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Summary

Unravelling the origin of the redox kinetics behaviour of oxygen carriers for chemical 
looping combustion
Concerns about the role of anthropogenic greenhouse gas emissions on the observed climate 
change have led to large research endeavours to develop new technologies that can reduce the 
emission of (in particular) carbon dioxide into the atmosphere. There is growing consensus that 
a long term solution to climate changes dictates that fossil fuels need to be replaced by sustain-
able (renewable) resources. On the midterm, however, fossil fuels will still play an important role 
in the energy conversion processes, thus the human effect on the climate can only be mitigated 
by decreasing the CO2 emissions related to fossil fuel combustion. Carbon Capture and Storage 
(CCS) provides a feasible mid-term solution to mitigate (up to 20%) the anthropogenic CO2 
emissions, until sustainable resources will be able to substantially replace fossil fuels.

   
 

Summary 

Unravelling the origin of the redox kinetics behaviour of oxygen carriers for chemical 

looping combustion 

Concerns about the role of anthropogenic greenhouse gas emissions on the observed climate 

change have led to large research endeavours to develop new technologies that can reduce 

the emission of (in particular) carbon dioxide into the atmosphere. There is growing 

consensus that a long term solution to climate changes dictates that fossil fuels need to be 

replaced by sustainable (renewable) resources. On the midterm, however, fossil fuels will 

still play an important role in the energy conversion processes, thus the human effect on the 

climate can only be mitigated by decreasing the CO2 emissions related to fossil fuel 

combustion. Carbon Capture and Storage (CCS) provides a feasible mid-term solution to 

mitigate (up to 20%) the anthropogenic CO2 emissions, until sustainable resources will be 

able to substantially replace fossil fuels. 

 

Figure 1. Role of Carbon Capture and Storage technologies (IEA (International Energy 

Agency), 2010). 

Amongst the different CCS stategies, particularly Chemical-Looping Combustion (CLC) has 

proven to be a very promising combustion technology for new power production plants with 

Figure 1. Role of Carbon Capture and Storage technologies (IEA (International Energy Agency), 2010).

Amongst the different CCS stategies, particularly Chemical-Looping Combustion (CLC) has 
proven to be a very promising combustion technology for new power production plants with 
integrated CO2 capture, as well as for hydrogen production from natural gas, yielding the lowest 
energy penalties for the capture stage. The CLC principle features a metal oxygen carrier (Me/
MeO) that is alternately reduced by a fuel (syngas or natural gas) in a fuel reactor and oxidized 
by air in an air reactor. Since the separation of oxygen from nitrogen is already performed in the 
air reactor, a nitrogen free CO2 stream is obtained from the fuel reactor. 



CLC is especially competitive when it is operated at high temperatures (1000-1200 °C) and high 
pressures (15 bar or higher) (Adanez et al., 2012), but these conditions may pose major technical 
challenges to concepts based on interconnected fluidized-bed reactors. In particular the loop seals are 
difficult to operate at these conditions, while the gas-solids separation in the cyclones is very difficult 
at these conditions posing problems for the downstream turbomachinery. Dynamically operated 
packed bed reactors, where the oxygen carrier is stationary and is alternately reduced and oxidized via 
periodic switching of the fuel and air streams, may circumvent such problems, and have been shown 
to provide a good alternative to fluidized bed technology, especially for pressurized systems.

Detailed knowledge and an accurate description of the redox kinetics of the oxygen carriers 
is needed for the modelling and design of chemical looping processes, and in particular for 
packed-bed CLC processes, because in these processes the oxygen carrier material undergoes full 
reduction and full oxidation at every cycle. The kinetics of the oxygen carriers determine the 
amount of fuel slip and consequently the overall process efficiency and reactor dimensioning.

Until now, researches have attempted to describe the redox kinetics with a shrinking core or 
grain type model (SCM) or a changing grain size model (CGSM) using a combination of chemi-
cal reaction control and gas-phase diffusion control regimes, assuming that gas-phase diffusion 
limitations were responsible for the decrease in the reaction rate observed in the redox cycles 
carried out in thermogravimetric analysers (TGA) (see e.g. Figure 2). 

   
 

 

Figure 2. Comparison of TGA experiments and ad-hoc shrinking core models (SCM, CGSM) 

for CuO/Al2O3. 
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particle conversion of typically 60-80%. Often these models have been modified by adding 

an ad hoc dependency of the diffusion term of the particle conversion, with which these 
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The CSM/CGSM models are able to describe the redox kinetics of several oxygen carriers at 
low conversion, but they all fail to describe the sudden decrease in the reaction rate at a particle 
conversion of typically 60-80%. Often these models have been modified by adding an ad hoc 
dependency of the diffusion term of the particle conversion, with which these models can rea-
sonably describe the observed kinetics, but this modification has no direct physical meaning and 
are the models are thus not predictive. 

The objective of this research is to elucidate the origin of the redox kinetics behaviour of 
CuO-based oxygen carriers in chemical looping combustion via a combined experimental and 
computational study. Several experimental techniques (low pressure and high pressure TGA and 
magnetic suspension balances in combination with detailed characterization techniques, such 
as XRD, XR tomography, SEM, BET, etc.) have been used to monitor the morphological and 
chemical changes that particles undergo during the reduction and oxidation cycles in combina-
tion with their reduction and oxidation kinetics.

In Chapter 1 and 2, an introduction and an overview of the redox kinetics is given, to provide 
a comprehensive overview of the current technologies and current kinetic models available in 
the literature.

In Chapter 3, XRD and SEM-EDX are used to investigate the morphological changes in the 
particle over the many redox cycles in order to better understand why all the models developed 
in literature fail to describe the kinetics. The results demonstrate that gas-phase diffusion is not 
playing a limiting role on the redox kinetics, despite very significant morphological changes 
in the particle and that solid diffusion or spinel reduction may be responsible for the observed 
sudden drop in the particle conversion rate.

In Chapters 4 and 5, a combination of TGA and XRD at different stages during the redox 
cycling has been used together with X-Ray computer tomography. It has been observed that 
spinel reduction may be responsible for the observed behaviour of the redox kinetics. It has also 
been observed that for the oxygen carriers where spinel cannot be formed, the simple SCM is 
able to predict the reaction rates. These conclusions also hold at higher pressures, as shown with 
the results presented in Chapter 6. 

A new model that quantitatively describes the redox kinetics and the oxygen uncoupling of 
CuO/SiO2 as well as the redox kinetics of CuO/Al2O3 oxygen carriers has been developed in 
Chapter 7. A particle model for the redox kinetics of CuO/Al2O3 has been linked to a packed 
bed reactor model via developed particle effectiveness factors to assess the importance of an 
accurate redox kinetics model on the operation of packed bed CLC reactors and to study the 
performance of the packed bed reactor. In addition, the performance of CuO/Al2O3 as oxygen 



carrier for packed bed chemical looping combustion has been investigated under industrially 
relevant conditions and the results have been used to validate the integrated reactor model, and 
these results are shown in Chapter 8.

This research has provided a good understanding of the redox kinetics of CuO-based oxygen 
carriers together with a particle model accounting for the changes that the particles undergo 
during the redox reactions. This particle model that also accounts for internal gas phase diffusion 
limitations has been used to derive particle effectiveness factors, which have been used in a 
packed bed reactor model to investigate the behavior of the packed bed CLC reactor.
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Introduction

1
1.1 Global warming

Global warming and climate change are terms for the observed century-scale rise in the average 
temperature of the Earth and its related eff ects on the climate. A large amount of scientifi c 
evidence shows that the Earth temperature is increasing signifi cantly above previously observed 
fl uctuations (Hansen et al., 2010) (see Figure 1.1).
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Figure 1.1. Global mean surface temperature change from 1880 to 2015, relative to the 1951-1980 mean 
(GISS, 2016). (Black line is the annual mean and the red line is the 5-year running mean).

From 1990, the CO2 concentration in the atmosphere has risen from 300 to 405 ppm, and this 
increase has been associated to fossil fuel combustion, cement production and deforestation 
(IPCC, 2013).

Only 43% of the CO2 released during these activities remains in the atmosphere. Th e other 
57% of the CO2 has been reabsorbed in the terrestrial ecosystems and the oceans (IPCC, 2013). 
Greenhouse gases such as CO2, but also methane is a well-known example, refl ect the planet’s 
outbound heat radiation back to earth, and thus infl uence the global temperature, when they 
are in the right concentration. However, with the increase in greenhouse gas concentrations, 
especially CO2, the balance of the radiative fl uxes is altered and the Earth’s temperature increases. 
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During the last century, the temperature has increased by 0.8 °C (mainly between 1970-2000) 
(“Climate change 2013: The physical science basis. Stockholm,” 2013), resulting in a sea level 
increase of 15 cm. Due to this, the climate has changed with wide-ranging impact, from rising 
sea levels, to melting snow and ice, to more drought and extreme rainfall. Scientists project that 
these trends will continue and in some cases accelerate, posing significant risks to human health, 
our forests, agriculture, freshwater supplies, coastlines, and another natural resources that are 
vital to the economy, environment and our way of life. The expectations for the 21st century are 
that the anthropometric CO2 emissions will continue and rise to 421-936 ppm (IPCC, 2013), 
resulting into a further global temperature increase of 1-3.7 °C, increasing the impact of human 
activities on the climate change as well.

Concerns about the role of anthropogenic greenhouse gas emissions, mainly CO2 emissions 
generated by the combustion of fossil fuels (IPCC, 1991; McCarthy, 2001), on the observed 
climate change have resulted in great research efforts to develop new technologies that can 
reduce the emission of (in particular) carbon dioxide into the atmosphere. The long term solu-
tion to climate change, mostly due to human activities, is the replacement of fossil fuels by 
sustainable (renewable) resources. On the midterm, however, fossil fuels will continue to play a 
very important role in our energy conversion processes, so that the effect on the climate can only 
be mitigated by decreasing the CO2 emissions related to fossil fuel combustion. This is called the 
energy transition phase, and we are currently in the middle of this phase.

1.2 Carbon Capture Technologies

Carbon Capture and Storage (CCS) provides a reasonable mid-term solution to mitigate 
anthropogenic CO2 emissions, until sustainable resources will be able to substantially replace 
fossil fuels. In addition to existing carbon dioxide (CO2) injection activities in the oil and gas 
industry, around 20 technically feasible, electricity generation projects with CCS or more have 
been proposed around the world. CCS, however will always incur additional costs and will only 
be implemented if these costs can be reduced and/or paid off by large CO2 emission reductions 
that can be achieved. 

There are three main technologies currently proposed for CO2 capture (Davison, 2007; Leung et 
al., 2014; Peron, 2005; Tan, Y; Thambimuthu, 2010; Wall et al., 2009; Wilcox, 2011): (i) Post-
combustion capture (Merkel et al., 2010; Samanta et al., 2012), where a new final processing 
stage is applied to remove most of the CO2 from the exhaust gas, just before it is vented into the 
atmosphere (this requires CO2/N2 separation). (ii) Pre-combustion capture (Babu et al., 2013), 
which takes place before the fuel is placed in the furnace by first converting coal/natural gas 
into hydrogen and CO2 and separating the CO2 before the combustion of hydrogen. The third 
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method, (iii) oxy-fuel (Buhre et al., 2005), burns the fuel in an atmosphere with pure/much 
enriched in oxygen, resulting in an exhaust gas that is almost pure CO2. 

All these possibilities include an energy intensive gas separation step that decreases the efficiency 
of the plant. For instance, with the currently available capture technologies, the power pro-
duction efficiency of a coal-based power plant would drop from 42% to 31-33% (Finkenrath, 
2011). For the exploitation of CCS technologies, much research is thus dedicated to reduce this 
efficiency penalty by improving (or circumventing) these separation steps.

1.3 Chemical Looping Combustion

Chemical-Looping Combustion (CLC) has proven to be a very promising combustion technol-
ogy for new power production plants with integrated CO2 capture, yielding the lowest energy 
penalties for the capture stage. The CLC principle features a metal oxygen carrier (Me/MeO) 
that is alternately reduced by a fuel (syngas or natural gas) in a fuel reactor and oxidized by air in 
an air reactor operating at atmospheric pressure. A schematic representation is shown in Figure 
1.2.

In the fuel reactor the following reactions take place, if syngas is used as fuel:
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Since the separation of oxygen from nitrogen is already performed in the air reactor, a nitrogen 
free CO2 stream is obtained from the fuel reactor. 
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Figure 1.2. Schematic representation of the Chemical Looping Combustion process. 

Applying CO2 capture in power production from coal would result in the largest impact on 
mitigation of CO2 emissions (Hamers et al., 2014b). Coal can be directly fed to the fuel reactor 
(Adanez et al., 2012; Lyngfelt, 2014; Mattisson et al., 2009a), or first converted in a gasifier to 
syngas, which is afterwards fed to the CLC system. 

The heat produced with CLC has to be converted into electricity. The highest electrical efficiency 
when operating with clean gaseous fuels can be achieved by a combined cycle. Efficiency of com-
bined cycles is very sensitive to the turbine inlet temperature (Hamers et al., 2014b). Therefore, 
the resulting gas stream from the oxidation stage has to be produced at high pressure (15–20 bar) 
and temperature (at least around 1200 °C) to achieve acceptable efficiencies (Hossain and de 
Lasa, 2008). At these conditions, CLC in combined cycle configuration has conceptually proven 
to outperform conventional CO2 capture technologies, with the calculated efficiency of 3–5% 
points higher than with conventional CO2 separation technologies (Erlach et al., 2011; Spallina 
et al., 2014).  

Therefore, CLC is especially competitive when it is operated at high temperatures (1000-1200 
°C) and high pressures (15 bar or higher) (Wolf et al., 2005), but these conditions may pose 
major technical challenges to concepts based on interconnected fluidized-bed reactors. Dynami-
cally operated packed bed reactors (Noorman and van Sint Annaland, 2007), where the oxygen 
carrier is stationary and is alternately reduced and oxidized via periodic switching of the fuel and 
air streams, may circumvent such problems, and have been shown to provide a good alternative 
to fluidized bed technology, especially for pressurized systems (Spallina et al., 2014). 

Several oxygen carriers (OCs) could be selected for this process. Usually nickel, copper, iron 
or manganese based materials are used as OCs. The oxygen carrier should be highly reactive, 
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work properly at high temperatures (1200 °C) facilitate a temperature rise of 750  °C (from 
ca. 450 °C to 1200 °C) during oxidation and full fuel conversion during reduction, have low 
costs, be environmentally friendly and be available (Adánez, 2004). Hamers et al. (Hamers et 
al., 2013) have found that a large temperature rise can be circumvented by carrying out CLC 
in two packed-bed reactors placed in series in a two-stage CLC (TSCLC) process, lowering the 
requirements for the selected oxygen carriers and reactor materials, while hardly sacrificing in 
energy efficiency.

Copper oxide on alumina as a support has been chosen as the main oxygen carrier used in this 
work because of its very high reduction rates at lower temperatures and its very good mechanical 
and chemical stability (Hamers et al., 2014a), i.e. no significant changes in the particle diameter 
or active weight content with the number of cycles. Moreover, the TSCLC concept allows the 
use of copper oxide on alumina in the first stage, taking advantage of its good reactivity (Hamers 
et al., 2014a; Spallina et al., 2014), while mitigating problems with agglomeration formation 
commonly seen with Cu-based oxygen carriers at higher temperatures because of the low melting 
point of Cu, 1085 °C.

1.4 Redox kinetics of the oxygen carriers

Detailed knowledge and an accurate description of the redox kinetics of the oxygen carriers 
is required for the modelling, optimization and design of chemical looping processes, and in 
particular for packed-bed CLC processes. The kinetics of the oxygen carriers determine the 
amount of fuel slip and consequently the overall process efficiency. Until now, researches have 
attempted to describe the redox kinetics with a shrinking core or grain type model (SCM) or 
a changing grain size model (CGSM) using a combination of chemical reaction control and 
gas-phase diffusion control regimes, assuming that gas-phase diffusion limitations were respon-
sible for the marked decrease in the reaction rate observed during the reduction cycle at higher 
particle conversions (typically at 60-80% particle conversion), as measured for several different 
oxygen carriers using thermogravimetric analyzers (TGA) (Abad et al., 2011; Goldstein and 
Mitchell, 2011) (See Figure 1.2). Several ad-hoc models have been developed and published in 
the open literature that try to describe the redox kinetics of several oxygen carriers at different 
temperatures, but they fail to describe the above mentioned sudden drop in reaction rate (Abad 
et al., 2011, 2007; Goldstein and Mitchell, 2011; Hossain and de Lasa, 2010), especially when 
it comes to its dependence on the temperature. 

While the initial kinetics can be predicted accurately, they clearly fail to describe the decrease in 
reaction rate, temperature dependency and final conversion. Note that, contrary to fluidized-bed 
CLC concepts which operate with a relatively small difference in the degree of oxidation state of 



Chapter 1

18

the oxygen carrier between the air and fuel reactor, in packed-bed CLC the particle conversion is 
always (in the major part of the bed) cycling between the two extrema, making it very important 
to understand and predict the maximum achievable particle conversion. Similar redox kinetics 
behaviour has been observed for different oxygen carriers, such as ilmenite (Fe2O3/Ti2O5) and 
NiO/Al2O3. 

The objective of this research is to elucidate the origin of the redox kinetics behaviour of oxygen 
carriers in chemical looping combustion via a combined experimental and computational study. 
In Chapters 3, 4, 5 and 6, several experimental techniques (low pressure and high pressure 
and high temperature TGA and magnetic suspension balances in combination with detailed 
characterization techniques, including XRD, BET, X-ray computer tomography) have been used 
to monitor the morphological and chemical changes that particles undergo during the reduction 
and oxidation cycles in combination with their reduction and oxidation kinetics. The cause 
of the drop in reduction rate at higher particle conversions has been elucidated in Chapter 4. 
In Chapter 6, the effect of pressure on the redox kinetics has been studied. A model has been 
developed and experimentally validated in Chapter 7, which quantitatively describes the redox 
and oxygen uncoupling kinetics of CuO/SiO2 and CuO/Al2O3 oxygen carriers. In Chapter 8 the 
particle model has been used to develop correlations for the particle effectiveness factors that 
have been implemented in a packed bed reactor model to assess the importance of the redox 
kinetics for the performance of the packed bed CLC reactor. In the high temperature tubular 
packed bed, CuO/Al2O3 has been tested as oxygen carrier for chemical looping combustion and 
the results have been used to validate the extended reactor model.



2
Review of the redox kinetics of CuO/Al2O3 

for chemical looping combustion





21

2

Review of the kinetics of CuO/Al2O3 for chemical looping combustion

2.1 Review of commonly used oxygen carriers 

In chemical looping combustion (CLC), the choice of the oxygen carrier material is crucial 
with respect to overall system performance and costs. An ideal oxygen carrier should have a 
number of requirements (Fan and Siriwardane, 2014), including high reactivity, low attrition 
(for fluidized beds), low tendency for agglomeration, chemical stability under many reduction/
oxidation cycles at high temperatures and pressures and be environmentally friendly. It should 
also have a low cost. For solid fuel direct chemical looping combustion in fluidized beds, the cost 
aspect is especially important as oxygen carrier material will be lost in the ash separation step. 
The development of oxygen carriers possessing these desirable properties is critical to bring CLC 
to large-scale applications.

The traditional oxygen carriers (Ishida et al., 1987), such as CuO, Fe2O3, NiO, MnO, and CoO 
have been tested extensively in the past for CLC of coal and CH4 (Ishida et al., 1987), (Adánez-
Rubio et al., 2012; IEA (International Energy Agency), 2010; “IECEC-97 Proceedings of the 
Thirty-Second Intersociety Energy Conversion Engineering Conference,” 1997; Siriwardane et 
al., 2007). However, disadvantages such as the low reactivity of Fe2O3, CoO, and MnO, low 
melting points and high agglomeration rates of CuO, and health concerns with NiO have to be 
taken into account. None of the above traditional metal oxides already investigated in previous 
studies seems to possess all of the desirable characteristics for CLC applications. Therefore, many 
researches have recently investigate mixed metal oxides that can solve many of the problems 
found in conventional single metal oxides. The synergetic effects of having multiple oxides may 
enhance the performance of the oxides and obtain the desired properties for CLC. 

To date, most operational experience in chemical looping combustion has been gained with 
ilmenite, an iron−titanium material. Ilmenite is comparably cheap, mechanically durable, and 
nontoxic (Adánez et al., 2013; Linderholm et al., 2011; Lyngfelt et al., 2013; Rydén et al., 2014; 
Schmitz et al., 2016; Thon et al., 2014) and has therefore become the state-of-the-art oxygen 
carrier in chemical looping combustion (Fennell, 2015). Iron oxide has the advantage of low 
agglomeration in comparison to CuO, but has much lower reactivity and lower oxygen transfer 
capacity. The components of bimetallic Cu−Fe oxygen carriers were optimized to achieve a better 
reactivity than Fe2O3 and better stability than CuO in cyclic methane CLC and coal/carbon 
CLC reactions.

Materials based on manganese ores are promising candidates due to their favorable thermody-
namic properties, high availability, high manganese content, abundancy and low price (Adánez 
et al., 2013; Schmitz and Linderholm, 2016). As these ores tend to be comparably soft and 
prone to attrition, the challenge is to find materials which combine the above-mentioned ad-
vantages with sufficient mechanical durability (Schmitz et al., 2016). Sundqvist et al. found 
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that gas conversion for different manganese ores was 2.7-6 times faster compared to ilmenite 
(Sundqvist et al., 2015). Linderholm et al. used a mixture of ilmenite and manganese ore in a 
100 kW chemical looping combustor and found that the fraction of unconverted gases could 
almost be halved by addition of manganese ore (Linderholm et al., 2016). However, it has also 
been observed that some manganese materials are more sensitive to attrition forces than ilmenite 
(Linderholm et al., 2012). 

In this work, CuO/Al2O3 has been chosen and studied as an oxygen carrier, taking advantage of 
its very high reduction rates at lower temperatures and its very good mechanical and chemical 
stability (Hamers et al., 2014a; Spallina et al., 2014).

The kinetics of the CuO are very complicated, following not always a sequential pathway (Eyring 
et al., 2011; García-Labiano et al., 2004; Hossain and de Lasa, 2008; Kim et al., 2003; Wang 
et al., 2013). With many investigations performed on the conversion of different oxygen carrier 
materials and several models suggested in literature, an overview of the commonly used models 
developed in literature has been conducted and they have been compared with experimental 
results carried out in a Thermogravimetric-Analyzer (TGA). 

A selection of experimental investigations at different conditions has been carried out and com-
pared with the models showing that many commonly used models fail to predict the observed 
drop in the reaction rate at higher particle conversions as well as the final conversion (see Figure 
2.3). Therefore, a new model will be proposed further in this work. 

2.1.2 Review of commonly used kinetic models
The kinetic models that can be found in literature used for chemical looping combustion can 
be divided in two major categories, viz. nucleation growth models, usually referring to Avrami 
Erofeev models (Kruggel-Emden et al., 2011), or shrinking core models (Koga, Y., Harrison, 
1984; Octave Levenspiel, 1996). An overview of the most often used models at atmospheric 
pressure is provided in Table 2.1.

Table 2.1. Commonly used kinetics models for chemical looping combustion at atmospheric pressure.
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implying that there is a sharp interface between the core and product layer. The outer shell 
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In the shrinking core models the following assumptions are taken into account: i) the reaction 

is elementary and first order, ii) the gas does not diffuse into the core part, it is either non-
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Figure 2.1. Avrami Erofeev model (Kruggel-Emden et al., 2011).

The shrinking core models can be distinguished according to the particle shape (flat plate, cylin-
drical or spherical) and the governing mechanisms (external mass transfer, internal mass transfer 
and reaction) considered. The classical shrinking core model (Heesink et al., 1993) is illustrated 
in Figure 2.2, where a sketch of a partly converted spherical particle is shown together with a 
diagram showing the corresponding radial profiles of the involved gaseous reactant inside the 
particle. It is assumed that the core and product layer materials do not mix, implying that there 
is a sharp interface between the core and product layer. The outer shell of the spherical particle 
consists of solid product only, whereas the core contains the original solid reactant. 

In the shrinking core models the following assumptions are taken into account: i) the reaction is 
elementary and first order, ii) the gas does not diffuse into the core part, it is either non-porous 
or the reaction is so fast that as soon as the gas sees the surface of the core, it reacts and forms the 
products, iii) the gas can diffuse through the ash-shell, because the shell is porous.
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(Octave Levenspiel, 1996). 

Shrinking core models assume five steps in the particle conversion: i) diffusion of A from 
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the shell surface to the core, iii) reaction on the surface of the core to form C and ash, iv) 

diffusion of the product C from the core surface to the shell surface (diffusion through the 
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Figure 2.2. Schematic diagram of a shrinking particle with an unreacted shrinking core (SCM), together with 
the radial concentration profile of the gas reactant inside the particle (Octave Levenspiel, 1996).

Shrinking core models assume five steps in the particle conversion: i) diffusion of A from the 
bulk phase to the shell surface (diffusion through the gas film), ii)  diffusion of A from the shell 
surface to the core, iii) reaction on the surface of the core to form C and ash, iv) diffusion of the 
product C from the core surface to the shell surface (diffusion through the shell), v) diffusion 
of the product C from the shell surface to bulk gas (diffusion through the gas film). Steps ii) 
and iv), and steps i) and v) are similar. The diffusion coefficient can be described through an 
Arrhenius approach as suggested by Brandvoll et al. (2003), which is suitable to represent solid 
diffusion or through an effective diffusion calculated from both Knudsen and molecular diffu-
sion as suggested by Sohn and Szekely (1970).
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Effect of temperature

It has been reported that shrinking core models do not adequately predict the drop observed 
in the reduction rates at higher particle conversions as well as the final conversion (Dueso et 
al., 2012; Sun et al., 2008). This is also evident from Figure 2.3, showing a comparison of the 
predictions of different shrinking core type models with experimental data of the reduction of a 
CuO particle at two different temperatures.

   2. Review of the kinetics of CuO/Al2O3 for chemical looping combustion 
                                                                                                                    
 

15 
 

described through an Arrhenius approach as suggested by Brandvoll et al. (2003), which is 

suitable to represent solid diffusion or through an effective diffusion calculated from both 

Knudsen and molecular diffusion as suggested by Sohn and Szekely (1970). 

Effect of temperature 

It has been reported that shrinking core models do not adequately predict the drop observed 

in the reduction rates at higher particle conversions as well as the final conversion (Dueso et 

al., 2012; Sun et al., 2008). This is also evident from Figure 2.3, showing a comparison of 

the predictions of different shrinking core type models with experimental data of the 

reduction of a CuO particle at two different temperatures. 

 

Figure 2.3. Shrinking core models fitted to predict the reduction of CuO/Al2O3 at 600 °C and 

800 °C. Grain Shrinking Core Model (GSCM) 

Ad hoc modifications have been proposed in the diffusion term of the shrinking core models 

to make it depending on the particle conversion. With these modifications the redox kinetics 

could be better described, but not consistently for different temperatures. Moreover, in this 

Figure 2.3. Shrinking core models fitted to predict the reduction of CuO/Al2O3 at 600 °C and 800 °C. Grain 
Shrinking Core Model (GSCM)

Ad hoc modifications have been proposed in the diffusion term of the shrinking core models 
to make it depending on the particle conversion. With these modifications the redox kinetics 
could be better described, but not consistently for different temperatures. Moreover, in this 
thesis (Chapter 3) it will be demonstrated that internal gas phase diffusion limitations cannot be 
responsible for the sudden decrease in the observed reaction rate, nor the possible migration of 
copper from the inside of the particle to the external surface and oxygen uncoupling. Therefore, 
the ad hoc modifications lack underlying physical meaning.

In Figures 2.4 and 2.5, a comparison is shown for the particle conversion during the reduction of 
CuO/Al2O3 sample measured with TGA at atmospheric pressure and two different temperatures, 
viz. 800 °C and 1000 °C and the predictions with the Avrami and shrinking core models and also 
show that both types of models fail to adequately describe the drop in the reaction rate at higher 
particle conversions as well as the final particle conversion. 
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Figure 2.4. Reduction of CuO/Al2O3 at 800 °C, comparison between the Avrami model and 
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Figure 2.4. Reduction of CuO/Al2O3 at 800 °C, comparison between the Avrami model and SCM.
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Figure 2.5. Reduction of CuO/Al2O3 at 1000 °C, comparison between the Avrami model and 

SCM. 

Effect of pressure 

Despite the fact that CLC is competitive only when operated at elevated pressures, there is a 

lack of experimental data for these conditions. Garcia-Labiano et al. have studied the effect 

of pressure on the redox kinetics for copper, nickel and iron based oxygen carriers (Garcia-

Labiano et al., 2006), while Chauk et al. have studied the reactivity of CaO with H2S at 

elevated pressures (Chauk et al., 2000). Both have observed that the total pressure has a 

negative effect on the reactivity. This conclusion is counterintuitive and a general conclusion 

and physical explanation for the cause of the observed negative effect is still lacking (Adánez-

Rubio et al., 2014; Hamers et al., 2015, 2014b; Kimball et al., 2013). 

Garcia-Labiano et al. have shown that the use of the CGSM in the CLC reactions, including 

the internal gas diffusion in the pores (de Diego et al., 2005) and considering the inhibition 

of gas diffusion in the pores of the particles (Adánez et al., 2004) was not able to predict the 

experimental results obtained at pressurized conditions (Garcia-Labiano et al., 2006). 

Matsukata et al. developed an empirical model in which the apparent kinetic rate constant 

varied with total pressure and conversion (Matsukata et al., 1999). Agnihotri et al. proposed 

Figure 2.5. Reduction of CuO/Al2O3 at 1000 °C, comparison between the Avrami model and SCM.

Effect of pressure

Despite the fact that CLC is competitive only when operated at elevated pressures, there is a 
lack of experimental data for these conditions. Garcia-Labiano et al. have studied the effect of 
pressure on the redox kinetics for copper, nickel and iron based oxygen carriers (Garcia-Labiano 
et al., 2006), while Chauk et al. have studied the reactivity of CaO with H2S at elevated pressures 
(Chauk et al., 2000). Both have observed that the total pressure has a negative effect on the 
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reactivity. This conclusion is counterintuitive and a general conclusion and physical explanation 
for the cause of the observed negative effect is still lacking (Adánez-Rubio et al., 2014; Hamers 
et al., 2015, 2014b; Kimball et al., 2013).

Garcia-Labiano et al. have shown that the use of the CGSM in the CLC reactions, including 
the internal gas diffusion in the pores (de Diego et al., 2005) and considering the inhibition 
of gas diffusion in the pores of the particles (Adánez et al., 2004) was not able to predict the 
experimental results obtained at pressurized conditions (Garcia-Labiano et al., 2006). Matsukata 
et al. developed an empirical model in which the apparent kinetic rate constant varied with total 
pressure and conversion (Matsukata et al., 1999). Agnihotri et al. proposed that the increase in 
the number of moles of gas produced during the sulfidation of non-calcined Ca-based sorbents 
was responsible for the observed pressure effect. However, this explanation cannot justify the 
observed pressure effect for the redox kinetics of the oxygen carriers because the number of moles 
of gas remains constant in the CLC reactions with synthesis gas (Chauk et al., 2000). 

Garcia-Labiano et al. (Garcia-Labiano et al., 2006) used a dependence on the total pressure in 
the effective diffusivity in the pores and in the product layer to predict their experimental results 
for the sulfidation of sorbents. Hamers et al. described the measured decrease in the reactivity 
with increasing pressure via kinetic control with a very similar pressure correction factor (Ham-
ers et al., 2015), where the pressure ratio exponent q was fitted with the experimental data. A 
table with the most common parameters added generally to the models shown in Table 2.1 are in 
Table 2.2. Despite the fact with this ad hoc modification the pressure effect could be reasonably 
described, no physical explanation was provided. 
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Table 2.2. Commonly used factors in the kinetics models for chemical looping combustion to account for the 
observed pressure effect.

Models Terms

Garcia-Labiano et al. (Garcia-
Labiano et al., 2006)
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Chapter 6 of this thesis reports a detailed study on the effect of pressure on the redox kinetics 

of CuO based oxygen carriers and it will be demonstrated that the mass flow rates used in the 

experiments at high pressures should be better selected to avoid mass transfer limitations. 

The observed pressure effect reported in the literature is most likely caused by mass transfer 

limitations rather than related to actual gas solids kinetics.  
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2.2 Conclusions 

Chapter 6 of this thesis reports a detailed study on the effect of pressure on the redox kinetics 
of CuO based oxygen carriers and it will be demonstrated that the mass flow rates used in the 
experiments at high pressures should be better selected to avoid mass transfer limitations. The 
observed pressure effect reported in the literature is most likely caused by mass transfer limita-
tions rather than related to actual gas solids kinetics. 

2.2 Conclusions

This review has shown that with the currently available models it is not possible to describe the 
observed redox kinetics adequately, and in particular the slow-down in the reaction rate observed 
during the reduction reaction at higher particle conversions, as well as the maximum particle 
conversion and their dependency on the operating temperature. The models are often based on 
assumptions that are incorrect at least for CuO/Al2O3 oxygen carriers or on ad hoc modifications 
without underlying physical meaning.

A dedicated experimental study is therefore required to unravel the mechanisms that play a role 
in the redox kinetics of oxygen carriers that undergo many consecutive redox cycles at different 
conditions. It is necessary to elucidate the cause for the sudden decrease in the reduction reaction 
rate at higher particle conversions, as well as what is limiting the maximum achievable particle 
conversion and the effect of the operating temperature and pressure. On the basis of a better 
understanding, a better description of the redox behaviour can be developed with which the 
performance of in particular packed-bed CLC processes can be better investigated. 
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Abstract

In this chapter, the redox kinetics of CuO/Al2O3 have been measured and analysed for 
several consecutive reduction (50% H2, 50% N2) and oxidation (air) cycles at different 
temperatures using thermogravimetric analysis. In all the redox cycles, a cyclic steady state 
in the redox kinetics is observed after only two redox cycles. In these conditions, a sudden 
decrease in the reaction rate is observed after a certain solids conversion, typically around 
75% particle conversion, depending on the operating temperature. The oxygen carrier 
was characterized in detail with different techniques including N2 physisorption, XRD 
and SEM-EDX to investigate morphological changes in the particle over the redox cycles 
in order to identify the possible cause of the observed behaviour. On the basis of the 
experimental results, we can conclude that i) gas-phase diffusion is not playing a limiting 
role on the redox kinetics despite significant morphological changes in the particle; ii) 
migration of copper from the inside of the particle to the surface of the particle does not 
occur or does not influence the kinetics; iii) oxygen uncoupling is not influencing the 
reduction kinetics since it is equally fast for Cu2O and CuO, although it can be significant 
for the maximum particle conversion; iv) solid phase oxygen diffusion limitations or spinel 
formation may be responsible for the observed drop in reaction rate.  
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3.1 Introduction

In this chapter, Cu-based oxygen carriers, particularly CuO/Al2O3 has been used as a model 
oxygen carrier to carry out an experimental study to elucidate the cause of the sudden strong de-
crease in the reduction reaction rate at higher particle conversions (Adánez-Rubio et al., 2014). 
Four different causes could be responsible for the sudden decrease in the reduction reaction rate: 
a) morphological changes in the particle, b) changes in the solid phases or distribution of the 
solid phases, c) oxygen uncoupling reaction and d) solid phase oxygen diffusion.

The reduction mechanism of CuO is very complicated and occurs in one step from CuO to Cu 
only under an excess supply of hydrogen. Otherwise it proceeds via a sequential pathway (Kim 
et al., 2003) where the oxidation state changes from “+2” to 0 (CuO → Cu4O3 → Cu2O → Cu).

4CuO + H2 → Cu4O3+ H2O (Eq. 3.1)

Cu4O3+ H2 → 2Cu2O + H2O (Eq.3.2)

Cu2O + H2 → 2Cu + H2O (Eq. 3.3)

For Cu/CuO on alumina particles also the spinel forms (CuAlO2, CuAl2O4) could play a role 
according to the following reactions:

CuAl2O4+ H2 → Cu + Al2O3 + H2O (Eq. 3.4)

2CuAl2O4 + H2 → 2CuAlO2 + Al2O3 + H2O (Eq. 3.5)

Oxygen uncoupling is a thermical decomposition of the CuO where the following reaction 
occurs (Hu et al., 2016):

2CuO → Cu2O + (1 / 2)O2 (Eq. 3.6)

This reaction occurs at high temperatures and in case of very low concentration of oxygen in the 
gas phase.

In this chapter, an experimental study has been carried out aiming at a better understanding of 
the phenomena during the redox cycling of Cu/Al2O3 oxygen carriers, and in particular:  (i) to 
investigate the morphological changes that occur in the particle over many consecutive redox 
cycles, and ii) to elucidate the cause of the sudden decrease in the reaction rate at higher particle 
conversions for a CuO/Al2O3 oxygen carrier. On the basis of a better understanding of these 



Chapter 3

32

phenomena a more accurate kinetics model can be developed for the redox kinetics of Cu-based 
oxygen carriers. 

3.2 Material and Methods

3.2.1 Redox reactivity
The experiments have been carried out with a 12.5 wt% CuO/Al2O3 oxygen carrier (1.1 mm 
diameter - Sigma-Aldrich). TGA is used to measure and analyse the oxygen carrier reactivity. 
The TGA consists of a cylindrical quartz reactor (15 mm i.d.) placed in an oven that can be 
operated at up to 1200 °C and atmospheric pressure. A schematic representation of the setup 
used is shown in Figure 3.2. A sample (typically about 100 mg) is placed in a quartz sample-
holder (40 μm pore size) connected to a CI Precision microbalance with a platinum wire. The 
temperature and weight of the sample are continuously monitored. Gas flow rates are controlled 
by Mass Flow Controllers (Bronkhorst) with the total gas flow rate set at 480 mL/min. It has 
been proven, by using different flow rates, that the measured reactivity is not influenced by 
external mass transfer limitations (Hamers et al., 2015). The gas is fed from the bottom part of 
the reactor. The lines at the outlet of the TGA are traced in order to avoid steam condensation. 

The reactivity experiments have been carried out using consecutive redox cycles using 50% H2 
and 50% N2 for the reduction cycles and air during the oxidation cycles, at different tempera-
tures ranging from 600 °C to 800 °C. Redox cycles consist of 15 min reduction and 10 min 
oxidation with two minutes purge (with nitrogen) between the reduction and oxidation cycles 
to avoid mixing of the different reactants. The N2 and H2 used in these experiments have a 
99.999% purity (with O2<4 ppm), and 99.9999% (with O2<0.5 ppm), respectively, according 
to the specifications (Linde gas).

The oxygen carrier conversion (Xs) is subsequently calculated from the observed mass change in 
the oxygen carrier under different experimental conditions, defined by Eq.(3.7), where m is the 
current mass and mox and mred are the mass of the fully oxidized and reduced forms of the oxygen 
carrier. 
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Figure 3.2. TGA setup used in this work.

3.2.2 Oxygen carrier characterization
The surface area and pore size distribution of all the oxygen carrier samples before and after 
the experiments was determined by the Brunauer-Emmett-Teller (BET) method by adsorp-
tion/desorption of nitrogen at 77 K in a Thermo-Scientific Surfer. A gas expansion pycnometer 
(Quantachrome Ultrapyc 1200e) has been used to measure the volume of a weighted sample 
of the solid carrier, from which the skeletal density can be calculated. This value is also used in 
the BET-method to determine the specific surface area. In addition, the microstructure of dif-
ferent samples was analysed in a FEI Quanta 3D FEG scanning electron microscope combined 
with Energy-Dispersive X-ray spectroscopy (SEM-EDX) to measure the difference in pore size 
and the distribution of the chemical elements in the oxygen carrier. Crystalline species were 
identified by X-Ray Diffraction (XRD) in a Rigaku Miniflex 600 diffractometer at 298 K with 
a mobile Cu anode. 
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3.3 Results and Discussion

3.3.1 Redox cycles
The total flow rate during the reduction and oxidation cycles as well as the purge were set at 
480 mL/min. With this flow rate mass transfer limitations can be avoided while keeping the 
disturbance of the balance to a minimum (Hamers et al., 2015). Before starting the experiments, 
it was verified that indeed external mass transfer limitations do not occur in these TGA experi-
ments. Two TGA experiments were carried out. Firstly, 40 redox cycles were carried out in the 
TGA under standard conditions. Subsequently, these used particles were crushed to fines and 
introduced again in the TGA to perform 5 more redox cycles. The particle conversion during the 
reduction cycle before and after crushing the particles is shown in Figure 3.3. Particle Size Dis-
tribution, PSD, was measured for the crushed particles obtaining a distribution of [80-355μm], 
with a mean size of 195 μm (See Appendix A.1).
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Figure 3.3. Comparison of the reduction conversion with particles or powder for CuO/Al2O3 at 800 °C.

Figure 3.3 shows how both, the slope of the reaction rate and the final conversion are virtually 
the same, confirming that the particle size does not affect the redox kinetics and thus that 
external mass transfer limitations in the TGA experiments are insignificant. 
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3.3.2 Reactivity
The reduction kinetics strongly depends on the operating temperature. The redox kinetics were 
monitored over many consecutive redox cycles for two different temperatures, viz. 600 °C and 
800 °C. The oxygen carrier conversion during the reduction cycle with 50% H2 and 50% N2 
at 800 °C is plotted after a different number of redox cycles in Figure 3.4.a. The oxygen carrier 
was tested over more than 200 redox cycles to check its reproducibility. It was observed that 
the oxygen carrier reaches its steady state maximum conversion after the second cycle, while 
the initial slope (initial kinetics) remains essentially unchanged. It can be observed that the 
reduction kinetics is very fast over the first 20 s of the reduction cycle, and afterward there is a 
sudden drop in the reaction rate when the particle conversion approaches approximately 70%. 

The oxygen carrier conversion during the reduction reaction with 50% H2 and 50% N2 at 600 °C 
is shown in Figure 3.4.b. The same trend in kinetics is observed: fast kinetics in the first 20 s of 
the reduction cycle with a sudden drop in the reaction rate, but in this temperature at a slightly 
lower percentage of particle conversion of around 60%. Very similar behaviour was observed for 
the oxygen carrier conversion during the oxidation cycles with air at both temperatures, as well 
as for several other oxygen carriers such as NiO/Al2O3 and ilmenite (Fe2O3/Ti2O5) (not shown 
here for brevity).
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Figure 3.4. Oxygen carrier conversion for reduction with 50% H2 and 50%N2 for CuO/Al2O3 

at, a) 800 °C, b) 600 °C. 
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Figure 3.4. Oxygen carrier conversion for reduction with 50% H2 and 50%N2 for CuO/Al2O3 at, a) 800 °C, 
b) 600 °C.

3.3.3 Oxygen carrier characterization
In order to explain why the oxygen carrier reaction rate drops after a certain particle conversion, 
the particle morphology and chemical composition were followed using BET, SEM-EDX and 
XRD for samples having experienced a different number of redox cycles. 

SEM images of the fresh CuO/Al2O3 oxygen carrier and after 50 and 100 complete redox cycles 
in the TGA are shown in Figure 3.5.

An increase in void fractions as well as the formation of cracks is clearly visible for particles 
having experienced a larger number of redox cycles. Although the void fraction increases signifi-
cantly with the number of cycles, this does not influence the redox kinetics, which are virtually 
constant after the second cycle (see Figure 3.5.a and b). 

The surface area, mean pore size diameter, pore volume and pore size range for several experi-
ments after a different number of redox cycles at 800 °C measured with BET analysis are sum-
marized in Table 3.1. The surface area strongly decreases with the number of redox cycles (BET 
isotherms are shown in Appendix A.2). 
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Figure 3.5. SEM images of a) fresh CuO/Al2O3, b) 50 redox cycles CuO/Al2O3, c) 100 redox 

cycles CuO/Al2O3 at 800 °C. 

An increase in void fractions as well as the formation of cracks is clearly visible for particles 

having experienced a larger number of redox cycles. Although the void fraction increases 

significantly with the number of cycles, this does not influence the redox kinetics, which are 

virtually constant after the second cycle (see Figure 3.5 a and b).  
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Figure 3.5. SEM images of a) fresh CuO/Al2O3, b) 50 redox cycles CuO/Al2O3, c) 100 redox cycles 
CuO/Al2O3 at 800 °C.

Remarkably, this change in surface area is not aff ecting the kinetics, because the kinetics already 
reach a cyclic steady state after two complete redox cycles, while the surface area continues to 
decrease. Th e decrease in surface area is probably related to sintering of the alumina (and Cu), 
however, the Cu remains accessible since the kinetics and fi nal conversion are constant over 
many cycles.

Th e mean pore diameter increases signifi cantly with the number of redox cycles and also the 
pore size distribution widens, which is in agreement with the changes observed in the SEM 
images, where there is an increase in void fraction. From the mean pore diameter results, it is 
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clearly visible how the micro-pores shift towards macro-pores as a function of the number of 
redox cycles. The pore volume decreases with the number of redox cycles, whereas no significant 
change in bulk density was observed as a function of the number of redox cycles. 

These results imply that the change in particle morphology cannot be responsible for the ob-
served drop in reaction rate in the redox reaction kinetics at high particle conversions.

Table 3.1. BET and density results for different number of redox cycles of CuO/Al2O3 at 800 °C.

Experiment Surface Area
(m2/g)

Mean Pore
diameter (nm)

Pore volume
(cm3/g)

Pore size 
range
(nm)

 Skeletal 
density
(g/cc)

Fresh CuO/Al2O3 227.07 8.51 0.45 [1-14] 3.20
10 redox cycles CuO/Al2O3 63.08 15.59 0.39 [1-60] 3.80
25 redox cycles CuO/Al2O3 33.66 28.68 0.33 [1-80] 4.81
50 redox cycles CuO/Al2O3 33.15 35.50 0.32 [1-100] 3.31

The distribution of copper in the particles is measured using EDX-mapping on fresh and redox 
cycled-samples, studying both the outer surface of the particles as well as the particle interior. 
For the latter, the particles were cut with a diamond sheet after being embedded in an epoxy 
resin. All the EDX images were contrast-enhanced in GIMP 2. 

EDX images of copper for the particle external surface and the inside of a cut particle of a fresh 
CuO/Al2O3 particle and after being exposed to 8 redox cycles at 800 °C can be found in Figure 
3.6, and a quantitative analysis of the element ratios of copper, oxygen and alumina, Cu/O and 
Cu/Al, are shown in Table 3.2 after the reduction reaction.

Table 3.2. Quantitative ratio analysis of CuO/Al2O3 at different number of redox cycles in the surface of the 
particle or inside the particle. (Redox cycles finished in reduction)

Surface particle Cut particle

Mass ratio Cu/O Cu/Al Cu/O Cu/Al

Fresh CuO 0.383 0.383 0.237 0.176
8 redox cycles 0.690 0.616 0.266 0.138
50 redox cycles 0.567 0.471 - -
100 redox cycles 0.598 0.490 - -
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Figure 3.6. a) Contrast-enhanced EDX images of Cu for fresh CuO/Al2O3, 8 redox cycles 

CuO/Al2O3 at 800 °C of a.a) surface of the spherical particle, a.b) inside the particle, b) SEM 

images of the surface and inside of the particle. 
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Figure 3.6. a) Contrast-enhanced EDX images of Cu for fresh CuO/Al2O3, 8 redox cycles CuO/Al2O3 at 800 
°C of a.a) surface of the spherical particle, a.b) inside the particle, b) SEM images of the surface and inside of 
the particle.



Chapter 3

40

Figure 3.6.a shows a significantly higher concentration of copper in the bulk after several con-
secutive redox cycles, confirmed by the results in Table 3.2 showing higher Cu/O ratios for 
samples having experienced several redox cycles. It can also be observed that the fresh particles 
already have an inhomogeneous distribution of copper as the core of the particles already has 
lower Cu/O and Cu/Al ratios compared to the outer surface. The inhomogeneous distribution 
of copper on the fresh particle can be attributed to the preparation method of the CuO/Al2O3 
particles, where a temperature treatment is confirmed by Sigma-Aldrich. These measurement 
results are inconclusive whether agglomeration of copper takes place on the external surface 
of the particle or whether there is a migration of copper from the inside of the particle to the 
external surface over the many redox cycles (because a mapping with  EDX shows only an 
estimation of how the copper is distributed in the bulk), but it is clear that it does not affect the 
redox kinetics, since a cyclic steady state in the kinetics was obtained already after the second 
cycle (see Figure 3.4). This supports the fact that gas-phase diffusion limitations cannot explain 
the sudden decrease in the observed reaction rate.

XRD measurements were carried out to investigate possible changes in the phases in the samples 
having experienced more redox cycles. The results are summarized in Table 3.3, where the forma-
tion of Cu2O is observed after 75 redox cycles, and the amount of CuAl2O4, according to the 
intensity of the XRD patterns, is higher (XRD patterns only with the representative peaks are 
shown in Appendix A.3). The higher intensity is merely an indication and not a quantitative 
analysis, due to it shows not only the intensity but also the size of the crystal. A larger amount of 
CuAl2O4 can shift the following equilibrium (Eq. 3.2) and increase the amount of Cu2O, high 
enough to be detected in the XRD analysis. The Al2O3 is turned into gamma-alumina, as could 
be expected according to literature at high temperatures (800 °C) (Wefers, Karl; Chankya, n.d.).

4CuAl2O4 ↔ 4CuAlO2 +  2Al2O3 + O2 (Eq. 3.8)

Table 3.3. XRD Phases with the number of redox cycles at 800 °C.

Phase name Formula Fresh 
CuO/
Al2O3

25 redox 
cycles finished 
in oxidation

75 redox 
cycles 

finished in 
oxidation

100 redox 
cycles 

finished in 
oxidation

100 redox 
cycles 

finished in 
reduction

Tenorite CuO ✔ ✔ ✔ ✔ ✔
Aluminium Oxide Al2O3 ✔ ✔ ✔ ✔ ✔
Gamma-alumina Al2.67O4 ✔ ✔ ✔ ✔

Copper Dialuminium oxide CuAl2O4 ✔ ✔ ✔ ✔ ✔
Cuprite Cu2O ✔ ✔

Copper (I) Aluminium 
oxide

CuAlO2 ✔ ✔

Copper Cu ✔
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The presence of Cu2O was observed indistinctly in the oxidized and reduced state even at 800 °C, 
where it is well-known that the formation of Cu2O takes place at higher temperatures, above 
870 °C (Adánez-Rubio et al., 2014a), (Mattisson et al., 2009b), (Wen et al., 2012). Especially 
the presence of Cu2O in the reduced oxygen carrier is an indication that this component has a 
much lower reaction rate than CuO and it could be responsible for the observed drop in reaction 
rate. CuO and Cu2O may somehow be shielded during the reduction cycle, because these phases 
should not be present after the reduction with H2, where maximum particle conversion seems to 
have been achieved. This assumption is corroborated by TGA experiments carried out with a Cu 
wire (assuming 99 wt% Cu). In the experiments is observed how the reduction from CuO to Cu 
occurs immediately in about 2 minutes, while the oxidation is not complete even after 4 hours 
(See Figure 3.7). This supports the idea that CuO can be shielded making it difficult to reach it, 
which may be an indication of solid diffusion limitations. To elucidate this further, experiments 
have been carried out such that Cu2O is produced in the oxygen carrier via oxygen uncoupling, 
as described in the following sections (Clayton and Whitty, 2014). 
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Figure 3.7. Cu wire redox reaction a) Reduction conversion, b) Oxidation conversion. 

 

Figure 3.7. Cu wire redox reaction a) Reduction conversion, b) Oxidation conversion.



Chapter 3

42

3.3.4 Oxygen uncoupling
After verifying again the absence of external mass transfer limitations, the experiments sum-
marized in Table 3.4 were carried out to study in more detail the possible influence of chemical 
looping oxygen uncoupling (CLOU) on the kinetics. A CLOU cycle refers to 1 h oxidation with 
air followed by 1 hour of N2 (uncoupling) at 800 °C. The reduction cycle was always carried out 
with 50% H2 and 50% N2 for 15 min with a total flow rate of 480 mL/min. The N2 used in these 
experiments has a 99.999% purity (with O2<4 ppm) according to the specifications (Linde gas).

Table 3.4. Experiments to evaluate the existence of oxygen uncoupling

Number of 
experiment

Description

1 5 CLOU cycles finished in oxidation state at 800 °C
2 8 CLOU cycles finished in uncoupling state at 800 °C
3 35 CLOU cycles finished in uncoupling state at 800 °C
4 3 CLOU cycles finished in oxidation state + 1h reduction state at 800 °C
5 3 CLOU cycles finished in uncoupling state + 1h reduction at 800 °C
6 3 CLOU cycles finished in uncoupling state + 1h reduction state at 600 °C
7 Fresh CuO/Al2O3 + 1h oxidation + 2 days of N2 at 870 °C + 1h reduction at 800 °C
8 Fresh CuO/Al2O3 + 1h oxidation + 2 days of N2 at 870 °C + 1h reduction at 600 °C
9 8 redox cycles finished in oxidation state + 1h N2 at 800 °C

10 35 redox cycles finished in oxidation state + 1h N2 at 800 °C
11 50 redox cycles finished in oxidation state + 1h N2 at 800 °C

Figure 3.8 reports the oxygen uncoupling conversion after different pre-treatment conditions 
of the oxygen carrier. The experiments shown are experiments 1-3, 9 and 11 to simplify the 
graph. It can be clearly observed that the oxygen uncoupling reaction is much slower than the 
previously shown gas/solid reduction reactions, and can account for a conversion of about 10% 
of the carrier material. The reaction rate decreases after a few minutes and the conversion only 
slightly increases afterwards.

It is interesting to see that the difference in the maximum conversion achieved at 800 °C and 600 
°C is around 10% (from Figure 3.4), being 75% of conversion at 800 °C and 65% conversion at 
600 °C, respectively. The difference in particle conversion corresponds to the oxygen uncoupling 
conversion obtained in the experiments shown in Figure 3.8. As oxygen uncoupling hardly 
occurs at 600 °C, comparing the two figures it seems that at 600 °C we are able to convert all 
the accessible CuO via gas/solid reactions, while at 800 °C additional conversion is achieved via 
oxygen uncoupling.
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Fig. 3.8. Oxygen uncoupling conversion after different treatment of the oxygen carrier (The experiments are 
explained in Table 3.4).

It is also observed that the oxygen uncoupling reaction rate is not affected whether previously 
redox cycles or CLOU cycles have been performed. The treatment done to the particle before the 
oxygen uncoupling does not affect the CLOU kinetics.

To assure a steady-state in oxygen uncoupling conversion, the same oxygen uncoupling reaction 
was carried out for a much longer time period of 15 hours at 870 °C, because it is known from 
previous studies reported in the literature that at this temperature the maximum conversion can 
be achieved (Adánez-Rubio et al., 2014a; Mattisson et al., 2009b; Wen et al., 2012). Four dif-
ferent experiments were carried out in order to compare the influence of the oxygen uncoupling 
on the redox kinetics as summarized in Table 3.5.

Table 3.5. Experiments to evaluate the influence of the oxygen uncoupling on the redox kinetics.

Number of the experiments Description

1 1h N2 at 870 °C + 1h reduction at 800 °C
2 1h N2 at 870 °C + 1h reduction at 600 °C
3 2 days N2 at 870 °C + 1h reduction at 800 °C
4 2 days N2 at 870 °C + 1h reduction at 600 °C

In Figure 3.9, the experiments of 1 hour reduction at 800 °C and 1 hour of reduction at 600 °C 
after different oxygen uncoupling cycles at 870 °C are reported. To make a better comparison 
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of the reduction kinetics, the two graphs are plotted after 1 hour (note that 15 hours of oxygen 
uncoupling lead to about 20% conversion, and this is the starting value for the reduction). 

42 
 

Figure 3.9. a) Reduction reactions at 800 °C, b) Reduction reactions at 600 °C after different 

oxygen uncoupling conditions (1h N2 at 870 °C or 2 days N2 at 870 °C) for 

CuO/Al2O3.(Experiments from Table 3.4) 

a) 

b) 

Figure 3.9. a) Reduction reactions at 800 °C, b) Reduction reactions at 600 °C after diff erent oxygen 
uncoupling conditions (1h N2 at 870 °C or 2 days N2 at 870 °C) for CuO/Al2O3.(Experiments from Table 3.4)

It can be seen that the reaction rate of the reduction reaction at 800 °C is the same independent 
of the oxygen uncoupling conversion reached before. Both have the same slope in kinetics, 
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although the final conversion is a slightly higher (around 3%) for the case where the reaction 
was carried out after 15 hours of N2 feeding, where the initial amount of Cu2O is higher before 
the reduction was started. This indicates that the additional Cu2O resulting from the uncoupling 
is reduced faster. Also a reduction cycle at 800 °C after being previously oxidized is plotted in 
the same graph, showing that the kinetics are basically the same as when reducing after oxygen 
uncoupling. 

The reaction rate of the reduction reaction at 600 °C follows the same trend as for 800 °C, show-
ing similar kinetics after 1 h or 15 h of oxygen uncoupling and that the conversion after 15 h of 
oxygen uncoupling is higher than after 1 h. A reduction cycle at 600 °C after being previously 
oxidized is also plotted in the graph, showing again similar kinetics as after oxygen uncoupling.

The fact that the reduction kinetics, both at 600 °C and 800 °C, are very much the same after 
previous oxidation cycles and after different number of oxygen uncoupling cycles where higher 
amounts of Cu2O are formed, indicates that the kinetics of Cu2O are fast enough in comparison 
to the kinetics of CuO to not influence the reaction rate. 

The difference in conversion after 1 h and 15 h of oxygen uncoupling is larger at 600 °C. This 
can be explained due to the fact that at 800 °C there is more CuO available for reaction because 
of faster solid diffusion, while at 600 °C the initial amount of CuO available is lower. The higher 
conversion after longer times of oxygen uncoupling is explained because a higher conversion of 
CuO has been achieved, so that there is more Cu2O available that reacts as fast as CuO under 
these conditions, according to the reaction rates shown in Fig.3.9.

When comparing the particle conversion obtained after oxygen uncoupling cycles (Figure 3.8) 
with the particle conversion obtained after regular redox cycles (Figure 3.4), one should bear in 
mind the differences in the time scale of the figures. The regular redox cycles were carried out for 
15 min of reduction (Figure 3.4), while during the experiments to investigate the influence of 
the oxygen uncoupling (Figure 3.8) the reduction cycle lasted 1 h.

The reaction from CuO to Cu follows the mechanisms indicated in Eqs.3.1-3.5 (see Introduc-
tion).

The conversion of the oxygen uncoupling is calculated as for the conversion of the reduction 
reaction (Eq. 3.7), taking into account the reaction of the oxygen uncoupling showed in Eq. 3.6. 
The maximum weight change (denominator of the Eq. 3.7) is now different because the oxygen 
transport capacity, R0, to form Cu2O is different than to form Cu. 
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SEM-EDX was carried out for the oxygen uncoupling experiments presented in Table 6 to 
elucidate whether the CLOU cycles have an infl uence on the structure of the oxygen carrier. 
Changes in void fractions and formation of cracks with the number of CLOU cycles were not 
observed (Figure 3.10), as it occurred for the cracks seen for redox-cycled material without 
CLOU (Figure 3.5).

3. Investigation on the decrease in the reduction rate of CuO/Al2O3 at higher particle 
conversions   
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Figure 3.10. SEM images of a) 5 CLOU cycles, b) 8 CLOU cycles, c) 35 CLOU cycles at 

800 °C for CuO/Al2O3. 

The SEM images indicate that there is no change in the oxygen carrier morphology in terms 

of cracks and void fractions due to the oxygen uncoupling reaction. To assure that the change 

in morphology is due to the redox cycles, the same number of CLOU and redox cycles were 

compared (see Figure 3.11). 
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Figure 3.10. SEM images of a) 5 CLOU cycles, b) 8 CLOU cycles, c) 35 CLOU cycles at 800 °C for 
CuO/Al2O3.

Th e SEM images indicate that there is no change in the oxygen carrier morphology in terms 
of cracks and void fractions due to the oxygen uncoupling reaction. To assure that the change 
in morphology is due to the redox cycles, the same number of CLOU and redox cycles were 
compared (see Figure 3.11).
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a)                                   b)   

c) d)  

Figure 3.11. SEM images of a) 8 CLOU cycles, b) 8 redox cycles, c) 35 CLOU cycles, d) 35 

redox cycles at 800 °C for CuO/Al2O3. 

Figure 3.10 shows that SEM images when you increase the number of CLOU cycles do not 

differ significantly, observing that no bigger cracks are formed when increasing the number 

of CLOU cycles. However, when the number of redox cycles are increased, the SEM images 

show an increase in void fraction. From Figure 3.11 we can conclude that the redox cycles 

are responsible for the change in morphology in terms of cracks and void fractions. 

Finally, XRD analyses confirmed the presence of Cu2O after oxygen uncoupling, with higher 

amounts of Cu2O when the CLOU was carried out for longer times at higher temperatures, 

as expected.  
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Figure 3.11. SEM images of a) 8 CLOU cycles, b) 8 redox cycles, c) 35 CLOU cycles, d) 35 redox cycles at 
800 °C for CuO/Al2O3.

Figure 3.10 shows that SEM images when you increase the number of CLOU cycles do not 
diff er signifi cantly, observing that no bigger cracks are formed when increasing the number 
of CLOU cycles. However, when the number of redox cycles are increased, the SEM images 
show an increase in void fraction. From Figure 3.11 we can conclude that the redox cycles are 
responsible for the change in morphology in terms of cracks and void fractions.

Finally, XRD analyses confi rmed the presence of Cu2O after oxygen uncoupling, with higher 
amounts of Cu2O when the CLOU was carried out for longer times at higher temperatures, as 
expected. 

3.3 Conclusions and discussion

Th is work has investigated the possible causes for the observed sudden drop in reduction rate at 
higher particle conversions of a CuO/Al2O3 oxygen carrier during chemical looping combustion. 
Th ermo-gravimetric analysis was used extensively to measure the redox reaction rates of the 

46 
 

a)                                   b)   

c) d)  

Figure 3.11. SEM images of a) 8 CLOU cycles, b) 8 redox cycles, c) 35 CLOU cycles, d) 35 

redox cycles at 800 °C for CuO/Al2O3. 

Figure 3.10 shows that SEM images when you increase the number of CLOU cycles do not 

differ significantly, observing that no bigger cracks are formed when increasing the number 

of CLOU cycles. However, when the number of redox cycles are increased, the SEM images 
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Finally, XRD analyses confirmed the presence of Cu2O after oxygen uncoupling, with higher 

amounts of Cu2O when the CLOU was carried out for longer times at higher temperatures, 

as expected.  
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oxygen carrier after many consecutive redox cycles at 600 °C and 800 °C. For both temperatures, 
it was observed that after an initial very fast reaction that lasts for about 20 seconds, the reaction 
rate decreases suddenly, and that the cyclic steady state in kinetics was already reached after only 
a few redox cycles. Several characterization techniques (SEM-EDX, XRD analysis, BET and 
pycnometer) were used to investigate the particle morphology and chemical composition as a 
function of the number of redox cycles. 

Very large morphological changes have been observed which become more and more pronounced 
for particles having experienced a larger number of redox cycles, however, the morphological 
changes did not affect the redox kinetics. An inhomogeneous Cu distribution was observed, 
but either Cu migration did not occur or it does not affect the kinetics. In addition, it was also 
shown that CuO has a strong interaction with the Al2O3 support, forming CuAl2O4 in almost all 
the possible stages of reaction, including the fresh sample. Despite that the amount of CuAl2O4 
increased with the number of redox cycles, this did not alter the final conversion, although it 
can have an influence in the drop of the reaction rate, due to the slower kinetics of CuAl2O4 and 
CuAlO2 compared to the kinetics of CuO/Cu and Cu2O/Cu.  

The oxygen uncoupling reaction rate was studied to analyse whether the amount of Cu2O could 
influence the overall kinetics. Detailed experiments have enabled us to conclude that the redox 
kinetics are fast enough; when starting the reduction cycle from a considerable amount of Cu2O 
after an oxygen uncoupling cycle, it did not affect the reaction rate, although the particle conver-
sion was slightly higher when the initial amount of Cu2O was higher, which was related to the 
higher CuO conversion during the longer oxygen uncoupling cycle. 

Based on the XRD analysis, it is suggested that after reduction of the accessible copper oxide, 
CuO, and cuprite, Cu2O, the remaining CuO and Cu2O may be shielded from reduction during 
the remaining part of the reduction cycle making it less accessible and causing a drop in reaction 
rate after a particle conversion because of solid phase diffusion limitations. This was further 
corroborated with experiments performed with a copper wire, where it was shown that after 4 
hours of oxidation still no steady-state was reached. 

From the experiments it can be concluded that internal gas phase diffusion limitations cannot be 
responsible for the sudden decrease in the observed reaction rate, as well as the possible migra-
tion of copper from the inside of the particle to the external surface and oxygen uncoupling. By 
excluding all the above-mentioned phenomena solid phase oxygen diffusion limitations together 
with reduction rate limitations of formed spinel compounds are most likely responsible for the 
sudden drop in the observed reaction rate at higher particle conversions. 
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This chapter is based on the following paper:

M.A. San Pio, I. Roghair, F. Gallucci, M. van Sint Annaland, On the mechanism controlling 
the redox kinetics of Cu-based oxygen carriers, Chem. Eng. Res. Des, 2017.
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Abstract

In this chapter, the redox behaviour of CuO/Al2O3 has been studied and compared with 
the redox behaviour of CuO/SiO2 to identify the main phenomena affecting the observed 
redox kinetics. Combination of TGA results with detailed characterisation with XRD of 
the oxygen carriers at different stages during the redox cycling allowed elucidating the 
causes for the sudden decrease in the reaction rate observed at higher conversions for the 
CuO/Al2O3 oxygen carriers. The main results of the study can be summarized as: i) oxida-
tion reaction reaches always full conversion independent of the reaction temperature; ii) 
reduction reaction reaches only full conversion at very high temperatures, showing a sig-
nificant decrease in the reaction rate at lower temperatures at higher particle conversions; 
iii) the observed sudden decrease in the reduction rate is related to the spinel reduction of 
CuAl2O4 and CuAlO2.
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4.1 Introduction

It has been observed that the reduction kinetics of Cu-based oxygen carriers slow down at high 
solid conversions and the physical explanation for this observation is unclear (see Chapter 3), 
rendering it difficult to predict this decrease in the reduction rate with standard particle models 
(Abad et al., 2010; Hamers et al., 2014a; Melchiori and Canu, 2014; Ortiz et al., 2016). In this 
chapter, Cu-based oxygen carriers are used as a model oxygen carrier, especially in view of their 
wide applicability for low-temperature chemical looping processes.

The reduction mechanism is explained in the introduction of Chapter 3 and the oxidation reac-
tions can be described respectively as follows: 

Oxidation reactions:

2Cu +  (1 / 2) O2 → Cu2O (Eq. 4.1)

Cu2O + (1 / 2) O2 → 2CuO (Eq. 4.2)

The overall reaction steps are thus the following:

2Cu +  (1 / 2) O2 → Cu2O(+ (1 / 2) O2) → 2CuO (Eq. 4.3)

At the same time, spinel can be formed during the oxidation reactions, described as follows:

CuO + Al2O3 → CuAl2O4 (Eq. 4.4)

CuAlO2 + Al2O3 + (1 / 2)O2 → (3 / 2)CuAl2O4 (Eq. 4.5)

This chapter aims at a better understanding of the reduction mechanism of Cu-based oxygen 
carriers (Adánez-Rubio et al., 2011; de Diego et al., 2005; F. García-Labiano et al., 2004; Wang 
et al., 2013) at atmospheric pressure and how this can explain the change in the reaction rate at 
high solids conversions (Adánez-Rubio et al., 2014). In Chapter 3, an experimental investigation 
was carried out on a CuO/Al2O3 oxygen carrier, on the basis of which gas-phase diffusion and 
morphological changes have been excluded as possible causes for the observed sudden drop in 
the reaction rate. Spinel formation and/or oxygen solid diffusion via oxygen vacancies were 
identified as the most plausible explanations for the observed decrease in the reaction rate at 
high solids conversions. To investigate whether spinel formation can indeed be responsible for 
this observation, in this study experiments have been carried out comparing the redox kinetics 
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of CuO/Al2O3 and CuO/SiO2 oxygen carriers to elucidate the influence of the support on the 
reaction mechanism during the reduction of Cu-based oxygen carriers. 

4.2 Material and methods

Experiments have been carried out in a thermogravimetric analyser (TGA) at atmospheric pres-
sure with two different oxygen carriers: 12.5 wt% CuO/Al2O3 particles (1.1 mm diameter - Sig-
ma-Aldrich– prepared by a co-precipitation method (Du et al., 2014) and a 70 wt% CuO/SiO2 
powder (with a particle size distribution 300-500 μm – obtained with Fritsch Analysette 22). 
The amount of Cu present in both oxygen carriers, CuO/SiO2 and CuO/Al2O3 was measured 
with a microwave plasma atomic emission spectrometer. Crystalline species were identified by 
X-Ray Diffraction (XRD) in a Rigaku Miniflex 600 diffractometer at 298 K with a mobile Cu 
anode.

The reactivity experiments have been carried out using consecutive redox cycles using 50% H2 
and 50% N2 for the reduction cycles and air during the oxidation cycles, at different tempera-
tures ranging from 600 °C to 1000 °C. Redox cycles consist of 15 min reduction and 10 min 
oxidation with two minutes purges with nitrogen between the reduction and oxidation cycles 
to avoid mixing of the different reactants. Note that all the data reported in the reported TGA 
figures correspond to the cyclic steady state obtained after several redox cycles. The oxygen 
carrier conversion (Xs) is subsequently calculated from the observed mass change in the oxygen 
carrier under different experimental conditions, as defined by Equation 4.6, 
4. Elucidating the redox kinetics of CuO/Al2O3 oxygen carrier                                                                                                                        
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where m is the measured mass at time t and mox and mred are the mass of the fully oxidized 

and reduced forms of the oxygen carrier. The fully oxidized mass is taken as the mass of the 

fresh material which was delivered in oxidized form. 

4.3 Results and discussion 

4.3.1 Reactivity of CuO/SiO2 oxygen carrier 

First, redox cycles of CuO/SiO2 were carried out in the TGA at 870 C obtaining full 

conversion during both oxidation and reduction cycles with fast kinetics and without any 

drop in the reduction reaction rate at higher solids conversions (see Figure 4.1). Note that the 

initial slow conversion rate during the reduction cycle can be attributed to oxygen uncoupling 

during the intermediate purge stage. Moreover, Figure 4.1 shows that the reduction reaction 

of CuO to Cu in the presence of H2 has even somewhat faster kinetics than the oxidation of 

Cu to CuO (Eq. 4.3).  
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where m is the measured mass at time t and mox and mred are the mass of the fully oxidized and 
reduced forms of the oxygen carrier. The fully oxidized mass is taken as the mass of the fresh 
material which was delivered in oxidized form.

4.3 Results and discussion

4.3.1 Reactivity of CuO/SiO2 oxygen carrier
First, redox cycles of CuO/SiO2 were carried out in the TGA at 870 °C obtaining full conversion 
during both oxidation and reduction cycles with fast kinetics and without any drop in the 
reduction reaction rate at higher solids conversions (see Figure 4.1). Note that the initial slow 
conversion rate during the reduction cycle can be attributed to oxygen uncoupling during the 
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intermediate purge stage. Moreover, Figure 4.1 shows that the reduction reaction of CuO to Cu 
in the presence of H2 has even somewhat faster kinetics than the oxidation of Cu to CuO (Eq. 
4.3). 

 
 

54 
 

 

Figure 4.1. Cyclic steady state TGA results for the redox cycles of  CuO/SiO2 carried out 

with the reduction and oxidation cycles both at the selected temperature, 870 °C. 

To investigate whether the decrease in the reaction rate may depend on the temperature at 

which the reduction reactions are carried out, TGA redox experiments with the CuO/SiO2 

oxygen carrier were performed at several temperatures. The results, shown in Figure 4.2, 

show that full conversion during the reduction reactions is achieved independently of the 

temperature used, without any drop in the reaction rate, contrary to what was observed for 

other oxygen carriers such as CuO/Al2O3 (de Diego Poza et al., 2005; Dueso et al., 2012; 

García-Labiano et al., 2004) Note that the small initial particle conversion during the N2 

purge decreases at lower temperatures, corresponding to the expected decrease in oxygen 

uncoupling activity. 

Figure 4.1. Cyclic steady state TGA results for the redox cycles of  CuO/SiO2 carried out with the reduction 
and oxidation cycles both at the selected temperature, 870 °C.

To investigate whether the decrease in the reaction rate may depend on the temperature at which 
the reduction reactions are carried out, TGA redox experiments with the CuO/SiO2 oxygen 
carrier were performed at several temperatures. The results, shown in Figure 4.2, show that 
full conversion during the reduction reactions is achieved independently of the temperature 
used, without any drop in the reaction rate, contrary to what was observed for other oxygen 
carriers such as CuO/Al2O3 (de Diego Poza et al., 2005; Dueso et al., 2012; García-Labiano et 
al., 2004) Note that the small initial particle conversion during the N2 purge decreases at lower 
temperatures, corresponding to the expected decrease in oxygen uncoupling activity.

Figure 4.3 shows the XRD after reduction of CuO/SiO2 which shows only the presence of Cu 
and SiO2, confirming the full reduction observed with the TGA and absence of interactions 
between the Cu/CuO and the SiO2 support.
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Figure 4.2. Reduction of CuO/SiO2 at different temperatures after full oxidation at 870 °C. 

Figure 4.3 shows the XRD after reduction of CuO/SiO2 which shows only the presence of 

Cu and SiO2, confirming the full reduction observed with the TGA and absence of 

interactions between the Cu/CuO and the SiO2 support. 

 

Figure 4.2. Reduction of CuO/SiO2 at diff erent temperatures after full oxidation at 870 °C.
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Figure 4.3. XRD of fully reduced CuO/SiO2 at 870 °C. 

4.3.2 Reactivity of CuO/Al2O3 oxygen carrier 

Subsequently, an experimental study was carried out with the 12.5 wt% CuO/Al2O3 particles 

of 1.1 mm diameter. Tests with a powder of the same material have shown identical reaction 

rates, ruling out any effect of internal mass transfer limitations on the observed kinetics. An 

XRD of the fresh sample was performed to identify the phases present in the particles before 

the experiments (see Table 4.1). The XRD analysis confirmed that also in the fresh sample 

there is initially CuAl2O4, probably resulting from the calcination process after the deposition 

of CuO onto the Al2O3 particles. 
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Figure 4.3. XRD of fully reduced CuO/SiO2 at 870 °C.

4.3.2 Reactivity of CuO/Al2O3 oxygen carrier
Subsequently, an experimental study was carried out with the 12.5 wt% CuO/Al2O3 particles 
of 1.1 mm diameter. Tests with a powder of the same material have shown identical reaction 
rates, ruling out any eff ect of internal mass transfer limitations on the observed kinetics. An 
XRD of the fresh sample was performed to identify the phases present in the particles before the 
experiments (see Table 4.1). Th e XRD analysis confi rmed that also in the fresh sample there is 
initially CuAl2O4, probably resulting from the calcination process after the deposition of CuO 
onto the Al2O3 particles.
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Table 4.1. XRD results of fresh 12.5 wt% CuO/Al2O3. 

Chemical phases

CuO Cu Cu2O CuAl2O4 CuAlO2 Al2O3

Fresh sample X X X

Figure 4.4 shows the cyclic steady state TGA results for the redox cycles of CuO/Al2O3 particles 
with both the reduction and oxidation cycles carried out at the same temperature, 600 °C and 
800 °C respectively, clearly showing that the reduction reaction is quite fast initially, but slows 
down dramatically at higher conversions. This drop in reaction rate occurs at higher conversions 
for higher temperatures. The second part of the reduction is very slow and it was not even 
possible to reach full conversion in the time set for the experiments at the selected temperatures. 
In addition, Figure 4.4 shows that the oxidation reaction has somewhat slower initial kinetics 
than the reduction reaction, as was also observed for the CuO/SiO2 particles, shown before in 
Figure 4.1.

After every redox cycle, the oxygen carrier was always re-oxidized and no bend was observed in 
the oxidation reaction rates. However, a bend is observed for the reduction reactions, where the 
reaction rate suddenly decreases at a certain solid conversion, which depends on the temperature.

These TGA experiments have been carried out at the selected temperature, 600 or 800 °C 
respectively, for both the oxidation and reduction cycles and clearly the particle conversion 
was not the same and not complete for both temperatures. Therefore, the starting point of each 
experiment was different. With a different particle conversion the particles do not have the same 
initial composition, making it difficult to directly conclude which of the two steps is limiting 
the maximum conversion. Therefore, all the experiments were carried out again, but now with 
a preceding pre-treatment to achieve first full conversion in the reduced and oxidized state and 
to start all the experiments with the same initial condition. The selected initial condition was 
obtained after three redox cycles consisting of 15 min reduction with 50% H2 / 50% N2 gas 
mixture and 10 min oxidation with air at 1000 °C and atmospheric pressure, where steady state 
kinetics as well as full conversion during both the reduction and oxidation cycles was confirmed 
(see Figure 4.5). Note that the initial part of the conversion during the reduction cycle can again 
be attributed to oxygen uncoupling during the intermediate purge stage. 
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Figure 4.4. Cyclic steady state TGA results for the redox cycles of CuO/Al2O3 carried out 

with the reduction and oxidation cycles both at the selected temperature: a) 600 °C, b) 800 °C. 

 

Figure 4.4. Cyclic steady state TGA results for the redox cycles of CuO/Al2O3 carried out with the reduction 
and oxidation cycles both at the selected temperature: a) 600 °C, b) 800 °C.
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These TGA experiments have been carried out at the selected temperature, 600 or 800 °C 

respectively, for both the oxidation and reduction cycles and clearly the particle conversion 

was not the same and not complete for both temperatures. Therefore, the starting point of 

each experiment was different. With a different particle conversion the particles do not have 

the same initial composition, making it difficult to directly conclude which of the two steps 

is limiting the maximum conversion. Therefore, all the experiments were carried out again, 

but now with a preceding pre-treatment to achieve first full conversion in the reduced and 

oxidized state and to start all the experiments with the same initial condition. The selected 

initial condition was obtained after three redox cycles consisting of 15 min reduction with 

50% H2 / 50% N2 gas mixture and 10 min oxidation with air at 1000 °C and atmospheric 

pressure, where steady state kinetics as well as full conversion during both the reduction and 

oxidation cycles was confirmed (see Figure 4.5). Note that the initial part of the conversion 

during the reduction cycle can again be attributed to oxygen uncoupling during the 

intermediate purge stage.  

 

Figure 4.5. TGA results of the redox cycles of CuO/Al2O3 at 1000 °C (representing the initial 

conditions from which all the experiments were started).          

Figure 4.5. TGA results of the redox cycles of CuO/Al2O3 at 1000 °C (representing the initial conditions from 
which all the experiments were started).         
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To better understand the redox kinetics of CuO/Al2O3, an extensive study on the reduction and 
oxidation reaction rates has been carried out, all starting with this well-defined initial state of 
the oxygen carrier.

4.3.2.1 Oxidation reaction
To study the influence of the oxidation reaction, oxidation cycles have been carried out at dif-
ferent temperatures, after the sample was first fully reduced. To achieve full conversion (100%) 
in the reduction cycle, three redox cycles at 1000 °C and atmospheric pressure were carried out 
before starting the oxidation cycles at different temperatures. To reach the different temperatures 
for the oxidation cycles, cooling down and heating up was carried out under the reaction condi-
tions of the previous reaction cycle to avoid loss or gain of mass during heating and cooling. 
Figure 4.6 shows the solid conversion as a function of time at 1000 °C, 800 °C and 600  °C 
starting from a fully reduced particle. Full oxidation with fast kinetics is achieved for all the 
investigated temperatures, showing no limitation for the oxidation in reaching full conversion 
and independent of the temperatures used during the oxidation. Moreover, no decrease in the 
reaction rate was observed. An XRD after the oxidized state at each temperature was carried out 
and these results are shown in Table 4.2.
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Figure 4.6. Solid conversion as a function of time during the oxidation of CuO/Al2O3 at different temperatures 
starting from a fully reduced sample.

Table 4.2. XRD after oxidation of CuO/Al2O3 at 600 °C, 800 °C and 1000 °C  after initial pre-treatment.

Chemical phases

O
xi

da
ti

on
 

Ex
pe

ri
m

en
ts

CuO Cu Cu2O CuAl2O4 CuAlO2 Al2O3

Oxidation at 600 °C X X X
Oxidation at 800 °C X X X
Oxidation at 1000 °C X X X
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XRD analysis indicates the presence of CuAl2O4, and its content is higher at lower temperatures, 
using a comparison of the peak intensities overlapping the patterns as a pseudo-quantitative 
analysis. After full oxidation there is no presence of CuAlO2 (The XRD patterns with its repre-
sentative peaks are shown in in Appendix B.1).

It can be concluded that the oxidation reactions of Cu to tenorite (CuO) or spinel (CuAlO2 and 
CuAl2O4), given by Eqs. 4.1-4.5, must have fast kinetics, because no decrease in the oxidation 
reaction rate is observed and the XRD analyses have confirmed that all the reduced Cu after each 
reduction cycle is again re-oxidized completely in about 20 s in the subsequent oxidation stage. 
Moreover, the oxidation of CuAlO2 to CuAl2O4 (Eq. 4.5) must also proceed very fast during 
the oxidation because, as concluded from the XRD analysis, the CuAlO2 spinel phase is only 
present after the reduction cycle and is no longer detected in the samples after oxidation cycles 
(see Table 4.2). 

A Temperature Programmed Oxidation (TPO) was carried out to verify the results found in 
the TGA redox experiments. First, the same pre-treatment (three redox cycles at 1000 °C and 
atmospheric pressure) was carried out to start again with a fully reduced sample. Then, the 
sample was cooled down under reactive conditions (50% H2, 50% N2) from 1000 °C to 600 °C 
to start in the reduced state at low temperatures, and afterward the sample was heated in air to 
1000 °C. The results of the TPO are shown in Figure 4.7, from which it was confirmed that the 
oxidation proceeds fast reaching full conversion already at 600 °C.
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plots at 1000 °C, 800 °C and 600 °C are shown.  

Figure 4.7. Temperature Programmed Oxidation (TPO), heating in air from 600 to 1000 °C for CuO/Al2O3.
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4.3.2.2 Reduction reaction
A similar study was carried out for the reduction cycle. All the reductions at each temperature 
were started from a previously fully oxidized sample (i.e. 100% conversion). To achieve the 
desired temperatures for the reduction, cooling down and heating up were carried out under the 
reaction conditions of the previous reaction cycle. In Figure 4.8 the reduction conversion plots 
at 1000 °C, 800 °C and 600 °C are shown. 

4. Elucidating the redox kinetics of CuO/Al2O3 oxygen carrier                                                                                                                        
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and atmospheric pressure, with results shown in Figure 4.4, where the redox cycles were 
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Figure 4.8. Reduction conversions of CuO/Al2O3 at different temperatures starting from a fully oxidized 
sample.

The results show that, after starting with a fully oxidized sample (three redox cycles at 1000 °C 
and atmospheric pressure), full reduction is only achieved when it is performed at 1000  °C, 
whereas at lower temperatures the final conversion is lower and the decrease in the reaction 
rate takes place at lower solid conversions. At lower temperatures during the reduction reaction 
(cooling down under the reaction conditions of the previous oxidation cycle with an air flow 
rate of 480 mL/min) the following is observed: Initially the reduction proceeds with very fast 
kinetics in the first 20 seconds, and then a drop in the reaction rate takes place at different solid 
conversions (at higher conversions for higher temperatures). After the bend in the reaction rate, 
the conversion increases with reaction time with a very slow rate. 

When comparing the TGA results from Figure 4.8, where the reduction was carried out start-
ing from a fully oxidized particle after the pretreatment of three redox cycles at 1000 °C and 
atmospheric pressure, with results shown in Figure 4.4, where the redox cycles were performed 
at the same temperature without a previous pretreatment, it can be seen that the drop in the 
reduction kinetics occurs at slightly lower conversion when the redox cycles are started after a 
fully oxidized sample.
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In Table 4.3, the XRD results after the reduction at diff erent temperatures have been sum-
marized.

Table 4.3. XRD after reduction of CuO/Al2O3 at 1000 °C, 800 °C and 600 °C.

Chemical Phases

R
ed

uc
ti

on
 

Ex
pe

ri
m

en
ts

CuO Cu Cu2O CuAl2O4 CuAlO2 Al2O3

Reduction at 1000 °C X X X X X
Reduction at 800 °C X X X X X
Reduction at 600 °C X X X X X

Th e XRD patterns of the samples after the oxidation cycles showed large amounts of CuO and 
spinel (CuAl2O4), which can be reduced to Cu and Al2O3 (Reaction II in Figure 4.9) and can also 
form the other form of spinel: CuAlO2 (Reaction IIIa in Figure 4.9). (Th e XRD patterns with its 
representative peaks are shown in Appendix B.1).

A possible explanation for the observations is that, the reduction of CuO to Cu (Reaction Ia+Ib 
in Figure 4.9) is very fast and occurs in about 20 s for all the temperatures in the investigated 
temperature range. Moreover, the conversion at which the change in kinetics occurs is higher at 
higher temperatures because the reduction of CuAl2O4 is favored at higher temperatures. After 
the observed change in the reaction rates, a slower reaction takes place and it is proposed that this 
is related to the reduction of CuAl2O4 to the other spinel form CuAlO2 (Reaction IIIa in Figure 
4.9). Th is reaction does not seem to be temperature dependent and this is why the kinetics at 
600 °C and 800 °C (in the second part of reduction) are in the same order of magnitude. Th e 
reaction pathways during the reduction of CuO/Al2O3 are schematically shown in Figure 4.9.

4. Elucidating the redox kinetics of CuO/Al2O3 oxygen carrier                                                                                                                        
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 Figure 4.9. Diagram of the different reduction pathways of CuO/Al2O3. 
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Figure 4.9. Diagram of the diff erent reduction pathways of CuO/Al2O3.
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To study the effect of temperature on the reduction kinetics, the same experiments that were 
performed for the oxidation (Figure 4.7) were carried out for the reduction reaction (Figure 
4.10). After reaching steady state in the reduction kinetics at different temperatures (after about 
1000 s in Figure 4.10), the sample was heated under reducing conditions from the starting 
temperature (600 °C or 800 °C) to the final temperature of 1000 °C. The roman numbers 
indicated in the figure refer to the different reactions occurring during the reduction process, as 
shown in Figure 4.9.
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Figure 4.10. Reduction at 600 and 800 °C of CuO/Al2O3 starting from a fully oxidized sample 

and followed by a heating ramp with 50% H2 / 50% N2 to 1000 °C. 

The zones indicated in the figure refer to the following reactions occurring (Nomenclature 

according to Figure 4.9): 

Initial zone: 

At both reduction temperatures, the first part of the slope in Figure 4.10, is due to reactions 

Ia and Ib, where the CuO is reduced to Cu.  

In the reduction at 800 °C, also reduction pathway II occurs, where the CuAl2O4 is reduced 

to Cu, and this reaction is favored at higher temperatures, explaining why the conversion at 

800 °C is higher than at 600 °C.  

 

 

Figure 4.10. Reduction at 600 and 800 °C of CuO/Al2O3 starting from a fully oxidized sample and followed 
by a heating ramp with 50% H2 / 50% N2 to 1000 °C.

The zones indicated in the figure refer to the following reactions occurring (Nomenclature ac-
cording to Figure 4.9):

Initial zone:
At both reduction temperatures, the first part of the slope in Figure 4.10, is due to reactions Ia 
and Ib, where the CuO is reduced to Cu. 

In the reduction at 800 °C, also reduction pathway II occurs, where the CuAl2O4 is reduced to 
Cu, and this reaction is favored at higher temperatures, explaining why the conversion at 800 
°C is higher than at 600 °C. 

Intermediate zone:
After the drop in reaction rate, for both reaction temperatures, 600 °C and 800 °C, the CuAl2O4 
is slowly reduced to CuAlO2 according to reaction IIIa, increasing slowly the conversion after the 
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drop in reaction rate, where the reaction kinetics at both temperatures is in the same order of 
magnitude and thus hardly dependent on temperature.

Final zone:
Once almost steady-state in kinetics was achieved, the sample was heated further to 1000 °C 
from both reduction temperatures. An increase in the particle conversion is observed via reac-
tions II and IIIb, where the CuAl2O4 and the CuAlO2 are further reduced to Cu. These two 
reactions proceed with different kinetics (slopes) because the temperature ramp is different and 
also because the initial concentration of CuAl2O4 is different (and it is higher at 600 °C).

In addition, a temperature programmed reduction (TPR) was carried out from 600 °C to 
1000 °C with a 50% H2 / 50% N2 gas mixture, starting with a fully oxidized sample. This was 
achieved by performing three redox cycles at 1000 °C and atmospheric pressure and subsequent 
cooling of the sample after the oxidation cycle in air down to 600 °C. Then, the starting point of 
the TPR was a fully oxidized sample at 600 °C. The results are shown in Figure 4.11 and clearly 
confirm that there are two reaction pathways in the reduction kinetics: the first pathway entails 
the reduction of CuO to Cu (Equation Ia+Ib from Figure 4.9), whereas the second pathway 
is associated with the reduction of CuAl2O4 to Cu taking place only at higher temperatures 
(Equation II from Figure 4.9). Full conversion is indeed reached at 1000 °C, consistent with 
the findings described in Figure 4.10, where it was shown that full conversion (i.e. 100%) was 
reached after redox cycles at 1000 °C. 
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Figure 4.11. Temperature Programmed Reduction (TPR), heating up with 50% H2, 50% N2 

up to 1000 °C for CuO/Al2O3. 
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at low temperatures only Eq. 4.6 (CuAl2O4 to CuAlO2) and not Eq. 4.5 (CuAl2O4 to Cu) takes 

place. At 1000 °C the amount of both forms of spinel is very small, indicating that they have 

almost reacted. 

The different conversions achieved before the slow-down in the reduction kinetics at different 

temperatures (see Figures 4.8 and 4.10) are used to quantify the amount of CuAl2O4 present 

in the oxygen carrier in order to see its importance in the behavior of CuO/Al2O3 reduction 

kinetics. 

Figure 4.11. Temperature Programmed Reduction (TPR), heating up with 50% H2, 50% N2 up to 1000 °C 
for CuO/Al2O3.
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To explain the two different reaction rates and the different percentage in conversion for the 
reduction at 600 °C and 800 °C, XRD analysis was performed to detect the chemical phases 
present at each stage (Table 4.3). XRD after reduction confirms the presence of both spinel 
forms, CuAl2O4 and CuAlO2 (where this latter one is only present after reduction), as well as a 
large amount of Al2O3. The amount of CuAlO2 is higher at 600 °C than at 800 °C because at 
low temperatures only Eq. 4.6 (CuAl2O4 to CuAlO2) and not Eq. 4.5 (CuAl2O4 to Cu) takes 
place. At 1000 °C the amount of both forms of spinel is very small, indicating that they have 
almost reacted.

The different conversions achieved before the slow-down in the reduction kinetics at different 
temperatures (see Figures 4.8 and 4.10) are used to quantify the amount of CuAl2O4 present 
in the oxygen carrier in order to see its importance in the behavior of CuO/Al2O3 reduction 
kinetics.

At 600 °C, only the reduction of CuO to Cu occurs, being the conversion before the decrease 
in reduction kinetics around 40% (See Figure 4.10). The difference between the conversion 
achieved before the decrease in the reduction conversion at 600 °C and at 1000 °C is 60% 
(between 40 and 100% conversion) due to the full reduction of CuAl2O4 and CuAlO2 to Cu, 
favored at higher temperatures. It is known (according to the specifications of the oxygen car-
rier – Sigma Aldrich) that 12.5 wt% is CuO, being therefore 10% the content of Cu in the 
carrier. The first 40% conversion corresponds to the reduction of CuO to Cu, being therefore 
the amount of CuO 4%. The remaining, 60% conversion (from 40% to 100%) has to be due to 
the reduction of CuAl2O4 and CuAlO2 to Cu, being therefore the amount of CuAl2O4+CuAlO2 
present 6 wt%. This results have been corroborated and they are in good agreement with the re-
sults found in an X-Ray tomography study, where it was elucidated that for the same CuO/Al2O3 
oxygen carrier, 30 wt% was the active material in the CuAl2O4 form, corresponding as well to 
10 wt% of active Cu. 

By comparing the results obtained in section 4.3.2 for CuO/Al2O3 with the results obtained 
in section 4.3.1 for CuO/SiO2, we can confirm that the limiting step in the reduction reaction 
for CuO/Al2O3 is the reduction reactions of the spinel, because of the interaction of CuO with 
Al2O3. In CuO/SiO2, full reduction conversion is always achieved because the CuO does not 
react with the SiO2. 

4.4 Conclusions

After this study it is possible to conclude that the starting point of the experiments plays an 
important role in the study the redox kinetics, because of the different chemical phases present 
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at different temperatures. The oxidation reaction is not limiting the redox kinetics, re-oxidizing 
always all what has previously been reduced, irrespective of the oxidation temperature at the 
relevant conditions. The reduction rate is limiting the conversion achieved during the reduction 
cycles, where the attained conversion differs at different temperatures, also when starting the 
reduction cycle from a previously fully oxidized sample. When the sample is fully oxidized, 
not only CuO but also CuAl2O4 are present, where the content of the spinel is higher at higher 
temperatures. The initial kinetics of the reduction are very fast up to 20 s, where the CuO is 
converted to Cu, and the spinel CuAl2O4 to Cu, but this latter reaction is only favoured at higher 
temperatures. Then the reduction of CuAl2O4 to CuAlO2 causes a drop in the reaction rate with 
only a slow increase in conversion, with a reaction rate not much dependent on temperature. On 
the basis of these findings an improved model for the redox kinetics can be developed allowing 
a better design and optimization of reactors for chemical looping processes.



5
X-Ray tomography on the reduction 

kinetics of CuO/Al2O3

This chapter is based on the following paper:
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Jacques, Real time chemical imaging of the redox kinetics of CuO/Al2O3 oxygen carrier for 

chemical looping combustion, Submitted to Chem. Comm, 2017.
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Abstract

In this chapter, copper oxide on alumina is used as oxygen carrier, where the redox be-
haviour of CuO/Al2O3 and CuAl2O4 has been studied in detail with X-ray diffraction 
computed tomography (XRD-CT) and has been compared with results from TGA experi-
ments reported in Chapter 4. Combination of TGA results with detailed characterisation 
with XRD and XRD-CT of the oxygen carriers at different stages during the redox cycling 
corroborate the causes for the sudden decrease in the reaction rate observed at higher 
conversions for the CuO/Al2O3 oxygen carriers described in the previous chapters. The 
main results of the study can be summarized as: i) spinel reduction kinetics are responsible 
for the change in reaction rate observed at higher particle conversions; ii) cuprite is neces-
sary to describe the XRD patterns for the reduction reaction. 
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5.1 Introduction

The reduction of CuO/Al2O3 was studied in Chapter 4 and it was observed that full reduction is 
only achieved when it is performed at 1000 °C, whereas at lower temperatures the final conversion 
is lower and the decrease in the reaction rate takes place at lower solid conversions. The reduction 
mechanism of CuO is very complicated and when the CuO interacts with the support, as has 
been reported for CuO/Al2O3, the reactions of the metal oxide with the support can also play 
an important role and the mechanism becomes even more complicated. The TGA experiments 
followed by XRD described in Chapter 4 provided an explanation for the observations on the 
reduction kinetics of CuO/Al2O3, and have indicated that the initial kinetics of the reduction 
are very fast up to 20 s, where CuO is converted to Cu, and the tenorite spinel CuAl2O4 to Cu, 
but this latter reaction is only favoured at higher temperatures. Then the reduction of CuAl2O4 
to CuAlO2 causes a slow-down in the reaction rate with only a slow increase in conversion, with 
a reaction rate hardly depending on temperature. Although the TGA tests followed by XRD 
analysis has pointed towards this explanation, an in situ measurement of the phases present 
during reduction and oxidation stages would fully confirm this hypothesis.  

Dynamic X-ray computed tomography is now an established in situ technique for following 
chemistry in catalytic systems (Jacques et al., 2011). The technique requires multiple sampling 
of the object under study and consequentially is not currently considered fast. Where previously 
spatial resolution was sacrificed to obtain better temporal resolution this can now be determined 
after the experiment (Vamvakeros et al., 2016). Nevertheless, sometimes it is necessary for a 
much higher time resolution to follow what is happening in a system. Provided that a suit-
able approach to data collection is made, data collected in XRD-CT mode can be treated and 
analysed as a traditional XRD-CT data set to obtain this high time resolution. Explicitly this is 
that the translational scan of the sample is the fast axis, i.e. that the sample is rapidly scanned 
across the beam for each of the slow axis rotational positions. Assuming ideal powder behaviour, 
and ignoring any geometrical artefacts relating from the distance from the edge of the sample to 
the rotation axis centre, then the sum of diffraction across the sample (the summed line scan) 
should be independent of sample rotation angle. In essence the line scan data can be used to 
get high time resolution. In this work we used this approach to follow the temporal and spatial 
evolution of the metal phases during oxidation and reduction of a Cu-based oxygen carrier at 
elevated temperatures.

The chapter is outlined as follows: after a description of the experimental techniques used in 
this work, the Dynamic X-ray computed tomography is explained in details and combined with 
data collection in XRD-CT mode to have a better understanding of the reduction mechanism 
of CuO/Al2O3 and CuAl2O4 in-situ and it is linked to the results obtained with TGA-XRD in 
Chapter 4.
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5.2 Material and Methods

A TGA was used to measure the oxygen carrier reactivity and consisted of a cylindrical quartz 
reactor (15 mm i.d.) placed in an oven that can be operated at up to 1200 °C and atmospheric 
pressure (see the description in Chapters 3 and 4).

The diffraction data presented herein were recorded at ID11, ESRF using a 55 keV mono-
chromatic beam focussed with horizontal and vertical fwhm of 22 μm and 25 μm respectively 
with X-rays recorded on Frelon. As received catalyst bodies were mounted inside a quartz glass 
tube (2.4 mm ID, 4 mm OD) mounted to a gas delivery stub. The gas stub was mounted to a 
goniometer itself mounted to a rotation stage attached to a horizontal linear stage perpendicular 
to the beam direction. Sample heating was achieved using two heat guns; the sample tempera-
ture was pre-calibrated by placing a thermocouple inside the quartz tube under desired flow 
conditions. The sample was ramped to 700 ºC at ca. 16 ºC min-1 under 100% O2 delivered at 
10 mL/min, with reduction and oxidation performed under 100% H2 and 100% O2 delivered 
at 20 mL/min using mass flow controllers.

The diffraction data was collected in XRD-CT mode specifically using an interlaced XRD-CT 
approach. This is an extension of the original dynamic XRD-CT (Jacques et al., 2011) that al-
lows for a choice of spatial and temporal resolution of reconstructed diffraction images post mea-
surement (Vamvakeros et al., 2016). In these experiments the catalyst structures were scanned 
continuously zig-zagging across the beam covering a distance of 4 mm with each traverse and in 
each case recording 180 diffraction patterns each with an acquisition of 50 ms.

Between each traverse the sample was rotated by 5º with the following angular series and order: 
0, 5, 10 … 170, 175, 180  (1st interlaced sub tomo)
2.5, 7.5, 12.5 … 167.5, 172.5, 177.5 (2nd interlaced sub tomo)
1.125, 6.125, 11.125 … 166.125, 171.125, 176.125 (3rd interlaced sub tomo)
3.875, 8.875, 13.875 … 168.875, 173.875, 178.875 (4th interlaced sub tomo)

This enables three levels of resolution in the reconstruction. One where each of the four sub 
tomos are reconstructed independently (high time resolution, potentially low spatial resolution); 
one where two sub tomographic scans are combined and then reconstructed (medium time 
resolution and medium spatial resolution); one where all sub tomographic scans are combined 
and then reconstructed (low time resolution, but high spatial resolution). Further to this there 
was the requirement to interpret data at higher time resolution, here instead of spatial recon-
structions the diffraction for each traverse across the sample (referred to as a line scan) is summed 
giving effectively the diffraction signal from the sample with a time resolution of ca. 10 s. The 
glass contribution of the cell was subtracted from the line scan data. 



69

5

X-Ray tomography on the reduction kinetics of CuO/Al2O3

Sample-detector response, energy calibration, detector response and instrument profile were 
determined from diffraction recorded from CeO2 standard using PyFai software (Kieffer and 
Ashiotis, 2014). Raw diffraction images were then processed to remove dark current contribu-
tion, then radially integrated using the PyFai software accounting for detector warping. The ra-
dial integrated data sets were then further processed to remove background air scattering signal. 
When reconstructed, diffraction data were reconstructed using standard filtered back projection 
using the Matlab iradon function (Kak and Slaney, 2001).  The phases present in the summed 
diffraction patterns were identified using the search-match component of the Panalytica X’Pert 
High Score Plus software (“PANalytical - HighScore with Plus option,” 2014) itself making use 
of an ICSD database (“Introduction to ICSD,” 2016). Summed and reconstructed diffraction 
patterns were analysed by quantitative multi-phase Rietveld analysis using the program Topas 
(Coelho et al., 2017; Kak and Slaney, 2001). 

5.3 Results and discussion

The phases found to exist during the course of the experiment are detailed in Table 5.1.  Rietveld 
model was constructed that allowed refinement of phase scale factors, unit cell parameters and 
indeed metal species A and B site occupancy in the spinel phase; the latter was done in a manner 
to preserve the rules for the spinel structure to persist (see Table 5.2).

Table 5.1. Materials identified in the diffraction patterns

Formula Mineral name ICSD number Space group & UC parameters

Al2O3 Corundum 31545 R-3cH ; a = 4.7640 ; b = 13.0091
Al2CuO4 - 9557 Fd-3mS;  a=8.078

Cu Copper 43493 Fm-3m ; a = 3.61505(10)

CuO - 16025
C 2/c ; a = 4.6837(5) ; b = 3.4226(5);

c = 5.1288(6) ; β = 99.54(1)
Cu2O Cuprite 38233 Pn-3mZ ; a = 4.258(4)

Table 5.2. Snippet from Topas master input file showing how the metal species on the A and B sites were 
refined.

Site num_posns x y z occ beq

Al1 8 0 0 0 Al+3=occ_000 2.5
Cu1 8 0 0 0 Cu+2=1-occ_000 2.5
Al2 16 5/8 5/8 5/8 Al+3=1-(occ_000/2.0) 2.5
Cu2 16 5/8 5/8 5/8 Cu+2=occ_000/2.0 2.5
O1 32 3/8 3/8 3/8 0-2 2.5
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The catalyst in its as received form was found to be 30% Al2CuO4 and almost 70% Al2O3 with a 
small amount of Cu2O present (ca. 0.6%).  Its inclusion in the model can be justified by examin-
ing the observed and calculated diffraction patterns shown in Figure 5.1, where comparisons 
with and without this phase in the model are shown. The presence of CuAl2O4 in the fresh 
form was already confirmed by XRD studies in a previous work (San Pio et al., 2017a). And the 
presence of Cu2O during the reduction reaction was also confirmed in an experimental study 
were the reduction mechanism of CuO to Cu under H2 supply was carried out, observing that 
the reduction occurs under a sequential path via Cu2O (San Pio et al., 2017d). 
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Figure 5.1. Rietveld fits to the diffraction pattern of the as received catalyst (at room 

temperature) where blue and red patterns are observed and calculated respectively.  Top (A) 

the model including Al2O3, Al2CuO4 and Cu but excluding Cu2O where a small shoulder and 

peak at ca. 5.2º and 6º respectively (and highlighted my magenta arrows) are not described. 

These peaks do not correspond to Cu; the green trace shows the Cu contribution in this model. 

The calculated diffraction with the inclusion of Cu2O into the model is shown in the bottom 

figure (B) which now satisfactorily describes the peaks; the purple trace shows the 

contribution of this phase to the diffraction pattern with the phase weight determined to be 

0.6%. There are still some small issues with this model as there are two peaks, highlighted 

by grey arrows, where there is significant mismatch between the observed and model 

intensity. 

The phase weights of identified materials throughout the experiment are shown in Figure 5.2, 

top left and top right graphs. We see that the catalyst composition is fairly stable during the 

temperature ramp and initial hold under oxygen, though we observe that the Cu2O is quickly 

lost (taking place over 80 lines scans) and a corresponding rise in CuO coupled with a very 

Figure 5.1. Rietveld fits to the diffraction pattern of the as received catalyst (at room temperature) where 
blue and red patterns are observed and calculated respectively.  Top (A) the model including Al2O3, Al2CuO4 
and Cu but excluding Cu2O where a small shoulder and peak at ca. 5.2º and 6º respectively (and highlighted 
my magenta arrows) are not described. These peaks do not correspond to Cu; the green trace shows the Cu 
contribution in this model. The calculated diffraction with the inclusion of Cu2O into the model is shown in 
the bottom figure (B) which now satisfactorily describes the peaks; the purple trace shows the contribution of 
this phase to the diffraction pattern with the phase weight determined to be 0.6%. There are still some small 
issues with this model as there are two peaks, highlighted by grey arrows, where there is significant mismatch 
between the observed and model intensity.

The phase weights of identified materials throughout the experiment are shown in Figure 5.2, 
top left and top right graphs. We see that the catalyst composition is fairly stable during the 
temperature ramp and initial hold under oxygen, though we observe that the Cu2O is quickly 
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lost (taking place over 80 lines scans) and a corresponding rise in CuO coupled with a very 
small consumption of Al2CuO4. Upon applying reducing conditions we see a rapid drop of 
Al2CuO4 (to ~ 20%) and complete consumption of CuO coupled with rapid growth of metallic 
Cu (to ~8%) and growth of Al2O3. There follows some further consumption of Al2CuO4 and a 
corresponding growth of metallic copper and Al2O3. When switching to oxidising environments, 
we again see a two-stage behaviour. Firstly, a rapid rise in the formation of Al2CuO4 and CuO 
coupled with complete consumption of Cu, then secondly slow formation of Al2CuO4 coupled 
with CuO and Al2O3 consumption.  These can be summarised as follows in Table 5.3.

Table 5.3. Reduction and oxidation reactions of CuO/Al2O3

Reduction Oxidation

Fast: Al2CuO4 + H2(g) à Al2O3 + Cu + H2O
Fast: CuO + H2(g) à Cu
Slow: Al2CuO4 + H2(g) à Al2O3 + Cu + H2O

Fast: Cu à CuO
Fast: Al2O3 + Cu + ½O2(g) à Al2CuO4

Slow: Al2O3 + CuO à Al2CuO4
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Figure 5.2. Top left, show the phase weights as a function of the imposed environmental 

conditions over the entire duration of the experiment. The periods of the experiment are 

labelled. Top right, a zoomed region of the phase weights; there is rapid disappearance of 

Cu2O.  Bottom left, crystallite site. Bottom right, four panels showing the Al2O3 unit cell a 

and c parameters, the unit cell a parameter of Al2CuO4 and the A site copper occupancy for 

this phase. 

It is observed how the CuAl2O4 can be reduced and further oxidized in the redox cycles at it 

was also observed in TGA-XRD analysis in a previous work (San Pio et al., 2017a). 

These behaviours are repeated during further cycles. The longer the imposed reduction 

period, the longer the system takes to recover (i.e. to reform Al2CuO4). If we compare the 

first and second oxidations (post first and second reduction cycles) we see that the amount of 

Al2CuO4 immediately reformed is approximately the same. 

Figure 5.2. Top left, show the phase weights as a function of the imposed environmental conditions over the 
entire duration of the experiment. The periods of the experiment are labelled. Top right, a zoomed region of 
the phase weights; there is rapid disappearance of Cu2O.  Bottom left, crystallite site. Bottom right, four panels 
showing the Al2O3 unit cell a and c parameters, the unit cell a parameter of Al2CuO4 and the A site copper 
occupancy for this phase.
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It is observed how the CuAl2O4 can be reduced and further oxidized in the redox cycles at it was 
also observed in TGA-XRD analysis in a previous work (San Pio et al., 2017a).

These behaviours are repeated during further cycles. The longer the imposed reduction period, 
the longer the system takes to recover (i.e. to reform Al2CuO4). If we compare the first and 
second oxidations (post first and second reduction cycles) we see that the amount of Al2CuO4 
immediately reformed is approximately the same.

Figure 5.2 also shows crystallite sizes (bottom left graph) for the respective phase weight > 0.5 
wt%. Also shown at the bottom right of this figure is a set of graphs showing the Al2O3 unit 
cell parameters and importantly, the graphs showing the Al2CuO4 unit cell parameter and A 
site copper atom site occupancy. During the ramp, we see linear increases in the Al2O3 unit 
cell parameters corresponding to the expected thermal expansion. As expected this ceases as the 
target temperature is reached. In fact for the remainder of the experiment the Al2O3 unit cell 
maintains an almost constant volume aside from local periodic variations that probably derive 
from a geometric aberration associated with the collection mode. During the entire experiment 
(including the ramp and initial hold) the Al2O3 crystallite size is nearly constant averaging at 
65 nm. Again, we see local periodic variations which we attribute to a geometric aberration. 
Al2CuO4 has an initial particle size of ~26 nm but during the dwell/hold there is a trend which 
suggests a small amount of particle growth (< 10% change). Upon the first reduction we see a 
rapid drop to ~18 nm followed by a slow drop to ~16 nm. There follows a small increase during 
oxidation but then a slow drop in the second reduction cycle to ~14 nm; Again there is a small 
amount of recovery but then it returns to ~14 nm in the third reduction cycle. 

Of great interest is the change in unit cell parameter and the A site Cu occupancy during the 
experiment. During ramp the Al2CuO4 lattice parameter increases as a consequence of thermal 
expansion which then levels off when the temperature is reached. During this period the A 
site Cu occupancy is constant as would be expected. Thereafter, under the imposed reduction/
oxidation conditions the changes in unit cell parameter and A site Cu occupancy follow one 
another. During the initial reduction, there is a rapid drop in both these values coincident with 
the rapid consumption of this phase. There follows a second slower drop in these parameters 
coincident with the slow consumption of this phase observed in the % weight curves. Upon 
switching to oxidising conditions, these parameters are seen to go back up, but do not return to 
their original state. It is interesting how the first and second oxidations follow one another as do 
the second and third reductions. The changes in A site Cu occupancy clearly demonstrate that 
there is restructuring of some of the spinel material (The high occupancy of Cu site A and the 
low occupancy of Cu site A are called in this thesis CuAl2O4 and CuAlO2 respectively). This is 
confirmed by the observed lattice parameter changes, which follow the occupancy changes (ex-
cept during the ramp) which would be expected when considering the relative sizes of the Cu2+ 
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and Al3+ ions.  It seems then that under reducing conditions Cu prefers the B site whereas under 
oxidising conditions the A site is preferred. The pace of change of the occupancy somewhat fol-
lows the weight % profiles. After the first reduction cycle, the spinel rearrangement is relatively 
slow which is coincident with slow consumption. Under oxidising conditions Cu prefers the A 
site and it seems that a significant portion of the spinel material reforms quickly coincident with 
a rapid increase in Cu A site occupancy. This is followed by material forming slowly coincident 
with the slow rise in occupancy.  

When CuO is first present > 0.5 wt%, the crystallite size is seen to be 15 nm but this quickly 
grows to ~ 28 nm. This phase is completely absent during reduction cycles but when reappearing 
during oxidation it is present with crystallite size of 30 to 35 nm (if anything diminishing 
slightly with oxidation time). These values are consistent with CuO à Cu transformation when 
considering the crystallographic volume/density change.  

Now let us turn our attention to the spatial data. Figure 5.3 shows XRD-CT intensity maps 
generated from collated interlaced XRD-CT scans (these being composed of 4 sub tomos to 
give the maximum spatial resolution). The maps are simply derived from the raw reconstructed 
diffraction intensity and set 2θ positions, explicitly at 5.016º, 5.087º and 6.080º corresponding 
to positions of the Al2O3 104, CuO 1-1 1 and Cu 111 reflections respectively.  The XRD-CT 
slice cuts through three particles of a random stack of particles contained within the 2.4 mm 
ID capillary. One of these is sampled at its mid-rift and another close to the mid-rift, in these 
we see that the shell and inner confines of the particle are sampled (see Figure 5.4). The third 
particle is sampled near its top (hence it appears so small in the XRD-CT image) and can be 
considered sampling of the particle shell only.  We see that the Al2O3 distribution is not uniform 
in the particles but that it is concentrated towards the outer part of the particle, under oxidation 
and reduction there is no change in the distribution of the alumina (the small change from RT 
in overall intensity is simply due to the maps being made at fixed position, the peak position is 
not exactly at the same position at temperature due to thermal expansion of the Al2O3 lattice). 

We see that CuO is similarly distributed to the Al2O3. The intensity changes observed cor-
respond to the growth and consumption of CuO observed in the time series Rietveld shown in 
Figure 5.2. We see that the Cu distribution when present under reducing conditions also mirrors 
the distribution of Al2O3 and Cu.
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5. X-Ray tomography on the reduction kinetics of CuO/Al2O3      
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Figure 5.3. XRD-CT intensity maps at room temperature and at temperature under oxidising 

(1st oxidation cycle) and reducing (2nd reduction cycle) environments and summed diffraction 

over the whole sample under these conditions (green, red and blue respectively). The XRD-

CT maps top, middle and bottom are taken at 2θ = 5.016 º, 5.087º and 6.080º corresponding 

to positions of the Al2O3 104, CuO 1-1 1 and Cu 111 reflections respectively.   

Figure 5.3. XRD-CT intensity maps at room temperature and at temperature under oxidising (1st oxidation 
cycle) and reducing (2nd reduction cycle) environments and summed diffraction over the whole sample under 
these conditions (green, red and blue respectively). The XRD-CT maps top, middle and bottom are taken 
at 2θ = 5.016 º, 5.087º and 6.080º corresponding to positions of the Al2O3 104, CuO 1-1 1 and Cu 111 
reflections respectively. 
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We see that CuO is similarly distributed to the Al2O3. The intensity changes observed 

correspond to the growth and consumption of CuO observed in the time series Rietveld 

shown in Figure 5.2. We see that the Cu distribution when present under reducing conditions 

also mirrors the distribution of Al2O3 and Cu. 

 

 

Figure 5.4. Left, schematic indicating particle structure and samplings of such particles in the 

experiment. Right, XRD-CT raw intensity image at 5.086° 2θ here the particles have been 

labelled according to the suggested sampling. 

Figure 5.5 shows distributions of CuAl2O4 material with high and low Cu A site occupancy 

gleaned from intensity maps at 6.337º and 6.417º 2θ respectively.   

Figure 5.4. Left, schematic indicating particle structure and samplings of such particles in the experiment. 
Right, XRD-CT raw intensity image at 5.086° 2θ here the particles have been labelled according to the 
suggested sampling.
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Figure 5.5 shows distributions of CuAl2O4 material with high and low Cu A site occupancy 
gleaned from intensity maps at 6.337º and 6.417º 2θ respectively.  5. X-Ray tomography on the reduction kinetics of CuO/Al2O3      
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Figure 5.5. XRD-CT intensity maps at room temperature and at temperature under oxidising 

(1st oxidation cycle) and reducing (2nd reduction cycle) environments. The XRD-CT maps 

and bottom are taken at 2θ = 6.337º and 6.417º corresponding to positions of the CuAl2O4 

422 reflection for material with high and low Cu A site occupancy respectively.   

These clearly suggest that material with high Cu A site occupancy is preferentially found at 

the outer part of the particle – again mirroring the Al2O3 distributions. The changes from the 

initial state are near to homogeneous across the sample, though it would seem that material 

on the outer part of the particle is consumed under reducing conditions. Material with low 

Cu A site occupancy seems to have an unusual distribution existing as an inner shell around 

an inner core; interestingly this material seems to be fairly constant throughout the conditions 

(or with a slight loss) and the high Cu A site occupancy material is seen to convert to this 

form. 

These observations were supported by spatial Rietveld analysis (San Pio et al., 2017c) and 

they confirm that the CuAl2O4 is distributed homogeneously inside the particle for the 

reduction reaction, confirming that the assumption of assuming a pseudo-homogeneous 

model (San Pio et al., 2017d) to predict the redox kinetics of CuO/Al2O3 is valid for the 

reduction reaction.  

Figure 5.5. XRD-CT intensity maps at room temperature and at temperature under oxidising (1st oxidation 
cycle) and reducing (2nd reduction cycle) environments. The XRD-CT maps and bottom are taken at 2θ = 
6.337º and 6.417º corresponding to positions of the CuAl2O4 422 reflection for material with high and low 
Cu A site occupancy respectively.

These clearly suggest that material with high Cu A site occupancy is preferentially found at the 
outer part of the particle – again mirroring the Al2O3 distributions. The changes from the initial 
state are near to homogeneous across the sample, though it would seem that material on the 
outer part of the particle is consumed under reducing conditions. Material with low Cu A site 
occupancy seems to have an unusual distribution existing as an inner shell around an inner core; 
interestingly this material seems to be fairly constant throughout the conditions (or with a slight 
loss) and the high Cu A site occupancy material is seen to convert to this form.

These observations were supported by spatial Rietveld analysis (San Pio et al., 2017c) and they 
confirm that the CuAl2O4 is distributed homogeneously inside the particle for the reduction 
reaction, confirming that the assumption of assuming a pseudo-homogeneous model (San Pio 
et al., 2017d) to predict the redox kinetics of CuO/Al2O3 is valid for the reduction reaction. 

5.4 Conclusions

These studies confirm previous observations (San Pio et al., 2017a) that Cu, CuO, Al2O3 and 
Al2CuO4 are present under redox cycling. That reduction and oxidation each proceed by three 
reactions two of which are a fast and one reaction slow as has been elucidated in a previous 
work (San Pio et al., 2017a). CuO ←→ Cu transformation occurs not by consumption and 
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recrystallization but rather by solid state transformation by oxygen diffusion. In the Cu /Al2O3 
particles studied here, there exists two forms or a continuum of Al2CuO4 with variable Cu 
occupancy on the spinel A-site. It is also shown how it is necessary to include the Cu2O to 
properly describe the XRD patters, indicating that the reduction of copper oxide may occur via 
Cu2O as it is confirmed in Chapter 7. The particles most likely consist of a core, inner thick 
shell and outer thick shell with possible thin outer veneer and have been sampled in a manner 
illustrated in Figure 5.4. The observed phases are not evenly distributed across the particle. The 
outer shell contains a form of Al2CuO4 with high A-site Cu occupancy that seems to be more 
readily consumed under reaction conditions corresponding to the fast Al2CuO4 + H2(g) ←→ 
Al2O3 + Cu + H2O. The Al2CuO4 with low A-site Cu occupancy predominantly found in but not 
confined to the inner shell is more stable; its loss under reduction is slow. It would seem that the 
particles internal chemistry and properties is defined at / pre-destined at birth. Observing that 
there are was no significant changes to the Al2CuO4 crystallite size suggest that Cu is migrating 
out of the Al2CuO4 structure.
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Study of the pressure effect on the 

redox kinetics of CuO/Al2O3

This chapter is based on the following paper:

M.A., San Pio, F., Gallucci, I., Roghair, M., van Sint Annaland, 2017. Gas-solids 
kinetics of CuO/Al2O3 as an oxygen carrier for high-pressure chemical looping 

processes: The influence of the total pressure. Int. J. Hydrogen Energy.
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Abstract

The redox kinetics of CuO/Al2O3 have been studied at elevated pressures and tempera-
tures. All the experiments have been started with the same initial conditions to assure the 
same starting point, as detailed in Chapter 4. While other studies reported a negative 
effect of the total pressure on the redox kinetics, this study shows that this negative effect 
of the pressure is most probably caused by external mass transfer limitations in previous 
studies. Additionally, as long as external mass transfer limitations are prevented, the total 
pressure at which the reduction is performed does not affect the redox kinetics nor the 
morphological and chemical structure of the oxygen carrier. The sudden decrease in the 
reduction rate at higher particle conversions was not influenced by the operating pressure 
and was attributed to limitations in the spinel reduction kinetics.
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6.1 Introduction

Based on the results reported in Chapter 4 and Chapter 5, the decrease in the reduction rate of 
Cu/Al2O3 oxygen carrier particles at higher particle conversions was attributed to limitations 
in the reduction kinetics of spinel compounds. These studies were carried out at atmospheric 
pressure. To be competitive CLC should be operated at elevated pressures, but there is lack of 
knowledge on the reactivity of the oxygen carriers at elevated pressures. Several authors have 
reported a negative effect of increasing the total pressure on the gas-solid reaction rates and have 
proposed different explanations. Chauk et al. (Chauk et al., 2000) have studied the effect of 
the total pressure and H2S partial pressure on the extent of sulfur capture and sorbent conver-
sions. They showed with experiments where the partial pressure of H2S was kept constant while 
changing the total pressure, there was a negative effect on the combined calcination and sulfida-
tion steps. They observed a change in the structural properties, and proposed this as a possible 
explanation of the adverse effect of the total pressure on the redox kinetics. They also studied 
the influence of the partial pressure of H2S while keeping the total pressure constant, observing 
that the sulfidation rate of CaO increases with increasing H2S partial pressure. Agnihotri et al. 
(1999a) proposed that the increase of moles of gas produced during the sulfidation of Ca-based 
sorbents was responsible for the negative pressure effect. Qui and Lindqvist  observed that the 
kinetic rate constant and the effective diffusivity of SO2 through the product layer decreased 
as the total pressure increased . Qiu et al. explained the negative effect of the total pressure on 
the kinetics by the inhibition of gas diffusion in the porous particles (Qiu et al., 2001). Garcia 
Labiano et al. studied the effect of the pressure on the reactivity of copper, iron and nickel based 
oxygen carriers, reporting a negative effect of the total pressure on the kinetics (Garcia-Labiano 
et al., 2006). They developed a model using a dependency on total pressure of the effective 
diffusivity in the pores and in the product layer to describe their experimental results (Agnihotri 
et al., 1999a).

Several authors (Abad et al., 2007; Agnihotri et al., 1999a; Chauk et al., 2000; Qiu et al., 2001) 
have reported that the pressure has a surprisingly negative effect on the reactivity of the solids. 
Despite the importance of this effect, there is no general conclusion and no physical explanation 
on the cause for the observed negative influence of the pressure on the kinetics. 

In this chapter the redox kinetics of a CuO/Al2O3 oxygen carrier has been studied under dif-
ferent operating pressures keeping the partial pressure of the reducing/oxidizing gas constant in 
order to better understand the pressure effect on the redox kinetics of the oxygen carriers and 
to elucidate the reason for the often observed negative effect of the total pressure on the redox 
kinetics. The objectives of this study are: (i) to investigate the effect of the total pressure on the 
redox kinetics, ii) to study the morphological changes at different pressures, and iii) to explain 
the observed reaction rates at different pressures and temperatures. 
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After a description of the experimental techniques used in this work, the results of the different 
experiments on the CuO/Al2O3 oxygen carrier over many consecutive redox cycles at different 
pressures are presented and discussed in this chapter. XRD has been used to characterize the 
oxygen carrier and to investigate whether the interactions between the metal oxide and the sup-
port play a role when operating at different pressures. Determination of the BET surface areas is 
used to study if the surface area changes with operation at elevated pressures and SEM is used to 
observe the change in internal morphology as a function of operation pressure. 

6.2 Material and Methods

6.2.1 Effect of pressure on CuO/Al2O3 kinetics
The experiments have been carried out in three different thermogravimetric analysers (TGAs) 
with a 12.5 wt% CuO/Al2O3 (1.1 mm diameter - Sigma-Aldrich) oxygen carrier to measure 
the redox kinetics. Three TGAs were used in this work to assure that the measured kinetics are 
not due to an effect of the TGA but reproducible in other systems.  The reactivity of all the 
experiments described in this work in all the TGAs have been carried out using consecutive 
redox cycles starting always from the same material state. This has been obtained by carrying 
out three redox cycles at 1000 °C and atmospheric pressure and 50% H2, 50% N2 as reducing 
gas prior to every experiment (with short intermediate N2 purges), as described in more detail 
in (San Pio et al., 2017a). The reduction cycles were carried out using H2 and N2 during the 
reduction, with different concentrations to keep the partial pressure of H2 constant to 1 bar, and 
air during the oxidation cycles, at different temperatures ranging from 600 °C to 1000 °C and 
different total pressures ranging from 1 to 10 bar. A redox cycle consists of 15 min reduction and 
10 min oxidation with two minutes purge (with nitrogen) between the reduction and oxidation 
cycles to avoid mixing of the different reactants. The N2 and H2 used in these experiments have 
a 99.999% purity (with O2<4 ppm), and 99.9999% (with O2<0.5 ppm), respectively, according 
to the specifications (Linde gas). 

Blank measurements were performed for each experiment in all the TGAs used in this work, 
under the same conditions, using the empty basket to correct the balance signal for density 
changes in the reactor caused by changes in the feed gas (e.g. N2 compared to H2) and reactor 
temperature. At higher pressures, the blank correction becomes more important due to buoyancy 
effects (Coenen et al., 2016). 

The oxygen carrier conversion (Xs) is subsequently calculated from the observed mass change in 
the oxygen carrier under different experimental conditions, defined by (Eq. 6.1),

6. Study of the pressure effect on the redox kinetics of CuO/Al2O3                                                                                                                        
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constant to 1 bar, and air during the oxidation cycles, at different temperatures ranging from 
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where m is the current mass and mox and mred are the mass of the fully oxidized and reduced 

forms of the oxygen carrier. The fully oxidized mass is taken as the mass of the fresh material 

which was delivered in oxidized form. 

6.2.1.1 High-Pressure Thermogravimetric-Analyser (HPTGA) 

The magnetic suspension balance is a thermogravimetric analyser from Rubotherm (MSB) 

that works at high pressures up to 30 bar (denoted as HPTGA (High Pressure TGA). The 

mass change is measured, while the reactant concentration, temperature or pressure is varied. 

In this setup, the solid sample (typically 100 mg) is placed in a quartz glass sample holder, 

which is connected to a balance with an Ir wire connected to the permanent magnet. The 

operating conditions can vary between 1 and 30 bar and 20-1200 °C. Air, H2, CO, CO2, CH4 

and steam can be fed as reactants. Gas flow rates are controlled by Mass Flow Controllers 

(Bronkhorst) with the total gas flow rate set at 480 mL/min (Hamers et al., 2015). The reactant 

gases are supplied at the top of the reactor. The reactor is surrounded by a vessel that is 

 (Eq. 6.1)
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where m is the current mass and mox and mred are the mass of the fully oxidized and reduced 
forms of the oxygen carrier. The fully oxidized mass is taken as the mass of the fresh material 
which was delivered in oxidized form.

6.2.1.1 High-Pressure Thermogravimetric-Analyser (HPTGA)
The magnetic suspension balance is a thermogravimetric analyser from Rubotherm (MSB) that 
works at high pressures up to 30 bar (denoted as HPTGA (High Pressure TGA). The mass change 
is measured, while the reactant concentration, temperature or pressure is varied. In this setup, 
the solid sample (typically 100 mg) is placed in a quartz glass sample holder, which is connected 
to a balance with an Ir wire connected to the permanent magnet. The operating conditions can 
vary between 1 and 30 bar and 20-1200 °C. Air, H2, CO, CO2, CH4 and steam can be fed as 
reactants. Gas flow rates are controlled by Mass Flow Controllers (Bronkhorst) with the total gas 
flow rate set at 480 mL/min (Hamers et al., 2015). The reactant gases are supplied at the top of 
the reactor. The reactor is surrounded by a vessel that is maintained at lower temperature. Argon 
is supplied to this vessel to prevent that reactant gases can enter and mix in the insulation layer. 
A schematic representation of the setup can be found in Figure.6.1.

Before a series of experiments is started, the system is pressurized and the reactor is set at the desired 
operating temperature. When this temperature is reached and the system has been stabilized, redox 
cycles are carried out that consist of 15 min reduction, 2 min purge and 10 min oxidation. 
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maintained at lower temperature. Argon is supplied to this vessel to prevent that reactant 

gases can enter and mix in the insulation layer. A schematic representation of the setup can 

be found in Figure.6.1. 

Before a series of experiments is started, the system is pressurized and the reactor is set at 

the desired operating temperature. When this temperature is reached and the system has been 

stabilized, redox cycles are carried out that consist of 15 min reduction, 2 min purge and 10 

min oxidation.  

 

Figure 6.1. Schematic overview of the magnetic suspension balance (MSB) used in this work  

(PC = pressure controller). 

 

 

Figure 6.1. Schematic overview of 
the magnetic suspension balance 
(MSB) used in this work  (PC = 
pressure controller).
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6.2.1.2 Thermogravimetric analyser at low pressure
This TGA is used to measure and analyze the oxygen carrier reactivity at different flow rates 
in order to assure that no mass transfer limitations play a role. It is described in more detail in 
Chapters 3 and 4.

6.2.1.3 High-Pressure Thermogravimetric-Analyser High Flow
TGA experiments at high pressure were carried out in a similar in-house designed setup for 
operation up to 10 bar (denoted as HP_ TGA_HF (High Pressure High Flow TGA). A micro-
balance (Sartorius MD25) with a sensitivity of 1 μg and 200 mg of operating range connected 
to a reactor allowed for TGA experiments up to 10 bar (Coenen et al., 2016). The maximum 
temperature of this reactor is 1100 °C. A porous quartz basket or a porous ceramic basket was 
used which contained typically 100 mg of catalyst. A schematic representation is shown in 
Figure. 6.2. The TGA was modified in order to be able to feed up to 6 L/min of N2 in order to 
assess the influence of mass transfer limitations.

6.2.2 Oxygen carrier characterization
The surface area and pore size distribution of all the oxygen carrier samples before and after the 
experiments were determined by the Brunauer-Emmett-Teller (BET) method by adsorption/
desorption of nitrogen at 77 K in a Thermo-Scientific Surfer. The number of active sites were 
correlated with the probe molecule absorbed in static volumetric chemisorption with tempera-
ture programmed adsorption. A gas expansion pycnometer (Quantachrome Ultrapyc 1200e) 
has been used to measure the volume of a weighted sample of the solid carrier, from which the 
skeletal density can be calculated. This value is also used in the BET-method to determine the 
specific surface area. In addition, the microstructure of different samples was analysed in a FEI 
Quanta 3D FEG scanning electron microscope (SEM) to measure the difference in pore size 
and the distribution of the chemical elements in the oxygen carrier. Crystalline species were 
identified by X-Ray Diffraction (XRD) in a Rigaku diffractometer at 298 K with a mobile Cu 
anode (described in more detail in Chapter 3).

6.3 Results and Discussion

6.3.1 Study of the reactivity of the oxygen carrier at high pressures
The redox cycles were carried out in the three different TGAs with 15 min reduction (H2, N2), 
10 min oxidation (100% Air) and constant partial pressure of H2 of 1 bar, with different flow 
rates, different temperatures and different total pressures. 
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First, several redox cycles were carried out at different flow rates and 800 °C in the LPTGA at 
atmospheric pressure. From Figure 6.3 it can be concluded that no influence of mass transfer 
limitations was observed when operating at 1 bar with a total flow rate of at least 250 mL/min.
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Figure 6.3. Reduction conversions at 1 bar, PH2 = 1 bar and 800 °C in the LPTGA with different flow rates.

After assessing that mass transfer limitations do not play a role with a flow rate of 480 mL/min, 
the study on the kinetics of CuO/Al2O3 at different operating pressures was carried out with the 
HPTGA from Rubotherm. In Figure 6.4 the reduction conversions are plotted for the experi-
ments with a constant partial pressure of H2 of 1 bar, at 800 °C, a total flow rate of 480 mL/min 
and different total pressures (the same sample was used for all the conditions in this experiment).

A negative effect of the total pressure on the redox kinetics can clearly be observed in Figure 4, being 
more pronounced at higher pressures (10 bar). Because the partial pressure of H2 was kept constant 
at 1 bar during all the experiments, it is not expected that the total pressure would have an effect on 
the redox kinetics. As already said, this negative effect of the pressure was also previously observed 
by other researchers (Abad et al., 2007; Agnihotri, R.; Chauk, S. S.; Misro, 1999; Agnihotri et al., 
1999a, 1999b; Chauk et al., 2000; de Diego et al., 2004; Eyring et al., 2011; Hossain and de Lasa, 
2008; Kim et al., 2003; Qiu et al., 2001; Wang et al., 2013). To assure that the reported pressure 
effect was not caused by too low gas velocities causing mass transfer limitations at higher pressures 
since the volumetric flow rate was kept constant, the tests were repeated in the HP_TGA_HF.

First, a comparison between experiments at the same conditions in the different TGAs was 
performed to cross check that the same kinetics were measured before starting the experiments 
with the HP_TGA_HF. This comparison is shown in Figure 6.5. The results of two TGAs are 
virtually identical and fully reproducible, indicating that the setups provide the same results 
when operated at the same conditions.
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Figure 6.4. Reduction conversions at PH2 = 1 bar, 800 °C and different total pressures in the 

HPTGA from Rubotherm. 

A negative effect of the total pressure on the redox kinetics can clearly be observed in Figure 

4, being more pronounced at higher pressures (10 bar). Because the partial pressure of H2 

was kept constant at 1 bar during all the experiments, it is not expected that the total pressure 

would have an effect on the redox kinetics. As already said, this negative effect of the 

pressure was also previously observed by other researchers (Abad et al., 2007; Agnihotri, R.; 

Chauk, S. S.; Misro, 1999; Agnihotri et al., 1999a, 1999b; Chauk et al., 2000; de Diego et 
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was kept constant, the tests were repeated in the HP_TGA_HF. 

First, a comparison between experiments at the same conditions in the different TGAs was 
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Figure 6.4. Reduction conversions at PH2 = 1 bar, 800 °C and different total pressures in the HPTGA from 
Rubotherm.
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Figure 6.5. Reduction conversions at 1 bar, PH2 = 1 bar, 800 °C and 480 mL/min for the 

LPTGA and the HP_TGA_HFR. 

Subsequently, experiments up to 2 L/min were performed at 3, 6 and 8 bar (since at 1 bar it 

was already proven that there were no mass transfer limitations at 250 and 480 mL/min). In 

Figure 6.6 the plots for the experiments at different total pressures and flow rates are shown 
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experiments). 

Figure 6.5. Reduction conversions at 1 bar, PH2 = 1 bar, 800 °C and 480 mL/min for the LPTGA and the 
HP_TGA_HFR.

Subsequently, experiments up to 2 L/min were performed at 3, 6 and 8 bar (since at 1 bar it was 
already proven that there were no mass transfer limitations at 250 and 480 mL/min). In Figure 6.6 
the plots for the experiments at different total pressures and flow rates are shown at 800 °C. (The 
same sample was used for all the conditions at one total pressure in these experiments).

At 3 bar total pressure no effects of mass transfer limitations are observed for a flow rate of 1000 
mL/min, while for 6 bar there is still an effect of mass transfer limitations between 1 L/min and 
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Figure 6.6. Reduction conversions at PH2 = 1bar, 800 °C and different flow rates and different 

total pressures: a) 3 bar, b) 6 bar and c) 8 bar.  

At 3 bar total pressure no effects of mass transfer limitations are observed for a flow rate of 

1000 mL/min, while for 6 bar there is still an effect of mass transfer limitations between 

1 L/min and 2 L/min. At 8 bar effects of mass transfer limitations can be discerned even when 

using 2 L/min. The experiments at 6 and 8 bar were repeated increasing the flow rate up to 

the maximum flow rate available (6 L/min). At 3 bar the absence of mass transfer limitations 

was already shown when 1 L/min is used.  The experimental results for 6 and 8 bar at higher 

flow rates are shown in Figure 6.7. (The same sample was used for all the conditions at one 

total pressure in these experiments). 

 

 

 

c) 

Figure 6.6. Reduction conversions at PH2 = 1bar, 800 °C and diff erent fl ow rates and diff erent total pressures: 
a) 3 bar, b) 6 bar and c) 8 bar. 
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2 L/min. At 8 bar eff ects of mass transfer limitations can be discerned even when using 2 L/min. 
Th e experiments at 6 and 8 bar were repeated increasing the fl ow rate up to the maximum fl ow 
rate available (6  L/min). At 3 bar the absence of mass transfer limitations was already shown 
when 1 L/min is used.  Th e experimental results for 6 and 8 bar at higher fl ow rates are shown 
in Figure  6.7. (Th e same sample was used for all the conditions at one total pressure in these 
experiments).  
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Figure 6.7. Reduction conversions at PH2 = 1 bar, 800 °C and higher flow rates, a) 6 bar and 

b) 8 bar.  
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Figure 6.7. Reduction conversions at PH2 = 1 bar, 800 °C and higher fl ow rates, a) 6 bar and b) 8 bar. 

At 6 bar, the absence of mass transfer limitations is confi rmed when the maximum fl ow rate, 
6 L/min, is used, however, this fl ow rate is still insuffi  cient to avoid mass transfer limitations 
when operating at 8 bar. 
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Figure 6.8 provides a comparison of the reduction conversions as a function of time for all the 
investigated pressures, using the necessary flow rates to avoid mass transfer limitations. The 
temperature used was again 800 °C while the partial pressure of H2 was kept constant at 1 bar. 
(The same sample was used for all the conditions in this experiment).
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Figure 6.8. Reduction conversions at PH2 = 1 bar, 800 °C and high flow rates for 1, 3, 6 and 

8 bar of total pressure.  

Figure 6.8 shows that the redox kinetics at a total pressure from 1 to 6 bar are the same for 

the same temperature and H2 partial pressure, and that the negative effect of the total pressure 

on the kinetics is absent if sufficiently high flow rates are used to avoid mass transfer 

limitations. Clearly, the total pressure does not affect the redox kinetics if the partial pressure 

of H2 is kept constant at 1 bar. At 8 bar, somewhat slower kinetics were observed, because it 

Figure 6.8. Reduction conversions at PH2 = 1 bar, 800 °C and high flow rates for 1, 3, 6 and 8 bar of total 
pressure.

Figure 6.8 shows that the redox kinetics at a total pressure from 1 to 6 bar are the same for the 
same temperature and H2 partial pressure, and that the negative effect of the total pressure on the 
kinetics is absent if sufficiently high flow rates are used to avoid mass transfer limitations. Clearly, 
the total pressure does not affect the redox kinetics if the partial pressure of H2 is kept constant 
at 1 bar. At 8 bar, somewhat slower kinetics were observed, because it was not possible to reach 
even higher flow rates due to limitations of the setup. From these results it can be concluded that 
the cause of the negative effect of pressure of the redox kinetics observed in other studies (Abad et 
al., 2007; Agnihotri, R.; Chauk, S. S.; Misro, 1999; Agnihotri et al., 1999a, 1999b; Chauk et al., 
2000; de Diego et al., 2004; Eyring et al., 2011; Hossain and de Lasa, 2008; Kim et al., 2003; Qiu 
et al., 2001; Wang et al., 2013), were possibly related to mass transfer limitations in the used set-
ups. The influence of pressure on the redox kinetics at different temperatures is investigated next.

6.3.2 Study of the reactivity of the oxygen carrier at high pressures and different 
temperatures
Experiments at different temperatures while keeping the total pressure constant at 1, 3, 6 and 
8 bar respectively, were carried out to study the influence of the temperature on the kinetics at 
higher pressures and the results are shown in Figure 6.9. (The same sample was used for all the 
conditions at one total pressure in these experiments).
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Figure 6.9. Reduction conversions at PH2 = 1 bar, high flow rates and different temperatures 

for a) 1 bar, b) 3 bar, c) 6 bar and d) 8 bar of total pressure.  
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Figure 6.9. Reduction conversions at PH2 = 1 bar, high fl ow rates and diff erent temperatures for a) 1 bar, b) 
3 bar, c) 6 bar  
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Figure 6.9. Reduction conversions at PH2 = 1 bar, high flow rates and different temperatures 

for a) 1 bar, b) 3 bar, c) 6 bar and d) 8 bar of total pressure.  
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Figure 6.9 continued. Reduction conversions at PH2 = 1 bar, high fl ow rates and diff erent temperatures for 
d) 8 bar of total pressure.

Figure 6.9 shows that the temperature does not infl uence the initial fast kinetics, which is virtu-
ally the same for all diff erent temperatures and pressures investigated. Th is is consistent with the 
results obtained in a previous study on the kinetics of the same CuO/Al2O3 oxygen carrier at dif-
ferent temperatures but at atmospheric pressure (San Pio et al., 2017a). A sudden decrease in the 
rate of the reduction reaction is also clearly observed after a certain particle conversion (which 
is higher at higher temperatures) reaching a higher fi nal conversion at higher temperatures. Th is 
drop observed in the reaction rate at around 70-80% particle conversion has been attributed to 
kinetic limitations in the reduction of CuAl2O4 (Eqs. 6.3 and 6.4), which is favoured at higher 
temperatures (Eyring et al., 2011; San Pio et al., 2016). 
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Figure 6.9 shows that the temperature does not influence the initial fast kinetics, which is 

virtually the same for all different temperatures and pressures investigated. This is consistent 

with the results obtained in a previous study on the kinetics of the same CuO/Al2O3 oxygen 

carrier at different temperatures but at atmospheric pressure (San Pio et al., 2017a). A sudden 

decrease in the rate of the reduction reaction is also clearly observed after a certain particle 

conversion (which is higher at higher temperatures) reaching a higher final conversion at 

higher temperatures. This drop observed in the reaction rate at around 70-80% particle 

conversion has been attributed to kinetic limitations in the reduction of CuAl2O4 (Eqs. 6.3 

and 6.4), which is favoured at higher temperatures (Eyring et al., 2011; San Pio et al., 2016).  

   2 4 3 2 2 2CuO H Cu O H Cu O H Cu               (Eq. 6.2)

2 4 2 2 3 2CuAl O H Cu Al O H O                           (Eq. 6.3) 

2 4 2 2 2 3 22CuAl O H 2CuAlO Al O H O             (Eq. 6.4)          

          

XRD was performed after reduction at different temperatures, where it was observed that 

there is a smaller amount of spinel at higher temperatures (the XRD patterns are provided in 

Appendix C.1), which explains why the sudden decrease in the reduction rate takes place at 

higher particle conversions when operating at higher temperatures, because more CuAl2O4 

has been converted to Cu and CuAlO2 (Eqs. 6.3 and 6.4).  

In Figure 6.8 the TGA results for operation at different total pressures at 800 °C were plotted, 

observing the same final conversion and the same kinetics independent of the total pressure 

used, except for the experiment at 8 bar, where external mass transfer limitations still play a 

role. This can also be observed from Figure 6.10 where the TGA results for different total 

pressures are plotted at 700 °C. (The same sample was used for all the conditions in this 

experiment). 

 

 (Eq. 6.2)
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   2 4 3 2 2 2CuO H Cu O H Cu O H Cu               (Eq. 6.2)

2 4 2 2 3 2CuAl O H Cu Al O H O                           (Eq. 6.3) 

2 4 2 2 2 3 22CuAl O H 2CuAlO Al O H O             (Eq. 6.4)          

          

XRD was performed after reduction at different temperatures, where it was observed that 

there is a smaller amount of spinel at higher temperatures (the XRD patterns are provided in 

Appendix C.1), which explains why the sudden decrease in the reduction rate takes place at 

higher particle conversions when operating at higher temperatures, because more CuAl2O4 

has been converted to Cu and CuAlO2 (Eqs. 6.3 and 6.4).  

In Figure 6.8 the TGA results for operation at different total pressures at 800 °C were plotted, 

observing the same final conversion and the same kinetics independent of the total pressure 

used, except for the experiment at 8 bar, where external mass transfer limitations still play a 

role. This can also be observed from Figure 6.10 where the TGA results for different total 

pressures are plotted at 700 °C. (The same sample was used for all the conditions in this 

experiment). 

 

 (Eq. 6.4)

XRD was performed after reduction at diff erent temperatures, where it was observed that there is 
a smaller amount of spinel at higher temperatures (the XRD patterns are provided in Appendix 
C.1), which explains why the sudden decrease in the reduction rate takes place at higher particle 
conversions when operating at higher temperatures, because more CuAl2O4 has been converted 
to Cu and CuAlO2 (Eqs. 6.3 and 6.4). 

In Figure 6.8 the TGA results for operation at diff erent total pressures at 800 °C were plotted, 
observing the same fi nal conversion and the same kinetics independent of the total pressure 
used, except for the experiment at 8 bar, where external mass transfer limitations still play a role. 
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This can also be observed from Figure 6.10 where the TGA results for different total pressures are 
plotted at 700 °C. (The same sample was used for all the conditions in this experiment). 
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Figure 6.10. Reduction conversions at PH2 = 1 bar, 700 °C and high flow rates for 1, 3, 6 and 

8 bar of total pressure.  

In Chapter 3 the absence of internal mass transfer limitations inside the particle was proven 

for redox cycles at atmospheric conditions. In Figure 6.11 the TGA results for the crushed 

particles are compared with the TGA results with the standard particles of 1.1 mm diameter 

to study the effect of internal mass transfer limitations inside the particles at higher pressures. 

The redox cycles were carried out in both cases under a total pressure of 3 bar, partial pressure 

of hydrogen 1 bar, and a high flow rate of 2000 mL/min to avoid external mass transfer 

limitations at a temperature of 800 °C. It can be concluded that internal mass transfer 

limitations inside the particle can still be neglected for this oxygen carrier, CuO/Al2O3. It has 

been observed in other oxygen carriers that internal diffusion becomes important once the 

particle size exceeds 2 mm (Nordness et al., 2015), which can be related to the smaller 

particles of 1.1 mm diameter used in this work. 

Figure 6.10. Reduction conversions at PH2 = 1 bar, 700 °C and high flow rates for 1, 3, 6 and 8 bar of total 
pressure. 

In Chapter 3 the absence of internal mass transfer limitations inside the particle was proven for 
redox cycles at atmospheric conditions. In Figure 6.11 the TGA results for the crushed particles 
are compared with the TGA results with the standard particles of 1.1 mm diameter to study the 
effect of internal mass transfer limitations inside the particles at higher pressures. The redox cycles 
were carried out in both cases under a total pressure of 3 bar, partial pressure of hydrogen 1 bar, 
and a high flow rate of 2000 mL/min to avoid external mass transfer limitations at a temperature 
of 800 °C. It can be concluded that internal mass transfer limitations inside the particle can still 
be neglected for this oxygen carrier, CuO/Al2O3. It has been observed in other oxygen carriers that 
internal diffusion becomes important once the particle size exceeds 2 mm (Nordness et al., 2015), 
which can be related to the smaller particles of 1.1 mm diameter used in this work.

To investigate the effect of the H2 partial pressure on the redox kinetics, several redox cycles were 
carried out under the same conditions (total pressure of 3 bar and different partial pressures of 
hydrogen) for crushed particles with a particle size distribution of between 0.5 and 478 μm. (The 
same sample was used for all the conditions in this experiment). Figure 6.12 shows that the H2 
partial pressure at constant total pressure has a negligible effect on the redox kinetics. A possible 
explanation is that H2 does not diffuse through the particle grain, but is reacting very fast on 
the grain surface imposing a virtually zero oxygen concentration at the grain surface. The redox 
kinetics is then determined by the oxygen diffusion through the grain and does not depend on 
the H2 partial pressure. This also suggests that varying the total pressure, and keeping the partial 
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pressure of H2 constant, without compensating for the fuel partial pressure, there is also no effect 
on conversion (Adánez-Rubio et al., 2014b). 
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Figure 6.11. Reduction conversions at 3 bar of total pressure, flow rate of 2000 mL/min, PH2 

of 1 bar and 800 °C for particles and powder. 
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and 478 µm. (The same sample was used for all the conditions in this experiment). 
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grain, but is reacting very fast on the grain surface imposing a virtually zero oxygen 

concentration at the grain surface. The redox kinetics is then determined by the oxygen 

diffusion through the grain and does not depend on the H2 partial pressure. This also suggests 

that varying the total pressure, and keeping the partial pressure of H2 constant, without 

compensating for the fuel partial pressure, there is also no effect on conversion (Adánez-

Rubio et al., 2014b).  

Figure 6.11. Reduction conversions at 3 bar of total pressure, flow rate of 2000 mL/min, PH2 of 1 bar and 
800 °C for particles and powder.
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Figure 6.12. Reduction conversions at 3 bar of total pressure, flow rate of 2000 mL/min and 

different PH2 at 800 °C. 

6.3.3 Study of the morphology of the oxygen carrier at different pressures and different 

temperatures 

The BET surface area and mean pore radius was determined at the end of the reduction cycle 

for the TGA experiments carried out at different total pressures (see Table 6.1, the BET 

isotherms are provided in Appendix C.2). 

 

 

 

 

Figure 6.12. Reduction conversions at 3 bar of total pressure, flow rate of 2000 mL/min and different PH2 
at 800 °C.
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6.3.3 Study of the morphology of the oxygen carrier at diff erent pressures and diff erent 
temperatures
Th e BET surface area and mean pore radius was determined at the end of the reduction cycle for 
the TGA experiments carried out at diff erent total pressures (see Table 6.1, the BET isotherms 
are provided in Appendix C.2).

Table 6.1. BET results after reduction of CuO/Al2O3 at 800 °C and 1, 3, 6 and 10 bar.

Experiment Mean pore radius [nm] Surface area [m2/g]

CuO/Al2O3 Reduction 1 bar PH2 = 1 bar 800 °C 2.1897 8.0853
CuO/Al2O3 Reduction 3 bar PH2 = 1 bar 800 °C 2.5625 7.5138
CuO/Al2O3 Reduction 6 bar PH2 = 1 bar 800 °C 1.8276 8.2062
CuO/Al2O3 Reduction 10 bar PH2 = 1 bar 800 °C 2.1664 7.8798

Table 6.1 shows that no signifi cant change in the surface area as well as in the mean pore radius 
is observed for the TGA experiments at diff erent pressures. Th e absence of an eff ect of the total 
pressure on the morphology of the oxygen carrier corresponds to the absence of infl uence of 
pressure on the redox kinetics. 

SEM images were taken after the reduction reactions at 800 °C and diff erent total pressures 
while keeping the partial pressure of H2 constant at 1 bar and are shown in Figure 6.13. Also 
the SEM images confi rm that there are no diff erences in the micro-structure when the pressure 
during the reduction is increased from 1 to 10 bar, and that the operation at higher pressures 
does not incur the formation of bigger cracks or void fraction. 
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Figure 6.13. SEM images for reduction of CuO/Al2O3 at 800 °C, PH2 = 1 bar, a) fresh, b) 1 

bar, c) 3 bar and d) 8 bar.  

Finally, XRD was performed on the samples operated at different total pressures at 800 °C. 

In Figure 6.14 all the patterns for the samples operated at different pressures are shown 

together, and clearly show the same pattern, indicating that there is no difference in the 

chemical phases. These results were also expected on the basis of the results shown in 

Figure 6.8 and Figure 6.10, which showed that the drop in the reduction rate and the final 

conversion at the same temperature are the same independent of the total pressure.  

 

Figure 6.13. SEM images for reduction of CuO/Al2O3 at 800 °C, PH2 = 1 bar, a) fresh, b) 1 bar, c) 3 bar and 
d) 8 bar. 
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Finally, XRD was performed on the samples operated at different total pressures at 800 °C. In 
Figure 6.14 all the patterns for the samples operated at different pressures are shown together, 
and clearly show the same pattern, indicating that there is no difference in the chemical phases. 
These results were also expected on the basis of the results shown in Figure 6.8 and Figure 6.10, 
which showed that the drop in the reduction rate and the final conversion at the same tempera-
ture are the same independent of the total pressure. 

6. Study of the pressure effect on the redox kinetics of CuO/Al2O3                                                                                                                        
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Figure 6.14. XRD pattern for CuO/Al2O3 reduction at 800 °C, PH2 = 1 bar and different total 

pressures.   

 

 

  

 

 

 

 

 

Figure 6.14. XRD pattern for CuO/Al2O3 reduction at 800 °C, PH2 = 1 bar and different total pressures.  

6.4 Conclusions

TGA experiments have been carried out on a CuO/Al2O3 oxygen carrier using three different 
TGA setups allowing operation under different operating pressures and gas flow rates in order to 
elucidate the effect of the total pressure on the redox kinetics. Based on the results shown in this 
study, it is possible to conclude that the negative effect of the total pressure on the redox kinetics 
of oxygen carriers previously reported in literature was most probably caused by external mass 
transfer limitations rather than physical effects of the pressure on the micro-kinetics. Influence 
of external mass transfer limitations can be avoided by using higher total gas flow rates, where 
even higher flow rates are required when operating at higher pressures. No effect of the total 
pressure on the redox kinetics has been found, and also no differences in the micro-structure and 
chemical phases were detected when the redox cycles were performed at different total pressures. 
The initial reduction kinetics was very fast and independent of temperature and pressure, but 
the sudden decrease in the reduction rate takes place at higher particle conversions when the 
reduction is carried out at higher temperatures. The initial kinetics of the reduction reaction are 
very fast up to the first 20 s, where CuO is converted to Cu, and CuAl2O4 is reduced to Cu, 
where this last reaction is favoured at higher temperatures, explaining the increase in conver-
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sion at which the sudden decrease in the reduction rate takes place when operating at higher 
temperatures. 





7
Kinetics of CuO/SiO2 and CuO/Al2O3 oxygen 

carriers for chemical looping combustion

This chapter is based on the following paper:

M.S.P. Bordeje, M. Martini, I. Roghair, F. Gallucci, M. van Sint Annaland, 
Kinetics of CuO/SiO2 and CuO/Al2O3 Oxygen Carriers for Chemical Looping 

Combustion (CLC), Submitted to Chemical Engineering Science, 2017.
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Abstract

A comprehensive experimental study has been carried out on CuO/SiO2 and CuO/Al2O3 
oxygen carriers for chemical looping combustion to better understand the reaction 
mechanism and to quantitatively describe the gas-solid reaction kinetics. First, the oxygen 
uncoupling and reduction reaction kinetics of the CuO/SiO2 oxygen carrier were studied. 
A shrinking core type model (SCM) was developed that can well describe the oxygen 
uncoupling reaction rate. Subsequently, a SCM and a simplified pseudo-homogeneous 
model was developed to describe the reduction kinetics of CuO/SiO2. Afterward, the 
study was extended to investigate the reduction kinetics of CuO/Al2O3, where it was 
observed that the formation of tenorite spinel (CuAl2O4) and cuprite spinel (CuAlO2) 
strongly affects the overall reduction kinetics. Assuming that the reduction of CuO to Cu 
is independent of the support, the pseudo-homogeneous model was extended to include 
the reduction and oxidation kinetics of the spinel compounds, with which the experi-
mentally determined redox kinetics could be well described. The main results of the study 
can be summarized as: i) the oxygen uncoupling and reduction/oxidation mechanism of 
CuO/SiO2 and CuO/Al2O3 has been elucidated; ii) a grain model has been developed 
that can describe the oxygen uncoupling and reduction reactions of CuO for different 
operating conditions; iii) a pseudo-homogeneous grain model has been developed that can 
describe the redox kinetics of CuO/SiO2 and CuO/Al2O3.  
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7.1 Introduction

During the reduction of Cu-based oxygen carriers at high temperatures oxygen uncoupling is 
observed, which is the thermal decomposition of CuO according to the following reaction (Hu 
et al., 2016):
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observed, which is the thermal decomposition of CuO according to the following reaction 

(Hu et al., 2016):   
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                            (Eq. 7.1) 

This reaction occurs under N2 environment or under a limitation of H2 in the reduction of 

CuO, at high temperatures, above 800 °C. That is why, its study is of great interest because 

at high temperatures the oxygen uncoupling can occur during the purge, influencing the final 

conversion of the carrier.  

The objective of this work is to understand and quantitatively describe the redox kinetics of 

CuO/SiO2 and CuO/Al2O3 oxygen carriers, including the reaction rates of the oxygen 

uncoupling, reduction and oxidation reactions of the different involved species. The 

CuO/SiO2 oxygen carrier was investigated to isolate the effect of the support on the redox 

kinetics, avoiding spinel formation prevailing in other oxygen carriers such as CuO/Al2O3 

(San Pio et al., 2017a). First, the oxygen uncoupling of CuO/SiO2 is investigated and rate 

expressions are developed using a shrinking core model and a simplified a pseudo-

homogeneous particle model to describe its kinetics under various operating conditions. 

Subsequently, the reduction mechanism of CuO to Cu of CuO/SiO2 is studied, including the 

development of kinetic rate expressions to describe the kinetics of the reduction 

quantitatively. Finally, the study is extended to investigate the effects of spinel compounds 

on the redox kinetics of CuO/Al2O3, which is then included in an extended pseudo-

homogeneous model that is able to predict the drop in reaction rate, as well as the final solids 

conversion as a function of operating conditions. In the next section, the experimental setups, 

procedures and characterization techniques are shortly described. 

 

 

 

 

 

 (Eq. 7.1)

This reaction occurs under N2 environment or under a limitation of H2 in the reduction of 
CuO, at high temperatures, above 800 °C. That is why, its study is of great interest because 
at high temperatures the oxygen uncoupling can occur during the purge, influencing the final 
conversion of the carrier. 

The objective of this work is to understand and quantitatively describe the redox kinetics of 
CuO/SiO2 and CuO/Al2O3 oxygen carriers, including the reaction rates of the oxygen uncou-
pling, reduction and oxidation reactions of the different involved species. The CuO/SiO2 oxygen 
carrier was investigated to isolate the effect of the support on the redox kinetics, avoiding spinel 
formation prevailing in other oxygen carriers such as CuO/Al2O3 (San Pio et al., 2017a). First, 
the oxygen uncoupling of CuO/SiO2 is investigated and rate expressions are developed using 
a shrinking core model and a simplified a pseudo-homogeneous particle model to describe its 
kinetics under various operating conditions. Subsequently, the reduction mechanism of CuO to 
Cu of CuO/SiO2 is studied, including the development of kinetic rate expressions to describe the 
kinetics of the reduction quantitatively. Finally, the study is extended to investigate the effects of 
spinel compounds on the redox kinetics of CuO/Al2O3, which is then included in an extended 
pseudo-homogeneous model that is able to predict the drop in reaction rate, as well as the final 
solids conversion as a function of operating conditions. In the next section, the experimental 
setups, procedures and characterization techniques are shortly described.

7.2  Materials and Methods

7.2.1 Measurement of the redox kinetics and oxygen uncoupling 
The experiments carried out in this work have been performed in two thermogravimetric analys-
ers (TGAs) with a 70 wt% CuO/SiO2 oxygen carrier (powder with a particle size distribution 
300-500 μm – obtained with Fritsch Analysette 22) and a 12.5 wt% CuO/Al2O3 (particles of 1.1 
mm diameter, specifications by Sigma-Aldrich) oxygen carrier.  

The TGAs (HPTGA and LPTGA), described in more detail in chapters 3 and 4, were used in 
this work to measure the kinetics of oxygen uncoupling and reduction and oxidation rates at 
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different temperatures and partial pressures of oxygen for the oxygen uncoupling. The reactivity 
of all the reduction experiments described in this work has been measured using consecutive 
redox cycles starting always from the same starting conditions, i.e. three redox cycles at 1000 
°C, atmospheric pressure and 50% H2, 50% N2 as reducing gas (San Pio et al., 2017a).The 
reduction cycles were carried out using 50% H2 and 50% N2 in the reduction, and air during the 
oxidation cycles, at different temperatures ranging from 600 °C to 1000 °C. Redox cycles consist 
of 15 min reduction and 10 min oxidation with two minutes purge (with nitrogen) between the 
reduction and oxidation cycles to avoid mixing of the different reactants. The N2 and H2 used in 
these experiments have a 99.999% purity (with O2<4 ppm), and 99.9999% (with O2<0.5 ppm), 
respectively, according to the specifications (Linde gas).

For the oxygen uncoupling experiments, the conditions used were air for the oxidation cycles 
and a mixture of O2-N2 for the uncoupling reaction, where different percentages of oxygen were 
fed.

Blank measurements were performed for each experiment in both TGAs used in this work, 
under the same conditions, using the empty basket to correct the balance signal for density and 
volumetric flow rate changes inside the reactor caused by changes in the feed composition (e.g. 
N2 compared to H2) and/or reactor temperature. 

The oxygen carrier conversion (Xs) is subsequently calculated from the observed mass change in 
the oxygen carrier under different experimental conditions, according to Eqs.(7.2) and (7.3), 
where m is the mass at time t and mox and mred are the mass of the fully oxidized and reduced 
forms of the oxygen carrier. 

For reduction:
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(7.3), where m is the mass at time t and mox and mred are the mass of the fully oxidized and 

reduced forms of the oxygen carrier.  
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The oxygen transport capacities are given for a specific combination of Me-MeO (Adanez et 

al., 2012).For the combination CuO-Cu, R0 is 0.2, for CuO-Cu2O is 0.10 and for Cu2O-Cu 

the value of R0 is 0.11. However, for oxygen carriers where there is an interaction between 

the metal and the support (such as CuO/Al2O3, Fe-based oxygen carriers, etc.), there are more 

oxidation-reduction states and the selection of a proper R0 needs special attention. Therefore, 

when we extend the pseudo-homogeneous model to describe the reduction of CuO/Al2O3, we 

use the mass change of the sample and not the conversion as a function of time.  

Crystalline species were identified by X-Ray Diffraction (XRD) in a Rigaku MiniFlex 600 

diffractometer at 298 K with a mobile Cu anode.  

7.3 Results and Discussion 

First the results for the oxygen uncoupling and redox kinetics of the CuO/SiO2 oxygen carrier 

are discussed. For CuO/SiO2 it is known that the copper oxide does not interact with the 

support, achieving full conversion in the redox cycles (oxidation-reduction) at each 

temperature. This was confirmed with XRD analysis for fresh CuO/SiO2 (showing that 

initially the oxygen carrier is fully oxidized), and the fully oxidized and fully reduced sample 

(the corresponding XRD patterns are provided in Appendix D.1).  

 

 

 (Eq. 7.2)

For oxidation:
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 (Eq. 7.3)

The oxygen transport capacities are given for a specific combination of Me-MeO (Adanez et 
al., 2012).For the combination CuO-Cu, R0 is 0.2, for CuO-Cu2O is 0.10 and for Cu2O-Cu 
the value of R0 is 0.11. However, for oxygen carriers where there is an interaction between the 
metal and the support (such as CuO/Al2O3, Fe-based oxygen carriers, etc.), there are more 
oxidation-reduction states and the selection of a proper R0 needs special attention. Therefore, 
when we extend the pseudo-homogeneous model to describe the reduction of CuO/Al2O3, we 
use the mass change of the sample and not the conversion as a function of time. 

Crystalline species were identified by X-Ray Diffraction (XRD) in a Rigaku MiniFlex 600 dif-
fractometer at 298 K with a mobile Cu anode. 
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7.3 Results and Discussion

First the results for the oxygen uncoupling and redox kinetics of the CuO/SiO2 oxygen carrier 
are discussed. For CuO/SiO2 it is known that the copper oxide does not interact with the sup-
port, achieving full conversion in the redox cycles (oxidation-reduction) at each temperature. 
This was confirmed with XRD analysis for fresh CuO/SiO2 (showing that initially the oxygen 
carrier is fully oxidized), and the fully oxidized and fully reduced sample (the corresponding 
XRD patterns are provided in Appendix D.1). 

7.3.1 Oxygen Uncoupling in CuO/SiO2

TGA experiments were carried in order to study the oxygen uncoupling (OU) reaction rates, 
viz. the rate of conversion of CuO to Cu2O, (Eq.7.1), at different conditions. In Figure 7.1.a 
the CuO conversion as a function of time is plotted for different O2 concentrations at 900 °C. 
Under pure nitrogen atmosphere practically full conversion is reached, while increasing the 
oxygen concentration in the feed decreases both the reaction rate and the final conversion. The 
same behaviour was also reported before in literature (Clayton and Whitty, 2014) and is related 
to the increase in the cuprite oxidation rate at higher oxygen concentrations (see Eq. 7.1). 

In Figure 7.1.b the conversion of CuO as a function of time is plotted for different temperatures 
under pure nitrogen, showing that the final conversion (to Cu2O) is always close to 100% at 
higher temperatures, but that the reaction rate decreases at lower temperatures. The final conver-
sion decreases strongly for temperatures below 850 °C because of thermodynamic constraints, 
since the equilibrium oxygen concentration, and thus the driving force of the reaction, decreases 
strongly for lower temperatures. At 800 °C the equilibrium concentration and thus the oxygen 
uncoupling reaction rate, is very low and at 700 °C practically null (Mattisson et al., 2009a), 
even when feeding pure nitrogen. 

In order to verify whether full (oxygen uncoupling) conversion was achieved for the case with 
almost 100% conversion, the sample was characterized with XRD. It was found that only Cu2O 
and SiO2 were present, confirming that the CuO was indeed fully reduced to Cu2O, see Figure 
7.2 showing the XRD pattern of the CuO/SiO2 material after oxygen uncoupling at 900 °C 
under pure nitrogen. 
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Figure 7.1. Conversion of CuO to Cu2O with: a) different oxygen concentrations at 900 °C; 

b) pure nitrogen at different temperatures. 

 

Figure 7.2. XRD pattern of CuO/SiO2 after the oxygen uncoupling reaction at 900 °C. 

A shrinking core model has been developed to describe the kinetics of the oxygen uncoupling 

reaction at the conditions shown in Figure 7.1.a and b. The model basically consists of a set 
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Figure 7.1. Conversion of CuO to Cu2O with: a) diff erent oxygen concentrations at 900 °C; b) pure nitrogen 
at diff erent temperatures.
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Figure 7.2. XRD pattern of CuO/SiO2 after the oxygen uncoupling reaction at 900 °C.

A shrinking core model has been developed to describe the kinetics of the oxygen uncoupling 
reaction at the conditions shown in Figure 7.1.a and b. Th e model basically consists of a set 
of partial diff erential equations describing the radial concentrations inside a grain, which is 
subsequently solved numerically with a standard fi nite diff erence technique.

To elucidate which parameters to take into account in the model, the reaction rate of the oxy-
gen uncoupling has been plotted as a function of the copper oxide concentration after 200 s 
(determined from the weight change) for diff erent temperatures in Figure 7.3. A clear linear 
dependency of the reaction rate with the copper oxide concentration can be observed, which is 
subsequently used in the oxygen uncoupling kinetics. 
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of copper oxide after 200 s at different temperatures. 
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changing in time according to the reaction rate. In several literature studies (Clayton et al., 

2014; Hamilton et al., 2016; Hu et al., 2016a; Sahir et al., 2012) only the oxygen 

concentration or partial pressure in the gas phase as well as in equilibrium were taken into 
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Note that in this model, diffusion of molecular oxygen and reaction of tenorite or cuprite with 

molecular oxygen has been assumed for the sake of simplicity, but the phenomena are most 

likely much more complicated and probably proceed via diffusion of oxygen vacancies (Xu 

and Thomson, 1999), and reactions with oxygen vacancies/lattice oxygen. This would, 

however, require a much more detailed model with many more assumptions and with more 

reaction rate constants to be fitted for e.g. oxygen splitting and recombination, while the 

current experimental data cannot be conclusive about these details. As will be shown, the 

current simplified model is very well capable of describing the tenorite/cuprite rate of 

conversion. 
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much more complicated and probably proceed via diffusion of oxygen vacancies (Xu and Thom-
son, 1999), and reactions with oxygen vacancies/lattice oxygen. This would, however, require a 
much more detailed model with many more assumptions and with more reaction rate constants 
to be fitted for e.g. oxygen splitting and recombination, while the current experimental data 
cannot be conclusive about these details. As will be shown, the current simplified model is very 
well capable of describing the tenorite/cuprite rate of conversion.

As boundary conditions for the oxygen mass balance, zero gradient is imposed in the grain centre 
(because of symmetry) (∂ CCuO / ∂ r)(r = 0) = 0, while the oxygen bulk concentration is imposed 
on the grain surface CO2

(r = R) = CO2,bulk , i.e. external mass transfer limitations can be ignored, 
as was experimentally verified before (San Pio et al., 2016), and the oxygen surface concentra-
tion equals the oxygen feed concentration, lumping the oxygen distribution coefficient into the 
kinetic rate constants. The initial concentration of tenorite was 79389 mol/m3, calculated with 
the density and molar mass of CuO. All the reaction rate constants in this work are assumed to 
follow an Arrhenius dependency, given by:
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The grain diameter was estimated from SEM images at 10-7 m. The oxygen diffusion 

coefficient has been fitted together with the reaction rate constants (via minimization of the 

sum of the quadratic differences between the computed and experimentally determined 

particle conversions) at 
2OD =10-10 m2/s.  

As a first step, the oxygen uncoupling reaction rate constant (kf,OU) was fitted separately for 

each temperature, viz. 900 °C, 885 °C, 870 °C and 855 °C. As an example, Figure 7.4 shows 

the conversion as a function of time for the model and the experiments at 900 °C and 870 °C 

when only N2 is used as feed gas, and at 900 °C with 0.875% O2 in the feed. In this last case 

a decrease in conversion can be clearly observed (see also Figure 7.1.a). A very good 

agreement between the modelling and the experiments is obtained, showing that the model 

is able to predict the lower reaction rate at lower temperatures as well as the decrease in the 

final conversion. The corresponding radial concentration profiles inside the grain obtained 

from the model as a function of time are plotted in Figure 7.5. The sharp concentration 

profiles obtained for CuO and Cu2O are quite typical for a shrinking core model in the 

kinetically limited regime.  
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The grain diameter was estimated from SEM images at 10-7 m. The oxygen diffusion coefficient 
has been fitted together with the reaction rate constants (via minimization of the sum of the 
quadratic differences between the computed and experimentally determined particle conver-
sions) at DO2

=10-10 m2/s. 

As a first step, the oxygen uncoupling reaction rate constant (kf,OU) was fitted separately for each 
temperature, viz. 900  °C, 885 °C, 870 °C and 855 °C. As an example, Figure 7.4 shows the 
conversion as a function of time for the model and the experiments at 900 °C and 870 °C when 
only N2 is used as feed gas, and at 900 °C with 0.875% O2 in the feed. In this last case a decrease 
in conversion can be clearly observed (see also Figure 7.1.a). A very good agreement between 
the modelling and the experiments is obtained, showing that the model is able to predict the 
lower reaction rate at lower temperatures as well as the decrease in the final conversion. The cor-
responding radial concentration profiles inside the grain obtained from the model as a function 
of time are plotted in Figure 7.5. The sharp concentration profiles obtained for CuO and Cu2O 
are quite typical for a shrinking core model in the kinetically limited regime. 
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Figure 7.4. Comparison between the experimentally determined conversion and the model 

prediction for the oxygen uncoupling reaction at: a) 900 °C; b) 870 °C, c) 900 °C and 0.875% 

O2. 
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Figure 7.4. Comparison between the experimentally determined conversion and the model prediction for the 
oxygen uncoupling reaction at: a) 900 °C; b) 870 °C, c) 900 °C and 0.875% O2.
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Figure 7.5. Radial concentration profiles inside the grain for CuO and Cu2O as a function of 

time, a) 50 s, b) 175 s. 

Taking into account all the temperatures shown in Figure 7.1.b, the pre-exponential factor 

and the activation energy was calculated for ,f OUk and ,eq OUK (The corresponding 

Arrhenius plots are given in Appendix D.2). The thus determined pre-exponential factors and 

activation energies for the oxygen uncoupling and cuprite oxidation are reported in Table 1. 

The values obtained for the activation energies are in good agreement with the values 

reported in the literature (Adánez-Rubio et al., 2014b; Mattisson et al., 2009b). 
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b) 175 s.

Taking into account all the temperatures shown in Figure 7.1.b, the pre-exponential factor and 
the activation energy was calculated for kf,OU  and Keq,OU((The corresponding Arrhenius plots are 
given in Appendix D.2). The thus determined pre-exponential factors and activation energies for 
the oxygen uncoupling and cuprite oxidation are reported in Table 1. The values obtained for 
the activation energies are in good agreement with the values reported in the literature (Adánez-
Rubio et al., 2014b; Mattisson et al., 2009b).

Table 7.1. Summary of the values obtained for the SCM for the oxygen uncoupling reaction.

Reaction Expression
Pre-exponential 

factor
Activation energy 

(kJ/mol)

Forward reaction rate 
constant for oxygen 

uncoupling, kf,OU (s-1)

7. Kinetics of CuO/SiO2 and CuO/Al2O3 oxygen carriers for chemical looping combustion   
 

125 
 

 

Table 7.1. Summary of the values obtained for the SCM for the oxygen uncoupling reaction. 

Reaction Expression 

Pre-

exponential 

factor 

Activation 

energy 

(kJ/mol) 

Forward reaction 

rate constant for 

oxygen 

uncoupling, kf,OU 

(s-1) 

2 2

1/2
, CuO Cu O O

,

1
f OU

eq OU

r k C C C
K

 
   

   
2.77∙108 249.42 

Equilibrium 

constant for 

oxygen 

uncoupling,  

Keq,OU (s-1/2) 

 

2 2

1/2
, CuO Cu O O

,

1
f OU

eq OU

r k C C C
K

 
   

   
9.65∙109 188.01 

 

7.3.2 Reduction reaction for CuO/SiO2 

For the reduction experiments carried out in this work, a mixture of 50% H2 and 50% N2 was 

used. The first question that arises is whether the copper oxide is reduced directly to copper, 

or whether the reduction in the presence of hydrogen also proceeds first to cuprite and then 

to copper. To answer this question and better understand the reduction mechanism, dedicated 

“stop and check” experiments were carried out. A reduction was performed and stopped after 

5, 10 or 20 seconds, and each time XRD analysis was carried out to determine the chemical 

phases present during the reduction. These reduction experiments were performed at 700 °C, 

so that oxygen uncoupling during the N2 purge between the oxidation and reduction cycles 

2.77∙108 249.42

Equilibrium constant 
for oxygen uncoupling, 

Keq,OU (mol-1/2m-3/2)

7. Kinetics of CuO/SiO2 and CuO/Al2O3 oxygen carriers for chemical looping combustion   
 

125 
 

 

Table 7.1. Summary of the values obtained for the SCM for the oxygen uncoupling reaction. 

Reaction Expression 

Pre-

exponential 

factor 

Activation 

energy 

(kJ/mol) 

Forward reaction 

rate constant for 

oxygen 

uncoupling, kf,OU 

(s-1) 

2 2

1/2
, CuO Cu O O

,

1
f OU

eq OU

r k C C C
K

 
   

   
2.77∙108 249.42 

Equilibrium 

constant for 

oxygen 

uncoupling,  

Keq,OU (s-1/2) 

 

2 2

1/2
, CuO Cu O O

,

1
f OU

eq OU

r k C C C
K

 
   

   
9.65∙109 188.01 

 

7.3.2 Reduction reaction for CuO/SiO2 

For the reduction experiments carried out in this work, a mixture of 50% H2 and 50% N2 was 

used. The first question that arises is whether the copper oxide is reduced directly to copper, 

or whether the reduction in the presence of hydrogen also proceeds first to cuprite and then 

to copper. To answer this question and better understand the reduction mechanism, dedicated 

“stop and check” experiments were carried out. A reduction was performed and stopped after 

5, 10 or 20 seconds, and each time XRD analysis was carried out to determine the chemical 

phases present during the reduction. These reduction experiments were performed at 700 °C, 

so that oxygen uncoupling during the N2 purge between the oxidation and reduction cycles 

9.65∙109 188.01

7.3.2 Reduction reaction for CuO/SiO2

For the reduction experiments carried out in this work, a mixture of 50% H2 and 50% N2 was 
used. The first question that arises is whether the copper oxide is reduced directly to copper, 
or whether the reduction in the presence of hydrogen also proceeds first to cuprite and then 
to copper. To answer this question and better understand the reduction mechanism, dedicated 
“stop and check” experiments were carried out. A reduction was performed and stopped after 
5, 10 or 20 seconds, and each time XRD analysis was carried out to determine the chemical 
phases present during the reduction. These reduction experiments were performed at 700 °C, so 



107

7

Kinetics of CuO/SiO2 and CuO/Al2O3 oxygen carriers for CLC

that oxygen uncoupling during the N2 purge between the oxidation and reduction cycles can be 
excluded (see Figure 7.1.b showing no oxygen uncoupling activity at 700 °C). Th e results of the 
XRD characterization have been reported in Figure 7.6, where only the signifi cant peaks have 
been marked.
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Figure 7.6. XRD patterns of CuO/SiO2 after 5, 10 and 20 seconds of reduction at 700 °C 

(with 50% H2 and 50% N2). 

In the XRD patterns reported in Figure 7.6, it is observed the presence of cuprite during 

reduction. As the temperature is too low for oxygen uncoupling to occur (see Figure 7.1.b), 

it can be concluded that the reduction of copper oxide goes via cuprite under presence of H2, 

being the reduction reaction mechanism as follows: 

,1
2 2 22CuO H Cu O H Oredk              (Eq. 7.9)

               

,2
2 2 2Cu O H 2Cu H Oredk            (Eq. 7.10) 

To study the reaction rate of the Cu2O reduction, a fully oxidized CuO sample was treated 

with N2 to achieve full oxygen uncoupling (100% conversion to Cu2O as described above). 
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To study the reaction rate of the Cu2O reduction, a fully oxidized CuO sample was treated 
with N2 to achieve full oxygen uncoupling (100% conversion to Cu2O as described above). 
Afterward, the sample was reduced with H2. Figure 7.7 shows the conversion as a function of 
time of Cu2O to Cu at diff erent temperatures. It clearly shows that the cuprite reduction rate 
hardly depends on temperature, and that the fi nal conversion and the initial kinetics are virtually 
the same for the experiments carried out at 900 °C, 800 °C and 700 °C. 
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Afterward, the sample was reduced with H2. Figure 7.7 shows the conversion as a function 

of time of Cu2O to Cu at different temperatures. It clearly shows that the cuprite reduction 

rate hardly depends on temperature, and that the final conversion and the initial kinetics are 

virtually the same for the experiments carried out at 900 °C, 800 °C and 700 °C.  
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In Figure 7.8 the reduction conversion as a function of time from CuO to Cu are shown for 

different temperatures. Also the reduction from CuO to Cu is hardly affected by the 

temperature and the initial kinetics and final conversion are virtually the same for the 

experiments carried out at different temperatures, viz. 870 °C, 700 °C and 600 °C.  
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In Figure 7.8 the reduction conversion as a function of time from CuO to Cu are shown for 
different temperatures. Also the reduction from CuO to Cu is hardly affected by the temperature 
and the initial kinetics and final conversion are virtually the same for the experiments carried out 
at different temperatures, viz. 870 °C, 700 °C and 600 °C. 
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Figure 7.8. Reduction conversion vs time for CuO/SiO2 at 870 °C, 700 °C and 600 °C. 

The absence of any temperature dependency may suggest that diffusion may be the rate 

determining step. Therefore, first, a shrinking core model was developed assuming H2 

diffusion through the grain and reaction with a moving front corresponding to a shrinking 

core model. The following rate equations were assumed for the tenorite reduction to cuprite 

(red,1) and the cuprite reduction to copper (red,2). 

Tenorite reduction: 
2,1 1 CuO Hred red,r k C C          (Eq. 7.11) 

Cuprite reduction: 
2 2,2 ,2 Cu O Hred redr k C C             (Eq. 7.12) 

The mass conservation equations for the shrinking grain model are the following: 

For CuO: 
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                (Eq. 7.13)                        

Figure 7.8. Reduction conversion vs time for CuO/SiO2 at 870 °C, 700 °C and 600 °C.
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The absence of any temperature dependency may suggest that diffusion may be the rate de-
termining step. Therefore, first, a shrinking core model was developed assuming H2 diffusion 
through the grain and reaction with a moving front corresponding to a shrinking core model. 
The following rate equations were assumed for the tenorite reduction to cuprite (red,1) and the 
cuprite reduction to copper (red,2).

Tenorite reduction: rred,1 = kred,1CCu2OCH2
 (Eq. 7.11)

Cuprite reduction: rred,2 = kred,2CCu2OCH2
 (Eq. 7.12)

The mass conservation equations for the shrinking grain model are the following:

For CuO: 
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core model. The following rate equations were assumed for the tenorite reduction to cuprite 

(red,1) and the cuprite reduction to copper (red,2). 

Tenorite reduction: 
2,1 1 CuO Hred red,r k C C          (Eq. 7.11) 

Cuprite reduction: 
2 2,2 ,2 Cu O Hred redr k C C             (Eq. 7.12) 

The mass conservation equations for the shrinking grain model are the following: 

For CuO: 
2

CuO
,1 CuO H2 red

C k C C
t
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Note that for simplicity, again the diffusion and reaction with molecular H2 has been 

assumed. The actual mechanism may be much more complicated with H2 splitting. For the 

boundary conditions for the H2 mass balance, zero gradient in the core and the imposed H2 

bulk concentration at the grain surface has been assumed (lumping the H2 distribution 

coefficient in the reaction rate constants), respectively given by 2H ( 0) 0
C

r
r


 


 and

2 2H H ,( ) bulkC r R C  . The concentration of H2 has been calculated with the ideal gas law, 

assuming the conditions used in the TGA (50% of H2 at atmospheric pressure). The diffusion 

of H2 through the grain was fitted together with the reaction rate constants, obtaining 
H2

D = 

3∙10-10 m2s-1. The reaction rate constants in the two reaction rates Eq. (7.11) and (7.12) are 

fitted with the experiments shown in Figures 7.7 and 7.8. Figure 7.9 shows the comparison 

between the experimentally determined conversion and the model predictions at different 

temperatures. 
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Note that for simplicity, again the diffusion and reaction with molecular H2 has been assumed. 
The actual mechanism may be much more complicated with H2 splitting. For the boundary 
conditions for the H2 mass balance, zero gradient in the core and the imposed H2 bulk concen-
tration at the grain surface has been assumed (lumping the H2 distribution coefficient in the 
reaction rate constants), respectively given by by (∂ CH2

 / ∂ r)(r = 0) = 0 and CH2
(r = R) = CH2,bulk. 

The concentration of H2 has been calculated with the ideal gas law, assuming the conditions used 
in the TGA (50% of H2 at atmospheric pressure). The diffusion of H2 through the grain was 
fitted together with the reaction rate constants, obtaining  DH2 = 3∙10-10 m2s-1. The reaction rate 
constants in the two reaction rates Eq. (7.11) and (7.12) are fitted with the experiments shown 
in Figures 7.7 and 7.8. Figure 7.9 shows the comparison between the experimentally determined 
conversion and the model predictions at different temperatures.
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Figure 7.9. Comparison between the experimental conversion and the model (%) for the 

reduction from CuO to Cu with 50% H2, 50% N2, a) at 870 °C, b) at 800 °C. 

A good agreement between the model and the experiments is observed for the reduction 

reaction rates from CuO to Cu. The validation has been done also at 700 °C and 600 °C but 

only two temperatures are reported here. 

In Figure 7.10 the radial profiles inside the grain are plotted as a function of time for the 

concentration of CuO, Cu2O and Cu. It can be observed how the reduction from CuO to Cu 

occurs via Cu2O, formed in the first reduction reaction and consumed in the second reduction 

reaction. Indeed, at the reaction front where CuO is consumed, one can observe a higher 

concentration of Cu2O than Cu. On the other hand, at longer times, the Cu2O is consumed 

and Cu is formed (see Figure 7.10.b). A comparison of reaction rates, at the front where CuO 

is converted (position 1), shows indeed that for t = 10 seconds of reaction, the first reduction 

rate is 8.52∙104 mol/m3s and the second reduction rate is 6.4∙101 mol/m3s. For longer times 

(see Figure 7.10.b), the first reduction rate is 5.66 mol/m3s and the second reduction rate is 

3.35∙102 mol/m3s. 

 

 

 

Figure 7.9. Comparison between the experimental conversion and the model (%) for the reduction from CuO 
to Cu with 50% H2, 50% N2, a) at 870 °C, b) at 800 °C.

A good agreement between the model and the experiments is observed for the reduction reaction 
rates from CuO to Cu. The validation has been done also at 700 °C and 600 °C but only two 
temperatures are reported here.

In Figure 7.10 the radial profiles inside the grain are plotted as a function of time for the con-
centration of CuO, Cu2O and Cu. It can be observed how the reduction from CuO to Cu occurs 
via Cu2O, formed in the first reduction reaction and consumed in the second reduction reaction. 
Indeed, at the reaction front where CuO is consumed, one can observe a higher concentration of 
Cu2O than Cu. On the other hand, at longer times, the Cu2O is consumed and Cu is formed (see 
Figure 7.10.b). A comparison of reaction rates, at the front where CuO is converted (position 
1), shows indeed that for t = 10 seconds of reaction, the first reduction rate is 8.52∙104 mol/m3s 
and the second reduction rate is 6.4∙101 mol/m3s. For longer times (see Figure 7.10.b), the first 
reduction rate is 5.66 mol/m3s and the second reduction rate is 3.35∙102 mol/m3s.



111

7

Kinetics of CuO/SiO2 and CuO/Al2O3 oxygen carriers for CLC7. Kinetics of CuO/SiO2 and CuO/Al2O3 oxygen carriers for chemical looping combustion   
 

131 
 

a)                                                                    b) 

 

 Figure 7.10. Radial concentration profiles inside the grain for CuO, Cu2O and Cu as a 

function of time, a) 10 s, b) 50 s. 

The pre-exponential factors and activation energies have been fitted for the two reduction 

reactions, Eq. (7.11) and Eq. (7.12) (The Arrhenius plots are shown in Appendix D.3), and 

the values are reported in Table 7.2. The activation energies are virtually zero, corresponding 

to the absence of any temperature dependency of the reduction reaction rates, as evident from 

Figures 7.7 and 7.8. 

Table 7.2. Summary of the reaction rate constant values for the SCM for the CuO/SiO2 

reduction reactions (Note: activation energies are virtually zero). 

Reaction Expression 
Pre-exponential 

factor 

Activation 

Energy (kJ/mol) 

Tenorite reduction 

reaction, kred,1         

(s-1) 
2,1 ,1 CuO Hred redr k C C  1.37∙10-1 2.22 

Cuprite reduction 

reaction, kred,2       

(s-1) 
2 2,2 ,2 Cu O Hred redr k C C  1.19∙10-2 0.66 

1 
1 

 
Figure 7.10. Radial concentration profi les inside the grain for CuO, Cu2O and Cu as a function of time, a) 
10 s, b) 50 s.

Th e pre-exponential factors and activation energies have been fi tted for the two reduction reac-
tions, Eq. (7.11) and Eq. (7.12) (Th e Arrhenius plots are shown in Appendix D.3), and the 
values are reported in Table 7.2. Th e activation energies are virtually zero, corresponding to the 
absence of any temperature dependency of the reduction reaction rates, as evident from Figures 
7.7 and 7.8.

Table 7.2. Summary of the reaction rate constant values for the SCM for the CuO/SiO2 reduction reactions 
(Note: activation energies are virtually zero).

Reaction Expression Pre-exponential factor
Activation Energy 

(kJ/mol)

Tenorite reduction 
reaction, kred,1 (m

3mol-1s-1)
rred,1 = kred,1CCuOCH2 1.37∙10-1 2.22

Cuprite reduction reaction, 
kred,2 (m

3mol-1s-1)
rred,2 = kred,2CCu2OCH2 1.19∙10-2 0.66

7.3.2.1 Pseudo-homogeneous model for the reduction reaction of CuO/SiO2

After developing the shrinking core model for the reduction of CuO to Cu via Cu2O, a simpli-
fi ed pseudo-homogeneous particle model has been developed to describe the reduction kinetics 
of CuO/SiO2 assuming uniform concentration profi les inside the grains. With a pseudo-ho-
mogeneous model the extension of the kinetics model to describe the reduction of CuO/Al2O3 
accounting for the eff ect of the presence of diff erent spinel compounds is much facilitated. Also 
the incorporation of the kinetics model into more comprehensive (packed-bed) reactor models is 
made much easier, without much compromise on the accuracy as will be shown in this section, 
and in particular in view of the much slower reaction kinetics of the spinel compounds, which 
will be further detailed in the next section.
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To be able to include multiple reactions and multiple solid species, the model and the experi-
mental results are reported as the sample mass or mass change as a function of time, where the 
mass change is negative in case of reduction and positive in the case of oxidation and it is 
evaluated as:

mchange = minitial − mt, (Eq. 7.16)

where mchange is the mass change as a function of time, minitial, the initial mass of the experiment 
and mt the mass at reaction time t.

The kinetics for the reduction mechanism in the homogeneous model are as follows:

rred,1 = kred,1CCuOPH2
 (Eq. 7.17)

 rred,2 = kred,2CCu2OPH2
 (Eq. 7.18)

Note that in the pseudo-homogeneous model we have used the partial pressure of hydrogen 
instead of the hydrogen concentration as is usually done. The kinetics have also been calculated 
assuming the reaction rates depending on the concentration of hydrogen instead of on the partial 
pressure to enable a direct comparison with the results for the SCM. In these cases the equations 
are shown in the section above, Eqs. (7.11) and (7.12), where CH2

 = CH2
|bulk because external 

mass transfer limitations can be ignored. Both reaction rate constants are assumed to follow an 
Arrhenius type dependency on temperature. 

CCuOand CCu2O are the concentrations of copper oxide and cuprite, respectively, calculated as 
following:

7. Kinetics of CuO/SiO2 and CuO/Al2O3 oxygen carriers for chemical looping combustion   
 

133 
 

2 2H H bulk
C C because external mass transfer limitations can be ignored. Both reaction rate 

constants are assumed to follow an Arrhenius type dependency on temperature.  

CuOC and 
2Cu OC are the concentrations of copper oxide and cuprite, respectively, calculated 

as following: mol

particle

nC
V

           (Eq. 7.19) 

where, nmol are the number of moles of the solid, calculated from the initial mass of the solid 

and the percentage of the material in the carrier, and Vparticle the particle volume calculated as 

follows: particle
particle

particle

m
V


              (Eq. 7.20)   

where mparticle and ρparticle are the mass and molar density of the particle respectively. Table 

7.3 shows the density of the different materials. 

Table 7.3. Density of the different materials 

Density of the different materials (g/cm3) 

CuO 6.315 

Cu2O 6.0 

Cu 8.96 

Al2O3 3.98 

 

First, experiments were carried out starting from Cu2O (obtained after full oxygen uncoupling 

conversion from CuO to Cu2O under N2 supply) which was further reduced to Cu under H2 

supply, where full conversion of Cu was achieved (see Figure 7.7). From these experiments 

the cuprite reduction reaction rate constant kred,2 was fitted. Subsequently, the tenorite 

 (Eq. 7.19)

where, nmol are the number of moles of the solid, calculated from the initial mass of the solid and 
the percentage of the material in the carrier, and Vparticle the particle volume calculated as follows:
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where mparticle and ρparticle are the mass and molar density of the particle respectively. Table 

7.3 shows the density of the different materials. 
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First, experiments were carried out starting from Cu2O (obtained after full oxygen uncoupling 

conversion from CuO to Cu2O under N2 supply) which was further reduced to Cu under H2 

supply, where full conversion of Cu was achieved (see Figure 7.7). From these experiments 

the cuprite reduction reaction rate constant kred,2 was fitted. Subsequently, the tenorite 

 (Eq. 7.20)

where mparticle and ρparticle are the mass and molar density of the particle respectively. Table 7.3 
shows the density of the different materials.
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Table 7.3. Density of the different materials

Density of the different materials (g/cm3)

CuO 6.315
Cu2O 6.0

Cu 8.96
Al2O3 3.98

First, experiments were carried out starting from Cu2O (obtained after full oxygen uncoupling 
conversion from CuO to Cu2O under N2 supply) which was further reduced to Cu under H2 
supply, where full conversion of Cu was achieved (see Figure 7.7). From these experiments the 
cuprite reduction reaction rate constant kred,2 was fitted. Subsequently, the tenorite reduction 
reaction rate constant kred,1 for the reaction of CuO under H2 supply to Cu2O was fitted (while 
accounting for the consecutive cuprite reduction). The obtained values for the reaction rate 
constants have been listed in Table 7.4, where the activation energies for both constants are 
negligibly small, as was already confirmed with the results shown in Figure 7.7 (the Arrhenius 
plots are shown in Appendix D.4).  

Table 7.4. Reaction rate constants for pseudo-homogeneous model for the tenorite and cuprite reduction 
reactions.

Reaction Rate expression
Pre-exponential 

factor
Activation Energy 

(kJ/mol)

Tenorite reduction reaction 
kred,1  (s

-1bar-1)
rred,1 = kred,1CCuOPH2

1.63∙10-1 0.15

Cuprite reduction reaction 
kred,2 (s

-1bar-1)
rred,2 = kred,2CCu2OPH2

1.61∙10-2 1.79

Tenorite reduction reaction 
kred,1  (m

3mol-1s-1)
rred,1 = kred,1CCuOCH2

1.64∙10-1 0.16

Cuprite reduction reaction 
kred,2 (m

3mol-1s-1)
rred,2 = kred,2CCu2OCH2

4.87∙10-2 1.85
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Figure 7.11. Comparison between the experimentally determined and model predicted mass 

change as a function of time for the reduction of CuO to Cu under a 50%H2-50%N2 gas 

atmosphere: a) at 870 °C, b) at 600 °C. 

In Figure 7.11, a comparison between the model predictions and the experimental results for 

the reduction of CuO to Cu via Cu2O in the presence of hydrogen at 870 °C and at 600 °C is 

shown, and Figure 7.12 shows a comparison between the pseudo-homogeneous model and 

the SCM. It can be observed that both the pseudo-homogeneous and SCM predict the 

experiments with a good agreement, predicting the lower reaction rate at a certain percentage 

of conversion as well as the final conversion. We can conclude that the pseudo-homogeneous 

model provides a fair approximation of the SCM for describing the reduction reaction of CuO 

to Cu, related to the fact that the H2 diffusion does not play a dominant role, and the 

conversion is again mainly determined by chemical kinetics, although the radial 

concentration profiles inside the grains for the reduction reaction are not as steep as for those 

for the oxygen uncoupling.  

Figure 7.11. Comparison between the experimentally determined and model predicted mass change as a 
function of time for the reduction of CuO to Cu under a 50%H2-50%N2 gas atmosphere: a) at 870 °C, b) 
at 600 °C.

In Figure 7.11, a comparison between the model predictions and the experimental results for 
the reduction of CuO to Cu via Cu2O in the presence of hydrogen at 870 °C and at 600 °C is 
shown, and Figure 7.12 shows a comparison between the pseudo-homogeneous model and the 
SCM. It can be observed that both the pseudo-homogeneous and SCM predict the experiments 
with a good agreement, predicting the lower reaction rate at a certain percentage of conversion 
as well as the final conversion. We can conclude that the pseudo-homogeneous model provides 
a fair approximation of the SCM for describing the reduction reaction of CuO to Cu, related to 
the fact that the H2 diffusion does not play a dominant role, and the conversion is again mainly 
determined by chemical kinetics, although the radial concentration profiles inside the grains for 
the reduction reaction are not as steep as for those for the oxygen uncoupling. 
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Figure 7.12. Comparison between the SCM, the pseudo-homogeneous model and an 

experiment for the reduction of CuO to Cu at 870 °C. 

Comparing Tables 7.2 and 7.4, it can be observed that the values for the pre-exponential 

factors and the activation energies (virually zero) are in the same order of magnitude, 

confirming that the pseudo-homogeneous model gives a good approximation.  

7.3.2.2 Pseudo-homogeneous model for the oxidation reaction of CuO/SiO2 

The pseudo-homogeneous model was also applied for the oxidation reaction of Cu to CuO 

for the CuO/SiO2 oxygen carrier. The reaction rate is shown in Eq.(7.21).  

2

1/2
Cuox ox Or k C P            (Eq. 7.21) 

The model has been applied for several temperatures (but only the plots for the experiments 

at 800 °C and 900 °C are shown) and the validation can be observed in Figure 7.13. The 

Arrhenius plots are shown in Appendix D.5. A good agreement between the modelling results 

and the experiments is observed and the results for the kinetics parameters are listed in Table 

7.5. 

Figure 7.12. Comparison between the SCM, the pseudo-homogeneous model and an experiment for the 
reduction of CuO to Cu at 870 °C.
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Comparing Tables 7.2 and 7.4, it can be observed that the values for the pre-exponential factors 
and the activation energies (virually zero) are in the same order of magnitude, confirming that 
the pseudo-homogeneous model gives a good approximation. 

7.3.2.2 Pseudo-homogeneous model for the oxidation reaction of CuO/SiO2

The pseudo-homogeneous model was also applied for the oxidation reaction of Cu to CuO for 
the CuO/SiO2 oxygen carrier. The reaction rate is shown in Eq.(7.21). 

rox = koxCCuPO2

1/2 (Eq. 7.21)

The model has been applied for several temperatures (but only the plots for the experiments at 
800 °C and 900 °C are shown) and the validation can be observed in Figure 7.13. The Arrhenius 
plots are shown in Appendix D.5. A good agreement between the modelling results and the 
experiments is observed and the results for the kinetics parameters are listed in Table 7.5.
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Figure 7.13. Comparison between the experimentally determined and model predicted mass 

change as a function of time for the oxidation of Cu to CuO under a 100% Air gas 

atmosphere: a) at 800 °C, b) at 900 °C. 

Table 7.5. Reaction rate constants for pseudo-homogeneous model for the oxidation reaction. 

Reaction Rate expression 
Pre-exponential 

factor 

Activation 

Energy (kJ/mol) 

Copper oxidation 

reaction oxk          (s-

1bar-1/2) 

2

1/2
Cuox ox Or k C P

 
1.93∙10-1 0.18 

 

7.3.2.3 Pseudo-homogeneous model for the oxygen uncoupling reaction of CuO/SiO2 

Finally, for completeness, the pseudo-homogeneous model has also been developed for the 

oxygen uncoupling reaction (Eq. 7.1). The reaction rate is shown in Eq. (7.4), where ,f OUk

Figure 7.13. Comparison between the experimentally determined and model predicted mass change as a 
function of time for the oxidation of Cu to CuO under a 100% Air gas atmosphere: a) at 800 °C, b) at 900 °C.

Table 7.5. Reaction rate constants for pseudo-homogeneous model for the oxidation reaction.

Reaction Rate expression
Pre-exponential 

factor
Activation Energy 

(kJ/mol)

Copper oxidation reaction 
kox         (s

-1bar-1/2)
rox = koxCCuPO2

1/2 1.93∙10-1 0.18
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7.3.2.3 Pseudo-homogeneous model for the oxygen uncoupling reaction of CuO/SiO2

Finally, for completeness, the pseudo-homogeneous model has also been developed for the 
oxygen uncoupling reaction (Eq. 7.1). The reaction rate is shown in Eq. (7.4), where kf,ou and   
Keq,ou are fitted with the experiments at different temperatures. The Arrhenius plots are shown in 
Appendix D.6.
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Figure 7.14. Comparison between the experimentally determined conversion and the model 

prediction for the oxygen uncoupling reaction at: a) 900 °C; b) 870 °C, c) 900 °C and 0.875% 

O2. 

The pseudo-homogeneous model can predict the final conversion at different operating 

conditions reasonably, but it does not describe the oxygen uncoupling reaction rate as good 

as the SCM. As expected, the oxygen uncoupling reactions show a more abrupt change in the 

Figure 7.14. Comparison between the experimentally determined conversion and the model prediction for 
the oxygen uncoupling reaction at: a) 900 °C; b) 870 °C, c) 900 °C and 0.875% O2.

The pseudo-homogeneous model can predict the final conversion at different operating condi-
tions reasonably, but it does not describe the oxygen uncoupling reaction rate as good as the 
SCM. As expected, the oxygen uncoupling reactions show a more abrupt change in the reaction 
rate when the final conversion is reached, which is somewhat better described with the SCM 
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(see also Figure 7.5, where the radial concentration profiles for CuO and Cu2O have a sharp 
reaction front).

The results are summarized in Table 7.6, where it can be observed that the values for the pre-
exponential factors and the activation energies for the oxygen uncoupling reaction with the 
pseudo-homogeneous model are in the same order of magnitude as those with the SCM (see 
Table 7.1).

Table 7.6. Reaction rate constants for pseudo-homogeneous model for the oxidation uncoupling reaction.

Reaction Expression
Pre-exponential 

factor
Activation energy 

(kJ/mol)

Forward reaction rate 
constant for oxygen 

uncoupling, kf,OU (s-1)
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7.3.3 Reduction of CuO/Al2O3

After the investigation of the reduction kinetics of the CuO/SiO2 oxygen carrier, in this section 
this study is extended to the investigation of the reduction kinetics of CuO/Al2O3 accounting 
for the effects of the formation of spinel compounds on the reaction kinetics. It is assumed that 
the reduction kinetics of CuO to Cu is independent of the support, and it will be shown in this 
section that the kinetics can be described well with this assumption. 

In a previous experimental work (San Pio et al., 2017a), it was already reported that the kinetics 
of the reduction of CuO to Cu according to Eq.(7.11) and Eq.(7.12) are very fast, relative to 
the reduction kinetics of the spinel compounds. Thus, the reduction of CuAl2O4 to CuAlO2, 
Eq.(7.23), causes a slow-down in the reaction rate, where the conversion only slowly increases 
with time with a reaction rate almost independent of the reaction temperature. The reduction 
of CuAl2O4 to Cu, Eq.(7.22), is favored at higher temperatures, which results in an increase in 
the conversion before the slow-down in the reaction rate at higher temperatures (San Pio et al., 
2017a). The reduction and oxidation mechanisms are explained in Figure 7.15. The objective 
is to further extend the pseudo-homogeneous model to quantitatively describe these effects. 
Compared to the time-scale of the reduction of the spinel species the reduction kinetics of 
CuO can be considered very fast, allowing the simplification to a pseudo-homogeneous model. 
Moreover, it was concluded from X-ray tomography images taken during the reduction reactions 
in a synchrotron (San Pio et al., 2017c), that the spinel species are homogeneously distributed 
throughout the particle. 
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In this section, the pseudo-homogeneous model is extended including the reduction rates of the 
spinel compounds to predict the redox kinetics of CuO/Al2O3. Initially only tenorite-spinel is 
taken into account to study the eff ect of the three spinel reductions, and subsequently all the 
reduction rates are included. Th e oxidation reaction is also described.
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a)  

  

b) 

    

Figure 7.15. Schematic diagram of the a) reduction pathways of CuO/Al2O3, b) oxidation 

pathways of CuO/Al2O3. 
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Figure 7.15. Schematic diagram of the a) reduction pathways of CuO/Al2O3, b) oxidation pathways of 
CuO/Al2O3.

To calculate the amount of tenorite- and cuprite spinel, a quantifi cation has been carried out 
according to the results obtained in the TGA, as has been done in a previous work (San Pio et 
al., 2017a).
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At 600 °C, only the reduction of CuO to Cu occurs, which is the conversion before the decrease 
in the reduction kinetics at around 40% conversion (San Pio et al., 2017a). The difference 
between the conversion achieved before the decrease in the reduction rate at 600 °C and at 1000 
°C is 60% (between 40 and 100% conversion) due to the full reduction of CuAl2O4 and CuAlO2 
to Cu at high temperatures. It is known (according to the specifications of the CuO/Al2O3 
oxygen carrier – Sigma Aldrich) that 12.5 wt% is CuO, so that the content of Cu in the oxygen 
carrier is 10 wt%. The first 40% conversion corresponds to the reduction of CuO to Cu, which 
thus amounts to 4 wt% CuO. The remaining, 60% conversion (from 40% to 100%) has to be 
due to the reduction of CuAl2O4 and CuAlO2 to Cu, so that the amount of CuAl2O4+CuAlO2 
present is 6 wt%. These results have been corroborated and they are in good agreement with the 
results found in an X-Ray tomography study (San Pio et al., 2017c), where it was elucidated that 
for the same CuO/Al2O3 oxygen carrier, 30 wt% was the active material in the CuAl2O4 form, 
corresponding to 10 wt% of active Cu, as found from the TGA experiments. 

Initially, when the sample was fully oxidized (fresh material), the carrier contains CuO, Al2O3 
and tenorite spinel (from XRD). Therefore, at the end of the oxidation and thus the beginning 
of the reduction cycle, the amount of tenorite spinel, CuAl2O4, is 6 wt%. At the end of the 
reduction, cuprite spinel and tenorite spinel have been observed with TGA. The concentra-
tions are different at different temperatures, because the reduction of the spinel compounds 
are favored at higher temperatures (San Pio et al., 2017a). Comparing the tenorite and cuprite 
spinel concentrations at the end of the reduction and using the fact that the initial concentration 
of CuAl2O4 is 6 wt%, the concentrations of CuAl2O4 and CuAlO2 have been calculated and 
they are summarized in Table 7.7. The final amounts after the reduction reaction are the initial 
amounts for the oxidation reaction, explained in section 7.3.4.

Table 7.7. Initial amounts for the oxidation reaction and final amounts for the reduction reaction of the 
tenorite and cuprite spinel compounds.

Temperature CuAl2O4 (wt%) CuAlO2 (wt%)

600 °C 1.5 4.5
800 °C 1.433 1.567
1000 °C 0.183 0.317

7.3.3.1 Only tenorite spinel included
The mass change in the TGA during the reduction of CuO/Al2O3 has been measured for dif-
ferent temperatures ranging from 600 to 1000 °C. For the reduction at 1000 °C, the reaction 
rate for the reduction to Cu is very fast and full conversion is reached very quickly, in contrast 
to the reduction at lower temperatures, where after a fast initial conversion the conversion rate 
is slowed down enormously, and the conversion at which the conversion rate is slowed down 
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depends strongly on the temperature. At 800 °C and 600 °C the conversion is incomplete, and 
the reduction rate slows down at around 80% and 50% conversion approximately.

To quantitatively describe the reduction kinetics of CuO/Al2O3, as a first step, only the forma-
tion and reduction of tenorite spinel is included into the pseudo-homogeneous reduction model 
(see Eq. 7.22).

rsp1 = ksp1CCuAl2O4
PH2

 (Eq. 7.24)

In Figure 7.16, the comparison between the model predictions and experimental results for the 
reduction at 600 °C, 800 °C and 1000 °C is shown.
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Figure 7.16. Comparison between the model and the experiment, accounting only for tenorite 

spinel reduction at a) 600 °C, b) 800 °C, c) 1000 °C. 

 

 

 

 

 

Figure 7.16. Comparison between the model and the experiment, accounting only for tenorite spinel 
reduction at a) 600 °C, b) 800 °C, c) 1000 °C.
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The model describes the experimental results reasonably for higher temperatures, but when 
accounting only for the reduction of CuAl2O4 to Cu, the pseudo-homogeneous model fails 
to describe well the slow-down in the reaction rate at lower temperatures, although the final 
conversion is described quite reasonably. This clearly shows that the reduction of CuAl2O4 to 
CuAlO2 is responsible for the slow-down in the reaction rate and that all the reduction reactions 
of both tenorite and cuprite spinel need to be accounted for in the model. From the fitting of the 
reduction of CuAl2O4 to Cu, the pre-exponential factors and activation energies were obtained 
for the first spinel reduction, Eq. (7.22). (The Arrhenius plots are shown in Appendix D.7). The 
values have been summarized in Table 7.8.

7.3.3.2 Both tenorite spinel and cuprite spinel included
After observing that the other spinel reduction reactions were necessary to properly describe 
lower reaction rates at lower temperatures, they were also included in the model, where the 
reaction constants for the first spinel reduction have been at the values obtained in section 3.3.1. 
The reaction rate expressions for the three reduction reactions of the spinel compounds are 
described as follows:

rsp1 = ksp1CCuAl2O4
PH2

 (Eq. 7.24)

rsp2 = ksp2CCuAl2O4
PH2

 (Eq. 7.25)

rsp3 = ksp3CCuAlO2
PH2

 (Eq. 7.26)

For the reduction at 1000 °C there is no significant difference between the model account-
ing only for the first spinel reduction, Eq. (7.22), and the model accounting for all the three 
reduction reactions (see Figure 7.16), related to the fact that the reduction of CuAl2O4 to Cu 
is dominant at high temperatures. After including all spinel reduction reactions, the reaction 
rate at 800 °C and at 600 °C can also be described well, as evident from Figure 7.17. This 
corroborates the conclusions from our previous work (San Pio et al., 2017a),that the reduction 
of CuAl2O4 to CuAlO2 is responsible for observed sudden decrease in the reaction rate, and that 
the extent of the reduction of CuAl2O4 to Cu determines the conversion achieved at different 
temperatures, which is favoured at high temperatures.
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Figure 7.17. Comparison between the model and the experiment for three spinel reductions 

at a) 800 °C, b) 600 °C. 

Also for the second and third spinel reduction reactions an Arrhenius type temperature 

dependency is assumed and the results are shown in Table 7.8. (The Arrhenius plots can be 

found in Appendix D.7). 

 

 

 

 

 

 

 

 

 

Figure 7.17. Comparison between the model and the experiment for three spinel reductions at a) 800 °C, b) 
600 °C.

Also for the second and third spinel reduction reactions an Arrhenius type temperature depen-
dency is assumed and the results are shown in Table 7.8. (The Arrhenius plots can be found in 
Appendix D.7).

Table 7.8. Summary of the kinetic parameters obtained for the spinel reduction reactions.

Reactions
Reaction rate 

expression
Pre-exponential factor

Activation Energy 
(kJ/mol)

First spinel reduction, ksp1   
(s-1bar-1)

rsp1 = ksp1CCuAl2O4
PH2 3.87∙1010 241.75

Second spinel reduction, ksp2  
(s-1bar-1)

rsp2 = ksp2CCuAl2O4
PH2 1.09 0.37

Third spinel reduction, ksp3  
(s-1bar-1)

rsp3 = ksp3CCuAlO2
PH2 9.75∙10-03 8.85

For an even more accurate description of the reduction kinetics, especially for shorter times, the 
pseudo-homogeneous model could be combined with the shrinking core model from section 
7.3.2 for the reduction of copper oxide to copper via cuprite, although the pseudo-homogeneous 
model for the reduction of copper oxide already provides a very good description for the overall 
kinetics in view of the relatively slow spinel kinetics. 

7.3.4 Oxidation reaction for CuO/Al2O3

For CuO/Al2O3, it was previously shown (San Pio et al., 2017a),that during the oxidation with 
air no decrease in the reaction rate was observed and the same final conversion was obtained, 
independent of the temperature. Therefore, it was assumed that the oxidation from Cu to CuO 
occurs very fast with a direct route (Eq. 7.27) in the presence of oxygen, and not via Cu2O, 
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because after the oxidation reaction no CuAlO2 is observed in the XRD patterns. In case Cu2O 
would be formed, it would react with the Al2O3 present and form CuAlO2. 

Copper oxide and CuAlO2 – present after the reduction – can also form tenorite spinel, CuAl2O4, 
according to Eq. (7.28) and Eq. (7.29). The reaction rate expressions of the three oxidation 
reactions are described with Eqs. (7.27)-(7.28). 
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The reaction rates of the three oxidation reactions are described in Eqs.(7.30)-(7.32).  
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The model has been validated with three different temperatures for the oxidation reactions. 

In Figure 7.18, the comparison between the model predictions and the experimental results 

for the oxidation reactions at 1000 °C and 800 °C shows a good agreement, from which it 

can be concluded that the model is able to accurately describe the oxidation kinetics for 

CuO/Al2O3.  
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The reaction rates of the three oxidation reactions are described in Eqs.(7.30)-(7.32). 

rox1 = kox1CCuPO2
1/2 (Eq. 7.30)

rox2 = kox2CCuOCAl2O3
 (Eq. 7.31)

rox3 = kox3CCuAlO2CAl2O3
PO2

1/2 (Eq. 7.32)

The model has been validated with three different temperatures for the oxidation reactions. In 
Figure 7.18, the comparison between the model predictions and the experimental results for 
the oxidation reactions at 1000 °C and 800 °C shows a good agreement, from which it can be 
concluded that the model is able to accurately describe the oxidation kinetics for CuO/Al2O3. 

7. Kinetics of CuO/SiO2 and CuO/Al2O3 oxygen carriers for chemical looping combustion   
 

149 
 

 

a)                                                                      b) 

0 100 200 300

18

19

20

21

22

 Experiment
 Model

M
as

s 
ch

an
ge

 [m
g]

Time [s]
0 100 200 300

19

20

21

22

23

 Experiment
 Model

M
as

s 
ch

an
ge

 [m
g]

Time [s]  

Figure 7.18. Comparison between the model and the experiment for the oxidation reaction at 

a) 1000 °C and b) 800 °C. 

The validation of the model with the oxidation experiments has been done for all the 

experimental conditions, viz. 1000 °C, 800 °C and 600 °C, but only the oxidations at 1000 °C 

and 800 °C are reported here. The pre-exponential factors and activation energies were 

calculated for the three reaction rate constants assuming an Arrhenius type dependency (the 

Arrhenius plots are shown in Appendix D.8). The obtained values are listed in Table 7.9.  The 

activation energies are virtually zero, which corroborates the results obtained from the TGA, 

where it was observed that the oxidation reaction hardly depends on temperature (San Pio et 

al., 2017a). 

 

 

 

 

 

 

Figure 7.18. Comparison between the model and the experiment for the oxidation reaction at a) 1000 °C 
and b) 800 °C.
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The validation of the model with the oxidation experiments has been done for all the experi-
mental conditions, viz. 1000 °C, 800 °C and 600 °C, but only the oxidations at 1000 °C and 
800 °C are reported here. The pre-exponential factors and activation energies were calculated for 
the three reaction rate constants assuming an Arrhenius type dependency (the Arrhenius plots 
are shown in Appendix D.8). The obtained values are listed in Table 7.9.  The activation energies 
are virtually zero, which corroborates the results obtained from the TGA, where it was observed 
that the oxidation reaction hardly depends on temperature (San Pio et al., 2017a).

Table 7.9. Summary of the kinetic parameters for the oxidation reactions.

Reactions Reaction rate expression
Pre-exponential 

factor

Activation 
Energy (kJ/

mol)

First oxidation reaction, kox1      
(s-1bar-1/2)

rox1 = kox1CCuPO2
1/2

8.54∙10-01 0.83

Second oxidation reaction, 
kox2   (m

3mol-1 s-1)
rox2 = kox2CCuOCAl2O3 1.27∙10-06 1.18

Third oxidation reaction, kox3    
(m3mol-1 s-1bar-1/2)

rox3 = kox3CCuAlO2CAl2O3PO2
1/2

1.98∙10-05 0.71

7.4 Conclusions 

A detailed study was carried out to investigate and describe the reaction kinetics of the reduction 
of CuO/SiO2 and CuO/Al2O3 oxygen carriers. 

First the oxygen uncoupling and reduction kinetics of the CuO/SiO2 was investigated. The 
kinetics could be well described with a shrinking core model describing the concentration pro-
files inside the grain, and also quite reasonably with a simplified pseudo-homogeneous model, 
incorporating the reduction of CuO via Cu2O to Cu. The activation energies for the reduction 
of tenorite and cuprite were found to be negligibly small. 

Secondly, the redox kinetics of a CuO/Al2O3 oxygen carrier were determined. Assuming that the 
reduction kinetics of CuO to Cu is independent of the support, the pseudo-homogeneous model 
was extended to include the reduction pathways via the spinel compounds. It was shown that 
indeed the slow reduction rates of the spinel compounds is responsible for the marked decrease 
in reaction rates, and that this can be well described with the developed pseudo-homogeneous 
model, where only the activation energy of the tenorite spinel reduction is very high.
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Kinetics of CuO/SiO2 and CuO/Al2O3 oxygen carriers for CLC

In chapter 8, the developed pseudo-homogeneous kinetics model for the oxygen uncoupling, 
reduction and oxidation reactions of CuO supported on SiO2 or Al2O3 has been implemented in 
a packed-bed reactor model to investigate the effects of the redox kinetics on the operation and 
performance of packed-bed reactors for chemical looping combustion. 
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Abstract

Chemical looping combustion is especially competitive for electrical power generation 
with integrated CO2 capture when it is operated at high temperatures (1000-1200 °C) and 
high pressures (15 bar or higher). For these demanding conditions, dynamically operated 
packed bed reactors have been proposed, providing a good alternative to fluidized bed 
technology. This work addresses the importance of the formation and reduction kinetics 
of spinel compounds by validating a pseudo-homogeneous packed-bed reactor model to 
describe the redox kinetics of a CuO/Al2O3 oxygen carrier with experiments in a lab-
scale packed bed reactor setup. A grain model describing the reaction kinetics of all solid 
species, including both spinel compounds (CuAl2O4 and CuAlO2), was included in a 
particle model and used to develop correlations for the effectiveness factor as a function of 
the particle conversion in order to account for internal solids concentration profiles and 
mass transfer limitations. The particle effectiveness factors were subsequently included 
in the source terms of the component mass balances of the reactor model accounting for 
all the reactions of the spinel compounds. Cyclic experiments (oxidation with air and 
reduction with a H2-N2 mixture) have been carried out in a lab-scale packed bed reactor 
with a 12.5 wt% CuO/Al2O3 oxygen carrier at different temperatures ranging from 600 
to 1000 °C. The experimental results are well described by the packed bed reactor model, 
only when including the developed particle effectiveness factors to fully account for the 
kinetics of the formation and reduction of the spinel compounds. The results confirm that 
is neccesary to include a detailed description of the redox kinetics at the particle level to be 
able to accurately estimate the breakthrough time, cycle time, final amount of Cu present 
in the bed and the temperature rise in the reactor after reduction/oxidation reactions for 
packed-bed chemical looping combustion with a CuO/Al2O3 oxygen carrier.
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8.1 Introduction

An extensive experimental study on the redox kinetics of Cu-based oxygen carriers for chemical 
looping comubstion was carried out and described in Chapters 3, 4 and 6, elucidating the 
cause for the slow-down in the reaction rate at higher particle conversions and its dependency 
on the temperature. Spinel reduction kinetics were found to be responsible for the change in 
reduction rates as a function of the particle conversion, while operation at higher pressures 
does not affect the redox kinetics. A particle kinetics model was developed in Chapter 7 for 
CuO/SiO2 and further extended for the CuO/Al2O3 oxygen carrier accounting for all the spinel 
reduction mechanisms, providing an accurate description of the redox kinetics of CuO/Al2O3 
oxygen carriers. In this chapter, the importance of an accurate description of the redox kinetics at 
the particle level to properly describe the behaviour of packed-bed CLC reactors is investigated.

The kinetics developed in Chapter 7 for CuO/Al2O3 have been integrated in a 1D packed-bed 
reactor model via correlation for the particle effectiveness factor as a function of the particle 
conversion, which were developed with a detailed particle model that accounts for intra-particle 
solids concentration gradients as well as internal (and external) mass transfer limitations of the 
gaseous species. Cycling experiments consisting of oxidation with air and reduction with a H2-
N2 mixture have been carried out with CuO/Al2O3 as oxygen carrier in a lab-scale PBR setup in 
order to validate the reactor model that accounts for all the reaction kinetics of spinel. Finally, 
simulations with the extended packed-bed reactor model for a large scale reactor at industrial 
conditions have been carried out to investigate the breakthrough times of the redox cycles at 
different temperatures and study the influence of the formation and reduction of the spinel 
compounds on the reactor performance.

8.2 Materials and Methods

Experiments have been carried out in a lab-scale packed bed reactor setup. The reactor is a 
U-shaped quartz tube (10 cm length and 0.7 cm diameter) where the temperature is controlled 
with an electrical oven. Inlet gas flow rates are controlled by mass flow controllers and after 
condensation of the produced steam the dry outlet gas composition is continuously analyzed 
with an in-line SICK gas analyzer. The setup is schematically represented in Figure 8.1. 

Spherical particles of 12.5 wt% CuO/Al2O3 and 1.1 mm diameter (Sigma-Aldrich) were used as 
oxygen carrier. Upstream of the oxygen carrier inert quartz particles were positioned to heat the 
inlet gas to the desired reaction temperature.
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During the experiments, the flow rate of the reactants was kept relatively low (200 ml/min) to 
obtain a reasonable breakthrough time.

Cycling experiments (oxidation with air and reduction with a H2-N2 mixture) were performed 
at different temperatures ranging from 600 °C up to 1000 °C, where the breakthrough times of 
the different reductant/oxidative gases were studied and used to validate a packed-bed reactor 
model described in the next section. 
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the reactor, viz. at the entrance and at the middle of the oxygen carrier bed and the crystalline 

species were identified by X-Ray diffraction in a Rigaku Mini-Flex 600 diffractometer at 298 

K with a mobile copper anode. 

Figure 8.1. Scheme of the PBR setup used in this work.

To further validate the model, several ‘stop and check’ experiments were carried out, where the 
reduction cycle was stopped at different moments in time to investigate which species were pres-
ent in the oxygen carrier. Samples were taken from two different axial positions in the reactor, 
viz. at the entrance and at the middle of the oxygen carrier bed and the crystalline species were 
identified by X-Ray diffraction in a Rigaku Mini-Flex 600 diffractometer at 298 K with a mobile 
copper anode.

8.3 Model description

The reactor model makes use of correlations for the particle effectiveness factors developed, 
which are developed with a particle model with detailed gas-solid kinetics, also referred to as the 
grain model. This grain model describes the gas-solid reactions on the scale of the grains in the 
particle, including in particular all the reactions of the spinel compounds, and is embedded in 



131

8

Importance of spinel reaction kinetics in packed-bed chemical looping combustion

a particle model, that can account for the intra-particle multi-component molecular diff usion 
of the gas species in the pores of the porous particles (as well as multi-component external 
mass transfer limitations towards the particles, but this is unimportant in this work). For each 
gas-solid reaction an overall particle eff ectiveness factor as a function of the particle conversion 
is developed, which is subsequently integrated in the source terms of the component mass bal-
ances (and energy balance) of a pseudo-homogeneous packed-bed reactor model. Th e reason 
why the particle model has not been directly linked to the reactor model is the very large gain 
in computational effi  ciency. Th e reactor and particle model are described in more detail in the 
following sections. A schematic picture of how the models are linked to each other is provided 
in Figure 8.2.
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Figure 8.2. Schematic representation of how the reactor and particle models are linked. 

Reactor Model 

Effectiveness factors  

Particle Model 

Figure 8.2. Schematic representation of how the reactor and particle models are linked.

8.3.1 Reactor model
Th e packed bed reactor is simulated with a one-dimensional pseudo-homogeneous plug fl ow 
reactor model with superimposed axial dispersion, where radial temperature and concentration 
gradients are ignored. In order to account for external heat exchange, it is assumed that the 
environment (oven) has a constant temperature and the amount of heat transferred from the 
reactor to the oven wall is evaluated using a constant heat transfer coeffi  cient, α, taken from 
(Hamers et al., 2014b). An overview of the mass and energy balances is given in Table 8.1. Th e 
constitutive equations for the axial mass dispersion and eff ective heat conductivity are described 
by the equations summarized in Table 8.2. Th e mass and heat exchange between the gas phase 
and the oxygen carrier particles is described with a particle model detailed in the next section. 
A very effi  cient fi nite diff erence technique with higher order temporal and spatial discretization 
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with local grid and time step adaptation (Smit et al., 2005) is used to solve the set of parabolic 
partial differential equations. 

Because significant accumulation and reaction in the porous particles is taking place, the initial 
time step should be very small (Dtmin<1·10−5 s). The time integration is performed with an im-
plicit Singly Diagonal Implicit Runge-Kutta (SDIRK) scheme, where a step doubling algorithm 
has been implemented for time step adaptation, i.e. comparing a solution obtained with time 
step  Dt with a solution calculated by means of two consecutive time steps Dt/2 on the basis of 
a spatially averaged tolerance criterion. For additional information about the accuracy and the 
validation of the higher order SDIRK schemes with time step adaptation, the reader is referred 
to (Smit et al., 2005).

The dispersion terms are discretized with a conventional 2nd order centered difference scheme, 
and the convection terms of the mass and energy balances are discretized by means of a higher 
order WENO35 discretization scheme (Shu, 2016). With Weighted Essentially Non-Oscillatory 
(WENO) discretization schemes higher order accuracy for the discretization of the convective 
terms can be achieved, especially in the case of steep gradients. The principle of the WENO 
schemes is essentially that higher order interpolating polynomials are combined to approximate 
the values of the variables at the cell faces in a monotonic fashion. The idea of using these 
polynomials for local grid adaptation has been developed by Smit et al. (2005). The decision 
whether a grid cell should be removed or added is based on the gradient (smoothness) of the axial 
bulk gas phase profiles in the reactor. If the smoothness of a variable in the axial flow direction 
exceeds a certain threshold, a grid cell is added with the new value based on the polynomial 
obtained from the WENO scheme (Smit et al., 2005). For further details on the model and the 
numerical method the interested reader is referred to our earlier work (Noorman et al., 2007; 
Smit et al., 2005) . 

Table 8.1. Mass and energy balances used in the model.

Component mass balances for the gas phase
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Reaction rate
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8.3.2 Particle model
Th e redox kinetics are described with a pseudo-homogeneous model taken from a previous work 
(San Pio et al., 2017d). Th e reaction pathways are summarized in Figure 8.3. Th e redox reaction 
equations and the reaction rate expressions of the CuO/Al2O3, where the reaction rate constants 
follow an Arrhenius type temperature dependency, have been listed in Table 8.3 together with 
the pre-exponential reaction rate constants and activation energies.
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b)  

 

Figure 8.3. Schematic diagram of the a) reduction pathways of CuO/Al2O3, b) oxidation 

pathways of CuO/Al2O3.  
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Table 8.3. Summary of the reaction rate constants used to describe the redox kinetics

Reactions Reaction rate expression
Pre-exponential 

factor

Activation 
Energy  

(kJ/mol)

Reduction

Tenorite reduction 
kred,1  (s

-1bar-1)
rred,1 = kred,1CCuOPH2

1.63∙10-1 0.15

Cuprite reduction 
kred,2 (s

-1bar-1)
rred,2 = kred,2CCu2OPH2 1.61∙10-2 1.79

First spinel reduction, rsp1  
(s-1bar-1)

rsp1 = ksp1CCuAl2O4
PH2 3.87∙1010 241.75

Second spinel reduction, rsp2 
(s-1bar-1)

rsp2 = ksp2CCuAl2O4
PH2 1.09 0.37

Third spinel reduction, rsp3 
(s-1bar-1)

rsp3 = ksp3CCuAlO2
PH2 9.75∙10-03 8.85

Oxidation

First oxidation reaction, rox1 
(s-1bar-1/2)

rox1 = kox1CCuPO2
1/2

8.54∙10-01 0.83

Second oxidation reaction, rox2 
(m3mol-1s-1)

rox2 = kox2CCuOCAl2O3 1.27∙10-06 1.18

Third oxidation reaction, rox3 
(m3mol-1s-1bar-1/2)

rox3 = kox3CCuAlO2
CAl2O3

PO2
1/2

1.98∙10-05 0.71

The internal diffusion in the oxygen carrier particles and external mass transfer towards the 
particles is described with the Maxwell-Stefan equations (Noorman et al., 2011) based on the 
following assumptions:
• The particle is spherical, symmetrical and porous. 
• The volume of the particle remains constant.
• The system is isobaric and the structure of the particle is uniform and can be represented by 

a porosity, tortuosity and average pore size.

The model consists of a set of particle differential equations, viz. the mass balances of gaseous 
and solid components and the energy balance. To solve the system of PDE’s use is made of a 
very efficient finite difference technique, using grid refinement near the external surface of the 
particle and time-step adaptation (Noorman et al., 2011). In the simulations performed with 
this system, typical grid sizes for the particle (radial direction) were in the order of 100 points to 
allow for accurate and numerically stable calculations. The time step used to solve the equations 
was typically very small (in the order of 0.1-1 ms) (See section 8.3.1). For further details, the 
reader is referred to our previous work (Smit et al., 2005). In this model, for the calculation 
of the diffusive mass fluxes ni, the generalized Fick equations are used (Taylor and Krishna, 
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1993), considering both the effects of diffusion and drift fluxes. The inclusion of the drift flux 
is necessary to be able to properly account for the effect of mass change inside the particle. By 
formulating all equations in the mass reference frame, the total (drift) flux ntot can be evaluated 
explicitly from the continuity equation. At the boundary, the stagnant film model (Bird et al., 
2007) is used to be able to correct the mass transfer coefficients for high net mass transfer rates. 
The governing equations for the particle model and the associated initial and boundary condi-
tions are summarized in Tables 8.4 and 8.5. 

Table 8.4. Governing equations in the particle model.

Continuity 
equation
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In CLC systems, typically three solid components (Me, MeO and an inert component) are 
present. In this case, only one solid balance needs to be considered, as the weight fraction of 
the other components follows from the conservation of the number of moles of solid and the 
conservation of mass of the inert material. In this work, for CuO/Al2O3, the CuO reacts with the 
support. Therefore, there are more MeO and Me species. Each reduction reaction was considered 
as an independent oxygen carrier system with also three components (MeO, Me and inert). 
Therefore, for each reduction reaction, the mass balance was following also the conservation of 
the number of moles of solid and the conservation of mass of the inert material. 

It is necessary to keep track of the local composition of solid components in the particle to be 
able to properly calculate the local porosity, mass and conversion of the particle and to estimate 
the physical properties of the solid material (enthalpy, density, heat capacity and thermal con-
ductivity). To achieve this, pure species data (including the spinel compounds) obtained from 
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Ihsan Barin (1995) and García-Labiano et al. (2005) were used. For the gaseous components, 
physical properties were obtained from the data sheets of Daubert and Danner (Daubert, 1985). 

Table 8.5. Initial and boundary conditions for the particle model.

Condition Component balance (gas phase) Energy balance

t = 0 ωg,N2
 = 1.0 T = Tbulk

r = 0 (center)
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evaluated explicitly from the continuity equation. 
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By formulating all equations in the mass reference frame, the total (drift) flux ntot can be evalu-
ated explicitly from the continuity equation.

To calculate the amount of tenorite- and cuprite spinel in the oxygen carrier at the start of a 
reduction cycle, a quantification has been carried out based on the results obtained from TGA 
measurements, as has been done in a previous work (San Pio et al., 2017a). At 600 °C, only the 
reduction of CuO to Cu prevails, which corresponds to the conversion before the decrease in the 
reduction kinetics at around 40% conversion (San Pio et al., 2017a).  The difference between 
the conversion achieved before this decrease in the reduction rate at 600 °C and at 1000 °C 
(between 40 and 100% conversion) is due to the full reduction of CuAl2O4 and CuAlO2 to Cu 
at high temperatures. It is known (according to the specifications of the CuO/Al2O3 oxygen 
carrier – Sigma Aldrich) that the oxygen carrier contains 12.5 wt% CuO, so that the content of 
Cu in the oxygen carrier is 10 wt%. The first 40% conversion corresponds to the reduction of 
CuO to Cu, which thus amounts to 4 wt% CuO. The remaining, 60% conversion (from 40% 
to 100%) corresponds to the reduction of CuAl2O4 and CuAlO2 to Cu, so that the amount of 
CuAl2O4+CuAlO2 present is 6 wt%. These results have been corroborated and have been found 
to be in good agreement with results obtained with X-Ray tomography (San Pio et al., 2017c), 
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where it was elucidated that for the same CuO/Al2O3 oxygen carrier, 30 wt% was the active 
material in the CuAl2O4 form, corresponding to 10 wt% of active Cu, as also found from the 
TGA experiments. 

Initially, when the sample was fully oxidized (fresh material), the carrier contains CuO, Al2O3 
and tenorite spinel (from XRD). Therefore, at the end of the oxidation and thus the beginning 
of the reduction cycle, the amount of tenorite spinel, CuAl2O4, is 6 wt%. At the end of the 
reduction, cuprite spinel and tenorite spinel have been observed with TGA. The concentra-
tions are different at different temperatures, because the reduction of the spinel compounds 
are favored at higher temperatures (San Pio et al., 2017a). Comparing the tenorite and cuprite 
spinel concentrations at the end of the reduction and using the fact that the initial concentration 
of CuAl2O4 is 6 wt%, the concentrations of CuAl2O4 and CuAlO2 have been calculated and 
they are summarized in Table 8.6. The final amounts after the reduction reaction are the initial 
amounts for the oxidation reactions.

Table 8.6. Initial solid compositions at the start of the reduction cycles.

Temperature CuAl2O4 (wt%) CuAlO2 (wt%)

600 °C 1.5 4.5
800 °C 1.433 1.567
1000 °C 0.183 0.317

Diffusive transport of gas phase components inside the particle is described with the Maxwell-
Stefan diffusivities deff, while mass and energy transport between the bulk gas phase and the 
catalyst surface is calculated with the mass transfer coefficients obtained with the method 
of Toor, Stewart and Prober. With this method first the mass transfer coefficient under zero 
flow Kg is determined and then a correction is applied to account for non-equimolar diffusion 
through the boundary layer, obtaining the coefficient Kg. For more details the reader is referred 
to Tiemersma et al. (2012). 

The particle model was used to obtain particle effectiveness factors, η, for all the gas-solid reac-
tions as a function of the particle conversion. Since the considered process is inherently transient 
and the (apparent) reaction rate changes with time, the particle effectiveness factor, which de-
scribes the ratio of the actual average reaction rate and the rate that would be obtained in case the 
reaction occurred when the local concentration of the reactant gases would be at bulk conditions 
with the average solids concentration, changes with the increasing particle conversion, where the 
solids conversion is defined as follows:
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where ws,in denotes the initial mass fraction of the solid reactant and ws the mass fraction at a 
certain moment during the reduction cycle.

The correlations developed with the particle model with the embedded grain model for the effec-
tiveness factor for each reduction reaction are summarized in Table 8.7 for the 5 mm particle size 
that have been included in the reactor model for the large scale simulations (see Section 8.4.3). 

Table 8.7. Effectiveness factor correlations as a function of the particle conversion

Reactions 5 mm

Tenorite reduction 0.169X2 − 0.3719X + 0.2075
Cuprite reduction − 0.1761X3 + 0.3984X2 − 0.3128X + 0.0906

First spinel reduction − 0.1758X3 + 0.3497X2 − 0.2204X + 0.0455
Second spinel reduction − 0.2858X + 0.285
Third spinel reduction 1

The effectiveness factor for the gas-solid reactions is clearly decreasing with particle conversion 
as the availability of the reacting solid phase is also decreasing as a function of conversion. This 
is indeed also visible in Figure 8.4 where the effectiveness factor for the tenorite reduction is 
plotted as a function of the particle conversion, as an example. The same figure also reports the 
intra-particle radial concentration profiles of tenorite at two different particle conversions. As 
is clear from the figure, when the solids conversion increases, the reactive solids concentration 
decreases and the effectiveness factor decreases. These effectiveness factors are thus a correction 
factor for the radial concentration profiles of in particular the solids phases inside the particle.
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Figure 8.4. Effectiveness factor as a function of the particle conversion for the tenorite reduction; Concentration 
of CuO as a function of the radial position for two different particle conversion. 
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8.4 Results and discussion

In this section first a validation of the reactor model with experimental results is carried out 
using the ‘stop and check’ experiments and breakthrough experiments in the lab-scale PBR setup 
(section 8.4.1). Subsequently, in section 8.4.2, the importance of accounting for the formation 
and reduction of spinel compounds in the lab-scale packed bed reactor is investigated and dis-
cussed. Finally, section 8.4.3 addresses the importance of spinel formation to assess the reactor 
performance of a large industrial-scale packed bed reactor.

Before showing and discussing the experimental results, the absence of internal mass transfer 
limitations in the lab-scale reactor was first assured with a redox experiment that was carried out 
with oxygen carrier particles of 1.1 mm diameter and with crushed particles (with the particle 
size in the range of 1 to 574 μm, measured with a Fritsch Analysette 22). In Figure 8.5 the 
hydrogen breakthrough curves have been compared for a reduction cycle at 1000 °C, from which 
it can be concluded that internal mass transfer limitations indeed do not play a role for oxygen 
carrier particles of 1.1 mm diameter, as was expected on the basis of earlier TGA experiments 
(San Pio et al., 2017a, 2017b). It is important to note that the absence of internal mass transfer 
limitations only holds for the lab-scale reactor with relatively small oxygen carrier particles. For 
large industrial-scale reactors with bigger oxygen carrier particles, internal mass transfer limita-
tions will become important and need to be taken into account as will be shown and discussed 
in section 8.4.3.
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Figure 8.5. Comparison between the breakthrough curves for a reduction at 1000 °C with 

10% H2-90% N2 for the particles of 1.1 mm diameter and crushed particles (0.04-584 µm). 

 

8.4.1 Validation of the reactor model with experimental results 

8.4.1.1 Stop and check experiments 

Experiments were carried out in a lab-scale PBR setup at 1000 °C stopping the reduction at 

two different reduction times, viz. t1 = 180 s (the bed is not fully reduced on the basis of the 

breakthrough experiments shown in Figure 8.5), and t2 = 500 s (the bed is almost fully 

reduced according to the results in Figure 8.5) and taking samples of the oxygen carrier from 

the entrance and the middle of the reactor, which were analysed with XRD and the results 

were compared with model simulation results.  

 

 

Figure 8.5. Comparison between the breakthrough curves for a reduction at 1000 °C with 10% H2-90% N2 
for the particles of 1.1 mm diameter and crushed particles (0.04-584 μm).
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8.4.1 Validation of the reactor model with experimental results

8.4.1.1 Stop and check experiments
Experiments were carried out in a lab-scale PBR setup at 1000 °C stopping the reduction at 
two different reduction times, viz. t1 = 180 s (the bed is not fully reduced on the basis of the 
breakthrough experiments shown in Figure 8.5), and t2 = 500 s (the bed is almost fully reduced 
according to the results in Figure 8.5) and taking samples of the oxygen carrier from the entrance 
and the middle of the reactor, which were analysed with XRD and the results were compared 
with model simulation results. 

a) For a reduction time of 180 seconds

In Figure 8.6.a, the concentration of the spinel compounds CuAl2O4 and CuAlO2 calculated 
with the model are plotted as a function of the axial position in the bed for a reduction time of 
180 s. Figure 8.6.b shows the axial concentration profile of copper at the same time, showing 
that the bed is indeed only partially reduced. The simulations show that almost all the CuAl2O4 
is reduced to Cu and that only a very minor amount of CuAlO2 is present in the oxygen carrier 
(Figure 8.6.a). At the entrance of the reactor, most of the CuAlO2 has been further reduced to 
Cu, while at the beginning of the reaction front the CuAlO2 concentration is maximal, but still 
below 0.15 wt%. 

8. Importance of spinel reaction kinetics in packed-bed chemical looping combustion    
 

173 
 

a) For a reduction time of 180 seconds 

In Figure 8.6.a, the concentration of the spinel compounds CuAl2O4 and CuAlO2 calculated 

with the model are plotted as a function of the axial position in the bed for a reduction time 

of 180 s. Figure 8.6.b shows the axial concentration profile of copper at the same time, 

showing that the bed is indeed only partially reduced. The simulations show that almost all 

the CuAl2O4 is reduced to Cu and that only a very minor amount of CuAlO2 is present in the 

oxygen carrier (Figure 8.6.a). At the entrance of the reactor, most of the CuAlO2 has been 

further reduced to Cu, while at the beginning of the reaction front the CuAlO2 concentration 

is maximal, but still below 0.15 wt%.  

a)                                                                       b) 

0.00 0.02 0.04 0.06 0.08 0.10 0.12

0.000

0.005

0.010

0.015

0.020

 CuAl2O4

Axial position (m)

w
t %

 [C
uA

l 2O
4]

0.0000

0.0004

0.0008

0.0012

0.0016

 CuAlO2

w
t %

 [C
uA

lO
2]

  
0.00 0.02 0.04 0.06 0.08 0.10 0.12

0.00

0.02

0.04

0.06

0.08

0.10

0.12

w
t%

 [C
u]

Axial position (m)  

Figure 8.6. Reduction time of 180 s at 1000 °C with 10% O2-90% N2 for a) CuAl2O4 and 

CuAlO2 spinel, b) copper. 

A difference in color was observed for the particles extracted from the two different positions 

in the reactor (see Figure 8.7), indicating a different composition. In Figure 8.8, the XRD 

patterns for the two samples are given. In both samples the phases Al2O3, Cu and CuAlO2 

(not marked in the XRD pattern) were observed. In the sample taken from the middle of the 

reactor (red line), also CuO and CuAl2O4 were found, as expected from the simulations. Note 

that only the representative peaks are marked in Figure 8.8. 
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b) copper.

A difference in color was observed for the particles extracted from the two different positions in 
the reactor (see Figure 8.7), indicating a different composition. In Figure 8.8, the XRD patterns 
for the two samples are given. In both samples the phases Al2O3, Cu and CuAlO2 (not marked 
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in the XRD pattern) were observed. In the sample taken from the middle of the reactor (red 
line), also CuO and CuAl2O4 were found, as expected from the simulations. Note that only the 
representative peaks are marked in Figure 8.8.
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Figure 8.7. Image of the particles taking from the entrance and the middle of the reactor 

stopping the reduction after 180 s, at 1000 °C with 10% H2-90% N2.  

 

Figure 8.8. XRD patterns for samples taken from the entrance and the middle of the reactor 

stopping the reduction after 180 s, at 1000 °C with 10% H2-90% N2. 
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Figure 8.7. Image of the particles taking from the entrance and the middle of the reactor stopping the 
reduction after 180 s, at 1000 °C with 10% H2-90% N2. 
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Figure 8.8. XRD patterns for samples taken from the entrance and the middle of the reactor 

stopping the reduction after 180 s, at 1000 °C with 10% H2-90% N2. 
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Figure 8.8. XRD patterns for samples taken from the entrance and the middle of the reactor stopping the 
reduction after 180 s, at 1000 °C with 10% H2-90% N2.

b) For a reduction time of 500 seconds

Th e axial concentration profi les of CuAl2O4, CuAlO2 and Cu calculated with the model for a 
reduction time of 500 s at 1000 °C are shown in Figure 8.9, showing that the bed is almost fully 
reduced to Cu, that CuAl2O4 is no longer present and that only a very small amount of CuAlO2 
remains, as was expected on the basis of previous experimental work (San Pio et al., 2017b).
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b) For a reduction time of 500 seconds 

The axial concentration profiles of CuAl2O4, CuAlO2 and Cu calculated with the model for 

a reduction time of 500 s at 1000 °C are shown in Figure 8.9, showing that the bed is almost 

fully reduced to Cu, that CuAl2O4 is no longer present and that only a very small amount of 

CuAlO2 remains, as was expected on the basis of previous experimental work (San Pio et 
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Figure 8.9. Stop and check experiments stopping the reduction after 500 s, at 1000 °C with 

10% H2-90% N2 for a) CuAl2O4 and CuAlO2 spinel, b) copper. 

Particles from the entrance and from the middle of the reactor were extracted and further 

analyzed with XRD. The XRD patterns shown in Figure 8.10 of the two samples are identical 

and only the presence of Cu, Al2O3 and a small amount of CuAlO2 (not marked) is observed, 

corresponding to the simulation results.  

In the next sections the model will be validated in more detail comparing the computed and 

experimentally determined breakthrough curves for both the reduction and oxidation cycles. 

Figure 8.9. Stop and check experiments stopping the reduction after 500 s, at 1000 °C with 10% H2-90% N2 
for a) CuAl2O4 and CuAlO2 spinel, b) copper.

Particles from the entrance and from the middle of the reactor were extracted and further 
analyzed with XRD. Th e XRD patterns shown in Figure 8.10 of the two samples are identical 
and only the presence of Cu, Al2O3 and a small amount of CuAlO2 (not marked) is observed, 
corresponding to the simulation results. 

In the next sections the model will be validated in more detail comparing the computed and 
experimentally determined breakthrough curves for both the reduction and oxidation cycles.
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Figure 8.10. XRD patterns for the entrance and the middle of the reactor for a reduction time 

of 500 s at 1000 °C with 10% O2-90% N2. 

8.4.1.2 Breakthrough curves validation 

The hydrogen and oxygen breakthrough curves from the reduction and oxidation cycle 

respectively, as computed by the model and obtained experimentally in the lab-scale set-up, 

have been compared for redox cycles carried out at two different temperatures, viz. 1000 °C 

and 600 °C, shown in Figures 8.11 and 8.12 respectively. In these figures the simulation 

results of the reactor model with the effectiveness factors derived with the detailed particle 

model are referred to as ‘simulation SP’, referring to the fact that the formation of spinel 

compounds is fully accounted for, whereas ‘SCM’ refers to the results for the reduction cycle 

from a reactor model where the gas-solid kinetics has been simplified with a shrinking model 

(San Pio et al., 2017d) only considering the CuO reduction to Cu and ignoring the formation 

and reaction of spinel compounds. 
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Figure 8.10. XRD patterns for the entrance and the middle of the reactor for a reduction time of 500 s at 
1000 °C with 10% O2-90% N2.
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8.4.1.2 Breakthrough curves validation
The hydrogen and oxygen breakthrough curves from the reduction and oxidation cycle respec-
tively, as computed by the model and obtained experimentally in the lab-scale set-up, have been 
compared for redox cycles carried out at two different temperatures, viz. 1000 °C and 600 °C, 
shown in Figures 8.11 and 8.12 respectively. In these figures the simulation results of the reactor 
model with the effectiveness factors derived with the detailed particle model are referred to as 
‘simulation SP’, referring to the fact that the formation of spinel compounds is fully accounted 
for, whereas ‘SCM’ refers to the results for the reduction cycle from a reactor model where the 
gas-solid kinetics has been simplified with a shrinking model (San Pio et al., 2017d) only consid-
ering the CuO reduction to Cu and ignoring the formation and reaction of spinel compounds.

To assure that the slow-down in the reaction rate observed when comparing the reactor model 
simulations with the effectiveness factors from the particle model with the detailed kinetics 
(simulation SP) and the SCM (Figure 8.11) is not caused by dispersion but is related to the 
gas-solid kinetics, a comparison of the breakthrough curves between the simulations that do 
and do not account for axial dispersion in the reactor has been carried out (see Figure E.1 of 
Appendix). The results clearly demonstrate that there is no influence of mass dispersion, as was 
already expected from Figure 8.5, because the extent of dispersion is a function of the particle 
diameter and it was shown that the particle size does not influence the breakthrough curves.

Overall, Figures 8.11 and 8.12 show a quite reasonable agreement between the experimental 
results and the simulations carried out with the effectiveness factors developed with the particle 
model with the detailed gas-solid kinetics, for both the breakthrough times as well as how the 
H2 and O2 is consumed in the reactor during the reduction and oxidation cycles at different 
temperatures. 

In addition, Figure 8.12.a shows that a simple SCM that only considers CuO reduction to Cu is 
unable to describe the breakthrough curves. In particular, the breakthrough curve for the SCM 
is much steeper and the increase in the hydrogen concentration at the outlet starts at a much 
later moment in time (at ca. 450 s), because in this model all the CuO is reduced directly to 
Cu without any restrictions. For the SP simulations the outlet hydrogen concentration starts to 
increase much earlier (around 390 s), because not all the spinel (CuAl2O4 and CuAlO2) has been 
converted to Cu yet.
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Figure 8.11. Comparison between the simulation and the experiment for the breakthrough 

curves during redox cycles at 1000 °C for a) reduction with 10% H2-90% N2; b) oxidation 

with 10% O2-90% N2. (‘Simulation SP’ refers to the reactor model fully accounting for the 

formation and reaction of spinel compounds, whereas ‘SCM’ refers to the shrinking core 

model). 
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Figure 8.12. Comparison between the simulation and the experiment for the breakthrough 

curves during redox cycles at 600 °C for a) reduction with 10% H2-90% N2, b) oxidation with 

5% O2-95% N2 (‘Simulation SP’ refers to the reactor model with the embedded particle 

model fully accounting for the formation and reaction of spinel compounds). 

Figure 8.11. Comparison between the simulation and the experiment for the breakthrough curves during redox 
cycles at 1000 °C for a) reduction with 10% H2-90% N2; b) oxidation with 10% O2-90% N2. (‘Simulation 
SP’ refers to the reactor model fully accounting for the formation and reaction of spinel compounds, whereas 
‘SCM’ refers to the shrinking core model).
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Figure 8.12. Comparison between the simulation and the experiment for the breakthrough 

curves during redox cycles at 600 °C for a) reduction with 10% H2-90% N2, b) oxidation with 

5% O2-95% N2 (‘Simulation SP’ refers to the reactor model with the embedded particle 

model fully accounting for the formation and reaction of spinel compounds). 

Figure 8.12. Comparison between the simulation and the experiment for the breakthrough curves during 
redox cycles at 600 °C for a) reduction with 10% H2-90% N2, b) oxidation with 5% O2-95% N2 (‘Simulation 
SP’ refers to the reactor model with the embedded particle model fully accounting for the formation and 
reaction of spinel compounds).

This is further corroborated in Figure 8.13.a, that shows that the total amount of Cu after 300 s 
of reduction for the SP simulations is indeed smaller than for the model with the SCM, because 
not all the spinel has been reduced to Cu, resulting in a smaller hydrogen breakthrough time 
for the SCM compared to the SP model (see Figure 8.13.b). However, for the SP model the 
hydrogen already starts to slip well before all the CuO and spinel compounds have been fully 
reduced to Cu, which is also evident from the much more dispersed axial concentration profiles 
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of Cu and H2. Thus, the formation of the spinel compounds and kinetic limitations in their 
reduction cause a much more dispersed reaction front and may limit the final conversion of Cu.                                                             
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Figure 8.13. Comparison between the profiles from the SP and SCM simulations at 300 

seconds for: a) Cu, b) H2. 

Figure 8.14 provides the axial concentration profiles of the spinel compounds at different 

moments during the reduction computed with the SP model, clearly showing that indeed all 

the CuAl2O4 gets fully reduced when the reaction front progresses, while for the same 

reduction time, there is still some amount of CuAlO2 present. The kinetic limitations in the 

reduction of CuAlO2 to Cu explain the differences in the final amount of Cu between the SP 

and SCM simulations (Figure 8.13.a).                                                                     
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Figure 8.14 provides the axial concentration profiles of the spinel compounds at different mo-
ments during the reduction computed with the SP model, clearly showing that indeed all the 
CuAl2O4 gets fully reduced when the reaction front progresses, while for the same reduction 
time, there is still some amount of CuAlO2 present. The kinetic limitations in the reduction 
of CuAlO2 to Cu explain the differences in the final amount of Cu between the SP and SCM 
simulations (Figure 8.13.a).
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Figure 8.14. Axial concentration profiles of the spinel compounds calculated with the SP 

model for different moments in time during the reduction at 1000 °C with a 10% H2-90% N2 

mixture for a) CuAl2O4, b) CuAlO2. 

Having a closer look at Figures 8.11 and 8.12, it can be concluded that the model has a good 

agreement with the experiments, but there is a small deviation in the last part of the 

breakthrough curve, where the model over predicts somewhat the reduction rate compared to 

the experimental results. Apparently the reduction rate of the tenorite spinel CuAlO2 is 

somewhat overestimated (see Figure 8.14). 

8.4.2 Importance of spinel in a lab-scale packed bed reactor  

The importance of accounting for the formation and reduction of spinel compounds in the 

particle model is further investigated for the lab-scale packed bed reactor, where the hydrogen 

breakthrough curve of a reduction experiment at 600 °C is compared with the numerical 

results from two different simulations, where one fully accounts for the reduction of spinel 

compounds (indicated with SP), whereas the other assumes infinitely fast spinel reduction 

kinetics (indicated with ‘Fast spinel’) and thus assumes full conversion of CuO to Cu without 

accounting for kinetic limitations of the spinel compounds (see Figure 8.15).  

Figure 8.14. Axial concentration profiles of the spinel compounds calculated with the SP model for different 
moments in time during the reduction at 1000 °C with a 10% H2-90% N2 mixture for a)  CuAl2O4, b) 
CuAlO2.
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Having a closer look at Figures 8.11 and 8.12, it can be concluded that the model has a good 
agreement with the experiments, but there is a small deviation in the last part of the break-
through curve, where the model over predicts somewhat the reduction rate compared to the 
experimental results. Apparently the reduction rate of the tenorite spinel CuAlO2 is somewhat 
overestimated (see Figure 8.14).

8.4.2 Importance of spinel in a lab-scale packed bed reactor 

The importance of accounting for the formation and reduction of spinel compounds in the 
particle model is further investigated for the lab-scale packed bed reactor, where the hydrogen 
breakthrough curve of a reduction experiment at 600 °C is compared with the numerical results 
from two different simulations, where one fully accounts for the reduction of spinel compounds 
(indicated with SP), whereas the other assumes infinitely fast spinel reduction kinetics (indicated 
with ‘Fast spinel’) and thus assumes full conversion of CuO to Cu without accounting for 
kinetic limitations of the spinel compounds (see Figure 8.15). 
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Figure 8.15. Comparison of the hydrogen breakthrough curves obtained from a simulation 

fully accounting for the spinel compounds (SP), a simulation assuming infinitely fast 

reduction kinetics of the spinel compounds (Fast spinel) and the experiment for a reduction 

at 600 °C with 10% H2-90% N2. 

For the SP simulation the hydrogen starts to break through considerably faster than for the 

simulation with the infinitely fast spinel reduction kinetics, respectively 404 and 420 s. This 

can be attributed to the fact that at 600 °C CuAl2O4 is only reduced to CuAlO2, and CuAlO2 

is not further reduced to Cu, because this reaction is only favored at higher temperatures. 

Thus, the amount of hydrogen that reacts with the oxygen carrier is smaller in the SP 

simulation, resulting in a smaller breakthrough time. 

In Figure 8.16, the computed axial concentration profiles of Cu, H2 and both spinel species 

(CuAl2O4 and CuAlO2) are shown for both models (SP and Fast spinel) after 300 s of 

reduction at 600 °C. It can be observed that the amount of Cu is lower in the model that 

accounts for the kinetic limitations of the spinel species (SP), because the formed CuAlO2 is 

hardly reduced to Cu at this temperature, whereas the CuAl2O4 is fully converted.    

 

Figure 8.15. Comparison of the hydrogen breakthrough curves obtained from a simulation fully accounting 
for the spinel compounds (SP), a simulation assuming infinitely fast reduction kinetics of the spinel compounds 
(Fast spinel) and the experiment for a reduction at 600 °C with 10% H2-90% N2.

For the SP simulation the hydrogen starts to break through considerably faster than for the 
simulation with the infinitely fast spinel reduction kinetics, respectively 404 and 420 s. This can 
be attributed to the fact that at 600 °C CuAl2O4 is only reduced to CuAlO2, and CuAlO2 is not 
further reduced to Cu, because this reaction is only favored at higher temperatures. Thus, the 
amount of hydrogen that reacts with the oxygen carrier is smaller in the SP simulation, resulting 
in a smaller breakthrough time.
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In Figure 8.16, the computed axial concentration profiles of Cu, H2 and both spinel species 
(CuAl2O4 and CuAlO2) are shown for both models (SP and Fast spinel) after 300 s of reduction 
at 600 °C. It can be observed that the amount of Cu is lower in the model that accounts for the 
kinetic limitations of the spinel species (SP), because the formed CuAlO2 is hardly reduced to 
Cu at this temperature, whereas the CuAl2O4 is fully converted.   
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Figure 8.16. Axial concentration profiles computed by the model that fully accounts for the 

kinetic limitations of the spinel compounds (SP) and the model that assumes infinitely fast 

spinel reaction kinetics (Fast spinel) after 300 s of reduction at 600 °C with a 10% H2-90% 

N2  gas mixture for a) Cu, b) H2, c) CuAl2O4 and CuAlO2 (only SP). 

On the basis of the discussed results it can be concluded that it is important to account for the 

formation and reduction of spinel compounds to accurately calculate the width of the reaction 

front and the breakthrough time, as well as the amount of Cu in the bed after the reduction 

cycle. Part of the spinel species does not react in the reaction front but later, which also 

influences the axial temperature profiles in the bed and the temperature rise that can be 

Figure 8.16. Axial concentration profiles computed by the model that fully accounts for the kinetic limitations 
of the spinel compounds (SP) and the model that assumes infinitely fast spinel reaction kinetics (Fast spinel) 
after 300 s of reduction at 600 °C with a 10% H2-90% N2  gas mixture for a) Cu, b) H2, c) CuAl2O4 and 
CuAlO2 (only SP).

On the basis of the discussed results it can be concluded that it is important to account for the 
formation and reduction of spinel compounds to accurately calculate the width of the reaction 
front and the breakthrough time, as well as the amount of Cu in the bed after the reduction 
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cycle. Part of the spinel species does not react in the reaction front but later, which also influ-
ences the axial temperature profiles in the bed and the temperature rise that can be achieved 
in the packed bed chemical looping combustion reactor. This effect is larger and important for 
large-scale packed bed reactors, which will be further investigated in the next section.

8.4.3 Importance of spinel in a large-industrial-scale packed bed reactor 

The importance of an accurate description of the gas-solid kinetics of the CuO/Al2O3 oxygen 
carrier has been further investigated with the model for an industrial scale packed bed reactor 
(see Table 8.8), where the paper by Spallina et al. (Spallina et al., 2015) has been used as reference 
for the reactor dimensions. Although the oxygen carrier and the reducing gases are different from 
the ones used in this work, the parameters obtained by Spallina provide a good approximation.

Table 8.8. Parameters used in the large-scale packed-bed reactor simulations.

Reactor

Length, m 11
Diameter, m 5.5

Wall Temperature, K 873
Oxygen Carrier

Particle diameter, mm 5
CuO content , %wt. 12.5

Packed Bed density, kg/m3 1330
Reduction

Total mass flow rate, kg/s 60
Pressure, bar 17

Temperature, K 873
Composition, %vol. 60 N2 ; 40 H2

For this industrial scale reactor, larger particles of 5 mm diameter need to be applied because 
of pressure drop considerations. To study whether internal mass transfer limitations need to be 
taken into account for this particle size and the possible effect thereof, different simulations have 
been carried out for different particle diameters with and without accounting for internal mass 
transfer limitations, indicated with ‘MT’ and ‘NO MT’ respectively (see Figure 8.17).
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Figure 8.17. Breakthrough curves calculated with the SP model with and without accounting 

for internal mass transfer limitations (MT and NO MT) for different particle diameters of 1, 

2 and 5 mm. 

The figure clearly shows that for particles of 1.1 mm diameter (as used in the experiments of 

the lab-scale reactor), mass transfer limitations are unimportant, however, for particles larger 

than 2 mm mass transfer limitations start to become prominent, and it is necessary to account 

for internal mass transfer limitations to correctly describe the breakthrough time and the 

dispersion of the reaction front (more simulations for different particle sizes are provided in 

Figure E.2 of the Appendix).  

Figure 8.17. Breakthrough curves calculated with the SP model with and without accounting for internal 
mass transfer limitations (MT and NO MT) for different particle diameters of 1, 2 and 5 mm.

The figure clearly shows that for particles of 1.1 mm diameter (as used in the experiments of the 
lab-scale reactor), mass transfer limitations are unimportant, however, for particles larger than 
2 mm mass transfer limitations start to become prominent, and it is necessary to account for 
internal mass transfer limitations to correctly describe the breakthrough time and the dispersion 
of the reaction front (more simulations for different particle sizes are provided in Figure E.2 of 
the Appendix). 

In Figure 8.18, the intra-particle concentration profiles are plotted for the reduction with a 10% 
H2-90% N2 gas mixture at 1000 °C for particles of 1.1 mm and 5 mm diameter.     

Figure 8.18.a shows that for the particles of 5 mm diameter, the radial concentration profiles of 
both CuAl2O4 and CuO are very steep for different degrees of particle conversion, indicating 
that mass transfer limitations play an important role, while Figure 8.18.b, for the particles of 1.1 
mm diameter, the profiles of CuO are much flatter, indicating that mass transfer limitations are 
much less pronounced. Nevertheless, the spinel concentration profile for the 1.1 mm particle 
still shows a considerable gradient, which is caused by the extremely fast tenorite spinel reduc-
tion kinetics at 1000 °C. 
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In Figure 8.18, the intra-particle concentration profiles are plotted for the reduction with a 
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Figure 8.18. Intra-particle concentration profiles of CuAl2O4 and CuO during the reduction 

at 1000 °C with a 10% H2-90% N2 gas mixture for: a) 5 mm diameter particle, b) 1.1 mm 

diameter particle. 

Figure 8.18.a shows that for the particles of 5 mm diameter, the radial concentration profiles 

of both CuAl2O4 and CuO are very steep for different degrees of particle conversion, 

indicating that mass transfer limitations play an important role, while Figure 8.18.b, for the 

particles of 1.1 mm diameter, the profiles of CuO are much flatter, indicating that mass 

Figure 8.18. Intra-particle concentration profiles of CuAl2O4 and CuO during the reduction at 1000 °C with 
a 10% H2-90% N2 gas mixture for: a) 5 mm diameter particle, b) 1.1 mm diameter particle.

In order to show the importance of including spinel kinetics for the reduction step of CLC 
in an industrial-scale packed bed reactor, again simulations with two different models were 
performed, one with the reactor model with the effectiveness factors from the particle model 
that fully accounts for the spinel species (SP) and the model that assumes infinitely fast spinel 
reduction kinetics (Fast spinel). In Figure 8.19 the hydrogen breakthrough curves computed 
by both models are shown, whereas Figure 8.20 shows the axial Cu concentration profiles at 
different moments in time during the reduction with a 10% H2-90% N2 mixture at 600 °C and 
1000 °C. For the reduction at 600 °C, there is a large difference in the breakthrough curves for 
the two models, 300 s for SP vs. 312 s for the Fast spinel model, again caused by the kinetic 
limitations of CuAlO2 to Cu at 600 °C for the SP model. For the reduction at 1000 °C the 
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differences are smaller (308 s for the SP simulation vs. 312 s for the Fast spinel model), because 
at this temperature all the CuAl2O4 and a large part of the CuAlO2 have been reduced to Cu, 
as evident from Figure 8.20.  Figure 8.21 and 8.22 show the calculated axial concentration 
profiles of CuO, Cu, CuAl2O4 and CuAlO2 for a reduction time of 240 s at 600 °C and 1000 °C 
respectively. As discussed before, all the CuAl2O4 is reduced at both temperatures, but not all the 
CuAlO2 gets reduced, where at 600 °C its reduction is negligible, but at 1000 °C considerable, 
but not complete. 
8. Importance of spinel reaction kinetics in packed-bed chemical looping combustion    
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Figure 8.19. Comparison of the computed hydrogen breakthrough curves for the model that 

fully accounts for the spinel kinetics (SP) and the model that assumes infinitely fast spinel 

reduction kinetics for a reduction with a 10% H2-90% N2 mixture at a) 600 °C, b) 1000 °C.    
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H2-90% N2 gas mixture at a) 600 °C, b) 1000 °C. 
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Figure 8.20. Axial Cu concentration profiles after 240 s in the reduction cycle with a 10% 

H2-90% N2 gas mixture at a) 600 °C, b) 1000 °C. 
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mixture at a) 600 °C, b) 1000 °C.
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Figure 8.21. Axial concentration profiles calculated with the SP model after 240 s in the 

reduction cycle at 600 °C with a 10% H2-90% N2 mixture for a) Cu and CuO, b) CuAl2O4 and 

CuAlO2. 
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Figure 8.22. Axial concentration profiles calculated with the SP model after 240 s in the 

reduction cycle at 1000 °C with a 10% H2-90% N2 mixture for a) Cu and CuO, b) CuAl2O4 

and CuAlO2. 

Due to the slow CuAlO2 reduction kinetics, the final amount of Cu in the bed is smaller for 

the SP simulations than for the simulation that assumes infinitely fast spinel kinetics where 

all the spinel is converted to Cu. However, for the reduction at 1000 °C the difference is very 

Figure 8.21. Axial concentration profiles calculated with the SP model after 240 s in the reduction cycle at 600 
°C with a 10% H2-90% N2 mixture for a) Cu and CuO, b) CuAl2O4 and CuAlO2.
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Figure 8.22. Axial concentration profiles calculated with the SP model after 240 s in the 

reduction cycle at 1000 °C with a 10% H2-90% N2 mixture for a) Cu and CuO, b) CuAl2O4 

and CuAlO2. 

Due to the slow CuAlO2 reduction kinetics, the final amount of Cu in the bed is smaller for 

the SP simulations than for the simulation that assumes infinitely fast spinel kinetics where 

all the spinel is converted to Cu. However, for the reduction at 1000 °C the difference is very 

Figure 8.22. Axial concentration profiles calculated with the SP model after 240 s in the reduction cycle at 
1000 °C with a 10% H2-90% N2 mixture for a) Cu and CuO, b) CuAl2O4 and CuAlO2.

Due to the slow CuAlO2 reduction kinetics, the final amount of Cu in the bed is smaller for the 
SP simulations than for the simulation that assumes infinitely fast spinel kinetics where all the 
spinel is converted to Cu. However, for the reduction at 1000 °C the difference is very small 
because the CuAl2O4 is mostly converted to Cu and there is only a very small amount of CuAlO2 
unconverted to Cu (see Figure 8.22). 

The differences in the conversion to Cu also affects the axial temperature profiles. The axial 
temperature profiles for the SP and Fast spinel simulations are shown in Figure 8.23 for the two 
considered reduction temperatures, viz. 600 °C and 1000 °C, where the total initial amount of 
CuO and CuAl2O4 was the same. The maximum temperature reached in with the model fully 
accounting for the spinel kinetics is smaller than the maximum temperature with the model that 
assumes infinitely fast spinel reduction kinetics, about 20 °C. At the conditions present in the 
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bed, the active component of the oxygen carrier does not fully react, i.e. the CuAlO2 is not fully 
converted, and as a consequence the heat released in the SP simulation is smaller than for the 
Fast spinel model, where all the components are reduced to Cu.
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Figure 8.23. Axial temperature profiles for the SP and Fast spinel simulations after 240 s of 

reduction with a 10% H2-90% N2 mixture at: a) 600 °C and b) 1000 °C. 

All these differences indicate the importance of using an accurate particle model that fully 

accounts for the formation and reduction of spinel compounds to adequately predict the 

breakthrough time (and thus possible fuel slip), the final amount of Cu in the bed at the end 

of the reduction cycle, and thus the temperature rise and reactor performance of packed-bed 

chemical looping reactors employing a CuO/Al2O3 oxygen carrier. 

 

Figure 8.23. Axial temperature profiles for the SP and Fast spinel simulations after 240 s of reduction with a 
10% H2-90% N2 mixture at: a) 600 °C and b) 1000 °C.

All these differences indicate the importance of using an accurate particle model that fully 
accounts for the formation and reduction of spinel compounds to adequately predict the break-
through time (and thus possible fuel slip), the final amount of Cu in the bed at the end of the 
reduction cycle, and thus the temperature rise and reactor performance of packed-bed chemical 
looping reactors employing a CuO/Al2O3 oxygen carrier.

8.5 Conclusions

A one-dimensional, pseudo-homogeneous packed-bed reactor model with effectiveness factors 
for the gas-solid reactions developed with a detailed particle model embedding a pseudo-
homogeneous grain model was developed and validated with experiments carried out in a lab-
scale packed-bed reactor setup for chemical looping combustion using CuO/Al2O3 as oxygen 
carrier. Stop and check experiments have confirmed the presence of different forms of spinel 
during the reduction reactions, which the developed model was able to describe adequately, 
when fully accounting for the kinetics of the formation and reduction of the spinel compounds. 
The importance of accurate gas-solid kinetics including the spinel compounds was demonstrated 
by comparison with a conventional simplified SCM ignoring spinel compounds, where the 
simulations with the SCM resulted in a mismatch of the predicted breakthrough time and the 
amount of Cu present in the bed after the reduction, whereas the model that fully accounts 
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for the spinel kinetics quite adequately describes the breakthrough curves measured in the lab-
scale packed-bed reactor. Moreover, by comparing simulation results from the model that fully 
accounts for the formation and reduction kinetics of the spinel compounds with a model that 
assumes infinitely fast spinel reduction kinetics it was concluded that an accurate description 
of the gas-solid kinetics is required to accurately describe the dispersion of the reaction front 
(hence the fuel slip), the breakthrough time and the amount of Cu present in the bed after 
the reduction cycle, especially due to the slow reduction kinetics of CuAlO2. Finally, it was 
shown with simulations for a large-scale packed bed reactor that kinetic limitations of the spinel 
reduction also reduces the maximum temperature rise (about 20 °C) that can be achieved in 
the packed bed during chemical looping combustion, which has to be compensated for by an 
increase in the Cu-content of the oxygen carrier. This confirms that it is necessary to include 
particle effectiveness factors for gas-solid reactions developed with a detailed particle model 
that accounts for all the reduction mechanisms occurring in the CuO/Al2O3 oxygen carrier, 
including the spinel compounds.
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Scope

CO2 capture and storage has been proposed as a mid-term solution to reduce anthropogenic 
CO2 emissions to mitigate the impacts of the greenhouse gasses on climate change. One of the 
alternatives under development to reduce the CO2 emissions is chemical-looping combustion 
(CLC), a power production technology with integrated CO2 capture, studied in this thesis. 
In CLC the fuel is indirectly combusted via an oxygen carrier, so that no additional costly 
downstream gas separation units are needed to obtain a concentrated CO2  stream for sequestra-
tion. This last chapter contains an overview of the results obtained in this study and some final 
considerations.

This thesis

To be able to reach high and competitive process efficiencies the CLC process has to be oper-
ated at high pressure, which can be effectively realized with dynamically operated packed-bed 
reactors. A detailed reactor model that accurately predicts the performance of packed-bed CLC 
processes is needed and for this an accurate description of the redox kinetics of the oxygen 
carrier is required. In particular because of their high reduction reactivity at lower temperatures, 
Cu-based oxygen carriers have been often proposed for CLC and were selected for further 
investigation in this work. 

Dedicated TGA experiments have shown that the reduction rate of several oxygen carriers, 
amongst which also Cu/Al2O3, slows down suddenly at higher particle conversions and the 
conversion at which this occurs depends on the temperature. A detailed study was required to 
provide a physical understanding of the cause of this decrease in conversion rate that limits to 
use the oxygen carrier at full capacity.

An experimental study has been carried out to explain the slow-down in the reduction kinet-
ics. It was found that the large morphological changes observed over the many consecutive 
redox cycles in surface area, pore volume, and increase in the pore size distribution, were not 
responsible for the drop in reaction rate. With XRD analysis it was found that there is a strong 
interaction between the Al2O3 and CuO, forming the spinel species CuAl2O4 and CuAlO2. From 
an extensive TGA study it was possible to conclude that the initial fast kinetics of the reduction 
reaction can be attributed to the fast reduction of CuO to Cu and CuAl2O4 to Cu, where the 
latter reaction is only favoured at high temperatures. This explains why at lower temperatures 
the slow-down in kinetics occurs at a lower particle conversion, whereas at high temperatures 
around 1000 °C the reduction is almost complete. The reduction of CuAl2O4 to CuAlO2 causes 
the observed decrease in the reaction rate. 
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Because of the high pressure operation, the effect of the operating pressure on the redox kinetics 
of CuO/Al2O3 has been experimentally investigated. It has been found that by employing a 
sufficiently high feed flow rate for at each total pressure investigated, there is no negative effect 
of the total pressure on the redox kinetics, as was previously reported by other researches in the 
literature. Moreover, no differences in the micro-structure and chemical phases were detected 
when the redox cycles were performed at different total pressures. The observed negative effect 
of the total pressure is attributed to mass transfer limitations of the used set-ups which can and 
should be avoided. 

Subsequently, on the basis of extensive TGA with XRD experiments, a kinetics model was 
developed for Cu-based oxygen carriers to quantitatively describe the measured redox kinetics 
on the basis of the gained physical understanding. First, the oxygen uncoupling and reduction 
kinetics of CuO/SiO2 was investigated because the CuO does not interact with the support 
(SEM images have shown that CuO is indeed distributed as islands along the SiO2 surface). 
A shrinking core model has been developed to describe the oxygen uncoupling and reduction 
reaction rates of CuO/SiO2 at different operating conditions, which was simplified to a pseudo-
homogeneous model. The kinetics model was then extended to CuO/Al2O3 by accounting for 
the important kinetic limitations of the reactions of the metal oxides with the support, i.e. 
the formation and reduction of tenorite spinel (Cu2AlO4) and cuprite spinel (CuAlO2). The 
developed pseudo-homogeneous model could well describe all the redox kinetics, not only the 
initial kinetics, but also the slow-down at higher solids conversion and the final solids conversion 
(and their dependency on temperature), both very important for packed bed chemical looping 
reactor technology. 

Finally, the importance of the redox kinetics, and in particular the formation and reduction 
kinetics of both spinel compounds, on the performance of a packed-bed reactor was investi-
gated. First a pseudo-homogeneous packed-bed reactor model was validated with experiments 
in a lab-scale packed-bed reactor setup. The developed pseudo-homogeneous kinetics model 
was integrated in a detailed particle model that accounts for multi-component intraparticle gas 
phase diffusion limitations, with which particle effectiveness correlations were derived for all 
the gas-solid reactions as a function of the particle conversion in order to account for internal 
solids concentration profiles and mass transfer limitations. The particle effectiveness factors were 
subsequently included in the source terms of the component mass balances of the reactor model 
accounting for all the reactions of the spinel compounds. With the developed reactor model 
the breakthrough experiments during the reduction of the packed-bed with CuO/Al2O3 oxygen 
carrier could be well described, only when accouting for the kinetic rate limitations of the spinel 
reduction. In addition, the ‘stop and check’ experiments carried out in the packed-bed reactor 
setup, where the reduction was stopped at different reaction times and temperatures and the 
oxygen carrier was further analysed with XRD, confirmed that the simulations were predicting 
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the presence of spinel, where it was detected. Secondly, it was shown with simulations for an 
industrially sized reactor that without properly accounting for the influence of spinel formation 
the breakthrough times are overestimated, as well as the final amount of Cu in the bed at the 
end of the reduction cycle. The kinetic limitations of the spinel reduction thus also significantly 
reduces the maximum temperature rise that can be achieved in the packed bed during chemical 
looping combustion, which has to be compensated for by an increase in the Cu-content in the 
CuO/Al2O3 oxygen carrier. 

Final considerations

For further exploitation of the packed-bed CLC process long-term cyclic tests need to be 
performed to assure that the oxygen carrier can withstand long-time, high temperature (high 
pressure) redox cycling, without affecting the reactivity of the oxygen carrier. The knowledge 
gained in this thesis can be helpful to study and optimize the performance and kinetics of other 
oxygen carriers that show interaction between the active metal oxide and the support, such as 
NiO/Al2O3 or ilmenite. In addition to CLC, the knowledge gained in this study can also be used 
to further develop other chemical looping technologies at lower temperature, such as chemical 
looping reforming or chemical looping for oxygen production. 

Despite the achieved progress on CLC over the past years, it cannot be expected that a power 
plant based on chemical looping technology will be operational on large scale before 2025-2030, 
even if the technology would be superior to the existing and other developing technologies 
where CO2 capture is involved. Meanwhile, developments towards decarbonisation of our in-
dustry and the deployment of more sustainable resources need to proceed with increased pace to 
diminish our dependency on fossil fuels and mitigate anthropogenic CO2 emissions to combat 
climate change. However, we need to be aware that these technologies always require substantial 
additional costs. Consequently, whether or not and when these technologies will be applied in 
the future, this does not only depend on technology development and economics, but even more 
so on the political and societal will for change towards a more sustainable future. 
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Appendix A corresponds to chapter 3. In this appendix, the pore size distribution for the crushed 
particles is shown as well as the BET isotherms and the XRD patterns of the different experi-
ments carried out in this chapter.

A.1 Pore Size Distribution (PSD)
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A.1 Pore Size Distribution (PSD) 

 

Figure A.1. Pore size distribution of the crushed CuO/Al2O3 oxygen carrier particles. 
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Figure A.1. Pore size distribution of the crushed CuO/Al2O3 oxygen carrier particles.
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A.2 BET
The BET isotherms for the samples of fresh, 10 redox cycles, 25 redox cycles and 50 redox cycles 
are shown in the oxidized or reduced state for the CuO/Al2O3 oxygen carrier.
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Figure A.2. BET isotherm of fresh CuO/Al2O3.  
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Figure A.3. BET isotherm of CuO/Al2O3 under 10 redox cycles finished in oxidation state.  
Figure A.3. BET isotherm of CuO/Al2O3 under 10 redox cycles finished in oxidation state. 
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Figure A.4. BET isotherm of CuO/Al2O3 under 25 redox cycles finished in oxidation state.  

 

 

Figure A.5. BET isotherm of CuO/Al2O3 under 50 redox cycles finished in oxidation state.  

Figure A.4. BET isotherm of CuO/Al2O3 under 25 redox cycles finished in oxidation state. 
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Figure A.4. BET isotherm of CuO/Al2O3 under 25 redox cycles finished in oxidation state.  

 

 

Figure A.5. BET isotherm of CuO/Al2O3 under 50 redox cycles finished in oxidation state.  Figure A.5. BET isotherm of CuO/Al2O3 under 50 redox cycles finished in oxidation state. 
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A.3 XRD Patterns
The XRD patterns for the samples fresh, after 25, 75 and 100 redox cycles (all finished in the 
oxidized state) and 100 redox cycles finished in the reduced state are shown for CuO/Al2O3 
oxygen carrier.
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The XRD patterns for the samples fresh, after 25, 75 and 100 redox cycles (all finished in the 

oxidized state) and 100 redox cycles finished in the reduced state are shown for CuO/Al2O3 

oxygen carrier. 

 

Figure A.6. XRD pattern of fresh CuO/Al2O3.  

 

 

 

Figure A.6. XRD pattern of fresh CuO/Al2O3. 
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Figure A.7. XRD pattern of CuO/Al2O3 after 25 redox cycles finished in the oxidized state.  

 

Figure A.8. XRD pattern of CuO/Al2O3 after 75 redox cycles finished in the oxidized state. 

Figure A.7. XRD pattern of CuO/Al2O3 after 25 redox cycles finished in the oxidized state. 
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Figure A.7. XRD pattern of CuO/Al2O3 after 25 redox cycles finished in the oxidized state.  

 

Figure A.8. XRD pattern of CuO/Al2O3 after 75 redox cycles finished in the oxidized state. 
Figure A.8. XRD pattern of CuO/Al2O3 after 75 redox cycles finished in the oxidized state.
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Figure A.9. XRD pattern of CuO/Al2O3 after 100 redox cycles finished in the oxidized state.  

 

Figure A.10. XRD pattern of CuO/Al2O3 after 100 redox cycles finished in the reduced state.  

Figure A.9. XRD pattern of CuO/Al2O3 after 100 redox cycles finished in the oxidized state. 
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Figure A.9. XRD pattern of CuO/Al2O3 after 100 redox cycles finished in the oxidized state.  

 

Figure A.10. XRD pattern of CuO/Al2O3 after 100 redox cycles finished in the reduced state.  
Figure A.10. XRD pattern of CuO/Al2O3 after 100 redox cycles finished in the reduced state. 
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B.1 XRD Patterns
Appendix B corresponds to chapter 4. In this appendix, the XRD patters of CuO/Al2O3 as 
oxygen carrier as shown or experiments carried out at different conditions. 
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Figure B.1. XRD after the reduction of CuO/Al2O3 at 1 bar (PH2=1 bar) at different 
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Figure B.2. XRD after the reduction of CuO/Al2O3 at 1 bar (PH2=1 bar) at different 

temperatures. 

 

Figure B.3. XRD after the reduction and oxidation of CuO/Al2O3 at 1 bar (PH2=1 bar) at 800 

°C for the Al2O3 phase. 

Figure B.2. XRD after the reduction of CuO/Al2O3 at 1 bar (PH2=1 bar) at different temperatures.
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Figure B.3. XRD after the reduction and oxidation of CuO/Al2O3 at 1 bar (PH2=1 bar) at 800 

°C for the Al2O3 phase. 

Figure B.3. XRD after the reduction and oxidation of CuO/Al2O3 at 1 bar (PH2=1 bar) at 800 °C for the 
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Figure B.4. XRD after the reduction and oxidation of CuO/Al2O3 at 1 bar (PH2=1 bar) at 800 

°C for the  CuAl2O4 phase. 

 

 

 

 

 

 

 

 

 

  

Figure B.4. XRD after the reduction and oxidation of CuO/Al2O3 at 1 bar (PH2=1 bar) at 800 °C for the  
CuAl2O4 phase.
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Appendix C corresponds to chapter 6. In this appendix, the XRD patterns and the BET iso-
therms are shown for CuO/Al2O3 experiments carried out at different total pressures. 

C.1 XRD Patterns
The XRD patterns of CuO/Al2O3 oxygen carrier are shown at different pressures.
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Appendix C corresponds to chapter 6. In this appendix, the XRD patterns and the BET 

isotherms are shown for CuO/Al2O3 experiments carried out at different total pressures. 

C.1 XRD Patterns 

The XRD patterns of CuO/Al2O3 oxygen carrier are shown at different pressures. 

 

Figure C.1. XRD of CuO/Al2O3 after the reduction cycle at 800 °C and PH2=1 bar at different 

total pressures (1-10 bar). 

 

 

Figure C.1. XRD of CuO/Al2O3 after the reduction cycle at 800 °C and PH2=1 bar at different total pressures 
(1-10 bar).
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Figure C.2. XRD of CuO/Al2O3 after the reduction cycle at at 800 °C and PH2=1 bar at 

different total pressures (1-6 bar).  

 

Figure C.3. XRD of CuO/Al2O3 after the reduction cycle at 800 °C and PH2=1 bar at different 

total pressures (3-10 bar). 
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Figure C.3. XRD of CuO/Al2O3 after the reduction cycle at 800 °C and PH2=1 bar at different total pressures 
(3-10 bar).
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Figure C.4. XRD ofCuO/Al2O3 after the reduction cycle at PH2=1bar, total pressure of 1 

barand different temperatures. 

 

 

 

 

 

 

 

 

 

Figure C.4. XRD of CuO/Al2O3 after the reduction cycle at PH2=1bar, total pressure of 1 barand different 
temperatures.

C.2 BET
BET isotherms are shown for CuO/Al2O3 oxygen carrier at different pressures.
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C.2 BET 

BET isotherms are shown for CuO/Al2O3 oxygen carrier at different pressures. 

 

Figure C.5. BET isotherm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total 

pressure of 1 bar. 

 

Figure C.6. BET isotherm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total 

pressure of 3 bar. 

Figure C.5. BET isotherm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total pressure of 1 bar.
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C.2 BET 

BET isotherms are shown for CuO/Al2O3 oxygen carrier at different pressures. 

 

Figure C.5. BET isotherm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total 

pressure of 1 bar. 

 

Figure C.6. BET isotherm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total 

pressure of 3 bar. 

Figure C.6. BET isotherm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total pressure of 3 bar.



174

Appendix C

Appendix C   
 
 

211 
 

 

 

Figure C.7. BET isotehrm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total 

pressure of= 6 bar. 

 

Figure C.8. BET isotherm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total 

pressure of 10 bar. 

Figure C.7. BET isotehrm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total pressure of= 6 bar.
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Figure C.7. BET isotehrm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total 

pressure of= 6 bar. 

 

Figure C.8. BET isotherm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total 

pressure of 10 bar. 

Figure C.8. BET isotherm of CuO/Al2O3 after reduction at 800 °C, PH2 = 1 bar and total pressure of 10 bar.
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Appendix D corresponds to chapter 7. In this appendix, the XRD patterns are shown for redox 
experiments on CuO/SiO2 oxygen carrier. Th is appendix also shows the Arrhenius plots for the 
diff erent redox reactions fi tted in the chapter with diff erent models for both, CuO/SiO2 and 
CuO/Al2O3 oxygen carriers. 

D.1 XRD patterns for fresh, oxidized and reduced CuO/SiO2

In Figure D.1.a, b and c, the XRD patterns of fresh, oxidized and reduced state are shown for 
CuO/SiO2.
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Appendix D 

Appendix D corresponds to chapter 7. In this appendix, the XRD patterns are shown for redox 

experiments on CuO/SiO2 oxygen carrier. This appendix also shows the Arrhenius plots for 

the different redox reactions fitted in the chapter with different models for both, CuO/SiO2 

and CuO/Al2O3 oxygen carriers.  
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CuO/SiO2. 
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Figure D.1. XRD patterns of CuO/SiO2 for a) fresh state, b) in oxidized state, c) in reduced 
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Figure D.1. XRD patterns of CuO/SiO2 for a) fresh state, b) in oxidized state, c) in reduced state.
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D.2 Arrhenius plots for the oxygen uncoupling reaction for the SCM for CuO/SiO2
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Figure D.2. Arrhenius plot. Calculation of the pre-exponential factor and the activation 

energy, a) for the forward reaction rate constant, b) for the equilibrium constant (Eq. 7.4). 
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Figure D.3. Arrhenius plot for the two reduction reactions, a) CuO to Cu2O (Eq. 7.11), b) 

Cu2O to Cu (Eq. 7.12). 
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Figure D.2. Arrhenius plot. Calculation of the pre-exponential factor and the activation 

energy, a) for the forward reaction rate constant, b) for the equilibrium constant (Eq. 7.4). 
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D.4. Arrhenius plots for the first and second reduction reaction for the pseudo-
homogeneous model for CuO/SiO2
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Figure D.4. Arrhenius plot. Calculation of the pre-exponential factor and the activation 

energy for the reaction rate constant of a) the first reduction reaction, Eq.(7.17), b) the second 

reduction reaction, Eq. (7.18). 
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Figure D.5. Arrhenius plot. Calculation of the pre-exponential factor and the activation 

energy for the reaction rate constant of the oxidation reaction, Eq.(7.21). 
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Figure D.4. Arrhenius plot. Calculation of the pre-exponential factor and the activation 

energy for the reaction rate constant of a) the first reduction reaction, Eq.(7.17), b) the second 

reduction reaction, Eq. (7.18). 
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reaction rate constant of the oxidation reaction, Eq.(7.21).
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D.6. Arrhenius plots for the oxygen uncoupling for the pseudo-homogeneous model 
for CuO/SiO2
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Figure D.6. Arrhenius plot. Calculation of the pre-exponential factor and the activation 

energy for the reaction rate constant of the oxygen uncoupling reaction, Eq.(7.4), a) forward 

reaction, kf,OU, b) Keq. 
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Figure D.6. Arrhenius plot. Calculation of the pre-exponential factor and the activation energy for the reaction 
rate constant of the oxygen uncoupling reaction, Eq.(7.4), a) forward reaction, kf,OU, b) Keq.

D.7. Arrhenius plots for the first, second and third spinel reduction reaction for 
CuO/Al2O3
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Figure DE.7. Arrhenius plot for a) the first spinel reduction reaction (Eq. 7.24), b) second 

spinel reduction reaction (Eq. 7.25), c) third spinel reduction reaction (Eq. 7.26). 
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D.6. Arrhenius plots for the oxygen uncoupling for the pseudo-homogeneous model for 
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Figure D.6. Arrhenius plot. Calculation of the pre-exponential factor and the activation 

energy for the reaction rate constant of the oxygen uncoupling reaction, Eq.(7.4), a) forward 

reaction, kf,OU, b) Keq. 
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Figure DE.7. Arrhenius plot for a) the first spinel reduction reaction (Eq. 7.24), b) second spinel reduction 
reaction (Eq. 7.25), c) third spinel reduction reaction (Eq. 7.26).
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Figure D.8. Arrhenius plot for a) first oxidation reaction (Eq. 7.30), b) second oxidation 

reaction (Eq. 7.31), c) third oxidation reaction (Eq. 7.32). 

 

 

 

 

 

  

Figure D.8. Arrhenius plot for a) first oxidation reaction (Eq. 7.30), b) second oxidation reaction (Eq. 7.31), 
c) third oxidation reaction (Eq. 7.32).
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Appendix E

E.1. Dispersion study
In the graph below results of three simulations are plotted, where one simulation considers the 
normal dispersion coefficient of the reactor calculated by the Edward and Richardson correlation 
(Edwards and Richardson, 1968), the second simulation excludes the effect of dispersion effect 
and the third simulation considers the highest dispersion coefficient that can be achieved.
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In the graph below results of three simulations are plotted, where one simulation considers 

the normal dispersion coefficient of the reactor calculated by the Edward and Richardson 

correlation (Edwards and Richardson, 1968), the second simulation excludes the effect of 
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Figure E.1. Breakthrough curve simulations of a reduction at 1000 °C with 50% H2, 50% N2 

for a study of the dispersion effect.  

 

 

 

Figure E.1. Breakthrough curve simulations of a reduction at 1000 °C with 50% H2, 50% N2 for a study of 
the dispersion effect. 

E.2. Effect of mass transfer limitations as a function of the particle diameter
In these graphs, the breakthrough curves are plotted as a function of the particle diameter with 
and without accounting for mass transfer limitations.

 
 

220 
 

E.2. Effect of mass transfer limitations as a function of the particle diameter 

In these graphs, the breakthrough curves are plotted as a function of the particle diameter 

with and without accounting for mass transfer limitations. 
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Figure E.2. Breakthrough curves by simulations with and without accounting for internal 

mass transfer limitations (MT and NO MT resp.) for different particle diameters. 

 

 

 

 

 

 

 

 

 

 

Figure E.2. Breakthrough curves by simulations with and without accounting for internal mass transfer 
limitations (MT and NO MT resp.) for different particle diameters.
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Abbreviations
BET Brunauer-Emmett-Teller
CCS Carbon Capture and Storage
CGSM Changing Grain Size Model
CLC Chemical Looping Combustion
CLOU Chemical Looping with Oxygen Uncoupling
EDX Energy-Dispersive X-Ray spectroscopy
FWHM Full Width at Half Maximum
HFR High Flow Rate
HPTGA High Pressure Thermogravimetric Analyzer
LPTGA Low Pressure Thermogravimetric Analyzer
Me Metal
MeO Metal Oxide
OC Oxygen Carrier
OU Oxygen Uncoupling
PB-CLC Packed-Bed Chemical Looping Combustion
PBR Packed Bed Reactor
SCM Shrinking Core Model
SEM Scanning Electron Microscope
TGA Thermogravimetric Analyzer
TPO Temperature Programmed Oxidation
TPR Temperature Programmed Reduction
TS-CLC Two-Stage-Chemical-Looping Combustion
XRD X-Ray Diffractometer
List of symbols
b Stoichiometric factor in the reduction reaction of metal oxide, –
C Concentration (mol/m3)
Cp Heat capacity (J mol-1K-1)
CCuO Concentration of copper oxide in the particle (mol/m3)
CCu2O Concentration of cuprite in the particle (mol/m3)
°C Degress Celsius
Ds Pre-exponential factor for diffusion (mol1-n m3n-3 s-1)
Ds,0 Pre-exponential factor for diffusion (m2 s-1)
Dax Axial dispersion coefficient (m2 s-1)
deff Diffusive transport of gas phase components inside the particle (m2 s-1)
dp Particle diameter (m)
DH2 Diffusion coefficient for hydrogen (m2/s)
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DO2 Diffusion coefficient for oxygen (m2/s)
Eact Activation energy (kJ/mol)
EDs  Activation energy (J mol-1)
Ef Activation energy for the forward reaction (kJ/mol)
Eb Activation energy for the backward reaction (kJ/mol)
Eeq Activation energy for the equilibrium reaction (kJ/mol)
E1 Activation energy for the first reduction reaction (kJ/mol)
E2 Activation energy for the second reduction reaction (kJ/mol)
∆HR Enthalpy of reaction (J mol-1)
K Kelvin
k Reaction constant
kf Forward reaction constant (s-1)
kb Backward reaction rate constant (s-1bar-1/2)
Keq Equilibrium reaction constant (mol-1/2m-3/2)
k1 Reaction constant for the first reduction (pseudo-homogeneous) reaction  

(s-1bar-1/2)
k2 Reaction constant for the second reduction (pseudo-homogeneous) reaction 

(s-1bar-1) 
kox Reaction constant for the oxidation reaction (bar-1/2s-1)
kox1 Reaction constant for the first oxidation reaction (bar-1/2s-1)
kox2 Reaction constant for the first oxidation reaction (m3mol-1s-1)
kox3 Reaction constant for the first oxidation reaction (m3mol-1s-1bar-1/2)
kf,0 Pre-exponential factor for the forward reaction rate constant (s-1)
kb,0 Pre-exponential factor for the backward reaction rate constant (s-1bar-1/2)
keq,0 Pre-exponential factor for the equilibrium reaction rate constant (mol-1/2m-3/2)
k1,0 Pre-exponential factor for the first reduction (pseudo-homogeneous) reaction 

(s-1bar-1/2)
k2,0 Pre-exponential factor for the second reduction (pseudo-homogeneous) reac-

tion (s-1bar-1/2)
kox,0 Pre-exponential factor for the oxidation reaction (bar-1/2s-1)
kox1,0 Pre-exponential factor for the first oxidation reaction (bar-1/2s-1)
kox2,0 Pre-exponential factor for the first oxidation reaction (m3mol-1s-1)
kox3,0 Pre-exponential factor for the first oxidation reaction (m3mol-1s-1bar-1/2)
kx Solid diffusion decay constant, –
M Molar mass (kg/mol)
m Mass of the sample (g)
minitial Initial mass of the particle (g)
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Nomenclature

mox Mass of the fully oxidized oxygen carrier (g)
mred Mass of the fully reduced oxygen carrier (g)
n Reaction order
Ng Number of gaseous components, -
ni Mass flux of component i (kg m-2 s-1)
nmol Number of moles (mol) 
Nr Number of reactions, -
ntot Drift flux (kg m-2 s-1)
Nu Nusselt number, –
P Total pressure (bar)
Peax Heat Péclet axial number, -
Pr Prandtl number, –
PH2 Partial pressure of hydrogen (bar)
PO2 Partial pressure of oxygen (bar)
ppm Particles per millon
R Gas constant (J mol-1 K-1)
Re Reynolds number, –
r Particle radius (m)
R0 Oxygen transport capacity of the oxygen carrier 
rb Reaction rate backward reaction (mol/m3s)
rf Reaction rate forward reaction (mol/m3s)
rc Core radius (m)
ri Reaction rate of gaseous component I (mol m-3 s-1)
rg Grain radius (m)
rox Reaction rate oxidation reaction for CuO/SiO2, mol/m3s
rox1 Reaction rate first oxidation reaction for CuO/Al2O3, mol/m3s
rox2 Reaction rate second oxidation reaction for CuO/Al2O3, mol/m3s
rox3 Reaction rate third oxidation reaction for CuO/Al2O3, mol/m3s
rred,1 Reaction rate first reduction reaction, mol/m3s
rred,2 Reaction rate second reduction reaction, mol/m3s
Sc Schmidt number, –
T Temperature (K)
t Time (s)
v Superficial velocity, m s-1

Vparticle Volume of the particle (m3) 
wt Weight content (%)
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Nomenclature

x Axial position, m
X Particle conversion (%)
y Mole fraction in gas feed, –
Z Expansion ratio between the solid product and solid reactive
Greek Letters
τ Time of full particle conversion (s)
ρ Density (kg m-3)
ρparticle Molar density of the particle (mol/m3)
α Heat transfer coefficient (Wm-2 K-1)
ε Porosity (m3 m-3)
ξ Stoichiometric factor (mol gas/mol solid)
λeff Effective heat dispersion coefficient (Wm-1K-1)
η Effectiveness factor, –
ηg Dynamic gas viscosity (kg m-1 s-1)
ω Mass fraction (kg kg-1)
Subscripts
s Solid
g Gas
act Active
i Gas component
j Solid component
p Particle
red Reduction
Superscripts
in Inlet
o In oxidized state
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