn, 1.2Cu:1.8Mn and 1Cu:1Mn, respectively. This was determined from

the balanced equations in section 6.3.

To determine a suitable flow rate for the experiments, the minimum fluidisation velocity was

calculated, as described in the next section.

7.1.3 Calculation of the minimum fluidisation velocity

For the calculation of the minimum fluidisation velocity, the density, pgqs, and viscosity, 744, 0f the
gas mixture have to be known.!** For the calculation of these properties correlations for O, + N and
0, + CO, mixtures were developed using data RefProp (NIST) — a software for the calculation of
thermodynamic and transport properties of fluid mixtures.?** These correlations are valid at 0.1 MPa,
for 500 °C < T< 1000 °C, and for the O, volume fraction range 0 — 30 vol%. The development of
the correlations and the calculation of the uncertainties of pg4¢ and 7445 are detailed in Appendix
A.8. The minimum fluidisation velocity, u,f, was calculated by,
Umnf = #gp_—lz:nf, (7-5)

where Repy is the Reynolds number at minimum fluidisation and dy, is the mean particle diameter,
which was assumed to equal the average of the minimum and the maximum nominal diameter of a

given size range. In eq.(7-5), Re,s, was correlated by,

Rems = +/(33.72 + 0.0408 Ar) — 33.7 (7-6)

In eq.(7-6), Ar is the Archimedes number, which was calculated by,

d3 . — .
Ar = p%@z%)g (7-7)
Hg
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where g is the standard gravity (= 9.8067 m s2). The density, p, in eq.(7-5) and eq.(7-7) was assumed
to equal the envelope density (determined by MIP and He porosimetry) for the calculation with
oxygen carriers, and to equal pg,,q for the calculation with the inert bed material. To determine the
density of the sand, pg.,q, the weight of a bed of closely packed 300-425 pm sand grains in a 25 ml
measuring cylinder was measured and used to calculate the density of the bed, ppeq. Assuming a bed

voidage, peq, of 0.38, the density of the sand was estimated by,

€ped = 1 — ) (7-8)

This method yielded a value of pganq = 2628 kg m™3. The equations for the calculation of the
minimum fluidisation velocity are a part of the FBR gPROMS model of this work. Using this model

relevant fluidisation variables were computed (as an example) and are presented in Table 7-1, below.

Table 7-1 Parameter and results of the mass transfer coefficient and the minimum fluidisation
velocity calculation from the gPROMS model of this work for selected conditions.

T Pg Hg Ar Reps Unng Vg Vg SATP
[°C]  [kgm®] [ms™"] [-] -] [ms™]  [min™'] [Imin!]
100 vol% CO::

800 0.500 0.867-10* 81.39 0.0492 0.0236 1.211 0.337

900 0.461  1.008-10* 55.30 0.0335 0.0203 1.044 0.265
1000 0422 1.155-10% 38.74 0.0234 0.0177 0911 0.213
10vol% O + CO;:

800 0.486 0.907-104 72.37 0.0438 0.0227 1.163 0.323

900 0.445  1.053-10* 49.17 0.0298 0.0195 1.002 0.255
1000 0.410 1.207-10% 34.45 0.0208 0.0170 0.874 0.205
100 vol% N-:

800 0.318 1.368-10% 20.84 0.0126 0.0150 0.769 0.214

900 0.291 1.584-104 14.24 0.0086 0.0129 0.664 0.169
1000 0.268  1.813-10* 10.01 0.0061 0.0113 0.580 0.136
10v0l% O + Na:

800 0.323  1.375-10* 21.67 0.0131 0.0151 0.777 0.216

900 0.296  1.593-10* 14.81 0.0090 0.0131 0.672 0.171
1000 0.272  1.823-10* 10.41 0.0063 0.0114 0.587 0.137

Footnote: the following parameter were used in addition to those shown above: djner = 0.034 mm, d, =
3.625-10% m, enr = 0.42, p, = 2628 kg m=. The table above only shows selected conditions. The model was re-
run for each experiment with the relevant conditions.

7.1.4 Heat transfer in the fluidised bed during a reaction

The change of the measured temperature in the fluidised bed was studied during the 3™ to 5 redox-
cycle of 1Cu-2Mn-MM for 10 vol% O + N» during the oxidation and N, and u/u,¢= 4. The bed

temperature fell during the O, release period by 1.3 °C below the temperature that was measured
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during the beginning of the period. During the oxidation period, the measured temperature increased

by up to 1.9 °C in comparison to the initial temperature. This is illustrated in Fig. 7-5, below.
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Fig. 7-5 Plots of the bed temperature (black line) and deconvoluted observed rate of reaction (black
line) against the time after the gas switching for (a) the O; release and (b) the oxidation of 1Cu-2Mn-

MM. The plotted values of the temperature and rate are the average values of cycle 3 to cycle 5.

In addition to the change in the bed temperature, the mean particle temperature might change
significantly during the redox-reactions. The maximum difference of the temperature between the
particle and the fluidised bed was calculated using correlations of the Nusselt number, the Biot
number and a heat balance of a single oxygen carrier particle similar to the method proposed by
Zhang.'"” The heat transfer coefficient of the gas was calculated using the equation for the Nusselt

number,

convective heat transfer h
Nu = - = ) (7-9)
conductive heat transfer  Ag/L

where h is the heat transfer coefficient, A5 is the thermal conductivity of the gas and L is a

characteristic length. Subsequently, the Biot number, Ng;, was calculated by,'**

heat transfer resistance inside the particle hg-d,

)

BU™ "heat transfer resistance in the gas film Ap (7-10)

where hg is the heat transfer coefficient of the gas and A, is the thermal conductivity of the particle.
The Biot number relates the heat transfer resistance inside the particle to the heat transfer resistance
of the gas phase and allows to assess whether the assumption can be made that during the reaction
the particle behaves isothermally. For Ng; << 1 the main resistance to the heat transfer lies in the gas
phase. During the O: release, the gas composition at the surface of the particle is assumed to be
No+02 or COx+0O, with an Cq, corresponding to Cp,eq. During the oxidation and under the

assumption that the FBR behaves as a CSTR, the gas composition at the surface of the particle is
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assumed to equal the composition of the gas leaving the reactor. Therefore, the heat balance around

a single particle can be written as,'%’

' AHE ppVpy = g Sp(Tp — Too) (7-11)

where the left-hand side accounts for the generation or consumption of heat owing to the exothermic
oxidation reaction or the endothermic O, release reaction, respectively, and the right-hand side
accounts for the transfer of heat between the particle and the gas bulk. In eq.(7-11), r’ (s™!) is the rate
of reaction, AHY is the enthalpy released during the reaction, V, and S, are the particle volume and
the external surface area (assuming spherical particles), respectively. In eq.(7-11), Tp and T,, are the
temperature of the particle and of the fluidised bed, respectively. The equation was written in terms

of the mean particle diameter, Jp, and then solved for T}, in eq.(7-12a) and eq.(7-12b), respectively.

, 1 -3 -2
r AH?ppgn dy =hgmd, (Tp —Tw) (7-12a)
r'AHY pyd,
Tp=—"F7""+T (7-12b)
6 hy

The parameters used for this calculation and the results are shown in Table 7-2, below.

Table 7-2 Results and parameter of the calculation for the maximum temperature difference between
the oxygen carrier particle and the fluidised bed.

Ty r'¢ Yo, Ag hg AT,
[°C] [mmol(O2)g's'] [-] [mW m' K] [Wm'K] [°C]
oxygen release in N.:
825 °C 0.020 0.018 68.93 377.7 -1.16
850 °C 0.021 0.027 70.15 384.4 -1.20
875 °C 0.039 0.040 71.39 391.2 -2.18
oxygen release in CO;:
825 °C 0.020 0.018 75.35 412.9 - 1.06
850 °C 0.021 0.027 76.92 421.5 -1.09
875 °C 0.039 0.040 78.49 430.1 -1.99
oxidation in 10 vol% O: + No:
825 °C 0.037 0.027 70.60 386.8 +2.10
850 °C 0.041 0.040 71.77 3933 +2.28
875 °C 0.046 0.058 72.95 399.7 +2.52

Footnotes: (a) these are the observed rates taken from experiments with Oz+N..

The results presented in Table 7-2 suggests that the temperature of the particle decreases during the
O; release under N, and CO; by up to 2.2 °C and 2.0 °C, respectively. The maximum increase in
temperature during the oxidation is 2.5 °C. This temperature difference together with the correction
for the variation in bed temperature (-1.3 °C during the O; release and +1.9 °C during the oxidation)

was considered during the calculation of the kinetic parameters.
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7.2 Development of a reaction rate model assuming a well-mixed
fluidised bed

In this section, the intrinsic kinetics are determined by fitting reaction rate models to the
(deconvoluted) observed rate of reaction, r’, under the assumption that the fluidised bed is well
mixed (i.e. no concentration gradients exist inside the reactor). This simplification allows to model
the fluidised bed reactor as a continuously stirred tank reactor (CSTR). In a CSTR, the deconvoluted
outlet concentration of O is assumed to be equal to the concentration of O, anywhere in the
reactor.'** All equations introduced below were combined into one gPROMS model, which was used

to compute the observed rate of reactions. The mass specific O, release rate, 7”(’)2: calculated by eq.(7-
3) was converted to the volumetric rate, 1., using the envelope density of the particle, py,,

, [mol] _To,

N sl 7-13
02 g.s pp ( )

In the absence of intra-particle diffusion, the observed volumetric rate of the O, release was assumed
to depend on the intrinsic reaction rate and the mass transfer through the gas film surrounding the
particle. It was assumed that the intrinsic rate depends on the concentration gradient between the O»
equilibrium concentration, Co, ¢q, and O, surface concentration, CSZ. This assumption is based on
the finding from section 6.5, in which results of experiments indicated that the reaction order of the
copper manganese oxygen carriers is ~ 1 with respect to (Co,eq — Co,). The rate of external mass
transfer was assumed to depend on C§, and the O» concentration in the gas bulk, C 82. These

concentration gradients in the particle and the surrounding gas film during the O; release reaction, in

Fig. 7-6, below.

q
gas film \

Cs

oxygen carrier \!
| -

Fig. 7-6 A drawing of the concentration gradients of O: in an oxygen carrier particle and its

surrounding gas film.
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Based on the above stated assumptions, the chemical reaction rate was modelled by,

mol
To, [m] = ks(COZ,eq - CSZ) fX, (7-14)

where k,[s™] is the intrinsic reaction rate constant per unit of volume and f(X) is a reaction rate

function. When accounting for intra-particle diffusion, eq.(7-14) becomes,
10, =1 ks(Copeq = C7) - f(X), (7-15)

where 7 is the effectiveness factor, which is calculated as detailed in section 6.3, using the following

set of equations: 44 224
3

n= E (¢ - coth(p) — 1), (7-16a)

ki
o= — 7-16b
Tp De, ( )
D £‘°(1+1)_1 (7-16¢)
=—— _— , - C

€ Tp DK DM

The Knudsen diffusion, Dk, and the molecular diffusion in eq.(7-16¢) were calculated by eq.(6-4)'”
and eq.(6-3)*%, respectively.

Assuming quasi-steady-state conditions to eliminate transient terms, the rate of O, production at the

surface of the oxygen carrier given by eq.(7-14) has to balance the diffusion of O, away from the
particle through the gas film, which is proportional to the concentration gradient of C(S)Z and C, 82. This

can be written as,
— S — b
To, = nks (COZ,eq - Coz)f(X) - kg(C(S)z - COZ) (7-17)
where kg is the mass transfer coefficient and kg[m - s~1] is the intrinsic rate constant per unit of
surface area, which in turn is related to the intrinsic rate constant per unit volume, k[ s~1], by:

1 4 3 1 Ty
b= Vg ke =37 ke =

I
|
=
<

(7-18)

where 1, S, and 7, are the volume, the external surface area (assuming spherical particles), and the

radius of an oxygen carrier particle, respectively. Therefore, eq.(7-17) can be expressed as,
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S 3k8 s b
o, = Nky(Co,eq — €3,)f(X) = ?(Coz - Co,) (7-19)

Re-arranging eq.(7-17) and solving for the surface concentration, CSZ, yields:?"?

kg f(X) K

S =————— > (( —cp cb -
COz nks -f(X) + kg( 03.eq 02) + 0, (7-20)

The calculation is detailed in Appendix A.9. When re-substituting the expression for €5, from

eq.(7-20) into eq.(7-14), the equation for the observed rate becomes:

1 1 -1
To, = < by T b )
kg(COZ,eq - COZ) nks(COZ,eq - Coz) f(X)

(7-21)

The calculation of the mass transfer coefficient, kg, in eq.(7-21) is detailed in the next section.

7.2.1 Estimation of the external mass transfer coefficient

The external mass transfer coefficient, kg, was estimated using the Sherwood number, Sh, by,***

(7-22)

m3 D
kg[ - ]=Sh-—M
m;-s dp

The Sherwood number was estimated using a correlation proposed by La Nauze and Jung,**

R 1

e,\Z 1
Sh[=] = 2&me + 0.69 (—p) Sc3 (7-23)

Emf
The Reynolds number in eq.(7-23) was calculated using a correlation of the minimum fluidisation
velocity, um¢, and the kinematic viscosity of fluidising gas, pg,>*

d

Rep [] = Ups - — (7-24)
Hg

The Schmidt number in eq.(7-23) was calculated by,'*

1=t
Sc [-] pu Do (7-25)
Chuang et al**® used the same method and reported data that allows validation of the correlated

values of this work. They?*® calculated the maximum rate of mass transfer for a single particle (pp =

1820 kg m™) in the size range 355-500 um and 850-1000 um during the oxidation in the fluidised
bed under 1.22 vol% O: + Na.
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The authors?*® assumed that the particle is spherical, so that its mass and external surface area is

given by eq.(7-25) and eq.(7-26), respectively.
- 2
Sp [m?] = nd, (7-26)

m, [g] = 1/6nd,’p, (7-27)

The maximum rate of mass transfer was estimated for C3,= 0 — the extreme case in which the O

surface concentration, CSZ, is zero — using the relation,

rmy [2] = kgS(CE, - C3,) (7-28)

s
The gPROMS model of this work was run with the values reported in Chuang et al.,”® and the results

are compared with the values of their work in Fig. 7-7, below.?*
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Fig. 7-7 Validation of the gPROMS model by comparing the calculated values of the maximum rate
of mass transfer (lines) with the calculated values reported in the literature (marker): results of the
gPROMS model for the particle size ranges, --- , 355-500 um and, —, 855-1000 um, and calculated
values reported by Chuang et al.”*® for the particle size ranges, <, 355-500 um and ranges, CJ, 855-

1000 um.

Fig. 7-7 shows a good agreement between the values reported by Chuang et al.**® and those calculated
using the gPROMS model of this work. The average relative deviations were 5%, and 4% for the
smaller and the larger oxygen carrier particles, respectively. Such minor deviations might be due to
differences in the correlations used for the calculation of the molecular diffusivity and viscosity of

the fluidising gas.
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Table 7-3 Parameters and results of the calculation of the mass transfer coefficient for selected
conditions using the gPROMS model of this work.

T Dy Sc Sh Rey, kg

[°C] [m?s~"] = [-] [—] [ms~]
100 vol% CO;:

800 1.961-10" 0.89 1.19 0.117 0.644

900 2.292-10 0.96 1.14 0.080 0.719

1000 2.644-10 1.04 1.09 0.056 0.799
10 v0l% O; + CO»:

800 1.961-10" 0.96 1.18 0.104 0.638

900 2.292-10% 1.04 1.13 0.071 0.712

1000 2.644-10 1.12 1.09 0.050 0.792
100 vol% N-:

800 1.961-10% 2.20 1.08 0.030 0.584

900 2.292:10% 2.38 1.04 0.021 0.660

1000 2.644-10% 2.56 1.01 0.014 0.740
10vol% O, + No:

800 1.961-10% 2.14 1.08 0.031 0.585

900 2.292-10% 231 1.05 0.021 0.661

1000 2.644-10% 2.49 1.02 0.015 0.742

Footnote: the following parameters were used in addition to those shown above: d, = 3.625-107 m, eny= 0.42,
pp = 2628 kg m>. Though the table above show only a few conditions, this model was re-run for every
experimental condition individually.

Until here, all variables in eq.(7-21) were determined, apart from the reaction rate function, f(X),

which is introduced in the next section.
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7.2.2 Reaction rate models

In this section, three different reaction models are introduced, and it is tested if these models are
suitable to represent the experimental data. The three reaction models are the homogeneous reaction
model, the shrinking grain model, and the shrinking core mode, which are illustrated in Fig. 7-8,

below.

a) homogeneous reaction unreacted material reacted material

b) Shrinking grain

c) Shrinking core

Fig. 7-8 lllustration of the progression of the reaction in the (a) homogeneous reaction model, (b)

shrinking grain model, and (c) shrinking core model.'**

In the reaction rate equation, the rate function, f(X), accounts for the change in surface area that is
available for the reaction.”> A simple relationship of the initial surface area, Sy¢ o, and the surface

area at a given conversion, Sy, is,2
Soc = Soco(1—X)™. (7-29)

For a homogeneous reaction, the rate of reaction is assumed to be spatially uniform across the oxygen
carrier particle, and thus m assumes a value of unity. In the case of the shrinking grain model, an
oxygen carrier particle is assumed to consist of an agglomeration of grains with gas species being
able to diffuse in the macro-pores between the grains.?*® The concentration of the diffusion species
is thus typically assumed spatially uniform across the particle. This allows the volume of the grains
and the volume of the pores to be treated as one combined volume each. During the reaction, the
grains shrink, with the surface area available for reaction being proportional to (1 — X)%/3.

Therefore, m in eq.(7-29) assumes a value of 2/3 for this reaction type. 23

The third reaction model illustrated in Fig. 7-8, is the shrinking core model, which assumes a
shrinking unreacted core surrounded by a growing product layer during the reaction. Owing to

considerable diffusion resistance in the product layer, the concentration of the diffusing species
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varies exponentially with the difference between the radius of the particle and the radius of the
product layer.'* The reaction model is obtained from a material balance of O, across the reacted
shell. Assuming no reaction in the product layer, the material balance of O, through this layer can be

expressed by, 24

1d
— 7, (r?No,) =0 (7-30)

where Ny, is the molar flow of O, and is modelled as series of intrinsic reaction, diffusion through

the product layer and mass transfer through the gas film surrounding the particle. Chuang et al.***

1144

modified the shrinking core model presented by Levenspiel ** accordingly, by also accounting for a

surface reaction that is proportional to (Co, eq — ng). In this model, the diffusion of O, through the

gas film can be expressed by, 4423

No, = 4mrikg(CE — C5.), (7-31)

the diffusion through the product layer by, 14423

4mtD.(C5 — C5,)
No, = (1 1) ) (7-32)

r o1

and the surface reaction by, 14423

No, = 4r2ky(CE — Co, eq) (7-33)

As demonstrated in Levenspiel'* the three individual resistances can be combined into one equation.
Chuang et al.**® did this for the oxidation of Cu. When modifying this model for the O, release

reaction (by swapping ng and Co, eq), the expression for the rate of O, release becomes, 238

N = (ng - COZ,eq)
%7 1 CEES P —— (7-34)
4nDe \r 19/ " Anriks ' Amrik,

In this work, the radius of the unreacted core, 1, as a value of 1.785-10%*m and r in eq.(7-34) is the

radius of the unreacted core at any given time. This was combined by,?*8

t =

Poc <(r12 -15) @ —13) + (. — 7o) N G TOS)) (7-35)

4(6032 - COz,eq) 2Deff 3’rODeff ks 3T0kg

where py, is the molar density of the copper manganese oxide (p,, = 12305 mol(CuMn,O4) m™).
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The conversion of this model is given by, 4423

Y1 (:_0)3 (7-36)

Using this model, the conversion calculated by eq.(7-36) was fitted to the observed conversion over

the first 180 s of the reaction by varying k.

The gPROMS model was used to minimise the square error between the observed conversion and
the calculated conversion by varying kg in eq.(7-21) for the homogeneous reaction model (with
f(X) = (1 — X)), and the shrinking grain model (with f(X) = (1 — X)?/3), as well as eq.(7-35) and
eq.(7-36) for the shrinking core model.
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The results for the homogeneous reaction model are illustrated in Fig. 7-9, below.
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Fig. 7-9 Plots of (a, c, e, g) of observed conversion against time and (b, d, g, h) deconvoluted
observed rate against time for the O; release reaction of 1000mg 1Cu-2Mn-MM at (a, b) 825 °C, (c,
d) 850 °C, (e, f) 875 °C and (g, h) 900 °C. The grey markers represent the experimental data, which
was measured in the fluidised bed under pure N> with a total gas flow rate of 2.445 I-min™" at SATP.
The black markers represent the modelled data.
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The results for the shrinking grain model are illustrated in Fig. 7-10, below.

0.05
1.0 a) b) fiX) = (1-X)?
] T=825°C
0.8
0.6 A1
>
0.4 -
0.2 4 fIX) = (1-X)2°
14 T=825°C
0.0 ‘ T T T T T T
0 60 120 180 240 300 360 0.8 1.0
t/s X
0.05
1.0 4 ¢) d) ftx) = (1-X)*
1 0,04 1 T=850°C
0.8 - S— A
— 50,03 -
Q
£
Eo.02 -
>~
~
flx) = (1-X}2/3 0.01
T=850°C
T T T T 0.00
0 60 120 180 240 300 360 1.0
t/s
0.05
1.0 {e) f) fX) = (1-X)*
4 g gt - 0.04 T=875°C
0.8 A1 L~ A
] ,nc‘"' o™ d
0.6 y, E 0.03
.
£
04 | =0.02
.
02 1 1X) = (1-XP" 00t
1/ T=875°C
0.0 + T T T T T 0.00
0 60 120 180 240 300 360 .
t/s X
—— 0.05 -
1.0 A1 g) ~ e h) T fX) = (1-X)73
1 0.04 ‘ T=900°C
0.8 - / '
0.6 4
b ]
0.4 4
0.2 1, FX) = (1-X)3
1 T=900°C e A
0.0 #— . . T . 0.00 ¥ . . . —i
0 60 120 180 240 300 360 0.0 0.2 0.4 0.6 0.8 1.0
t/s X

Fig. 7-10 Plots of (a, ¢, e, g) of observed conversion against time and (b, d, g, h) deconvoluted
observed rate against time for the O; release reaction of 1000mg 1 Cu-2Mn-MM at (a, b) 825 °C, (c,
d) 850 °C, (e, ) 875 °C and (g, h) 900 °C. The grey markers represent the experimental data, which
was measured in the fluidised bed under pure N> with a total gas flow rate of 2.445 I-min™" at SATP.
The black markers represent the modelled data.
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The results for the shrinking core model are illustrated in Fig. 7-11, below.
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Fig. 7-11 Plots of (a, ¢, e, g) of observed conversion against time and (b, d, g, h) deconvoluted
observed rate against time for the O; release reaction of 1000mg 1 Cu-2Mn-MM at (a, b) 825 °C, (c,
d) 850 °C, (e, ) 875 °C and (g, h) 900 °C. The grey markers represent the experimental data, which
was measured in the fluidised bed under pure N> with a total gas flow rate of 2.445 I-min™" at SATP.

The black markers represent the modelled data.



The results of the parameter estimation illustrated in Fig. 7-9, Fig. 7-10, and Fig. 7-11 are presented
in Table 7-4, below.

Table 7-4 Results from the calculation of the O; release rate using the homogeneous reaction model
and assuming a well-mixed fluidised bed (CSTR).

825 °C 850 °C 875 °C 900 °C
Homogeneous reaction model:
k, [s71] 113.35 115.77 88.58 98.19
kg [ms™1] 6.746-10°% 6.889-10°% 5.272-10°% 5.844-10"3
Apprp x ° 0.01 0.02 0.03 0.04
AMarDx° 0.03 0.04 0.05 0.12
Shrinking grain model:
ky [s71] 95.69 92.95 70.92 78.60
ks [ms™1] 5.695-10°% 5.531-10% 4.220-10% 4.678-10%
Apprp x ° 0.03 0.05 0.06 0.07
AmMarD,x° 0.06 0.08 0.09 0.15
Shrinking core model:
ky, [s71] 91.70 83.67 52.34 62.49
ks [ms™1] 5.457-10°% 4.98-10% 3.11-10% 3.719-10%
Aparp x, 0.047 0.055 0.12 0.15
Amarp,x, b 0.07 0.08 0.07 0.10
Po,,eq [bar] 0.0256 0.0416 0.0663 0.1036
Co,eq [mol m3] 0.2839 0.4518 0.7041 1.0760

Footnotes: (a) the average absolute relative deviation between the observed conversion and the modelled
conversion was calculated by % 2(|Xexp.t = Xmodert 1)/ Xexp,e and (b) the maximum absolute relative deviation
was calculated by max(|Xexpt — Xmodert 1)/ Xexp -

The homogeneous reaction rate model represents the experimental data best. The average absolute
relative deviation between the observed and the modelled conversion, Ayarp x, Was in the range
AX = 0.03 — 0.12. The values of Apagrp x for the shrinking grain model were in the range 0.05 —
0.15 and for the shrinking core model in the range 0.06 — 0.15. The homogeneous reaction model
Fig. 7-9 shows that the model overestimates the conversion in the first stage of the reaction (until X

=0.5-0.7).

The shrinking core mechanism describes the rate of O, release not as good as the other two models.
The calculated conversion differed on average from the observed conversion by AX = 0.10. The

maximum deviation was AX = 0.19.

To evaluate the fit of correlations for the rate constants calculated using the homogeneous reaction
model (best fitting model, c.f. Table 7-4), the rate constants were plotted against temperature and

into an Arrhenius plot in Fig. 7-12a and Fig. 7-12b, respectively.
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Fig. 7-12 A plot of (a) k, against temperature and In(k) against 1/T using the intrinsic rate constants
determined using the homogeneous reaction rate model.

Fig. 7-12a shows that the calculated rate constant decreases with an increasing temperature.
Commonly, the rate constants are correlated with a pre-exponential factor, A, and an activation

energy, E,, using an Arrhenius type expression:

k[m3g=1s71] = Aexp (R(_T—L;al()> (7-37)
where R is the real gas constant and T /K is the temperature in Kelvin. The values of A and E,; can
be directly taken from the Arrhenius plot in Fig. 7-12b, in which the slope and the intercept of the
fitted line correspond to -E, /R and In(A), respectively. This method yields values for the apparent
activation energy and the apparent pre-exponential factor of E; = —30.06 k] /mol and A = 2.87 -
107 m3g~1s™1, respectively. However, when testing the data using the student-t method, the result
suggests that the correlation has no statistical significance, and the prediction range for a 95%
confidence interval is 2.27 - 107®m3g™1s™! < 4 < 3.61-107° m3g~1s~1. The reason for this
large confidence interval is that when using an Arrhenius type expression to correlate the O release
rates for the oxygen carriers of this work, the fitted values contain at least two functions of
temperature — one to correlate the equilibrium concentration and the Arrhenius expression to
correlate k, since the complete O, release rate expression is,
r'[mol g7's™1] = Aexp (_T—Ea) [Coq = C] - FCO (7-38)

R("/k)
Within the tested temperature range, py, varies between 0.0256 bar and 0.1036 bar, and the
uncertainty in the correlation of p,, amplifies the uncertainty in the correlated values of A and E,.

Therefore, the use of eq.(7-37) should be limited to the evaluated temperature range. The aim of this

kinetic study was to provide data that allows estimation of a minimum solid inventory.
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The kinetic study was not the focus of this work. For in-depth process design it is therefore

recommended to carry out a kinetic study with more experimental data points.

The same procedure was carried out for the oxidation. The conversion was normalised by dividing it
by the maximum conversion, X,,,x, Which was for all three experiments in the range 0.76 — 0.79.
When varying the intrinsic reaction rate to minimise the square error between the modelled
conversion and the experimental conversion, this change is accounted for by calculating the modelled
conversion from the modelled observed rates (which include kinetics, intra-particle diffusion and
external mass transfer limitations) by division with the experimental O, capacity (i.e. 0.76 — 0.79) ,
instead of division by the theoretical O capacity (since Rgth * Xmax = Ro,exp- The results for the

oxidation reaction using the homogeneous reaction model are illustrated in Fig. 7-9, below.
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Fig. 7-13 Plots of (a, c, e, g) of observed conversion against time and (b, d, g, h) deconvoluted
observed rate against time for the oxidation reaction of 1000mg 1Cu-2Mn-MM at (a, b) 825 °C, (c,
d) 850 °C, (e, f) 875 °C. The grey markers represent the experimental data, which was measured in
the fluidised bed under pure N> with a total gas flow rate of 2.445 I'min” at SATP. The black markers
represent the modelled data.
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The results for the oxidation reaction using the homogeneous reaction model are illustrated in Fig.

7-9, below.
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Fig. 7-14 Plots of (a, ¢, e, g) of observed conversion against time and (b, d, g, h) deconvoluted
observed rate against time for the oxidation reaction of 1000mg 1Cu-2Mn-MM at (a, b) 825 °C, (c,
d) 850 °C, (e, f) 875 °C. The grey markers represent the experimental data, which was measured in
the fluidised bed under pure N> with a total gas flow rate of 2.445 I-min™ at SATP. The black markers
represent the modelled data.

The results of the parameter estimation illustrated in Fig. 7-16 and Fig. 7-17 are presented in Table
7-5, below.
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Table 7-5 Results from the calculation of the oxidation rate using the homogeneous reaction model
and assuming a well-mixed fluidised bed (CSTR).

825 °C 850 °C 875 °C
Homogeneous reaction model:
ky [s7'] 234.30 407.74 880.59
ks [ms™!] 1.394-102 2.427-10°2 5.241-10°
AparDx ° 0.012 0.024 0.028
AmMarD,x° 0.050 0.059 0.066
Shrinking grain model:
k, [s71] 190.08 385.69 636.98
kg [ms™1] 1.131-10 2.295-10 3.791-10°
AparDx ® 0.020 0.019 0.041
AmMarD,x° 0.046 0.044 0.090
Do,,eq [bar] 0.0256 0.0416 0.0663
Co,,eq [mol m3] 0.2839 0.4518 0.7041

Footnotes: (a) the average absolute relative deviation between the observed conversion and the
modelled conversion was calculated by %Z(|Xexp't — Xmodett 1)/ Xexpt and (b) the maximum
absolute relative deviation was calculated by max(|Xexpt — Xmodert 1)/ Xexp,t-

The homogeneous reaction rate model represents the experimental data best. The average absolute
relative deviation between the observed and the modelled conversion, Aparp x, Was in the range 1.2
— 2.8%. The values of Ayarp, x for the shrinking grain model were in the range 1.9 — 4.1%. This
shows that the homogeneous reaction model represents the experimental data of the oxidation

function better than the shrinking grain model.

To evaluate the fit of correlations for the rate constants calculated using the homogeneous reaction
model (best fitting model, c.f. Table 7-5), the rate constants were plotted against temperature and

into an Arrhenius plot in Fig. 7-15, respectively.
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Fig. 7-15 A plot of (a) k. against temperature and In(k) against 1/T using the intrinsic rate constants
determined using the homogeneous reaction rate model.
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Fig. 7-15 shows that the calculated rate constant decreases with an increasing temperature. Using the
Arrhenius equation in eq.(7-37) values for the apparent activation energy and the apparent pre-
exponential factor of E, = 277.2kJ/mol and A = 8.46-1071%m3g 1s™1, respectively, were
calculated. Though, it should be mentioned again, that the calculated values of E, and A contain
uncertainties owing to the uncertainties of the correlation of Ceq. Besides this screening of the
intrinsic kinetic, long-term cycling experiments have been performed in the fluidised bed, as detailed

below.

7.3 Long-term cycling experiments in the fluidised bed

In this section, the results from long-term redox-cycling experiments in the fluidised bed are reported
at conditions similar to those expected in a CLAS process. The aim was to study the attrition of the
oxygen carriers. In contrast to the long-term cycling experiments in the TGA (which are detailed in
section 6.8), the long-term cycling experiments in the fluidised bed reactor allowed to study the
mechanical stability of the oxygen carriers in addition to their chemical stability. Attrition tests were
carried out with a low bed mass (using 750 mg of the active metal oxide) and a high bed mass (40 g
of the active metal oxide). The low bed mass tests allowed to study the change of oxidation and O»-
release rate in a kinetics-controlled regime. High bed mass tests, in which the observed rate was
controlled by the external mass transfer, allowed to study the agglomeration tendencies and attrition

rate. The results of the long-term cycling tests are detailed in the following sections.

7.3.1 Long-term cycling with 40 g of 1Cu-1Mn-MM

After four gas switching cycles with an empty reactor liner (with neither inert nor sample) at 850 °C,
40 g of 1Cu-1Mn-MM were loaded into the reactor. In the kinetic experiments described in section
7.2, sand was added in a ratio of 40 g of sand per 1 g of the active metal oxide to: (i) disperse the
samples spatially and (ii) to disperse the heat of reaction. During kinetic experiments, the maximum
increase in bed temperature, Tped, during oxidation was 1.4 °C (c.f. section 7.1.4). Without sand and
a relatively high sample mass, the temperature during this long-term cycling experiments increased
on average by 9.8 °C, as shown in Fig. 7-16, below. Owing to the significant temperature changes
during the redox-reactions as well as an excessive effect of external mass transfer on the observed

rate, the observed rate of reaction shall only be taken as an indication of its trend.

The observed rate was calculated following the same procedure outlined for the kinetic experiments.

The difference between y,, during the cycles with and without sample was significantly larger,
owing to the larger sample mass. The y,, measured during the empty cycles and the first cycles with

sample, is shown in Fig. 7-16, below.
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Fig. 7-16 O: concentrations during the inert cycles and during the oxidations of the first five redox-
cycles of the LTC-FBR-1 experiment, the difference between those O; concentrations, and the
averaged bed temperature.

The maximum oxidation rate of each redox-cycle plotted against the cycle number in Fig. 7-17,
below.

ot
n

o
~
1

o
w

o
N
1

1Cu-1Mn-MM
oxidation, 850 °C
10vol% O, + N,
1 T T 1

0 20 40 60 80 100
number of redox-cycles

o
=
I

oxidation rate / (mmol(0,) g s?)

o
o

Fig. 7-17 Observed oxidation rate during “LTC-FBR-1"" experiment at 850 °C under 10 vol% O,
balanced with N», with a total gas flow rate of 2.445 I'min”" at SATP. The value of the bed mass used
in the oxidation rate calculation was assumed to change linearly with cycle number between the
values of the loaded bed mass and the recovered bed mass.

The maximum overall rate of oxidation remained relatively stable at 0.34-10 mol(O2)g's™! over 100
redox-cycles — it has to be noted that this rate is mainly the rate of O, diffusion from the bulk to the
particle surface rather than the rate of intrinsic kinetics. After the 5, 10™ , 25" 40% | 60, 80 and
100™ redox-cycle, the bed was cooled down to 550 °C and then dropped by opening a cap at the
bottom of the reactor body. From the recovered bed material, 300 mg was withdrawn for XRD, MIP,

BET, and SEM-EDS analysis. The remaining oxygen carriers were loaded back into the reactor and
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the next redox-cycling interval was started. The mass fraction of oxygen carriers lost due to attrition,

w,, was calculated by,
n
we=1- (mbed - Zomremoved)/mbed,o ’ 2)

where w,, is the sample mass attrited, mpeq ¢ 1S initial sample mass, Myeq is the recovered bed mass
after the last interval, and Mpemoveq 1S the cumulated mass of samples removed for the material
characterisation (300 mg per sampling). The calculated values for myeq / Mpeq o and the mass of

fines collected from the elutriate filter, mgyes, are plotted over the number of cycles in Fig. 7-18,

below.
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Fig. 7-18 Ratio of recovered bed mass to initial bed mass (primary axis) and cumulative mass of
fines recovered from elutriate filter (mines: Secondary axis) of experimental series “FBR-1" using
300-425 um 1Cu-1Mn-MM. The error bars correspond to the uncertainty, which was taken as two
times the standard deviation of the first four measurements.

Over the first 40 redox-cycles, the loss of sample was only 0.6 wt%. The rate of loss increased and
amounted to 2.0 wt%, 6.2 wt% and 15.8 wt% after the 60", 80" and 100" cycle. No fines were
collected from the filter until the 40" redox-cycle. Then, the cumulated mass of fines collected
increased to 0.10 g, 1.03 g and 3.11 g after the 60" 80" and 100" cycles. This shows that
extrapolation of the weight-loss to estimate the lifetime of the oxygen carrier can be misleading,

when selecting short cycling durations.

To elucidate the reasons for the sudden increase in attrition rate the cycled materials were
characterised by means of XRD, SEM and N»-adsorption and the crushing force was measured. The

results of the XRD analysis are shown in Fig. 7-19, below.
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Fig. 7-19 XRD plot of 1 Cu-1Mn-MM oxygen carrier used in the long-term cycling experiment “FBR-
I in its fully oxidised state (a) before redox-cycling, (b) after 5 redox-cycles, and (c) after 100 redox-
cycles, as well as (d) fines collected in the filter.

XRD analysis (Fig. 7-19) shows that CuxMn3;.O4 and CuO are the main phases of the fresh and
redox-cycled oxidised oxygen carriers. Here Cu;.Mn; 304 was identified, however, the peaks of the
CuMn;3.xO4 with 1 <x < 1.5 are very similar and hence are not clearly distinguishable. In fact, the
peak position of the largest copper manganese oxide XRD peak (at 20 ~ 36°) in Fig. 7-19 of the
cycled material (after 5 and 100 redox-cycles) is shifted slightly to the left (20 =35.9°) in comparison
to the fresh oxygen carrier (20 = 36.1°). This indicates a reduction of the value of x in CuxMns_4Os,
e.g. formation of CuMn,O4 from Cu; 2Mn; 3O4. Furthermore, an increase in ‘sharpness’ of the peaks
can be observed in Fig. 7-19. This indicates an increase in the crystallite size. This was confirmed
using the Scherrer equation, eq.(5-6), which yielded values of the mean crystallite size of 47.8 nm,
50.3 nm and 76.0 nm, for the oxygen carriers analysed before the first cycle, after the fifth cycle and
after the 100™ cycle, respectively. This demonstrates that CMO does not separate into its single metal
oxides during extended cycling. XRD analysis of the filter material Fig. 7-19d identified mainly
Cu;2Mn; 304, CuO and CuMnO4 and minor amounts of Mn3Os. Since these phases are mixture of
the oxidised and decomposed oxygen carrier material, this finding indicates that none of the oxidation
states has higher attrition rates compared to the other. In addition to the XRD analysis, the cycled

oxygen carriers were studied by SEM-EDS, as shown in Fig. 7-20, below.
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Fig. 7-20 SE micrographs of 1Cu-1Mn-MM cycled in the fluidised bed for (a) 10 cycles, (b) 25 cycles,
(c) 40 at 850 °C using 10 vol% O; balanced with N. for oxidation and pure N for reduction; And
(d) a plot of Mn-atom percentage against cycle number, determined by SEM-EDXS from the
micrographs shown in (a), (b), and (c).

The SE micrographs in Fig. 7-20 show no significant change of the surface morphology (at this
magnification). Furthermore, the Cu:Mn molar ratio at the surface of the oxygen carriers measured
by SEM-EDS did not change with an increasing cycle number. This confirms the findings from the
XRD analysis that a phase separation of copper manganese oxide and migration of single metal
oxides does not occur. Overall the XRD and SEM-EDS analysis demonstrated high chemical stability

of the oxygen carriers during this long-term cycling experiment. To evaluate the change of the pore

structure, N»-adsorption analysis at 77 K was performed, and the results are shown in Table 7-6.

Table 7-6 Results of the N.-adsorption analysis of the oxidised fresh and redox-cycled oxygen carrier
from the LTC-FBR-1 experiment.

Recovered after BET surface Pore volume BJH pore
redox-cycle number area [m*/g] ~° [mm?/g] © diameter [nm] ¢

0 0.332+£0.02 1.563 £0.01 82.6+2.1

25 0.270 £0.02 1.334 £ 0.01 96.7 £ 2.1

40 0.278 £0.02 2.184 £0.01 96.0 2.1

60 0.222 £0.02 1.717 £0.01 114.0+ 2.1

100 0.208 £0.02 1.354 £ 0.01 103.3+2.1

Footnotes: (a) the uncertainties of the BET surface area measurements were assessed by conducting three
separate measurements of the same batch (c.f. Appendix A.3), (b) the correlation coefficients of the surface
area 1/[Q(Py/P-1)] vs. P/Py plot was > 0.993 for all measurements, (c) the pore volumes were calculated
during adsorption for 1.7nm < dpore < 300 nm, (d) the BJH pore diameter is based on data obtained during
adsorption.
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The data in Table 7-6 indicates an increase in the BJH pore diameter and a reduction in the BET
surface area with an increasing cycle number. To elucidate further the structural changes, the samples
were additionally characterised by MIP, laser diffraction and crushing strength tests. The laser
diffraction experiments were performed with a Mastersizer 2000 (Malvern Instruments), using a
refractive index of 2.63 and 1.33 for the particles and the dispersant (water), respectively. The results

of the characterisation are illustrated in Fig. 7-21, below.
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Fig. 7-21 Results from the post-cycling analysis of 300-425 um 1Cu-IMn-MM oxygen carriers
recovered from the experiment “FBR-1": Plots of (a) the differential intrusion against pore diameter
from MIP, (b) porosity and mean pore diameter against cycle number calculated from MIP and He-
pycnometry, (c) the specific volume change (the specific volume is taken as the reciprocal of the
envelope density), (d) particle size distribution (PSD) of the fresh sample, cycled bed material and
fines recovered from the elutriate filter. A refractive index (RI) for the particles of 2.63 was selected,
which corresponds to the RI of CuQ, since the literature lacks data about the RI of CuxMn;.O4. The
measured size is therefore slightly larger than the actual particle size; and (e) crushing strength
against cycle number.

Fig. 7-21a and Fig. 7-21b show that over the course of 100 redox-cycles the porosity and the mean
pore diameter of the oxygen carriers increased from 0.492 to 0.691 and from 1.8 um to 6.0 pum,

163

respectively. Brown et al.'® studied Fe-based oxygen carriers over repeated redox-cycles with

reduction 10 vol% CO + N> and reported an increase in porosity and pore size with an increasing
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redox-cycle number as well. This suggests that the evolution of the pore morphology of oxygen
carriers during the CLAS process is to a certain extent similar to those of oxygen carriers during the
conventional CLC process. The specific volume (Fig. 7-21¢) increased over the 100 cycles by 64.5%,
demonstrating a swelling of the particles. Fig. 7-21d shows that the particle size distribution (PSD)
of the cycled bed material was very similar to the PSD of the fresh oxygen carriers. In fact, the value

of the mean particle diameter, (Zp, of the bed material after 100 cycles was 14.8% larger than the cfp

of the fresh material. The increase can be attributed to the swelling of the particle. The swelling of
64.5 vol% (c.f. Fig. 7-21c¢) corresponds, for spherical particles, to an increase in diameter by 18.0%.
Without swelling, the theoretical cfp of the cycled bed material would be 2.8% lower than the &p of
the fresh bed material. This relatively small decrease over 100 cycles in the fluidised bed, as well as
the PSD of the fines recovered from the elutriate filter, indicate that attrition occurred due to abrasion.
Fig. 7-21d shows that over the course of the experiment, the average force to crush a particle
decreased almost steadily from 1.65 N (fresh particle) to 0.16 (after cycle 100), with the decrease

being approximately inversely proportional to the cycle number.

Conclusion of the long-term cycling “FRB-1” experiment

The purpose of this experiment was to investigate whether unsupported copper manganese oxide
oxygen carriers withstand the chemical and mechanical stresses at conditions typical to oxidiser
conditions over a high number of redox-cycles, with gas-solid ratios being similar to those of a
scaled-up CLAS process. However, it has to be mentioned that in a dual circulating fluidised bed
reactor system of a chemical looping process, the stresses in the cyclone and in the piping between
the reactor vessels can also considerably attribute to attrition or can even be the main cause of

51 The overall rate of oxidation and O, release — which was external mass transfer limited —

attrition.
remained stable over the 100 redox-cycles, which corresponded to a duration of 58 hours (the reaction
periods were set sufficiently long to allow full oxidation and reduction in the mass transfer-controlled
regime). The swelling of the particle and the increase in the mean crystallite size resulted in an
increase in porosity and therefore a decrease in the crushing strength. This in turn resulted in a rapid
increase in attrition rate, which becomes apparent after ~ 40 redox-cycles. It is positive for the
material development programme of this project that the copper manganese oxide phases are
thermodynamically stable, and no phase separation occurs. However, the swelling of the particles
appears to lead to a decrease in their mechanical stability, and after 60 cycles excessive attrition rates

resulted in a substantial loss of bed material. A strategy to mitigate this issue is to support the oxygen

carriers on a material that inhibits the particle swelling.
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7.3.2 Long-term cycling of ZrO:-supported oxygen carriers

Long-term cycling experiments with 40-CuMn/Zr-MM were performed with oxidation at conditions
which are assumed to be typical for the oxidiser of the CLAS process (i.e. oxidation in 10 vol% O;
+ N at 850 °C). The loss of bed material was determined by weighing the glass wool of the elutriate
filter prior and after the experiments together with fines that were collected. The difference between
the two measurements, which is assumed to equal the elutriated bed material, amounted to 5.3 mg
during the long-term cycling experiment with the ZrO,-supported oxygen carriers. This corresponds
to a bed mass of 0.28 wt%. The oxidation and O release rates as well as the R ey, Were calculated

for each cycle, and the results are presented in Fig. 7-22 and Fig. 7-23.
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Fig. 7-22 Results from long-term cycling experiments with 40-CuMn/Zr-MM in the fluidised bed
reactor at 850 °C with oxidation in 10 vol% O; + N: and O; release under pure N:: the O; release

capacity (®), the observed oxidation rate (®) and O; release rate (©) over 50 redox-cycles.

Fig. 7-22 shows that the measured maximum conversion decreased over the first three cycles (from
X =0.89 to X = 0.78), which might be attributed to sharp edges chipping off and being elutriated.
From cycle 3 to cycle 25, the maximum conversion increased by +0.11%/cycle. This is possibly due
to the reduction of the mass fraction of CuO and an increase in the mass fraction of Cu,Mnj3.xOx,
owing to single metal oxides combining to copper manganese oxide. A trend change is observed
around cycle number 26, after which the maximum conversion almost steadily decreased until cycle
50 (on average by 0.57%/cycle). Later in this section it is shown that a minor fraction of CuZrOs had

formed, which might have been the main reason for this deactivation.
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The observed rates of reaction and the conversion of the oxidation and O> release during selected

cycles are plotted in Fig. 7-23, below.
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Fig. 7-23 Results from long-term cycling experiments with 40-CuMn/Zr-MM in the fluidised bed
reactor at 850 °C with oxidation in 10 vol% O: + N and O; release under pure N: (a) the O; release
capacity (®) the O; release rate (©), (b) the conversion measured during the O: release of the 1%,
3 25" and 50" cycle (as indicated on the graph), (c, d) plots of the conversion vs. time measured
during the I*' (=), 3" (—), 25" (—)and 50" (—) cycle during of the (c) oxidation and (d) O release
period.

Fig. 7-23a shows that the time-deconvoluted maximum observed rate of oxidation for cycle 3 (first
cycle with stable O, release capacity) is significantly higher than of cycle 50 (last cycle of the
experiment). A significant change of the maximum O; release rate (Fig. 7-23b) is not observable.
However, the maximum conversion decreases from X = 0.84 in cycle 1 to X =0.71 in cycle 50 (Fig.
7-23c-d), and the reaction rate function of the cycles shown in Fig. 7-23d differs in the latter stage
(X> 0.6) of the O; release. The difference between cycle 3 and cycle 50 in the shape of the curve of
conversion against time (Fig. 7-23d) for X> 0.6 indicates that the overall O, release rate in this stage
for cycle 50 is lower than the rate in cycle 3. In this range, the intra-particle diffusion is commonly
controlling the overall rate at lower porosities. Therefore, this reduction in rate indicates an increase

in the intra-particle diffusion resistance, e.g. caused by decrease in porosity in smaller pores (later
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confirmed by MIP). The recovered materials were studied by XRD, MIP and SEM-EDS to elucidate
the reason for the decrease in the maximum oxidation rates and maximum conversions, as well as
the decrease in the O, release rate at X > 0.6 with an increase in cycle number. The results of the

material characterisation are shown in Fig. 7-24 and Fig. 7-25.
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Fig. 7-24 SE micrographs of 40-CuMn-Zr/MM oxygen carriers recovered from the fluidised bed
reactor after 50 redox-cycles at 850 °C with oxidation in 10 vol% O: + N; and O; release under pure
N>: (a) particles recovered from the bed, (b) fines recovered from the elutriate filter, (c) surface
morphology of a redox-cycled oxygen carrier, (d) cross-section through a grain cut with a focused
Ga" ion beam.

Fig. 7-24a shows that the oxygen carriers did not fragmentate over the course of the experiments,
indicating that the main reason for the attrition was abrasion. Furthermore, only small particles (< 20
um) were found in the sample recovered from the elutriate filter (Fig. 7-24b), supporting that
abrasion was the main reason for the attrition. The surface structure of the cycled particle (Fig. 7-
24c) is well-defined, without excessive pores, and resembles the surface morphology of the fresh
particle (section 5.6). The change of the surface morphology of the unsupported oxygen carriers was
significantly larger, which indicates that the ZrO, support inhibits this structural change. The cut
through a metal oxide grain using a focused ion beam (Fig. 7-24d) shows that the ZrO, and copper
manganese oxide phases remains well combined. The mean diameter of the grain measured 2.4 pm,
which is 85% larger than the average copper manganese oxide grain prior to the cycling, indicating

that coalescence and grain growth of the active phase occurs.

Furthermore, characterisation by XRD and MIP of the recovered oxygen carriers was performed.

The results are compared with the data from the fresh oxygen carriers in Fig. 7-25, below.
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Fig. 7-25 Results of the (a) XRD and (b) MIP experiments of the ZrO,-supported oxygen carriers
40-CuMn/Zr-MM prior and after 50 cycles in the fluidised bed.

In the fresh oxygen carriers CuMn,0O4 and ZrO, were the only phases identified by XRD (Fig. 7-21a
and b) in the fresh and cycled oxygen carriers. However, structural changes become apparent from
MIP results (Fig. 7-21¢). Pores with dpore < 0.2 pm disappeared during the redox-cycling. This might
have resulted in a larger unreacted fraction of the material, which resulted in the observed decrease
in the maximum conversion from X = 0.84 in cycle 3 to X =0.71 in cycle 50 (Fig. 7-23). The loss of
bed materials was (0.28 wt%) almost two orders of magnitude lower than required to explain this
reduction in conversion and was thus ruled out as the main reason. Fig. 7-21c¢ shows that the porosity
decreased, despite an increase in the mean pore size. Furthermore, smaller pores below 200 nm
disappeared almost entirely and the intrusion into pores smaller than 1 pm decreased from 0.23 ml
g!t0 0.16 ml g'! (a 27% reduction). This reduction in porosity of smaller pores is likely to be the
reason for an increase in intra-particle diffusion resistance, which is indicated by plot of conversion

against time (Fig. 7-23d).

This long-term cycling experiment demonstrates that supporting copper manganese oxide on ZrO»
aids to maintain the surface structure and inhibits the particle swelling. In fact, the specific volume
of the particle decreased by 9 vol% over the 50 cycles, based on the envelope density, which was
calculated from He porosimetry and MIP data. Some deactivation was observed (i.e. a reduction in
the O, release capacity and oxidation rate in Fig. 7-22) and it is worthwhile to test the performance
of the ZrO,-supported oxygen carriers over a higher cycle number to elucidate if the increase in
deactivation continues or stable capacities and rates are achieved over the long-run. The results of
this long-term cycling experiment indicate that ZrO» is a suitable support material for Cu-Mn oxygen

carriers in the CLAS process.
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7.4  Concluding remarks

A 1.5 kW, fluidised bed reactor was modified for the experiments of this work, inter alia by adding
a gas supply system, which allows for computer-controlled redox-cycling. Suitable gas flow rates
have been determined by hydrodynamic calculations and a heat balance around a single oxygen
carrier particle has been developed, which uses the reaction enthalpies calculated from TGA
experiments. The heat balance has been used to demonstrate that during the redox-reactions
temperature gradients within the particles are negligible (i.e. the main resistance to the heat transfer
lies in the gas film surrounding the particle) and that the maximum temperature difference compared
to the temperature of the fluidised bed during the O- release and the oxidation is - 2.2 °C and + 2.5

°C, respectively.

Based on the observed rates of reaction, a model for the calculation of the intrinsic kinetics of the O,
release and oxidation reaction was developed assuming the fluidised bed is well-mixed. The observed
rate of reaction was thereby assumed to be a result of a series of chemical reaction rate, intra-particle
diffusion and diffusion through the gas film surrounding the particle. Based on previous experimental
results, the chemical rate of reaction was assumed to be first order with respect to the difference of
O, equilibrium concentration and O, surface concentration. Reaction rate functions of the
homogeneous reaction model, the shrinking grain model and the shrinking core model were tested.
The homogeneous reaction model represented the experimental data best. For this model, the
calculated intrinsic rate constant, k., for the temperature range 825 — 900 °C was in the range 88.6 —
115.8 s! and was found to decrease with increasing temperature. The same procedure was followed
to calculate the rate constant for the oxidation reaction. The homogeneous reaction model represented

the experimental data of the oxidation reaction best as well and the kinetic parameter were presented.

In addition to the kinetic experiments, long-term cycling experiments were carried out in the fluidised
bed to elucidate the particle (and pore) evolution over extended redox-cycling. 40 g of oxygen
carriers without inert bed material were redox-cycled over 100 cycles (58 hours). Over the first 40
cycles no fines were recovered from the elutriate filter. Then, an increase in generation of fines was
measured. After 60 cycles, 80 cycles and 100 cycles, the fines accumulated in the filter corresponded
to 0.25 wt%, 2.58 wt%, and 7.78 wt% of the sample mass, respectively. XRD analysis of the
recovered bed and filter material suggested that no separation of the copper manganese oxide into
the single metals occurred. This was confirmed by EDS analysis of the particles surface, which
demonstrated that the Cu:Mn molar ratio at the particle surface was close to unity. In fact, the values
of the crystallite size calculated from XRD data increased with an increasing cycle number.
Therefore, further post-cycling material characterisation was carried out to elucidate the reason for

the disintegration of the oxygen carriers. It was found that during the redox-cycling the surface area
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had decreased, while the BJH pore diameter, the mean pore diameter (MIP) and the porosity had
increased. Furthermore, a decrease in crushing strength was measured. Laser diffraction experiments
indicated that abrasion is the main mechanism for attrition. Furthermore, a swelling of the particles
(+64.5 vol% after 100 redox-cycles) was measured by MIP. This swelling and the resulting increase

in porosity is probably the reason for the increase in attrition rate with an increasing cycle number.

Furthermore, ZrO, supported oxygen carriers were tested over a high redox-cycle number in the
fluidised bed (TiO,-supported oxygen carriers were not tested, since the TGA experiments indicated
that their performance is less promising). Here aim was to examine if the support material inhibits
the particle swelling and increases the particle stability. The results from TGA experiments have
suggested that a consolidation (or shrinkage) occurs. The particles were tested over 50 redox-cycles
and only 0.28 wt% of the initial bed mass was collected in the elutriate filter. Until cycle number 26,
the ZrOs-supported oxygen carriers showed a stable O, release capacity corresponding to 78% of the
theoretical conversion from CuMn,0O4 to CuMnO, + Mn304. Between cycle 26 and cycle 50, the O,
release capacity decreased by 0.57% per cycle. MIP analysis showed that in fact a decrease in
porosity had occurred. Furthermore, it showed that pores below 0.2 um had disappeared. The slight
deactivation of the material was attributed to this clogging of smaller pores. Nevertheless, the ZrO»
supported particles performance was promising and the ZrO, remained inert over the course of the
experiment (contrarily to TiO, and AlO;3). The redox-cycling with ZrO, demonstrated that the
support can influence the pore evolution of the particles (change it from swelling to shrinking). A
well-balanced mass ratio of copper manganese oxide and ZrO; might result in particles that maintain
their initial porosity (or assume a desired porosity over the long-term) by balancing the effects

causing the swelling and shrinking, and thus allow for very long oxygen carrier lifetimes.
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Chapter 8

Conclusions and
future work

8.1 Conclusions

In this thesis, copper manganese oxides as oxygen carriers for chemical looping air separation were
evaluated. In the first chapter, the topic is framed by presenting evidence from the literature that
anthropogenic emissions of CO, owing to the burning of fossil fuels are the main driver of global
warming. CO; capture and storage (CCS) allows to minimise the CO, emissions from power
generation processes that utilise carbonaceous fuels. The utilisation of sustainably produced biomass
can even result in a net transfer of carbon from the atmosphere to the geosphere. Chemical looping
processes allow for power generation with CCS from gaseous and solid fuels (including biomass). A
novel variant is chemical looping air separation, which is used to enrich CO; with O,, which can be
used for oxy-fuel combustion or gasification (e.g. IGCC with CO; capture). A review of the literature
identified important properties for oxygen carriers in the CLAS process, which are inter alia a high
reactivity and O; release capacity, the ability to release gaseous O at reducer conditions, as well as
sufficient mechanical stability to withstand a high number of redox-cycles in a CFB system. Copper
manganese oxides were identified as promising oxygen carrier materials that fulfil these
requirements. Co-precipitated oxygen carriers were prepared at low and at high super-saturation.

Furthermore, unsupported mechanically mixed oxygen carriers were prepared with and without the
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addition of starch and micro-crystalline cellulose as pore-forming agents. Furthermore, supported
oxygen carriers were prepared using Al>Os, TiO, and ZrO, as the inert supporting material. The
oxygen carriers were characterised to study the effect of synthesis conditions on the material
properties and experiments in the TGA and fluidised bed were performed to assess the performance
of the oxygen carriers. Important findings of these experiments are summarised in the paragraphs

below.

Preparation of highly pure copper manganese oxide from co-precipitated amorphous

precursors

Copper manganese oxygen carriers were developed, which were prepared via co-precipitation at low
super-saturation. Most co-precipitation experiments were carried out using an alkaline solution with
a high [Na,CO;]:[NaOH]. This resulted in the precipitation of predominantly amorphous species with
the crystalline mass fraction presumably consisting of MnCOj; and being in the range 1.5 — 10.9 wt%
(this was determined by XRD using CeO as an internal standard). The calcination of the amorphous
precursors was studied by XRD and it was found that the precursors react directly to pure copper
manganese oxide with a mass fraction close to unity without the formation of single metal oxides as
intermediates. Copper manganese oxide was identified in the samples even after short calcination
(15 min holding time) and temperatures as low as 500 °C, though the mean crystallite size was only
17.0 nm. The crystallite size was found to increase with an increase in calcination temperature, e.g.
from 17.0 nm (500 °C, 15 min) to 49.2 nm (900 °C, 15 min), and with an increase in holding time,
e.g. from 49.2 nm (900 °C, 15 min) to 101.9 nm (900 °C, 12 hours). The results of this calcination
sensitivity resulted in the selecting of 900 °C and 2 hours as the calcination temperature and holding

time for standard experiments.

Poor performance of highly crystalline precursors prepared by co-precipitation with a low

Na;CO; content

During preliminary co-precipitation experiments two other types of materials were prepared via co-
precipitation using a low [Na,COs]:[NaOH] at low super-saturation, and at high super-saturation
resulting in materials with low and high surface areas respectively. The precursors precipitated using
a low [Na,CO;]:[NaOH] contained a high mass fraction of crystalline material, which was identified
as MnCOs and Cu(NO3),-3Cu(OH), as predicted in advance by in silico experiments. The highly
crystalline precursor formed upon calcination a material with a low copper manganese oxide mass
fraction (i.e. mainly CuO + Mn,Os), which suggested that a high fraction of crystalline material
inhibits the formation of Cu.Mns..Os. The development of the low surface area materials was
discontinued, since their performance was inferior compared to the (low surface area) oxygen carriers

prepared from the amorphous precursors: The O, release rates observed during TGA experiments at
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850 °C was an order of magnitude lower, which was attributed to a low mass fraction of Cu.Mnj3.,O4
and a very low porosity which resulted in a high intra-particle diffusion resistance. However, the
high surface area materials co-precipitated at a high supersaturation and a low [Na>COs]:[NaOH]
were investigated further, to test if the large internal surface areas offset the disadvantages of a lower
Cu,Mns.,O4 mass fraction. SE micrographs showed that the precursors had a well-defined micro-
structure, and BET surface areas in the range 20.7 — 25.8 m*/g were measured. Different ageing
conditions were tested to try to enhance the micro-structure and increase the surface area. However,
all aged precursors had a lower BET surface area than the un-aged materials. During calcination at
600 °C and 900 °C, the surface area of the micro-structured materials reduced to the range 7.9 — 12.7
m?/g and 2.3 — 5.0 m?/g, respectively. The crushing force of these oxygen carriers was below the
minimum limit of the measurements (0.5 N). Owing to this poor stability, they were ruled out as
promising oxygen carriers. Therefore, the development of oxygen carriers prepared via co-
precipitation with a low [Na,CO;]:[NaOH] at low and high super-saturation was therefore not
continued and the material development focused on the oxygen carrier preparation from amorphous

precursors.
Effect of residual Na on the oxygen carrier properties

Next, the effect of residual Na from the supernatant was studied, by analysing the calcined material
by XRD and SEM-EDS. In the sample prepared from the unwashed precursor all Mn had reacted to
sodium manganese oxides. In addition, NaO; and CuO were detected. The crushing strength of the
sample was below the 0.5 N limit of measurement. The poor mechanical stability and the apparent
inhibition of copper manganese oxide formation suggested that larger amounts of Na in the sample
were undesirable. Lower Na concentrations were also studied, for which the electrical conductance,
o, was taken as an indirect measure of the Na concentrations. In precursors which were removed
from the supernatant at o =46 puS, 256 pS, 1238 uS, and subsequently calcined, no sodium species
were detected by XRD. However, SE micrographs identified needle-like features, determined by
EDS as Na-rich were found in the 256 uS and 1238 uS precursors, while no Na contamination was
found in the 46 uS sample. It was therefore decided to wash the co-precipitated precursors so that o

<50 puS.
Tuning the oxygen carrier properties by adjusting the co-precipitation conditions

At this point, all synthesis conditions for the standard co-precipitation procedure were complete and
twelve oxygen carrier batches with varying (i) co-precipitation pH value, (i) Cu:Mn molar ratio and
(iii) co-precipitation agent composition were prepared. It has been demonstrated that the variation of
these three co-precipitation parameters affect the BET surface area (0.17 - 0.91 m?/g), porosity (0.009
— 0.565), envelope density (2.18 — 5.75 g cm?), and the crushing strength (0.76 — 9.12 N) of the
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calcined particles. In the listed order, the effect of the three co-precipitation variables on the four
properties decreased. XRD analysis revealed that a lower co-precipitation pH value and the
substitution of Na,CO; with NaOH in the precipitation agent resulted in an increase in the CuO mass

fraction in the calcined material.
The calcination of CuO and MnO to copper manganese oxide

To identify conditions with a high conversion of CuO and MnO contained in the mechanically mixed
precursors to copper manganese oxide, a sensitivity analysis with different sintering temperatures
and durations was carried out. An increase in calcination temperature from 900 °C to 950 °C was
found to increase the mass fraction of CuMns.cO4 for all studied sintering durations significantly.
The effect of the holding time was also studied, and a decrease in the mass fraction of CuO was
observed when increasing the holding time in the range 2 — 6 h. Longer holding times than 6 hours
did not result in a further decrease in the measured CuO mass fraction. Therefore, a calcination time
and duration of 950 °C and 6 h was selected for the calcination of all mechanically mixed oxygen
carriers. In the range 6 — 12 h the mass fraction of CuO was never below 25.1 wt%, which
corresponds to the mass fraction of CuO in a sample with a 1Cu:1Mn molar ratio that contains only
CuO and CuMn;0O4. This finding indicates that the mechanically mixed precursors do not form
CuMns.,O4 with x > 1 (e.g. no Cu;sMn; 504) during calcination, contrarily to the samples prepared
by co-precipitation. This finding was confirmed when studying the effect of a varying Cu:Mn molar
ratio. For redox-cycling at (lower) temperatures at which CuO remains inert, a sample that contains
a mixture of CuMn;0O4 and CuO is disadvantageous compared to a sample containing Cu;.sMn; 504

(with the same Cu:Mn molar ratio), since the O release capacity is significantly reduced.

In all mechanically mixed oxygen carriers, either CuMn,O4 or Cu;2Mn; 304 was identified as the
main phase by XRD. 1Cu-2Mn-MM contained only CuMn,QOs, while all other samples contained
CuO in addition. The mass fraction of CuO was found to increase with an increase in the Cu:Mn

molar ratio.
Characterisation of oxygen carriers prepared via mechanically mixing

The unsupported mechanically mixed oxygen carriers were characterised, and values for the BET
surface area (0.22 - 0.34 m?/g), porosity (0.255 — 0.359), envelope density (3.42 and 4.22 g cm®) and
crushing strength (3.27 — 5.18 N) determined. The addition (+ 10 wt%) of microcrystalline cellulose
(MCC) as a pore forming agent resulted in an increase in surface area but had no significant effect
on the cumulative pore volume. It was thus concluded that MCC results in a pore structure with
smaller pores. Contrarily, the use of starch as a pore-forming agent resulted in a pore structure with
fewer larger pores, resulting in a larger cumulative pore volume, while not affecting the BET surface

area significantly.
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The BET surface area of the TiO», Al,O3 and ZrO,-supported oxygen carriers was measured to be
0.30 m?/g, 0.75 m?/g, 2.00 m?/g, respectively. In the listed order, the Tammann temperatures of the
supporting materials increased, indicating that especially in the case of ZrO,, an insufficient rate of
solid-state diffusion of ZrO, might have inhibited the densification of these oxygen carriers during
calcination. Liquid phase sintering was not tested in this work, as the melting of one phase typically
increases the energy requirements for the preparation excessively. However, if low energy
requirements of the preparation are not an objective, sintering at temperatures around or above the

Tammann temperature of ZrO, (1214 °C) may result in highly stable oxygen carriers.
Reversibility of the O; release reaction and measurement of the O; release capacity

To assess if the redox-reactions of the oxygen carrier at CLAS conditions are fully reversible, the
samples were cycled over seven redox-cycles by T swing between 850 °C and 950 °C at a constant
Po, of 0.1 bar and by po, swing between 0.1 bar and zero bar at a constant temperature of 850 °C.
The measured O; release capacity, Rgexp, during all po, swing and T swing experiments of the
unsupported oxygen carriers was stable — i.e. no deactivation was observed. Furthermore, it has been
demonstrated that substitution of O,+CO; with O>+N; during the oxidation and decomposition of the
oxygen carriers does not result in a change in the redox-behaviour or Rgexp. It has been also
demonstrated that the oxygen release capacity during 7" swing experiments was significantly lower
than during po, swing experiments: During the pg, swing experiments a R for the co-precipitated
oxygen carriers 1Cu:2Mn-CP(3:0), 1Cu:1Mn-CP(3:0), and 2Cu:1Mn-CP(3:0) of 4.31 wt%, 4.81
wt%, and 6.55 wt% was measured, while during 7 swing experiments the experimental values of R,
for 1Cu:2Mn-CP(3:0), 1Cu:1Mn-CP(3:0), and 2Cu:1Mn-CP(3:0), were 2.01 wt%, 4.08 wt%, and
3.17 wt%, respectively. XRD analysis of the cycled samples recovered after the seventh oxidation
revealed that Cu,Mn;.O4 remains the main phase in all mechanically mixed and co-precipitated
oxygen carriers in the molar Cu:Mn ratio range 0.5 — 2.0. Interestingly, the phases identified by XRD
analysis in the decomposed samples recovered from T swing and after pp, swing experiments
differed significantly. The samples decomposed under pure N> reduced to CuMnO; in the sample
with a molar Cu:Mn ratio of 1, while the Mn-richer and Cu-richer samples contained additionally
Mn;0;4 and Cu20, respectively. The samples decomposed by 7 swing and at pg, = 0.1 bar contained
different copper manganese oxide phases with higher oxygen mass fractions, i.e. a defected
perovskite-like structure Cu,Mn,Os. The single metal oxide phases in the oxygen carriers recovered
from T swing experiments were also in a higher oxidation state than those in the samples recovered

from pg, swing experiments: i.e. CuO instead of Cu,0, and Mn,O; instead of Mn;O4 were identified.
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Quantifying the intra-particle diffusion

The intra-particle diffusion was modelled as a function of the porosity, the tortuosity, and series of
Knudsen and molecular diffusion. Since the two unknown variables of this model — the tortuosity, z,
and the intrinsic rate constant — do not depend on the particle diameter, values for those have been
determined interactively from results of TGA experiments with varying particle size ranges. This

calculation yielded a value of = 2.21, which was used in the reaction rate models of this work.
Determination of the O, equilibria and heat of reaction from TGA experiments

The O, partial pressure equilibria of the unsupported oxygen carriers were first determined by a series
of experiments in which the temperature was increased gradually (d7/ds = 3 °C min') while
maintaining a constant po,. The temperature at which the decrease in mass began (owing to a release
of O2) was assumed to be the temperature where pg, = po,eq- The temperature was determined
automatically by fitting a function to the experimental data. This ‘onset-method’ was applied to
various copper manganese oxide oxygen carriers with an O, release under O,+N; and O,+CO,. It
was found that the substitution of N> with CO, does not affect the pg, ¢q. However, a disadvantage
of this method when applied to samples containing a mixture of phases is that it detects only the
Po,,eq Of the phase that decomposes first when increasing the temperature. The use of the results of
this ‘onset method’ for multi-phase materials would be misleading when using those in process
calculations (e.g. the reaction rate expressions). Therefore, a new ‘rate-based’ method was
developed, in which experiments at different temperatures and O; partial pressures were carried out.
Since the chemical rate of reaction and the maximum rate of mass transfer for materials with the
ability to release O, contain at least one term that depends on po, g, the rate expression for a rate
controlled or a mass transfer-controlled regime can be solved for pg, ¢q(T). In a regime in which the
rate is neither controlled by mass transfer nor by the intrinsic kinetics, the isolation of the pg, eq(T)
is more difficult. To test the effect of mass transfer on the observed rate, the maximum rate of external
diffusion was calculated using the Stefan’s tube model. The values of the calculated maximum rates
of diffusion were within the experimental error of the observed rates, which led to the conclusion
that the rates are controlled by external mass transfer and thus allowed to extract pg, ¢q(T) from the

TGA data.

Very good agreement between the results of the two methods was achieved. A van ’t Hoff plot was

used to determine the reaction enthalpy and entropy from the pg, ¢q data. The calculation yielded

values of AH:goo°c = 199.7 kJ and AS;goo°c = 151.4 J/mol/K, respectively. This confirms that the O,

release reaction is of endothermic nature. The calculated heat of the O, release translates to a mass
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specific heat of reaction of 413.1 kJ/kg(Cu;.sMn, 504). This value lies between the calculated values
for Mn,03/Mn304 and CuO/Cu,0: 203.8 kJ/kg(Mn,03) and 829.7 kJ/kg(CuO), respectively.

Observed rates of oxidation and O; release in the TGA

A series of experiments was carried out to measure the observed rates of reaction of mechanically
mixed and co-precipitated oxygen carriers. An increase in the Cu content was found to decrease the
O, release rate slightly. The time to reach a conversion of X' = 0.6 was 38 s and 48 s for 1Cu-2Mn-
MM and 1Cu-1Mn-MM, respectively. Contrarily, the oxidation rate decreased drastically when
increasing the Cu content. The time to reach a conversion of X = 0.6 was 20 s and 141 s for 1Cu-
2Mn-MM and 1Cu-1Mn-MM. This demonstrated that the presence of CuO inhibits the rate of

oxidation significantly.
Reaction pathways

To elucidate the reaction pathways, the po,was set to pg, ¢q during the oxidation and the O release
reaction before complete conversion was reached to stop (or at least minimise) the progression of the
reaction. This was followed by a rapid temperature decrease (with initially -200 °C-min’!) while
continuously adjusting po,to equal pg, ¢q to ‘freeze’ the phases by quenching. The phases of the
recovered partially reacted oxygen carriers were studied by XRD, and Cu;sMn; 504 and CuMnO;
were identified as the main phases. Furthermore, some identified peaks correspond to a defect
perovskite with structure CusMn»Os, which suggests that upon oxidation O is first absorbed into the
space between the crystal structure and then incorporated into the crystal. The absence of significant
amounts of the single metal oxides (e.g. CuO, Mn304 and Mn,0O3) suggests they do not occur as
intermediates in the reaction. This prevents the separate solid-state diffusion of Cu and Mn species

in the lattice and thus an undesirable phase separation.
Differences in the particle evolution during 7 swing and po, swing experiments

A series of experiments with low porosity high strength oxygen carriers (10.0 + 0.6 N) was carried
out by pp, swing and T swing, to allow direct comparison of the particle evolution between the
cycling modes. Over 100 redox-cycles the average crushing strength of the pg, swing and T swing
cycled material reduced by 51 + 1% and 44 + 2%, respectively. The higher crushing strength of the
material cycled by T swing indicates that the thermal stress during the rapid temperature changes of
the experiments (i.e. -200 °C min! < dm/dT < +200 °C min™') did not result in a faster particle
deterioration. In fact, the crushing strength of the T swing cycled material was slightly (7%-points)
higher than those cycled by po,. The smallest pores of the fresh oxygen carriers (with DI > 0.01 pl

g! um™) were 4.9 um. During the T swing experiments, the pore size range increased slightly, with
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the smallest pores being 1.1 pm, while during the po, cycling, the increase in pore size range was
larger with the smallest pores being 0.3 um. The formation of smaller pores during the pg, cycling
resulted in a faster increase in porosity and specific particle volume (0.22 vol%/cycle) compared to
(0.05 vol%/cycle) during T swing. The lower rate of swelling and lower rate of increase in porosity
during 7 swing cycling in comparison to pg, swing favourably affects the oxygen carrier lifetimes.
As summarised in the next paragraphs, it has been shown that supporting copper manganese oxides
on ZrO; resulted in a change of the growth mode from swelling to shrinking (i.e. a decrease of

porosity).
Long-term cycling experiments in the TGA

Unsupported oxygen carriers and ZrO; and TiO»-supported oxygen carriers were tested over 100 pg,

swing cycles in the TGA. For the unsupported co-precipitated oxygen carriers, a stable O, release

capacity (Rgexp = 5.1 wt%) and (after a slight loss over the first 15 cycles) a stable maximum O
pacity (Koexp g

release rate (0.06 mmol(O,)g's™") was measured.

The O; release rate and Rgeyp of the ZrO, supported oxygen carriers decreased from 0.029
mmol(0,)g's™! to 0.021 mmol(O2)g!'s' and from 4.7 wt% to 3.2 wt% over the duration of the
experiment. Which was later attributed to the clogging of smaller pores, a coalescence of ZrO, and

CMO grains, and the formation of some CuZrOs.

The results from long-term cycling experiments with TiO» supported oxygen carriers was less
promising. Their O, release rate decrease from 0.032 mmol(O,)g!s™! (cycle 5) by 77% and the O,
release capacity by 26% over the 100 cycles. XRD analysis showed that the support and the active
phase formed MnTiO;. SEM-EDS analysis identified neither significant amounts of Cu nor of Mn
on the surface of the particle, which suggests that separation between the active and supporting

material occurred, with TiO, migration to the surface of the particle.

Long-term cycling by T swing of unsupported co-precipitated oxygen carriers showed an initial rapid
decrease of the observed rate of O, release from 0.08 mol(0,) g s to 0.03 mol(0) g s! over the
first 10 cycles, which was attributed to a ‘clogging’ of the pores (confirmed by SEM). After ~10

1

cycles, the rate of O, release increased steadily to 0.08 mol(O2) g! s at cycle 100. Scanning

micrographs of the sample recovered after 100 cycles showed a well-defined pore structure.
Heat balance of a particle in the fluidised bed

By conducting a heat balance around a single oxygen carrier particle in the fluidised bed, using the
reaction enthalpies calculated from TGA experiments, it was demonstrated that temperature

gradients within the particles are negligible during the redox-reactions, i.e. the main resistance to the
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heat transfer lies in the gas film surrounding the particle. It was calculated that in relation to the
fluidised bed, the temperature of the particles is slightly lower (-1.1 — 2.2 °C) during the O» release
and slightly higher (+ 2.1 — 2.5 °C) during the oxidation. The lower value and the higher value of the
ranges occurred at lower and higher temperatures, respectively, which is mainly due to the
differences in the maximum observed reaction rates. In addition to this temperature difference, the
observed bed temperature decreased by 1.3 °C during the O; release and increased by 1.9 °C during
the oxidation. The calculated effective particle temperature was used for the calculation of the kinetic

parameter.
Development of a reaction rate model and calculation of the intrinsic rate of reaction

For the calculation of the kinetic rate constants from the observed rates of reaction, a model was
developed based on the assumption that the fluidised bed is well-mixed. The observed rate of reaction
was thereby assumed to be a result of a series of chemical reaction rate, intra-particle diffusion and
diffusion through the gas film surrounding the particle. Based on previous experimental results, the
chemical rate of reaction was assumed to be first order with respect to the difference of O»
equilibrium concentration and O, surface concentration. Reaction rate functions representing the
homogeneous reaction model, the shrinking grain model and the shrinking core model were tested.
The homogeneous reaction model represented the experimental data best. For this model, the
calculated intrinsic rate constant, k., for the temperature range 825 — 900 °C was in the range 88.6 —
115.8 s™! and was found to decrease with increasing temperature. It was suggested not to correlate
the rate constant by a temperature dependent correlation (e.g. an Arrhenius expression), since the
reaction rate expression already contains a strong temperature dependence due to the correlation of

the O» equilibrium concentration.
Long-term cycling in the fluidised bed

In addition to the kinetic experiments, long-term cycling experiments were carried out in the fluidised
bed to elucidate the particle (and pore) evolution over extended redox-cycling. 40 g of oxygen
carriers without inert bed material were redox-cycled over 100 cycles (58 hours). Over the first 40
cycles no fines were recovered from the elutriate filter. Then, an increasing production of fines was
observed. After 60 cycles, 80 cycles and 100 cycles, the fines accumulated in the filter corresponded
to 0.25 wt%, 2.58 wt%, and 7.78 wt% of the sample mass, respectively. XRD analysis of the
recovered bed and filter material suggested that no separation of the copper manganese oxide into
the single metals occurred. This was confirmed by EDS analysis of the particles surface, which
demonstrated that the Cu:Mn molar ratio at the particle surface was unity. In fact, the values of the
crystallite size calculated from XRD data increased with an increasing cycle number. Therefore,

further post-cycling material characterisation was carried out to elucidate the reason for the
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disintegration of the oxygen carriers. The BET surface area was found to decrease from 0.332 + 0.02
m? g! (fresh sample) to 0.208 + 0.02 m? g'! (after 100 redox-cycles). Over the same cycle-range, the
BJH pore diameter increased from 82.6 + 2.1 nm to 103.3 + 2.1 nm. MIP analysis showed an increase
in the mean pore diameter size and an increase in porosity from 0.492 to 0.691. Furthermore, a
decrease in the crushing strength was measured. Laser diffraction experiments indicated that abrasion
is the main mechanism for attrition. The particle size distribution of the bed material did not change
excessively over the 100 cycles. In fact, the measured mean diameter (Dso) increased by 9.3%, which
is attributed to the particle swelling (confirmed by MIP). However, in addition to the PSD of the bed
material, fines accumulated in the elutriate filter, with a calculated mean diameter of 14 pm. The
attrition tests with the unsupported mechanically mixed copper manganese oxide oxygen carriers
showed a weakness of the material. Swelling occurred, resulting in an increase in porosity, which
after 40 redox-cycles had compromised the mechanical stability of the particle sufficiently for

increased abrasion to occur. This resulted in a significant loss of bed material after 100 cycles.

Two supported oxygen carriers (supported on ZrO, and TiO,) were tested to examine if the support
material inhibits the particle swelling and increases the particle stability. The particles were tested
over 50 redox-cycles and only 0.28 wt% of the initial bed mass was collected in the elutriate filter.
Until cycle number 26, the ZrO,-supported oxygen carriers showed a stable O, release capacity
corresponding to 78% of the theoretical conversion from CuMn,O4 to CuMnO; + Mn30s. Between
cycle 26 and cycle 50, the O» release capacity decreased by 0.57% per cycle. MIP analysis showed a
decrease in porosity from 0.499 to 0.452 and a clogging of smaller pores. The latter was proposed as

the reason for the observed deactivation.
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8.2  Future work

In this last section, future work is proposed. Such work did not form part of this thesis as either it
was outside the scope or considered unreasonable with respect to the principle and assumptions of

this work. These ideas are detailed in the section below.
Improvement of the oxygen carrier properties

In the work, emphasis was placed on the material development of oxygen carriers using non-complex
synthesis routes with lower energy requirements (i.e. < 20 kWh per kg of the calcined oxygen
carriers, c.f. Fig. 3-11a). However, another local minimum of the CO, capture cost and total CO;
emissions might be located in a zone that justifies energy intense multi-step synthesis procedures of
oxygen carriers, which offset high costs and CO, emissions of the production with significantly
prolonged oxygen carrier lifetimes. Under those circumstances, liquid phase sintering of TiO, and
ZrO» supported oxygen carriers might be reasonable, to maximise the bonding between the active
phase (e.g. copper manganese oxide) and the support. Even a synthesis procedure involving two
calcination steps might be justifiable under these circumstances. Such a two-step synthesis procedure
could involve the sintering of the supporting material at temperatures well above their Tammann
temperatures, which are 789 °C, 884 °C and 1214 °C for Al,Os, TiO, and ZrO,, respectively. In a
second step, the active phase is then deposited onto the porous Al>Os, TiO; or ZrO, support by
impregnation, followed by a second calcination at lower temperatures. Such a procedure might result

in oxygen carriers with an exceptionally high mechanical stability.
Experiments with steam, fixed-bed reactors, and pressure swing

Furthermore, O; release and oxidation experiments could be performed with fluidisation by steam
and CO; to test the effect of steam on the evolution and performance of the particle. Carrying out
pressurised tests is reasonable to a lesser extent, since the O; release reaction is typically the
‘bottleneck’ of the redox-reactions. A pressurised operation at a given temperature is likely to result
in slower O; release and faster oxidation rates, which is not necessarily required. Operation of the
reducer and oxidiser at different pressures was reported as prohibitively difficult in a CFB system,
owing to oxygen carrier transport problems. However, fixed-bed reactor configuration would allow
this. Such a system with redox-cycling by po, swing and the O; release occurring at sub-atmospheric
pressure will shift the operation to lower temperatures and might simplify or even eliminate the need

for additional heat transfer into the reactor during the endothermic O, release.
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Continuation of the study of the relationship between redox-reactions and particle evolution

In this work, a faster swelling of the unsupported oxygen carriers during the pg, swing cycling (0.22
vol%/cycle) was measured compared to that during 7" swing cycling (0.05 vol%/cycle). The lower
rate of swelling and lower rate of increase in porosity during 7' swing cycling in comparison to pg,
swing will likely result in extended oxygen carrier lifetimes. When supporting the copper manganese

oxides on ZrO,, a shrinking has been observed over extended po, swing cycling. As future work, it
is worthwhile elucidating how the material and the cycling conditions such as 7" and |C(l,’2 - Cézl

during the oxidation and the O, release affect the evolution of the pore structure over a high number
of po, swing and 7 swing cycles. Here, research should focus on the influence of the material
composition (including dopants and supporting materials) and operating conditions on the solid-state
diffusion of ions in the lattice and the gas diffusion in the pores. Careful tuning of the material
composition and rational selection of operating conditions could allow for the oxygen carriers
assuming an optimal pore structure over the long-term. Precise knowledge of the relationships would
also allow for a new kind of rational process design. Currently, process simulations typically optimise
for a maximum net plant efficiency or minimum in exergy destruction.”® Precise knowledge of the
effect of the cycling conditions on the long-term mechanical properties of the oxygen carriers would
allow to optimise for the minimum oxygen-carrier replacement cost, minimum operating cost or even
minimum LCOE. Recently, CFD simulations were performed in which the mechanical properties
were used to calculate the attrition of particles at any point in a cyclone.'*® The combination of these
new computational particle fluid dynamics (CPFD) tools for CFB systems with insights into particle
evolution would enable this new promising kind of rational process design for chemical looping

process research.
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Nomenclature

Roman letters
Ar

App

Ar

Aspect ratio, defined by eq.(5-8) [-].

Projected area of a particle in the fluidised bed [m?].

Archimedes number, defined by eq.(7-7) [-].

Observed broadening of XRD peak (equal to FWHM of this peak) [°20].

Instrumental line broadening, which in this work was determined with an Si
standard.

Stoichiometric ratio [-].

Drag coefficient of a particle in the fluidised bed [-].

Cost of CO; capture induced by cost of oxygen carriers, defined by eq.(3-19) [$ X].
Concentration of i in the gas phase [mol m™].

Concentration of i in the gas phase in the bulk [mol m™].

Concentration of 7 in the gas phase at the surface of the oxygen carrier particle [mol
m>].

Equilibrium concentration of O in the gas phase, defined by eq.(6-20)
[mol(O2)/m?].

Cost of the oxygen carriers [$/t].

Mean crystallite size calculated from XRD measurements [nm].

effective diffusion inside the particle, defined by eq.(6-9)

grain diameter determined from SE micrographs using the ASTM E1382-97 method
Knudsen diffusivity, defined by eq.(6-6) [m2/s?].

diffusion inside the particle, a series of Knudsen diffusion and molecular diffusion,
defined by eq.(6-7)

Mean particle diameter [m)].

mean pore diameter, defined by eq.(6-5) [m].

Rate of reaction.

Fraction in the fluidised bed occupied by bubbles [-].
Drag exerted on a particle in the fluidised bed [N].
Gibbs free energy.

Acceleration due to gravity (g=9.81 ms™).
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Enthalpy.
Heat transfer coefficient of the gas [W m'K"'].

Heat of reaction in the fuel reactor (i = FR), the air reactor (i = AR); heat of
combustion (i = C).

Enthalpy of reaction [kJ mol].

Observed intensity of an XRD peak (also I,ps) [-].

Shape factor for the crystallite size calculation (0.9 is typically assumed for spherical
crystals).

Reaction rate constant per unit of oxygen carrier mass [m3 g=1s71].
Intrinsic reaction rate constant per unit of surface area [m-s™1].
Intrinsic reaction rate constant per unit of volume [s™1].
Proportional gain of the PID controller.

External mass transfer coefficient, defined by eq.(7-22) [m/s].

height of a crucible that holds the sample during TGA experiments (i.e. length from
the bottom to the top) [m].

Height of the fluidised bed [m].

Height of the fluidised bed at minimum fluidisation [m].

Relative molecular mass of i [g mol™'].

Theoretical mass of an oxygen carrier particle, calculated by eq.(7-27) [kg].
Mass of the fully oxidised oxygen carrier [g].

Mass of the fully reduced oxygen carrier [g].

Mass of the sample [g].

Mass of the oxygen carriers in the fuel reactor (i = FR) and in the air reactor (i =
AR).

Oxygen carrier circulation rate, defined in eq.(3-18).
Order of the reaction

Biot number, defined by eq.(7-10) [-].

Molar diffusional flux [mol s' m?]

Molar flow rate of i [mol s™'].

Nusselt number, defined by eq.(7-9) [-].

Calculated O; concentration [mol m?].
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pOZ,eq

SI
SE

Measured O, concentration [mol m?].

Total pressure [bar].

probability density of x [-].

O, partial pressure [bar].

O; equilibrium partial pressure [bar].

Universal gas constant (= 8.314 ] mol™1K™1).

Observed rate of reaction per unit of oxygen carrier volume [mol(0,) m™3-s™1].
Observed rate of reaction per unit of oxygen carrier mass [mol(0,) g7t -s™1].

Mean particle radius [m].

Oxygen ratio with respect to the weight of the active metal oxide [-].
Oxygen ratio with respect to the weight of the oxygen carrier [-].

Reynolds number at minimum fluidisation [-].

Reynolds number of a particle in the fluidised bed, defined by eq.(7-24) [-].
Entropy of reaction [J K!' mol'].

External surface area of a particle, defined by eq.(7-26) [m?].

Schmidt number, defined by eq.(7-25) [-].

Sherwood number, defined by eq.(7-23) [-].

Specific solid inventory [kg MWy!].

Fuel specific emissions [t(CO2) MW, '].

Temperature [°C].

Time [s].

Dead time in the gas sampling system of the fluidised bed [s].

Equilibrium temperature, i.e. T at which po, =pg,eq [°C].

Lifetime of the oxygen carriers, defined by eq.(3-6) [h].

Temperature of a particle in the fluidised bed [°C].

Absolute uncertainty of the property x within a 95% confidence interval [-].
Relative uncertainty of the property x within a 95% confidence interval [-].
Superficial gas velocity with respect to a particle in the fluidised bed [ms™'].

Minimum fluidisation velocity, defined by (7-5) [ms™].
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vg,in

Vg out

Yo,

Greek letter

Gas velocity entering the fluidised bed reactor [ms™].

Terminal velocity of a particle in the fluidised bed [m s™'].

Volume [m?].

Volumetric flow rate of the gas leaving the fluidised bed reactor [l min™'].

Volumetric flow rate of the gas leaving the fluidised bed reactor, defined by eq.(7-4)
[1 min].

Volume intrude by Hg during MIP measurements at a given pressure (XV; denotes
the cumulative intrusion) [mm?].

Volume of an oxygen carrier particle [m?].
Mass fraction of a in the solid phase [-].

Molar fraction of a in the solid phase. £.g. determined by XRD by eq.(5-5a) and
eq.(5-5a) [-].

Degree of conversion during the oxidation reaction (i = o0x), the reduction or O,
release reaction (i = red), and the fuel combustion (i =1f) [-].

Molar fraction of O, in the gas phase [mol mol™'].

Active metal loading: The mass fraction of the active metal [-].

Position of the peak that is used for the crystallite size calculation from XRD data or
peak position of the observed peak broadening [°26].

Fractions of bubbles in fluidised bed, defined by eq. [-].

Porosity of the bed at incipient fluidisation [-].

Porosity of the particle in pores between 5.5 nm and 10 um measured by MIP [-].
CO; capture rate  [t(CO,) h'].

Effectiveness factor of the intra-particle diffusion, defined by eq.(6-21) [-].
Dynamic viscosity of the gas mixture [Pa s].

Wave length of the x-ray radiation (for Cu-Ka radiation A = 0.1541 nm)

Thermal conductivity of the gas [mW m™ K™'].

Thermal conductivity of the particle [mW m™ K].

Kinematic viscosity of a gas mixture [m?s].
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Pp Particle or envelope density, defined by eq.(5-3) and eq.(5-4) [gm?].

Dsk Skeletal density determined by He pycnometry [kg m™].
Pg Density of the gas mixture [gm™].
Pm Molar density of the active metal oxide [mol m?]

PDFT Density of the crystal phase based on DFT calculation [kg m™].

(Zy)i Diffusion coefficients for gas molecules of species i [-].
o Electrical conductance [uS].
OCF Average crushing force calculated from single particle tests [N].
Tr Response time (6-1) of the TGA system
T; Integral time (i = 1), and derivative time (i = d) of the PID controller [s].
Tp Tortuosity factor of the oxygen carrier particle [-].
V; Stoichiometric coefficient of the component i [-].
[0) Thiele modulus, defined by eq.(6-22) [-].
Superscripts
b Value of the parameter at the bulk condition.
S Vaule of the parameter at the particle surface condition.
Abbreviations

CFB Circulating fluidised bed.
CFD Computational fluid dynamics.
CMP Copper manganese oxide.
CPFD Computational particle fluid dynamics.
DFT Density functional theory.
LCOE Levelised cost of electricity.
SD Standard deviation.

TGA Thermo-gravimetric analyser.
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Appendix

Appendix A.1 - The annual average currency exchange rates used for the conversion of costs

The currency exchange rates that were used for the conversion of euro (€) and pound sterling (£)

denominated costs to U.S. dollar ($) are listed below.

year GBP/USD EUR/USD year GBP/USD EUR/USD
2000 0.6614 1.0859 2010 0.6475 0.7549
2001 0.6946 1.1171 2011 0.6236 0.7188
2002 0.6680 1.0644 2012 0.6311 0.7783
2003 0.6121 0.8834 2013 0.6396 0.7530
2004 0.5459 0.8047 2014 0.6074 0.7536
2005 0.5500 0.8039 2015 0.6544 0.9017
2006 0.5434 0.7967 2016 0.7406 0.9042
2007 0.4998 0.7308 2017 0.7767 0.8868
2008 0.5446 0.6831 2018 0.7497 0.8473
2009 0.6412 0.7190

Source: www. ofx.com/en-gb/forex-news/historical-exchange-rates/yearly-average-rates/

Appendix A.2 — The methods used by ‘Medusa-Hydra’ for the calculation of the CP equilibria

198

The software calculates the equilibrium constant, K°, from the equation'” of the Gibbs free energy

of reaction AG,.°,"%1%

AG,° = —RT InK°,
(A-1)

where Rand 7 the gas constant and the temperature in K, respectively. AG,.°, is calculated from the

free energies of formation of the individual species by the equation %%,

AG,° = Y v; AG° (D), (A-2)
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where v; and AG¢°(i) are the stoichiometric coefficient and the free energy of formation of the

species i, respectively. For example, AG,.° of the nitrate-carbonate anion exchange reaction using

copper nitrate and sodium carbonate,

Cu(NO3); + NayCO3 = CuCOs + 2NaNOs, (A-3)

is calculated according to,

AG,° = AGF°(CuCO3) + 2AGs°(NaNO3) — AG°(Cu(NO3),) — (A-4)
AGs°(NayCO03),
The equilibrium constant K°is calculated based AG,.° on using the relation,
log K° = AG,°/[—RT In(10)].
0g K® = AG,*/[~RT In(10)] As)
The simplified Helgeson-Kirkham-Flowers (HKF) model was selected for all calculations to
calculate the activity of the reactions, where the activity coefficient y; (which is related to the
thermodynamic activity, ai, by ai = m;i y; , with y; being the molality) for the species i is calculated
according to,

Vi 2: (A-6)
logy; = —AZ?|—— ] —log(1+0.018 my)+bl,
8Yi i <1+5ABY\/7> g( k)

where A is the Debye-Hiickel slope, Z; the electric charge, a the effective ionic radii, By is the Debye-
Hiuckel constant, and b is a parameter that is specific to the solute. The first term on the right-hand
side is the Debye-Hiickel model that accounts for long-range electrostatic interactions between the
species. The model is simplified by using NaCl, an approximation which is legitimate owing to the
similar nature with the sodium compounds used in the experiments. The software uses the values for

A, By, d, and b from literature?*>!"-243, The activity of H,O is calculated by,

2my (A-7)

1 -y =Tk
08 am,0 = =P [ H 0y 55508

where ¢ is the correlated osmotic coefficient. The ‘Spana’ software also allows to calculate the
activity coefficients using the Davies equation and a model based on specific ion interaction theory.
Those two other models were tested, and the results were compared to the HKF model. As the
calculated molar fraction of all species did not notably differed, the recommendation of the software

was followed'?® and the HKF model used for all calculations.
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Appendix A.3 — The determination of the uncertainty of N> adsorption measurements

The uncertainty of the values calculated from N> adsorption experiments is mainly due to the
instrumental uncertainty and due to variations during the oxygen carrier preparation, and were
determined by comparing the calculated values of three measurements of particles from the same
oxygen carrier batch and of three measurements of particles from three different oxygen carrier
batches (prepared by the same method). The standard deviation was multiplied with two to obtain
the uncertainty within a 95% confidence interval under the assumption that the deviation of the
results follows a normal distribution. The results of the measurements and the calculated values for

the standard deviation and the uncertainty are shown in Table A.3, below.

Table A.3 Results of Nr>-adsorption experiments to calculate standard deviations and estimate

uncertainties of the measuring method and synthesis procedure using the standard procedure for the

preparation of 1Cu-1Mn-MM, which was calcined at 950 °C for 6 h in air (1 | min™ at STAP).
Internal surface -

SBET (m2 g_l) ( ) -l) vaorea (mm3 g_l) dporea (nm)
area (m? g

Seer  Langmuir  adsorption desorption adsorption desorption adsorption desorption

results of the three repeat measurements of the same oxygen carrier batch:

Al 0.3316  0.4238 0.0829 0.0935 1.513 1.514 73.05 64.75
A2 0.3333  0.4305 0.0811 0.0935 1.530 1.530 75.44 65.46
A3 0.3456  0.4408 0.0827 0.1037 1.529 1.644 73.93 63.41
SDr(x) 0.008  0.009 0.001 0.006 0.010 0.071 1.209 1.041
()P 0.045-x  0.040-x 0.024-x 0.122-x 0.013-x 0.091-x 0.033-x 0.032-x
results of the measurements of three different oxygen carrier batches:

Al 0.3316  0.4238 0.0829 0.0935 1.513 1.514 73.05 64.75
B1 0.2984 0.3792 0.0719 0.0901 1.757 1.757 97.69 78.04
Cl 0.3236 0.4170 0.0878 0.1086 2.038 2.038 92.87 75.06
SDinip(x) 0.017 0.024 0.008 0.010 0.263 0.262 13.06 6.97
Upm(x)®  0.109-x  0.118-x 0.201-x 0.202-x 0.297-x 0.296-x 0.297-x 0.192-x
Calculated standard deviation and uncertainty of x due to the preparation of the oxygen carriers ©

SDy(x) 0.016  0.022 0.008 0.008 0.263 0.252 13.00 6.90
up(x)° 0.098'x 0.110'x 0.200-x 0.162-x 0.297-x 0.285x 0.296-x 0.190-x

Footnotes: (a) The BJH cumulative volume of pore measured during adsorption and desorption was calculate
for pore diameters ranging between 1.7 and 300 nm; (b) The relative uncertainties of the instrument and of
instrument + preparation were calculated from the standard deviations of repeated measurements of samples
of the same batch (A1, A2, A3), and of repeated measurements of samples of different batches (A1, B, Cl),
respectively, by multiplying the SD by two assuming a normal distribution of the results of an uncertainty
within a 95% confidence interval; (c) the standard deviation and uncertainty caused by variations in the oxygen
carrier preparation were calculated by a statistical combination of the SD,+; and SD; by SD,* = (SDy+7 - SD?).
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The calculated values of the relative uncertainties of the measurement, um(x), were used to calculate
the uncertainties of all measurements of Sggt, Spores X Vpore and apore in this chapter, and to size

the error bars when presenting the results from the N, adsorption measurements.
Appendix A.4 — XRD pattern of all co-precipitated precursors

The reference pattern of all co-precipitated precursors is shown in Fig. A-1, below.

a) - © Malachite (001-0959)
o o 9 o v ¥V MnCO; (044-1472)
b) \1Cu-2Mn (3-0), pH 8.3
WMMXWMM%WW(MM)
c) v
- v 1Cu-2Mn (2-1), pH 7.0
d) Y
v v 1Cu-2Mn (2-1), pH 6.0
e) v
E‘ v Y. 1.25Cu-1.75 Mn (3-0), pH 8.3
=
211
S
g)
v
v ¥ 1.25Cu-1.75Mn (2-1), pH 6.9
h) .
v Y 1.5Cu-1.5 Mn (3-0), pH 8.5
i)
@
S i SIS M (30) PHED
i)
. v v 1.5Cu-1.5Mn (2-1), pH 7.2
WM%WWW
k)
1.5Cu-1.5 Mn (2-1), pH 6.0
10 20 30 40 50 60 70 80

Bragg angle, 26 (deg.)

Fig. A-1 XRD pattern of the precursors of all co-precipitated oxygen carriers of this work.
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Appendix A.5 — Estimation of the uncertainty of the crystalline mass fraction calculation.

The uncertainty of the crystalline mass fractions in the precursors of the co-precipitated oxygen
carriers was assumed to be a combination of (i) the observed peak intensity, los, of CeO- and (ii) the
uncertainty of the reference pattern data. The uncertainty of /s of CeO,, was estimated based on the
standard deviation of s of the three largest CeO, peaks (at 20 = 28.7°, 47.6° and 56.5°). The
uncertainty in /1. and I/Im.x of the reference patterns for MnCOs, Cu,CO3(OH),, and CeO, was
determined by calculating the standard deviation from five reference patterns” per phase. For //I. the
average value and the uncertainty (twice the standard deviation of five reference patterns) for
MnCOs3, CuCO3(OH),, and CeO, were 3.52 +0.10, 1.22 + 0.34 and 14.66 + 0.62, respectively. The
mass fraction of CeO, was determined using //[ax of the three largest peaks, which are located at 26

=28.7 ({/Imax = 1.000 £ 0.000), 47.6° (I/Imax = 0.486 + 0.046) and 56.5 ({/Imax = 0.388 £ 0.050).
Appendix A.6 — Calibration and mass flow uncertainties of the TGA mass flow controllers

The mass flow controllers were calibrated with a 250 ml bubble column from Soham Scientific. A
gas regulator set pressure of 1.3 bar was used during the calibrations. A flow rate was set and mixture
of DI water and detergent created a horizontal liquid film across the cylindrical column, which moved

upwards. The real gas flow rate, Vo5, Was calculated by,

Vi, Uy (A-8)

ty—t;

Ureal =

where vy, and v, is the volume between the upwards rising liquid film at the time t, and ¢,
respectively. The real gas flow rate was potted against the set flow rate, as shown in Fig. A-2a-d,

below.

* For the determination of the mass fraction of the crystalline phases the reference patterns for MnCO3 are
JCPDS 00-044-1472, JCPDS 01-073-4352, JCPDS 04-011-3970, JCPDS 04-011-3971, JCPDS 04-015-6715;
for Cu,CO;3(OH);, are JCPDS 04-019-0177, JCPDS 04-019-0178, JCPDS 04-019-0179, JCPDS 04-019-0180,
JCPDS 04-019-0181; for CeO; are JCPDS 00-067-0121, JCPDS 00-067-0121, JCPDS 00-067-0123 and
JCPDS 01-075-8371 and JCPDS 01-075-9470 were used.
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Fig. A-2 Calibration plots of the MFCs for (a) N>, (b) air, (c) CO: and (d) 10 vol% O, + CO:.

The experimental points were found to be very well represented by a linear fit. Those correlations

were used to control the flow rates of the MFC. To validate the calibration, a gas analyser was

connected to the outlet of the gas supply system, and volume fractions of O: set in the Agilent VEE

code compared with the measured volume fractions. The results are shown in Fig. A-3, below.
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Fig. A-3 A plot of the set volume fraction of O: against the volume fraction of O» measured with a

gas analyser at a flow rate of 150 ml-min” at SATP using air and N..
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The average absolute relative deviation and the maximum relative deviation between the set and the
measured volume fraction of O, (using the values listed in Fig. A-3) is 0.12% and 0.6%, respectively.
The deviation was found to be proportional to yo», a standard deviation, SD, of 0.0024(y02) was
calculated, and an uncertainty within a 95% confidence interval (assuming a normal distribution and

hence u(yo2)=25D) of 0.0047(y02) is assumed.
Appendix A.7 — Smoothing of the maximum rate of reaction during TGA experiments.

The observed rate of reaction was calculated by eq.(6-37), and the maximum rate was determined
from the three largest values of r’ and corrected as described below. It was found that when taking
solely one maximum value of r’, this maximum value would vary significantly by cycle. Therefore,
the data was smoothed by averaging the three largest values of the calculated rate
("max1,i» Tmax2,i» Tmax3,i) and correcting this average rate so that the average of the average rate over

100 cycles is equal to the average of the maximum rate, which can be written as,

r _ Tmaxl,i + rmaxz,i + Tmax3,i Z?:l(rmaxl,i) (A-9)
,calc — )
max.caie 3 Z?=1{(rmax1,i + Tmaxz,i + rmax3,i)/3}’

where T1ax calc 18 the calculated maximum observed rate, Timax1 i> Tmaxz,i> aNd Tmax3,; are the first,
second and third highest value of r’(t) within one reaction period of a redox-cycle, and n is the

number of redox-cycles.

Appendix A.8 — The correlations used for the calculation of the viscosity and density of gas
mixtures, and their uncertainties.

The density of pure N> was modelled by,

pw,/ (kg -m®) = —0.33685 (T/TO)3 + 1.3745 (T/TO)2 — 20803 (T/.) + 1.3837, (A-10)

and the density of pure CO; by,

Peo,/ (kg -m*) = —0.53130 (T/T0)3 + 2.1667 (T/TO)2 - 32770 (T/p. ) + 21775, (A-11)

where T is the temperature of the gas in K and Ty, is the reference temperature 1000 K. The division

of T'by T aided to keep the parameter closer to unity.

The density of the mixture containing O> and N or CO», pg,was correlated by,

a2 Yo

Pg/Pn, or co,/ (kg -m®) = 1+a; y,, + TTZ +a3Y0,(T/Ty) + a4 y0,(T/Ty)?,
0

(A-12)

where Y, is the molar fraction of O,, and a; with i = 1 to 4 are parameter, which are listed in Table
A.1. The values for a; were found by minimising the sum of the square errors between the correlated

values and the values calculated with RefProp.?*
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Table A.1 Parameter for eq.(A-12) and eq.(A-15) to correlate the density and viscosity of the gas
mixtures containing O and CO; or N.,.

parameter

property  mixture
ai a as a

p N2+ Os 1.4091-10" 4.8109-10* 1.9290E-10 -9.1980-10*

CO,+0,  -2.6881-10" -2.1574-10° -2.5245-10° 4.9914-10*
n N2+ Os 2.0783-10" -3.8712-10° -5.9836-10° -1.6331-107

CO,+ 0O, 1.3800-10" 4.4185-10° 2.8151-10 2.1966-10

The deviations of the calculated densities for the mixtures containing O, and CO; or N, are illustrated

in Fig. A-4, below.

X 107 -5
4 4 x 10
1 a)o,+N, 1 b) o,+co,
IR 1 3 .
g g o & o & o O A & g
RO I AR LR R S S o o
: 0 o A o 8 g 3 3
Q
* 2 Dy I
g A 3
§ 4 o> mol%(0)A 5 mol%(0,) g Jos mo%o)as molwo,)
1|7 20 mol%(0;) o 30 mol%(O,) 1l¥ 20 mol%(0,) 0 30 mol%(0,)
‘6 T T T
‘6 T T T
400 600 800 1000 400 600 300 1000
T/°C T/

Fig. A-4 The relative deviations between the calculated density with RefProp** and the density
correlated using eq.(A-12), a) for the mixture containing O and N>, and b) for the mixture containing

02 and COz.

Fig. A-4 shows neither a clear trend of deviations with a variation in temperature nor with a variation
in the oxygen concentration. The average absolute relative deviations (Agarp, x) and the maximum
absolute relative deviation (Ayagrp,x) were calculated by 1/n Y{(|Xrefprop — Xmodell)/XRefprop}
and max{(|Xrefprop — Xmodell)/Xrefprop}, respectively, with n being the total number of values
and X denotes the property p or . For the mixture containing CO; and Oz, Aparp,p 18 0.0005% and
AmarDp,p 18 0.0015%. For the mixture containing N2, Aparp,p 18 0.0006% and Ayagp p is 0.0025%.

The dynamic viscosity of a mixture was correlated similarly as the density of a mixture.
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Firstly, the viscosity of pure N, was correlated with,

6= — T ) T
M,/ (wPa-s) = 52375 (T/p. ) + 37.704(T/p. ) + 9.0743, (A-13)

for pure CO; with,

)= — T, \ T
Nco,/(uPa-s) = —8.153571 /To) + 45.530 ( /To) + 3.8815, (A-L4)

with Ty = 1000 K. The viscosity of the gas mixtures containing O + (N2 or CO), ng, were correlated
by,

2
Ng/MN, orco,/(UPa*s) =1+ a; yo, + a; yo, (T/TO) + az Yo, (T/TO) +a4 Yo, (A-15)

The parameter for eq.(A-15) are listed in Table A.1 and the deviations of this correlation compared

to the values from RefProp are illustrated in Fig. A-5, below.
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Fig. A-5 The relative deviations between the calculated viscosity with RefProp®** and the viscosity
correlated using eq.(A-15), for mixtures containing (a) Oz and N>, and (b) O and CO..

Fig. A-5 shows no significant trend in the deviations with a change in 7 or [O,], which suggests that

the correlations are suitable. For the mixture containing N> and Oz, a Ayagrp, 0f 0.0006% and a
Amarp,p of 0.0027% were calculated. For the mixture containing CO, and O, the Apagrp,, 18
0.0017% and the Ayarp,p is 0.0075% were calculated. The deviations together with the deviations

published by RefProp*** were used to calculate the uncertainty in estimated parameter, such as the

minimum fluidisation velocity and the external mass transfer coefficient.
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Appendix A.9 — Solving eq.(6-14) for the surface concentration

In eq.(6-14), quasi steady-state conditions are assumed and therefore the external diffusion has to

balance the rate of reaction inside the particle:

Nki(Coq — C5) ~ kg(Cs — Cp) (A-16)
Expansion of the bracket yields,

NkiCeq — NkiCs = koCs — ko), (A-17)
Bringing all terms that depend on C; to the L.h.s. and expanding again, yields:

NkiCs + kgCs = Nk;iCeq + kgCy + nk;Cy — Nk;Cy (A-18)
When factoring out the terms in eq.(A-18) yields,

Cs(nk; + kg) = Nk;(Ceq — Cb) + Co(nk; + kg) (A-19)

Division by (nk; + k) yields:

_ nki(Ceq - Cb)

= C A-20
(nk; + kg) b (A-20)

S

Eq.(A-20) is used in section 6.3 to eliminate Cs form the reaction rate function to model the observed

rate of reaction during the experiments to measure the effect of the intra-particle diffusion resistance.

263



Appendix A.10 — Kinetic parameters and reaction orvder for the reduction with CH4

From the experiments After demonstrating that stable redox-cycling with a reduction in CH4 + N3 is
possible, experiments were performed to determine the reaction order and kinetic parameter, as

shown in Fig. A-6, below.
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Fig. A-6 Plots (a) of the reaction rate against conversion at varying [CH4J, (b) for the determination
of the reaction order, (c) of the reaction rate against conversion for different temperatures, and (d)
for determination of the pre-exponential factor and activation energy of 1Cu-IMn-MM oxygen
carriers measured in the TGA using a total gas flow rate of 200 ml-min™. The full conversion is

calculated assuming a reaction between Cu;sMn;sO4 and (Cu+Mn,03).

The fitted line in Fig. A-6a is in good agreement with the experimental data. The gradient of this line
corresponds to a reaction order of n=1.003 and n = 1.106 with respect to the molar CH4 concentration
for the reduction reaction at 600 °C and 650 °C, respectively. Fig. A-6b shows the reaction rate
profile of the reactions that were used for the determination of the maximum rates in Fig. A-6a. Fig.

A-6¢ shows the reaction rate profiles of the observed rate of reaction, r, during experiments with
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various temperatures. The maximum observed rates were related to the observed rate constant, k,

and the molar CH4 concentration, Ccyy, by,
r = kCCH4 (A'ZI)

The observed rate constant was then related to the particle radius, 7, the external mass transfer, kg,

an effectiveness factor to account for the reduction of the intrinsic rate due to the intra-particle

diffusion resistance, 77, and an intrinsic rate constant, k;, by, °!
=gt (A-22)

The intrinsic rate constant was expressed by an Arrhenius equation,

E
k; = A-exp (— R—f‘r) (A-23)

The calculated values for k were plotted as an Arrhenius plot to determine the activation energy and

rate constants. The calculated kinetic parameters are shown in Table 6-7, below.

Table 6-7 The kinetic parameters calculated for the oxidation and reduction reaction.
reduction in CH; + N

oxygen carrier

A Ea n
1Cu-1Mn-MM 6.628 £ 1 3391 =+1 1.003 £0.1
1Cu-1Mn-CP 6.738 £ 1 33.42+1 n.d.
1Cu-2Mn-MM 6.738 =1 33.42+1 1.000+0.1
40-CuMn/Zr 8.027+ 1 25.57+1 n.d.
40-CuMn/Ti 6.628 £ 1 3148 +1 n.d.

The kinetic parameters from Table 6-7 allow calculation of the minimum solid inventory for the
CH4-CLC process or process simlulation, which both can be used as a benchmark for the estimated

minimum solid inventory of the oxygen carriers for the CLAS process.
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Appendix A.11 — Calibration and mass flow uncertainties of the FBR mass flow controllers

The MFCs of the gas supply system of the fluidised bed reactor have been calibrated following the
same procedure that has been used for the calibration of the TGA MFCs. The calibration plots are
shown in Fig. A-7, below.

5 5 6
a) 10vol% O, + CO, b) CO, 5 c) 35vol% 0, + CO,
— 4 — 4 =7
E < U
E 3 - E 3 A E
32 32 3]
] = FN
:5 1 4 y=0.2467x+0.1631 = 1 y=0.2570x-0.1082 = 1 y=0.3114x- 0.0794
R? =0.9994 R?=0.9997 R?=0.9998
0 T T T 0 T T T 0 r T T
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
MFC valve opening [-] MFC valve opening [-] MFC valve opening [-]
4 4

e)N,

W
1

Vaaya / (I min)
= M
1 1

y=0.9937x-0.0282 y=0.3472x-0.0850

R? = 1.0000 R?=0.9998
0 T T T 0 T
0 1 2 3 4 0 5 10
MFC valve opening [-] MFC valve opening [-]

Fig. A-7 Calibration plots of the mass flow controllers of the fluidised bed reactor. The calibration
was carried out at 3 barg.

Appendix A.12 — Reduction of the noise-to-signal ratio of the measured gas volume fractions
using the algorithm proposed by Savitzky and Golay.

The data was smoothed using the algorithm proposed by Savitzky and Golay with 11 data points.**
The gas sampling interval was 0.5 s™! during all experiments. Therefore, the data in the range between

t —2.5s and t+ 2.5s was used for the smoothing, and the smoothed molar fraction of O,

(}’oz)smoothe o Was calculated by,

s
Xiay0,(t 255 + )
(yoz)smoothed - 429 (A-24)

The values for a; in eq.(A-24) are listed in Table A.2, below.

Table A.2 Parameter used for the Savitzky and Golay algorithm.
i 0 1 2 3 4 5 6 7 8 9 10

a; -36 9 44 69 84 &9 84 69 44 9 -36
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