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Abstract 8 

The implementation of CO2 capture systems in conventional processes has been proposed by 9 

the IPCC as an effective way to reduce anthropogenic CO2 emissions. However, these capture 10 

systems may represent an important decrease in the global efficiency for conventional 11 

processes. Chemical Looping has already been demonstrated as a promising technology for 12 

more efficient CO2 capture. Novel reactor concepts have been proposed in the literature, in 13 

which the reactions take place at lower temperatures with increased overall energy efficiency. 14 

However, few investigations have been carried out regarding the behaviour of oxygen carriers 15 

at relatively low operating temperatures. In this work, an active Ni-based oxygen carrier 16 

supported on CaAl2O4 inert material has been tested and characterized. The oxygen carrier has 17 

shown a promising behaviour for low temperature applications. However, it has been 18 

demonstrated that the oxygen carrier has to be pre-treated because of an interesting activation 19 

process which takes place only at high reduction temperatures. Oxygen carrier activation is 20 

caused by a reorganization of superficial nickel. Fresh oxygen carrier is covered by a layer of 21 

nickel with a strong interaction with the support. However, once the sample is reduced at high 22 

temperatures Ni is reorganized into small grains with reduced interaction with the support. 23 

This results in an enhancement in the reactivity and a higher oxygen transport capacity. After 24 

about 200 redox cycles, a small decrease in the solid conversion is observed due to 25 

agglomeration of the NiO grains. Nevertheless, the redox kinetics is still sufficiently fast for 26 

low temperature applications, provided that the oxygen carrier is pre-activated. The kinetics 27 

rates for the gas-solid reactions and gas-phase catalytic reactions have been determined, which 28 

can be used to predict the performance of the activated NiO/CaAl2O4 oxygen carrier for low 29 

temperature chemical looping applications. 30 
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Highlights: 37 

 A commercial Ni-based catalyst tested for low temperature chemical looping systems 38 

 The activation of the oxygen carrier has been studied in detail and explained 39 

 The redox activity has been measured for different fuel types and gas compositions.  40 

 The catalytic activity for steam methane reforming has been evaluated. 41 

 Kinetics for redox and catalytic processes has been well described. 42 
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1 Introduction  68 

The increase in greenhouse gas emissions and its relation with climate change has brought 69 

general awareness that a reduction in anthropogenic greenhouse gas emissions is required for 70 

a sustainable future. Among all greenhouse gases affecting the Earth’s climate, CO2 has the 71 

largest contribution [1]. The CO2 concentration in the atmosphere has increased dramatically 72 

over the last decades as a result of fossil fuels combustion for energy production. 73 

In this context, different strategies have been proposed in order to reduce carbon dioxide 74 

emissions to the atmosphere. Most of them are related to a reduction in energy consumption, 75 

substitution of fuel sources for renewable energy sources or CO2 sequestration. An additional 76 

strategy that has been proposed for such reduction is Carbon Capture and Storage (CCS), 77 

which could account for up to 19% of the total reduction in emissions needed according to the 78 

IPPC and IEA reports when limiting the increase in the global average surface temperature to 79 

2 °C [2][3]. 80 

The main objective of CCS is the production of a concentrated CO2 stream that can be 81 

captured and subsequently kept in a suitable storage location for long time. The most energy 82 

intensive step in CCS is the capture of the CO2. For CO2 capture from fossil fuel power 83 

plants, the biggest concentrated emission sources, three main capture possibilities can be 84 

differentiated: post-combustion, oxy-fuel combustion and pre-combustion systems [4]. 85 

Among all possible strategies related to CCS, Chemical Looping (a sort of oxy-fuel 86 

combustion) is considered as the most efficient option with the lowest efficiency penalty 87 

[5][6].  88 

The chemical looping technology is based on the redox activity of a (supported) solid with a 89 

high oxygen capacity, referred to as oxygen carrier, which is oxidized when in contact with 90 

air and subsequently reduced while supplying the oxygen needed for the conversion of a fuel. 91 

Because the combustion does not take place with direct contact with air, as in the 92 

conventional combustion, mixing of CO2 with N2 is intrinsically avoided and a concentrated 93 

CO2 stream is obtained during the reduction of the oxygen carrier with the fuel. Thus, using 94 

the redox activity of the oxygen carrier the energy-intensive physical gas separation has been 95 

modified into an energy-wise less intensive mechanical gas-solid separation, which represents 96 

the main advantage of the chemical looping technology compared to other methods proposed 97 

for CO2 capture. However, there is still an important lack of maturity of this technology, 98 

which represents its main drawback [7]. Up till now, research has been focused on 99 

experimental validation, modelling of the process and oxygen carrier evaluation, as described 100 

e.g. in the review by Adánez et al. [8]. 101 

Chemical Looping has not only been proposed for power production but also for fuel gas 102 

reforming. For this application, the concept is named Chemical Looping Reforming and the 103 

product is not electricity but syngas [9][10]. In a possible reactor configuration for both 104 

Chemical Looping systems, the oxygen carrier is circulated between two interconnected 105 

fluidized bed reactors. First, the reduced solid (Me) is oxidized in the air reactor with air by a 106 

highly exothermic reaction. This hot oxidized material (MeO) is then transferred to the fuel 107 

reactor, where it is put into contact with the fuel. Reaction between oxygen and fuel leads to a 108 

reduction of the metal oxide and the solid needs to be regenerated. Thus, the reduced material 109 

is again transferred to the air reactor, where it is oxidized to start another cycle. By adjusting 110 
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the solids circulation rate, and hence the amount of oxygen in the fuel reactor, the system can 111 

be operated for either fuel combustion (CLC) or fuel reforming (CLR). 112 

The potential of this technology has not only been limited to CLC or CLR systems. In fact, 113 

Chemical Looping has been adapted for other applications such as hydrogen production in the 114 

Chemical Looping Hydrogen (CLH) concept [11][12] and fuel gasification in Chemical 115 

Looping Gasification [13]. Recently, two new derived concepts have been proposed in the 116 

literature for more efficient use of Chemical Looping systems: Packed Bed Chemical Looping 117 

Combustion (PB-CLC) concept for operation at elevated pressures [14] and the Membrane 118 

Assisted Chemical Looping Reforming concept for ultra-pure hydrogen production with 119 

integrated CO2 capture [15]. 120 

In the PB-CLC concept (Figure 1 left), methane or syngas obtained from conventional 121 

gasification of coal or biomass is used as fuel. Exploiting the dynamically operated packed 122 

beds, the separation of gas and solids via cyclones is avoided and the process can be relatively 123 

easily operated at elevated pressures, which is required to obtain high process efficiencies 124 

[14,16]. A continuous process can be obtained by operating several packed bed reactors in 125 

parallel. Three different main operating steps are distinguished: (I) reduction, (II) oxidation 126 

and heat generation and (III) heat removal. Different operating strategies have been proposed 127 

for optimal heat management depending on the oxygen carrier reactivity [14,17]. In one of the 128 

strategies, an oxidized oxygen carrier is reduced at about 450 °C (I) and afterwards, the 129 

reactor is purged with N2 and oxidized with air (II). During oxidation, the reactor temperature 130 

rises to 1200 °C. When the bed is completely oxidized, air is heated in the reactor from 131 

450 °C (the adiabatic temperature rise when pressurizing air from ambient conditions to 132 

20 bar) to 1200 °C (III), which is fed to the gas turbine for power production. When the heat 133 

has been removed from the reactor, the packed bed is again at 450 °C and after a purge with 134 

N2, the oxygen carrier can be reduced again. For this operating strategy, an oxygen carrier is 135 

required that is reactive with H2 and CO at low temperatures (450-600 °C), but can withstand 136 

the high temperatures (1200 °C) during the oxidation step. So far, nickel-based oxygen 137 

carriers have been identified as one of the most promising oxygen carriers, because of the low 138 

melting point of copper and the high active weight content required for manganese and iron 139 

based oxygen carriers [14]. 140 

In the MA-CLR concept (Figure 1 right), Pd-based selective membranes for H2 separation are 141 

immersed in the fuel reactor. When methane is used as fuel for the steam methane reforming 142 

process (SMR), the produced hydrogen is directly extracted from the bed resulting in a shift 143 

of the equilibrium towards the products (Le Châtelier’s principle), allowing also the 144 

integration of the water gas shift reaction (WGS). At the outlet, stream of the fuel reactor will 145 

mainly contain CO2 and H2O, which can be easily separated by steam condensation, while an 146 

ultra-pure H2 stream is produced through the membranes. This novel concept achieves a high 147 

degree of process intensification compared to the traditional steam methane reforming process 148 

for H2 production. The optimal temperature in the fuel reactor for this application is around 149 

600 °C [15] with a steam to carbon ratio (S/C) of two. At this temperature the performance of 150 

the selective Pd membranes is maximized and thermodynamic equilibria can be completely 151 

shifted. Moreover, at this temperature a compromise between the highly endothermic SMR 152 

reaction and the exothermic WGS reaction is obtained, where full CH4 conversion can be 153 

achieved resulting in an efficient use of the fuel. In this concept, the behaviour of the solid 154 
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becomes critical for a good performance in the fuel reactor. This is mainly related to the fact 155 

that in this reactor gas-solid reactions and catalytic reactions take place at the same time. 156 

When the solid behaves as an oxygen carrier (gas-solid reaction), the small amount of oxygen 157 

transferred from the air reactor is used for partial oxidation of methane in order to sustain the 158 

temperature needed in the reactor. Furthermore, when the solid is fully reduced it behaves as a 159 

catalyst for the SMR process (catalytic reaction). Thus it is important to find a solid able to 160 

combine both properties, making it suitable for the concept. 161 

 162 

Figure 1: Left: schematic representation of the PB-CLC concept [18]. Right: Schematic 163 

representation of the MA-CLR concept. 164 

 165 

Both proposed reactor concepts have in common that a good activity of the oxygen carrier for 166 

reduction and reforming at low temperatures are needed or desired. However, up till now all 167 

Chemical Looping applications have been carried out at relatively high temperatures. Due to 168 

this fact, there is still an important lack of knowledge about the behaviour of oxygen carriers 169 

in low temperature applications (400-700 °C). Thus, in this work it is aimed the proposal of 170 

an active oxygen carrier that can be used for novel concepts, all carried out at low 171 

temperatures.  Ni, Cu, Fe and Mn based metal oxides are the most studied oxygen carriers in 172 

Chemical Looping systems, where more than 700 oxygen carriers have already been 173 

developed and tested [8]. At low temperatures, Ni-based materials show high oxygen carrier 174 

conversions and high selectivities to the desired products. For Cu-based oxygen carriers the 175 

product selectivity is also very high. The advantage of nickel for the MA-CLR concept is that 176 

it is also a well-known catalyst for the steam methane reforming [19]. Both metals have high 177 

oxygen capacity and the total amount of active content needed is not high. Fe-based oxygen 178 

carriers show low selectivities in case of high degrees of reduction and also poor CH4 179 

conversions. Mn-based oxygen carriers have also low oxygen contents and are therefore not 180 

considered interesting for low temperature applications. Concluding, when comparing the 181 

different oxygen carriers for low temperature chemical looping applications, Ni-based oxygen 182 

carriers might be the most interesting and therefore this material has been selected in this 183 

work. 184 

For the selection of the support, it is important to consider different characteristics that might 185 

influence its performance, in particular agglomeration and interactions between the active 186 

metal and the support [20]. In most of the used Ni-based oxygen carriers, Al2O3 was selected 187 

as support. However, the formation of nickel aluminates has been mentioned in the literature 188 

as one of the main problems. When NiAl2O4 is formed, the reactivity is strongly reduced 189 

compared to free NiO. Consequently, the use of aluminates as support has been proposed as a 190 

suitable solution for the prevention of the formation of nickel aluminates during the oxidation 191 

step. In this study, CaAl2O4 has been selected as support, which has only been used for high 192 

temperature Chemical Looping applications, where a very high reactivity, good regenerative 193 

properties and a high selectivity for methane combustion to CO2 and H2O were achieved [21]. 194 

However, all this properties abovementioned are not conclusive for much lower temperatures 195 

and thus it is important to have a better understanding of its performance under these more 196 

stringent conditions (in terms of reactivity). The combination of Ni supported on CaAl2O4 is a 197 
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well know catalyst for steam reforming processes and it is commercially available. Due to this 198 

reason, in this work a commercial catalyst has been used instead of a newly developed oxygen 199 

carrier, thus gaining a rapid availability of the solid when needed and more homogeneous 200 

properties. 201 

Thus, the main objective and motivation of this work is to study the suitability of a 202 

commercial catalyst (described in Section 2) used for Steam Methane Reforming as a 203 

potential oxygen carrier for low temperature applications. The novelty of this study is in line 204 

with the development of novel Chemical Looping concepts operated at low temperatures. Due 205 

to the lack of study on oxygen carriers working at low temperatures, in this work the 206 

reactivity of an oxygen carrier at temperatures is studied at temperatures ranging from 500 °C 207 

to 700 °C.  Furthermore, during this work it has been discovered that this oxygen carrier 208 

behaves differently when it is used at low temperatures and when it is used at higher 209 

temperatures. This comes along with an activation occurring in the surface of the solid. This 210 

activation, which is investigated in Section 3 and which procedure is described, gives to this 211 

work extra-novelty combined with reactivity tests at low temperatures. The document is 212 

divided into three different parts. First, a deep oxygen carrier characterization is carried out 213 

throughout different characterization techniques for the explanation of the activation 214 

observed. Secondly, gas-solid kinetics are determined in TGA at different oxidation/reduction 215 

conditions. Finally, as the completely reduced oxygen carrier behaves like a catalyst for 216 

Steam methane reforming reaction, catalytic kinetics is determined for the reduced oxygen 217 

carrier in a differential packed bed reactor by comparison with data from the literature. In this 218 

case the catalytic kinetics is not fitted into a new expression but experimental results are 219 

compared with another kinetics proposed in the literature under similar experimental 220 

conditions. In the end the work is summarized with main conclusions regarding the use of a 221 

commercial catalyst as oxygen carrier for novel low temperature Chemical Looping 222 

applications. 223 

2 Materials and methods 224 

2.1 Oxygen carrier and characterization 225 

A Johnson Matthey product, HiFUEL
®

 R110 (Ni-based catalyst supported on CaAl2O4 for 226 

steam reforming of natural gas), available in pelleted form from Alfa Aesar, is tested and 227 

evaluated as a suitable oxygen carrier for Chemical Looping applications at low temperatures. 228 

For the experimental tests, the pellets are crushed to the desired particle size and the content 229 

of (available) Ni is determined by complete reduction and oxidation of the samples. The 230 

oxygen carrier conversion (Xs) is subsequently calculated through the mass change in the 231 

oxygen carrier under different experimental conditions, defined by Equation 1, where m is the 232 

current mass and mox and mred are the mass of the fully oxidized and reduced forms of the 233 

oxygen carrier. 234 

 235 

𝑋𝑠 =  
𝑚−𝑚𝑟𝑒𝑑

𝑚𝑜𝑥−𝑚𝑟𝑒𝑑
      Equation 1236 

  237 
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The main properties of the oxygen carrier have been analyzed through different 238 

characterization techniques for fresh material and after-used samples. The particle density is 239 

measured in a Quantachrome Ultrapyc 1200e. The surface area of fresh and used material was 240 

determined by the Brunauer-Emmet-Teller (BET) method by adsorption/desorption of 241 

nitrogen at 77 K in a Thermo-Scientific Surfer. In addition, the microstructure of the different 242 

samples was analyzed in a Phenom scanning electron microscope (SEM). 243 

Crystalline species were identified by X-ray Diffraction (XRD) in a Rigaku (WAXS) 244 

diffractometer at 298 K with a mobile Cu anode. The diffractometer uses a graphite 245 

monochromator to select CuKα1.2 radiation and all experimental measurements have been 246 

carried out by varying the diffraction angle between 10° and 90°. 247 

X-ray photoelectron spectroscopy (XPS) data were recorded on a Kratos AXIS Ultra 248 

spectrometer equipped with a monochromatic AlKα X-ray source and a delay-line detector 249 

(DLD). Spectra were obtained using an aluminium anode (hv = 1486.6 eV) operating at 250 

150 W, with survey scans at constant pass energy of 160 eV and region scans at a constant 251 

pass energy of 40 eV. The background pressure was 2∙10
-9

 mbar. CasaXPS data processing 252 

software was used for peak fitting and quantification, where all binding energies were 253 

referenced to the C 1s line at 284.6 eV. Surface composition were estimated from the 254 

integrated intensities corrected by the atomic sensitivity factors [22]. 255 

Finally, temperature programmed reduction (TPR) analyses were carried out for different 256 

samples in a Rubotherm Dyn THERM MP HT-II instrument equipped with a magnetic 257 

suspension balance. The sample was heated at 7 °C/min from room temperature to 1000 °C 258 

with a flow rate of 20 mL/min and 10% H2. The consumption of hydrogen was then 259 

calculated in order to identify possible components in the samples. 260 

2.2 Gas-solid kinetics in TGA 261 

Thermogravimetric analyses (TGA) have been carried out in order to evaluate the gas-solid 262 

kinetics of the oxygen carrier (the schematic representation of the experimental setup is 263 

reported in Figure 2). The TGA consists of a cylindrical quartz glass reactor (15 mm i.d.) 264 

placed in an oven that can operate at up to 1000 °C and atmospheric pressure. The sample 265 

(typically 100 mg) was placed in a quartz sample-holder (40 μm pore size) connected to a 266 

Sartorius balance with a platinum wire. Temperature and weight of the sample, which is the 267 

key parameter for gas-solid kinetics determination, are continuously monitored. Gas flow 268 

rates are controlled by Mass Flow Controllers (Bronkhorst) and the gas is fed from the bottom 269 

part of the reactor. A permanent nitrogen purge stream is fed to the balance to avoid exposure 270 

of the balance electronics to reactive species, but this stream is not in contact with the sample. 271 

Lines at the outlet of the TGA are traced in order to avoid steam condensation. 272 

Reactivity experiments are carried out using H2, CO (mixed with CO2) and CH4 (mixed with 273 

steam) as reducing agents (N2 balance) and air during oxygen carrier oxidation. Temperatures 274 

between 500 °C and 800 °C have been used under different total flow rates and gas 275 

compositions. Prior to an experiment, the temperature is increased to the desired value at a 276 

constant heating rate and inert flow conditions (nitrogen) and, after that, consecutive cycles of 277 

reduction and oxidation are carried out at the desired conditions. Two minutes purge (in 278 
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nitrogen atmosphere) between reduction and oxidation is always applied in order to avoid 279 

mixing of the different reactants. A minimum of five reduction-oxidation cycles at the desired 280 

conditions have been evaluated to verify cyclic reproducibility of the results. Tests with 281 

different total flow rates and with samples with different particle sizes have demonstrated that 282 

no external mass transfer limitations were observed and also no internal mass transfer 283 

limitations for particle sizes up to 300 μm. As reference case, experiments are carried out 284 

under a total flow rate of 480 mL/min using samples with 200-300 μm particle size. A 285 

summary of the conditions used for the gas-solid kinetics determination is given in Table 1. 286 

 287 

Table 1 Experimental conditions used in this work for redox kinetics determination in the 288 

TGA 289 

 290 

Figure 2: TGA setup used in this work. 291 

 292 

2.3 Catalytic kinetics in a batch fixed-bed reactor 293 

As discussed during the introduction, when the oxygen carrier is fully reduced it will behave 294 

as a catalyst in the fuel reactor of the MA-CLR concept. Thus it is not only important to study 295 

gas-solid kinetics in the TGA, but also the catalytic activity (kinetics) for Ni/CaAl2O4. For 296 

this study a small packed-bed reactor has been used for kinetic measurements for the catalytic 297 

gas phase reactions (steam methane reforming and water gas shift reactions). The catalyst bed 298 

consists of 1 gram of fully reduced oxygen carrier (200-300 μm particle size) mixed with 1 299 

gram of inert material (quartz) with the same particle size and is placed in a U-shaped quartz 300 

reactor (8 mm i.d.) where the temperature is controlled by an electrical oven (Figure 3). Inlet 301 

gas flow rates are controlled by Brooks Instruments mass flow controllers, whereas steam is 302 

controlled by a C.E.M. The outlet gas composition is continuously analyzed in an IR and heat 303 

conductivity analyzer (Sick) once all steam has been condensed in order to avoid water 304 

condensation in the analyzer. 305 

The catalytic activity of the oxygen carrier for the steam methane reforming process is 306 

evaluated at temperatures between 500 and 700 °C. Different steam-to-carbon (S/C) ratios, 307 

CH4 concentrations and total flow rates have been used. Before the experiments are started, 308 

the samples are heated at a constant heating rate of 5 °C/min under nitrogen atmosphere. Then 309 

the sample is reduced with 20%v/v H2 and a total flow rate of 600 mL/min during 1 h (N2 310 

balance). After this reduction, the maximum degree of reduction is reached. Therefore, all the 311 

reactions that take place during the tests are only related to the catalytic reaction with nickel 312 

and not to gas-solid redox reactions. After the reduction, and 5 minutes purge in N2 313 

atmosphere, CH4 is fed together with steam at the desired composition (N2 balance) for the 314 

SMR reaction. In the case of WGS reaction, CO2 is fed together with H2 at different 315 

compositions (N2 balance). The operation is carried out until steady state operation is reached. 316 

After that, the amount of carbon deposition is evaluated with diluted air (10% O2) by 317 

determining the total formation of CO2 and CO. 318 
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 319 

Figure 3: Kinetic setup used in this work. 320 

3 Results 321 

3.1 Reactivity tests 322 

For both reactor concepts abovementioned, the oxygen carrier needs to present fast kinetics at 323 

relatively low temperatures. For instance, the PB-CLC concept works during the reduction 324 

step at 450-600 °C and at these temperatures no reported reactivity data are available. On the 325 

other hand, the MA-CLR concept has an optimum temperature of around 600 °C in order to 326 

maximize the hydrogen recovery. In this concept the oxygen carrier combines gas-solid 327 

reactions and gas-phase catalytic reactions, thus the solid should show high activity for both 328 

systems at the low temperatures aimed for the concepts. 329 

During reactivity experiments, fresh material was tested in the TGA with H2 as reducing agent 330 

at different temperatures. The maximum tested temperature was 900 °C and, at such 331 

conditions, the maximum degree of reduction was measured. This value indicated a NiO 332 

content of 20 wt%. The results were reproducible, but the reduction reactivity was found to 333 

depend on the operating conditions of the previous cycles. The oxygen carrier conversion 334 

during the reduction with 20% H2 at 700 °C is depicted in Figure 4 for the same sample with a 335 

different temperature history. The so-called fresh material has been tested only at relatively 336 

low temperatures of 700 °C, while the activated one is the same sample once it has been 337 

tested under reacting conditions at high temperatures above 900 °C before carrying out the 338 

experiment at 700 °C. As can be observed, the oxygen carrier reactivity is strongly increased 339 

as a result of the high temperature tests. The maximum conversion is also clearly increased 340 

and, moreover, faster kinetics was observed. 341 

The oxygen carrier has been thoroughly characterized (section 3.2) to investigate and explain 342 

this behaviour. When fresh material is directly oxidized at high temperatures (no oxygen 343 

carrier reduction), the behaviour of the oxygen carrier is similar to a fresh sample. This 344 

implies that the activation of the oxygen carrier is caused by its reduction at high 345 

temperatures. Finally, the reversibility in the change of the behaviour was verified. Therefore, 346 

the oxygen carrier was tested over more than 200 redox cycles and only a small decrease of 347 

8% in the final maximum conversion was observed, while the initial slope (thus the initial 348 

kinetics) remained unchanged.  349 

 350 

Figure 4: Oxygen carrier conversion for reduction with 20% H2 at 700 °C for different 351 

samples (NiO/CaAl2O4). 352 

 353 

Methane was also used as reducing agent in TGA reactivity tests, since methane is the fuel 354 

used in the MA-CLR concept. CH4 was fed together with sufficient H2O in order to avoid 355 

carbon formation (S/C-ratio of 3) and the results are shown in Figure 5. The oxygen carrier 356 

did not show activity at low temperatures when the sample was fully oxidized. Only when the 357 
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sample was not fully oxidized (i.e. it contained some remaining reduced oxygen carrier), 358 

reduction with CH4 was observed. In these experiments the sample was previously oxidized at 359 

700 °C with 5% O2 and a total flow rate of 480 mL/min during different times in order to 360 

determine the exact amount of reduced oxygen carrier in the sample. As it can be observed, 361 

only when there is some free metallic Ni in the sample, the reduction of the oxygen carrier 362 

with methane takes place. This is explained by the fact that Ni is a catalyst for the steam 363 

methane reforming process and hence, prior to the reduction of the oxygen carrier, the gas-364 

phase catalytic reaction occurs. In this catalytic reaction CO and H2 are produced and they are 365 

the responsible for the reduction of the oxygen carrier. Fully oxidized oxygen carrier does not 366 

react with methane at 700 °C. However, when 11% of the nickel is in the form of free Ni, 367 

catalytic reactions can take place and the reduction of NiO starts with the formed H2 and CO. 368 

However, there is a dependency on the total amount of free Ni needed to reduce the oxygen 369 

carrier as a function of the temperature. As can be discerned from Figure 5, when the same 370 

amount of free Ni is present in the sample, but the reduction is carried out at 500 °C, there is 371 

hardly any reactivity. Only if the total amount of free Ni is increased, catalytic reactions can 372 

take place. For that reason, kinetics with CH4 as reducing fuel has not been further studied for 373 

this oxygen carrier.  374 

 375 

Figure 5: Oxygen carrier conversion for reduction with 20%CH4 and 60%H2O at different 376 

temperatures for activated material (NiO/CaAl2O4). 377 

 378 

Since it has been demonstrated that the activated material has a better performance, all 379 

subsequent reactivity experiments were carried out with activated material. However, prior 380 

the determination of the gas-solid kinetics in TGA and gas-phase kinetics in packed bed 381 

reactor, the activation observed for the solid is analyzed and explained through 382 

characterization of different samples of the solid. 383 

3.2 Oxygen carrier characterization 384 

The main activation of the oxygen carrier can be observed through TPR results (Figure 6). For 385 

the fresh sample, it is possible to identify an intense reduction peak at around 800 °C which is 386 

directly correlated to the activation of the oxygen carrier. The TPR results of activated 387 

material show different profiles. These results are in agreement with results obtained by 388 

Cabello et al. [23] for a similar oxygen carrier. Thus, it is demonstrated that if the oxygen 389 

carrier is directly used at temperatures around 500-700 °C, which are desired for low 390 

temperature Chemical Looping concepts, its behaviour would be completely different 391 

compared to when it is first activated at high temperatures.  392 

In order to explain why the oxygen carrier behaviour is modified when reduction is carried 393 

out at high temperatures, three different samples have been characterized in detail. The main 394 

results of the characterization have been summarized in Table 2. Fresh sample is referring to a 395 

sample taken from pellets crushed to the desired particle size, where the sample has never 396 

been exposed to reacting conditions after its preparation. Activated material is referring to 397 

samples that have been reduced during several cycles at 900 °C and that show an improved 398 
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performance compared to fresh material. The third sample has been activated and exposed to 399 

more than 200 redox cycles and has shown a slight decrease in the final oxygen carrier 400 

conversion. 401 

 402 

Figure 6: TPR profiles of fresh and activated NiO/CaAl2O4 material. 403 

 404 

Table 2 Main properties of the oxygen carrier 405 

 406 

First, the sample is characterized by means of pore size, particle density and crystalline 407 

species in order to evaluate the possible structural changes in the sample caused by the 408 

activation. According to the results reported in Table 2, there is not a significant change in the 409 

morphological structure of the particles since the superficial area remains almost constant and 410 

the mean pore size is not increasing. 411 

Migration of Ni species from the bulk to the surface or vice versa could also explain the 412 

observed activation of the oxygen carrier. Therefore, XPS analyses have been carried out to 413 

determine the surface composition. The results show unexpected losses of superficial nickel in 414 

the oxygen carrier once it has been activated. Hence, Ni migration from the bulk to the 415 

surface cannot be responsible for the observed activation. In addition, also a decrease in the 416 

superficial content with respect to the activated material was observed once the sample had 417 

undergone numerous reduction-oxidation cycles. This can be related to agglomeration of the 418 

Ni. Another important aspect observed in the XPS analyses is the fact that the binding energy 419 

for Ni
2p

 is strongly reduced from the fresh to the activated material (Figure 7). This might 420 

indicate the main cause of the activation, which is correlated with the Ni-support interactions. 421 

This strong Ni-support interaction is not caused by the presence of nickel aluminates, because 422 

they have not been detected in the XPS measurements for any sample. Moreover, this is in 423 

agreement with results obtained during XRD analyses. Hence, it can be concluded that the use 424 

of the spinel CaAl2O4 as support avoids the formation of less reactive nickel aluminates. The 425 

XPS analyses are in line with literature [23]. 426 

 427 

Figure 7: XPS analysis for fresh, activated and exposed oxygen carrier (NiO/CaAl2O4) to 428 

more than 200 redox cycles. 429 

 430 

It has been concluded that the activation of the oxygen carrier is not caused by either 431 

structural changes or increase in Ni concentration on the surface. However, a significant 432 

decrease in the surface Ni concentration has been observed after the sample was activated. 433 

This indicates the possibility of a different interaction or reorganization of the Ni with the 434 

support. This has also been evaluated by taking SEM images of the different samples (Figure 435 

8). For all samples, nickel was in the form of NiO. For the fresh sample it is possible to 436 

observe the presence of a well distributed and homogeneous NiO layer (white) on the support. 437 

This layer has a strong interaction with the support (as observed during XPS analysis) and is 438 

assumed to be caused by the preparation method of the catalyst. However, for the activated 439 
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sample, Ni is reorganized into small spots with a small grain size. It implies that there is a 440 

modification in the superficial organization of the nickel. This is also explained by the 441 

differences in the binding energy measured with XPS, which decreases once the sample has 442 

been activated. Thus, the activation is believed to be caused by the reorganization of the 443 

active component on the support. Mile et al. [24] already determined the presence of different 444 

NiO forms in silica-supported catalysts. The presence of a bi-dimensional NiO monolayer 445 

covering the top of the support with a strong interaction implies a less reducible NiO for TPR 446 

experiments. This explains the fact that fresh oxygen carrier is less active compared to the 447 

activated sample. However, once the oxygen carrier has been reduced at high temperatures 448 

there is a reorganization of the monolayer NiO into small NiO grains, which show higher 449 

activities for reduction (confirmed by BE in XPS). SEM images for the activated samples 450 

after more than 200 reduction-oxidation cycles show bigger NiO grains. This confirms Ni 451 

agglomeration over time, which reduces the active amount of reducible NiO (confirmed by 452 

XPS). Nevertheless, after even more cycles, solid conversion was not decreasing anymore and 453 

further agglomeration was not observed. However, this exposed sample has still NiO in the 454 

form of grains. Due to this fact, the reactivity is the same as for the just activated sample, as 455 

shown in Figure 4. Moreover, the decrease observed in Ni concentration in XPS analysis after 456 

activation can be explained by this reorganization of the superficial NiO. XPS measures a 457 

fixed small spot window. Thus under the presence of a NiO layer in the fresh material, the 458 

coverage is higher than the small grains for activated sample. Therefore, this higher coverage 459 

will imply a higher content of NiO in the sample. 460 

 461 

 462 

Figure 8: SEM pictures for different samples of the oxygen carrier (NiO/CaAl2O4). Left: fresh 463 

material. Center: activated material. Right: Material exposed to more than 200 redox cycles. 464 

 465 

As a summary of the characterization carried out in this work, it has been determined that 466 

activation of the oxygen carrier should be done in order to provide full reduction of the Ni at 467 

low temperatures (TPR). This activation takes place only when the solid is exposed at 468 

temperatures around 900 °C under reducing conditions. Thus prior starting experiments, a 469 

procedure based on reduction of the solid at 900 °C should be done providing that there is full 470 

reduction conversion of the solid. Before this activation, the NiO layer is covering part of the 471 

superficial Ni that is available for reaction. Therefore, conversions achieved with fresh 472 

material are far from full oxygen carrier conversion. Nevertheless, once it has been activated, 473 

Ni in the surface is more accessible for gas-solid reactions and oxygen carrier conversion is 474 

clearly improved. 475 

3.3 Fixed bed operation 476 

 477 

The improvement in oxygen carrier conversion has been proven after solids activation. This 478 

has lead into a more accessible superficial Ni. Therefore, it might be thought that during the 479 

gas-phase reaction (catalytic activity when Ni is fully reduced), the maximum fuel conversion 480 
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achieved at the outlet of the reactor will be increased. This is of interest for the MA-CLR 481 

concept and, in order to verify it, different experiments have been carried out in a small 482 

packed bed reactor. In this case, activated and fresh particles have been tested separately. An 483 

example of CH4 conversion is shown in Table 3 for different S/C-ratios and different inlet 484 

compositions for the fresh and activated particles. In this case, a temperature of 600 °C has 485 

been used with N2 to balance. It is clearly demonstrated that the activation of the oxygen 486 

carrier leads to an increase in the final CH4 conversion achieved. According to the results 487 

depicted in the table, this activation is more important when the conditions are unfavoured for 488 

achieving high conversions, like observed in the cases of low Steam-to-Carbon ratio or for 489 

high inlet fuel concentrations. Actually, it is observed a clear trend in the improvement of the 490 

conversion as a function of the experimental conditions. The higher the Steam-to-Carbon 491 

ratio, the lower is the increase associated to the use of activated catalyst, and also the higher 492 

the inlet concentration of CH4, the higher is the increase in the improvement. The fact that the 493 

conversion is increased demonstrates that there is a modification in the grain size of the 494 

superficial Ni and that it becomes especially important for the most unfavoured cases. This 495 

has been confirmed with the SEM analyses and implies that Ni is more accessible for the 496 

reaction. Moreover, these results are in agreement with gas-solid reactivity studies in the 497 

TGA, since for that case, the oxygen carrier conversion is also increased when using the 498 

activated particles. However, during the present experiment only gas-phase catalytic reaction 499 

takes place. 500 

 501 

Table 3 CH4 conversion in a small packed bed reactor for steam methane reforming reaction 502 

when using activated and non-activated material 503 

 504 

3.4 Kinetics for gas-solid and catalytic reactions 505 

A different reactivity was observed with this material compared to previous reported redox 506 

reactions with NiO/Ni oxygen carriers in the literature [25,26], especially because this oxygen 507 

carrier has never been used at such low temperatures. Therefore the kinetics of the activated 508 

oxygen carrier has been determined for the reduction reactions with CO and H2 and the 509 

oxidation with O2. The kinetics has been determined in the TGA with particles that were 510 

crushed to 200-300 μm particle size with the procedure that has been explained in section 2.2. 511 

No internal mass transfer limitations were measured with the selected particle size and 512 

absence of external mass transfer limitations were assured by the relatively high flow rates, 513 

therefore true kinetics was measured. TGA experiments have shown that the reduction 514 

kinetics depend on the temperature at which the previous oxidation cycle was carried out. 515 

This effect has been excluded by performing the previous oxidation always at 800 °C as it is 516 

expected that this temperature is reached in the air reactor in the MA-CLR process. The 517 

oxidation kinetics has been evaluated by experiments carried out after a reduction at 700 °C 518 

with 20% H2 in the inlet composition. With these conditions, the experiments were 519 

reproducible, which has been verified by performing every experiment for at least three times. 520 

During the reductions, the reactant fraction and temperature have been varied between 5-50% 521 

and 500-800 °C, respectively. For the reductions with CO, some CO2 (CO2/CO-ratio of 2) has 522 
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been added to avoid carbon deposition. For the oxidation, the maximum O2 fraction is 21% 523 

(O2 fraction in air) and a temperature of 600-800 °C has been varied. The desired gas 524 

fractions have been obtained by dilution with N2. All the experiments have been performed at 525 

atmospheric pressure. 526 

From the solid conversion curves from the TGA experiments an active weight content of 527 

20 wt% NiO has been derived. The markers in Figure 9 show the solid conversion as a 528 

function of time on stream for the different operating conditions. It appears that during 529 

reduction the reaction rates decrease with the solid conversion. At lower temperatures, it is 530 

even not possible to get full conversion of the NiO. This behaviour has been described by a 531 

shrinking core model with a mixed control of chemical reaction and diffusion, which is 532 

summarized in Table 4. Experiments with larger particles did not show a different slope in the 533 

second part of the curve, which means that it is questionable if the observed decrease in the 534 

reaction rate is indeed caused by diffusion limitations. Thus, although this model is often used 535 

in literature and gives a good description of the observed kinetics, the underlying assumptions 536 

may not be fully correct. 537 

In the kinetics expression, the grain radius has been calculated with the BET surface and the 538 

apparent density. An overview of the determined kinetic parameters is provided in Table 5 539 

and the lines in Figure 9 represent the solids conversion curves that are obtained with these 540 

kinetics. The figure shows that the derived kinetic correlation gives a good description of the 541 

experimental data. 542 

 543 

Table 4 Expressions used for the kinetic terms. 544 

 545 

Table 5 Derived kinetic parameters for the NiO/CaAl2O4 particles. 546 

 547 

Figure 9: An overview of the experimental data from the TGA (dashed lines) compared with 548 

the derived kinetics (lines). Left part: influence of gas composition; right part: influence of 549 

temperature. a) Reduction with H2 (left: T = 700 °C; right: 20% H2), b) reduction with CO 550 

(left: T = 700 °C; right: 15% CO2), c) oxidation with air (left: T = 800 °C; right: 21% O2).  551 

All the experiments have been carried out at atmospheric pressure. 552 

 553 

While gas-solid kinetics can be well described after experiments in TGA, fully reduced 554 

oxygen carrier has been used for studying its gas-phase catalytic activity in fixed bed 555 

operation (see for the description Section 2.4). The measured kinetic data have been compared 556 

to the reaction scheme and kinetics proposed by Numaguchi and Kikuchi [27]. The selection 557 

of this reaction description is related to the fact that a similar material was used (Ni/Al2O3) 558 

with similar Ni content in the sample (8.7 wt%). Moreover, the temperature range used in 559 

their study is suitable for the low temperature chemical looping applications. 560 

The catalytic reaction has been carried out under different conditions defined in Section 2.4, 561 

and results have been compared with simulated results according to the kinetic model 562 

described by Numaguchi and Kikuchi. In Figure 10 a parity plot between our experimental 563 
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results and computed results using the literature correlation for the same conditions is shown. 564 

For both cases results are presented as the dry composition of products at the outlet of the 565 

reactor. The parity plot shows that, despite some deviations for some of the cases, there is a 566 

reasonable agreement between the experimental and calculated values. It brings as a 567 

conclusion that the gas-phase catalytic behaviour of the oxygen carrier during the catalytic 568 

reforming can be well described with the kinetics proposed by Numaguchi and Kikuchi. 569 

 570 

Figure 10: Parity plot for a comparison between experimental and calculated values; points 571 

represent dry basis component molar fraction for every experiment. Dashed lines represent ± 572 

10% of deviation respect to the perfect matching. 573 

4 Conclusions 574 

A Johnson Matthey Ni-based catalyst (HiFUEL
®

 R110, available from Alfa Aesar) has been 575 

studied as oxygen carrier for novel reactor concepts based on low temperature Chemical 576 

Looping applications such as PB-CLC and MA-CLR. The oxygen carrier is supported on 577 

CaAl2O4, which avoids the formation of nickel aluminates as was confirmed by XRD 578 

analyses. Due to the absence of studies on low temperature behaviour of oxygen carriers, it 579 

has been discovered that this oxygen carrier behaves differently when it is used fresh for low 580 

temperature applications as when it is used directly for common high temperature Chemical 581 

Looping systems. Actually, this important difference can be somehow reduced via the 582 

activation of the oxygen carrier, which has been identified as an important action that should 583 

be taken prior using the oxygen carrier for the presented applications. In order to short out this 584 

issue, a procedure for the activation has been given in this work. TGA experiments have 585 

shown an increase in the oxygen carrier conversion and its kinetics after carrying out a 586 

reduction at 900 °C. It was found that after many redox cycles the nickel content was slightly 587 

reduced. Characterization of the sample has confirmed that the activation of the oxygen 588 

carrier is not related to structural changes in the morphology (BET) or the formation of new 589 

compounds (XRD). The activation of the oxygen carrier and the change in the measured Ni 590 

content on the oxygen carrier surface was investigated by TPR, XPS and SEM. The 591 

explanation for observed behaviour is related to the interaction of the Ni with the support. In 592 

fresh material a monolayer of Ni is coating the support, and this monolayer has a strong 593 

interaction with the support and partially covers a certain content of the Ni available for 594 

reaction, resulting in a decrease in the observed reaction rates compared to activated material 595 

and also lower final solid conversions. However, once the oxygen carrier is activated, a 596 

redistribution of the Ni has been observed. The monolayer turns into nickel grains that show 597 

high reactivity due to an increase in the contact area. This is also supported by the observed 598 

reduction in the binding energy for Ni
2p

 in the surface for activated material compared to fresh 599 

material. After several cycles, the activated oxygen carrier suffers somewhat from Ni 600 

agglomeration, which was observed in both XPS analyses and SEM images, where the grain 601 

size increases and hence the total amount of superficial nickel decreased. This agglomeration 602 

implies a small concomitant decrease in the oxygen carrier conversion. Despite this 603 

agglomeration, the activated oxygen carrier reactivity remains comparable to the activated 604 

material. 605 
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Thus, a NiO/CaAl2O4 catalyst was found to be a suitable oxygen carrier for low temperature 606 

Chemical Looping applications, provided that the oxygen carrier was first activated by a 607 

reduction step at 900 °C. A good description has been obtained for the gas-solid kinetics of 608 

the redox reactions with H2, CO and O2 at 500-800 °C and atmospheric pressure. Moreover, 609 

due to the solid also behaves as catalyst for reforming reactions, the gas-phase kinetics of the 610 

reduced material has been compared to the kinetics description proposed by Numaguchi and 611 

Kikuchi and a reasonable agreement was found. In future works, this oxygen carrier material 612 

and its kinetics descriptions will be used to investigate and evaluate novel low temperature 613 

chemical-looping applications. 614 

 615 
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Tables 

 

Table 1 Experimental conditions used in this work for redox kinetics determination in the 

TGA. 

 

 
Temperature 

(°C) 

Total flow rate 

(mL/min) 

Inlet gas 

composition 

Conditions respective 

cycle 

Reduction with H2 500 – 800 480 
5-50% H2 

(N2 to balance) 

Oxidation at 700 °C 

with air 

Reduction with CO 500 – 800 480 

5-40% CO 

CO2/CO = 2 

(N2 to balance) 

Oxidation at 700 °C 

with air 

Oxidation with O2 500 – 800 480 
2-21% O2 

(N2 to balance) 

Reduction at 700 °C 

with 20% H2 
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Table 2 Main properties of the oxygen carrier 

 

 

 Fresh Activated 
Activated and exposed to more 

than 200 cycles 

SBET (m
2
/s) 23.3 21.2 18.1 

Mean pore size (nm) 15 11.8 12.4 

Particle density (kg/m
3
) 3451 3487 - 

XRD (Main compounds) NiO, Al2O3, CaAl2O4, CaAl4O7 

XPS. Ni 2p (%) 10.6 3.2 2.5 
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Table 3 CH4 conversion in a small packed bed reactor for steam methane reforming 

reaction when using activated and non-activated material 

Conditions CH4 conversion 

T (°C) S/C C3H8,0 (%v/v) Activated Non-activated Improvement (%) 

600 

2 12 49.0 43.2 13.6 

3 12 54.8 50.6 8.4 

4 12 61.1 59.3 2.9 

3 8 60.8 57.1 6.4 

3 16 50.4 44.0 14.5 
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Table 4 Expressions used for the kinetic terms. 
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Table 5 Derived kinetic parameters for the NiO/CaAl2O4 particles. 

 

 H2 CO O2 

Cs (mol/m
3
) 89960 89960 151200 

r0 (m) 3.13·10
-8

 3.13·10
-8

 5.8·10
-7

 

k0 (m/s) 9.00·10
-4

 3.5·10
-3

 1.2·10
-3

 

Ea (kJ/mol) 30 45 7 

n 0.6 0.65 0.9 

D0 (m
2
/s) 1.70·10

-3
 7.4·10

6
 1 

Ed (kJ/mol) 150 300 0 

kx 5 15 0 

b 1 1 2 
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Figure captions 

 

Figure 1 - Left: schematic representation of the PB-CLC concept [18]. Right: Schematic 

representation of the MA-CLR concept. 

Figure 2 - TGA setup used in this work. 

Figure 3 - Kinetic setup used in this work. 

Figure 4 - Oxygen carrier conversion for reduction with 20% H2 at 700 °C for different 

samples (NiO/CaAl2O4). 

Figure 5 - Oxygen carrier conversion for reduction with 20% CH4 and 60% H2O at different 

temperatures for activated material (NiO/CaAl2O4). 

Figure 6 - TPR profiles of fresh and activated NiO/CaAl2O4 material. 

Figure 7 - XPS analysis for fresh, activated and exposed oxygen carrier (NiO/CaAl2O4) to 

more than 200 redox cycles. 

Figure 8 - SEM pictures for different samples of the oxygen carrier (NiO/CaAl2O4). Left: 

fresh material. Center: activated material. Right: Material exposed to more than 200 redox 

cycles. 

Figure 9 - An overview of the experimental data from the TGA (dashed lines) compared with 

the derived kinetics (lines). Left part: influence of gas composition; right part: influence of 

temperature. a) Reduction with H2 (left: T = 700 °C; right: 20% H2), b) reduction with CO 

(left: T = 700 °C; right: 15% CO2), c) oxidation with air (left: T = 800 °C; right: 21% O2).  

All the experiments have been carried out at atmospheric pressure. 

Figure 10 - Parity plot for a comparison between experimental and calculated values; points 

represent dry basis component molar fraction for every experiment. Dashed lines represent ± 

10% of deviation respect to the perfect matching. 
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Figures 

 

 

 

 

 

Figure 1. Left: schematic representation of the PB-CLC concept [18]. Right: Schematic 

representation of the MA-CLR concept. 
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Figure 2. TGA setup used in this work. 
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Figure 3. Kinetic setup used in this work. 
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Figure 4. Oxygen carrier conversion for reduction with 20% H2 at 700 °C for different samples 

(NiO/CaAl2O4). 
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Figure 5. Oxygen carrier conversion for reduction with 20% CH4 and 60% H2O at different 

temperatures for activated material (NiO/CaAl2O4). 
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Figure 6. TPR profiles of fresh and activated NiO/CaAl2O4 material. 
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Figure 7. XPS analysis for fresh, activated and exposed oxygen carrier (NiO/CaAl2O4) to more 

than 200 redox cycles. 
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Figure 8. SEM pictures for different samples of the oxygen carrier (NiO/CaAl2O4). 

Left: fresh material. Center: activated material. Right: Material exposed to more than 200 redox 

cycles. 
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Figure 9. An overview of the experimental data from the TGA (dashed lines) compared with 

the derived kinetics (lines). Left part: influence of gas composition; right part: influence of 

temperature. a) Reduction with H2 (left: T = 700 °C; right: 20% H2), b) reduction with CO (left: T = 

700 °C; right: 15% CO2), c) oxidation with air (left: T = 800 °C; right: 21% O2).  

All the experiments have been carried out at atmospheric pressure. 
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Figure 10. Parity plot for a comparison between experimental and calculated values for molar 

fractions; points represent dry basis component molar fraction for every experiment. Dashed lines 

represent ± 10% of deviation respect to the perfect matching. 
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