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ABSTRACT 

Ni-based oxygen carriers allow to work at high temperatures (900-1100ºC) in a Chemical-Looping 

Combustion (CLC) process with full CH4 conversion, although thermodynamic restrictions result in the 

presence of CO and H2 in the gas outlet of the fuel reactor. On the other hand, Cu-based oxygen carriers 

allow complete fuel combustion to CO2 and H2O, but the operating temperature is limited due to the low 

melting point of the metallic Cu. The objective of this research was to analyze the behavior of several 

Ni-Cu oxygen carriers to reduce or avoid CO and H2 emissions during a CLC process working at high 

temperatures. Commercial Al2O3 and  Al2O3 were used as support to prepare by dry impregnation 

different oxygen carriers based on nickel and copper. The reactivity of these oxygen carriers was 

determined in a thermogravimetric analyzer (TGA). The effect of the mixture of NiO and CuO on the 

CO and H2 generation was analyzed in a fixed bed reactor, and the gas product distribution during 

reduction/oxidation reactions was studied in a batch fluidized bed reactor working with CH4 as fuel and 

diluted air for oxidation. The fluidization behavior of the oxygen carriers with respect to the attrition 

and agglomeration processes was also analyzed during the multi-cycle batch fluidized bed tests.  

The presence of CuO in the Ni-Cu oxygen carriers allows the full conversion of CH4 to CO2 and H2O in 

the batch fluidized bed reactor during the initial part of the reduction time, and this time depended on 

the CuO content of the oxygen carrier. TGA and X-ray diffraction studies indicated that CuO is used for 

the reduction reaction before NiO. In addition, it was observed that the presence of NiO stabilized the 

CuO and allowed to work at 950 ºC with Ni-Cu oxygen carriers with a high metal oxide utilization.  

Keywords: Chemical Looping Combustion, Oxygen Carriers, CO2 Capture 
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1. Introduction 

Carbon dioxide coming from fossil fuel combustion is one of the most important greenhouse gases 

contributing to global warming. One of the options to overcome greenhouse effect is the development of 

CO2 capture and separation technologies from flue gases. Ritcher and Knoche1 proposed a reversible 

combustion method, named as Chemical Looping Combustion (CLC), which utilizes oxidation and 

reduction of metals. This technology offers a tremendous potential to reduce the cost associated with 

CO2 separation because the only by-product of combustion with air is wet carbon dioxide that can be 

easily collected for subsequent use. 

In a CLC process, fuel gas (natural gas, syngas, etc.) is burnt in two reactors designated as fuel and air 

reactors. In the fuel reactor, the fuel gas is oxidized to CO2 and H2O by a metal oxide through the 

chemical reaction: 

 CH4 (CO, H2) + MeO  →     CO2 + H2O (CO2, H2O) + Me   (1) 

The metal or reduced oxide is further transferred into the air reactor in which it is oxidized with air:  

 Me + ½ O2  →  MeO        (2) 

and the material regenerated is ready to start a new cycle. 

The flue gas leaving the air reactor contains N2 and unreacted O2. The exit gas from the fuel reactor 

contains CO2 and H2O, which are kept apart from the rest of the flue gas. After water condensation, 

almost pure CO2 can be obtained with little energy lost for component separation. 

The development of the CLC process relies on the availability of redox materials to match the following 

requirements: high redox reactivity, high selectivity towards complete oxidation products, high oxygen 



 

4

exchange capability, high regenerability at high temperatures, high mechanical resistance to the friction 

stresses associated with the recirculation of solid particles, and low cost. 

On the basis of thermodynamic consideration oxides based on Ni, Cu, Fe, Co or Mn were identified as 

potential candidates for the CLC process2. In general, these metal oxides are combined with an inert 

which acts as a porous support providing a higher surface area for reaction, as a binder for increasing 

the mechanical strength and attrition resistance, and, additionally, as an ion conductor enhancing the ion 

permeability in the solid3,4 . 

Recently Wolf et al.5 carried out a comparative study regarding system’s electrical and exergy 

efficiencies with Fe- and Ni-based oxygen carriers, and found that CLC seems easier to be technically 

realized with a Ni-based oxygen carrier. Ishida, Jin, and co-workers3,6-10 investigated the redox 

properties of NiO with different binders in a thermogravimetric analyzer (TGA). The NiO/NiAl2O4 

carrier was reported as the best material in terms of regenerability using H2 and CH4 as fuel. Ryu et al.11 

prepared oxygen carrier with NiO and bentonite as support, and carried out TGA cyclic tests using CH4 

as fuel. They found an optimum temperature of 900ºC to avoid carbon deposition with high reaction 

rate. Villa et al.12 investigated the redox properties of Ni-Al-O and Ni-Mg-Al-O mixed oxides for CH4 

combustion, indicating the poor selectivity towards CO2 and H2O, being CO and H2 the most abundant 

products. Mattisson and co-workers13-15 prepared Ni-, Cu-, Co-, and Mn-based oxygen carriers on 

alumina support by dry impregnation and their reactivity was studied in a TGA. Moreover, these 

authors compared the behavior of Fe-, Ni-, Cu- and Mn-based oxygen carriers prepared by freeze 

granulation in a fluidized bed reactor and observed that the oxygen carriers based on Ni- or Cu- showed 

the highest reactivity. They found agglomeration problems working with some Fe-based oxygen carriers 

and specially working with Cu-based oxygen carriers. Copeland et al.16 developed oxygen carriers, 

containing Cu, Fe, and Ni with a variety of binder materials and active metal oxide contents. They 

eliminated Cu as a potential oxygen carrier due to agglomeration problems in the fluidized bed facility, 

and obtained successfully results with Fe- and Ni- based carriers. On the other hand, de Diego et al. 17 
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prepared by impregnation CuO/Al2O3 oxygen carriers, which did not present agglomeration problems. 

These oxygen carriers had high oxygen transport capacity and achieved complete CH4 conversion 

without emission of CO and H2. However, the temperature of utilisation of these carriers is limited to 

avoid the sinterization due to the low melting point of Cu (1063ºC).  

It should be noticed that the operating temperature of the oxygen carrier is an important variable 

because a higher reactor temperature leads to higher gas turbine inlet temperatures and efficiencies. Ni-

based oxygen carriers allow working at high temperatures (900-1100ºC) although thermodynamic 

restrictions make that CO and H2 are always present in the gas outlet of the fuel reactor. These 

limitations could make it necessary to include some process modifications to reduce the amount of non-

condensable gases in the CO2 compression and condensation stages.  

Considering the different properties of the individual Ni- and Cu-based oxygen carriers, the objective of 

the this work was to join the advantages of both metal oxides to reduce the CO and H2 emissions at the 

outlet of the fuel reactor working with at high temperature with new mixed Ni-Cu oxygen carriers. 

 2. Experimental Section 

2.1 Materials 

Commercial -Al2O3 (Puralox NWa-155, Sasol Germany GmbH) and - Al2O3 (obtained by calcination 

of - Al2O3 at 1100 ºC during 2 hours) particles of 0.1-0.32 mm, with densities of 1.3 and 1.7 g/cm3 and 

porosities of 56.5 % and 54.9 % respectively, were used as support to prepare oxygen carriers by dry 

impregnation. Ni-based oxygen carriers were prepared by addition of a volume of an aqueous solution 

of Ni(NO3)2.6H2O (>99.5 % Panreac) corresponding to the total pore volume of the support particles. 

The aqueous solution was slowly added to the alumina particles, with thorough stirring at room 

temperature. The desired active phase loading was achieved by applying successive impregnations 

followed by calcination at 550ºC, in air atmosphere for 30 min, to decompose the impregnated metal 

nitrates into insoluble metal oxide. Finally, the carriers were sintered for 1 h at 950 ºC. Oxygen carriers 



 

6

with NiO weight contents ranging from 12 to 30 % for the impregnated on -Al2O3, and from 6 to 16 % 

for the impregnated on -Al2O3 were prepared. 

Other oxygen carriers were prepared by impregnation with mixed nitrate solutions of Ni and Cu 

(Cu(NO3)2.3H2O>99.5 % Panreac) in the necessary concentration to produce carriers with NiO/CuO 

weight ratios from 0.06 to 4. To test the effect of the preparation method, some Ni-Cu oxygen carriers 

were prepared in two steps. Fresh  Al2O3 was impregnated with nickel nitrate and calcined (550ºC), 

then the sample was impregnated with a copper nitrate solution, calcined at 550 ºC and finally calcined 

for 1 h at 950 ºC. In other sample the order of the impregnation was changed. Finally, oxygen carriers 

were prepared adding several additives (K, or La nitrate) in the solution used for impregnation in the 

amount necessary to obtain the desired oxide weight contents in each case. For comparison purposes, a 

Cu-based oxygen carrier with 15 % of CuO, Cu15Al, was prepared by dry impregnation on - Al2O3 

as described in a previous work17. 

The samples were designated with the chemical symbols referred to the active metal oxides and 

additives followed in each case by the weight content, and finally the inert used for the impregnation. 

As an example, Ni10Cu2K0.7-Al indicates an oxygen carrier composed by NiO (10 wt.%), and CuO 

(2 wt.%), with the addition of K2O (0.7 wt.%), and impregnated on Al2O3.  

Table 1 shows all the oxygen carriers prepared with the different metal oxides and additives, as well as 

the number of impregnations used in each case. The oxygen carriers were physically and chemically 

characterized by several techniques. Table 1 shows the density of the samples and the crystalline phases 

obtained from X-ray powder diffraction (XRD) of some selected carriers. The oxygen carriers prepared 

using - Al2O3 as support had lower density than the oxygen carriers prepared using - Al2O3. XRD 

patterns obtained from a Bruker AXS D8ADVANCE showed the formation of aluminum spinel 

compounds in the majority of the oxygen carriers.  
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Table 1. Physical properties and solid composition of the oxygen carriers.  

Sample Number 
of 
impregn
ations 

Particle 
density 
(g/cm3) 

Crystalline phases obtained from XRD 

Ni12- Al 1 1.5 -Al2O3, NiAl2O4 

Ni21- Al 2 1.5  

Ni30- Al 3 1.6  

Ni9Cu3 - Al 1 1.6 -Al2O3, NiAl2O4, Cu0.75Ni0.25Al2O4 

Ni10Cu2 - Al 1 1.6 -Al2O3, NiAl2O4, Cu0.75Ni0.25Al2O4 

Cu15 - Al 1 1.4 CuO, CuAl2O4, -Al2O3 

Ni6- Al 1 2.0  

Ni10- Al 2 2.1  

Ni16- Al 2 2.0 -Al2O3, NiAl2O4, NiO 

Ni4Cu1- Al 1 1.9  

Ni9Cu3- Al 2 2.0  

Ni9Cu3- Ala 2 2.0  

Ni9Cu3- Alb 2 2.0  

Ni12Cu4- Al 2 2.0 -Al2O3, NiAl2O4, CuAl2O4, Cu0.75Ni0.25Al2O4 

Ni6Cu2K0.7- Al 1 2.1  

Ni12Cu4K1.3- Al 2 2.1 -Al2O3, NiAl2O4, CuAl2O4, Cu0.75Ni0.25Al2O4, 
NiO(minor) 

Ni12Cu4K2.5- Al 2 2.1  

Ni6Cu2La0.7- Al 1 2.0  

Ni8Cu8- Al 2 2.0 -Al2O3,NiAl2O4,CuAl2O4

Ni8Cu8-Alc 

 

2 1.9 -Al2O3,NiAl2O4,CuAl2O4, Cu

Ni4Cu12- Al 2 2.0 -Al2O3,NiAl2O4 ,CuAl2O4, CuO

Ni1Cu15- Al 2 2.0 -Al2O3,NiAl2O4 (minor),CuAl2O4, CuO 

 

a - 1st impregnation: Nickel nitrate / 2nd impregnation: Copper nitrate            

b - 1st impregnation: Copper nitrate / 2nd impregnation: Nickel nitrate 

c - partially reduced (X= 38%)  
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2.2 Thermogravimetric Analyzer 

Multicycle tests to analyze the reactivity of the oxygen carriers during successive reduction-oxidation 

cycles were carried out in a TGA system, CI Electronics type, described elsewhere.18 For the 

experiments, the oxygen carrier was loaded in a platinum basket and heated to the set operating 

temperature in air atmosphere. After stabilization, the experiment started by exposing the oxygen carrier 

to alternating reducing and oxidizing conditions.  

The reducing gas was saturated in water by bubbling it through a water containing saturator at the 

selected temperature to reach the desired water concentration. The composition of the gas selected for 

the reducing experiments was composed by 15 vol.% CH4, and 20 vol.% H2O (N2 balance) and the gas 

used for oxidation was 100 vol.% air. To avoid mixing of combustible gas and air, nitrogen was 

introduced for two minutes after each reducing and oxidizing period. The experiments were carried out 

at temperatures up to 950 ºC. 

2.3 Fixed Bed Reactor 

Tests in a fixed bed reactor were carried out to determine the equilibrium CO and H2 gas concentrations 

obtained at the outlet during the reduction reaction of the different oxygen carriers. The experimental 

set up was composed by a gas feeding system, a fixed bed reactor of 27 mm  I.D. and 600 mm length, 

and a gas analysis device. The gas was fed in at the top of the reactor to avoid the entrainment of the 

particles. The tests were carried out using batches of 300 g of oxygen carrier and gas flow rates of 60 to 

120 l/h. Three different reducing gases, CH4, H2, and CO, were used. The composition of each reducing 

gas was varied between 20-100 vol.%. A gas with 4 vol.% of O2 in N2 was used during oxidation. This 

O2 concentration was used instead of air to avoid a large temperature increase during the exothermic 

oxidation reaction. Also in this case, to avoid mixing of gases, nitrogen was introduced for 120 s after 

each reducing and oxidizing period. 
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2.4 Fluidized Bed Reactor 

The reduction-oxidation multi-cycles carried out in a fluidized bed reactor allow determining the gas 

product distribution during the reaction of a oxygen carrier in similar operating conditions to that 

existing in a CLC process. The fluidization behavior of the different materials with respect to the 

attrition and agglomeration phenomena can be also analyzed. 

The experimental set-up used for testing the oxygen carrier is described elsewhere.17 It consisted of a 

system for gas feeding, a fluidized bed (FB) reactor, a two ways system to recover the solids elutriated 

from the FB, and a gas analysis system. The gas feeding system had different mass flow controllers 

connected to an automatic three-way valve. The FB reactor of 54 mm D.I. and 500 mm height, with a 

preheating zone just under the distributor, was fed with 300 g of oxygen carrier with a particle size of 

0.1-0.3 mm. The entire system was inside an electrically heated furnace. The reactor had two connected 

pressure taps in order to measure the differential pressure drop in the bed. Agglomeration problems 

could be detected by a sharp decrease in the bed pressure drop during operation, causing defluidization 

of the bed. Two hot filters located downstream from the FB recovered the solids elutriated from the bed 

during the successive reduction-oxidation cycles, which allowed to obtain elutriation data at different 

times or number of cycles. Different gas analyzers continuously measured the gas composition at each 

time. The CO, CO2 and CH4 were determined in an infrared analyzer (in dry basis, after water 

condensation), the O2 in a paramagnetic analyzer, and the H2 by gas conductivity. A FTIR analyzer 

measured the H2O concentration. 

The tests were normally carried out at 950ºC with an inlet superficial gas velocity into the reactor of 0.1 

m/s. The composition of the gas was 25% CH4 in N2 during reduction and 10-15 % O2 in N2 during 

oxidation. The reduction periods were varied between 120 and 300 s. The oxidation periods necessary 

for complete oxidation varied between 600 and 1800 s. To avoid mixing of CH4 and O2, nitrogen was 

introduced for two minutes after each reducing and oxidizing period. The oxygen carriers were exposed 

to a total number of 50 reduction/oxidation cycles. 



 

10

3. Results  

3.1 Oxygen carriers composed by one metal oxide 

The behavior of oxygen carriers containing only NiO impregnated on Al2O3 was first analyzed. The 

reactivity of the oxygen carriers was initially determined in the TGA working with mixtures CH4-N2 at 

950ºC. Figure 1 shows the reduction and oxidation reactivities of the Ni-based oxygen carriers. The Ni-

based oxygen carrier impregnated on -Al2O3 showed initially a high reactivity, until 80 % of NiO 

conversion, and a second step of lower reactivity. However, the Ni-based oxygen carrier impregnated 

on -Al2O3 showed low reactivity during all the reaction. On the other hand, all oxygen carriers 

exhibited very high reactivity during oxidation. 
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Figure 1. TGA reactivity data of several Ni-based oxygen carriers with 15 % CH4 and air at 950ºC. 

The loss of reactivity of the carriers of NiO on -Al2O3 was due to solid state reaction between the NiO 

and the -Al2O3 to form NiAl2O4 during the sintering step in the carrier preparation, as it is shown in the 

XRD patterns (see Table 1). NiO was only detected in the oxygen carriers prepared with -Al2O3, 

although it is necessary to consider that this technique does not detect crystalline phase contents lower 

than 5%. The presence of an important fraction of active NiO was also visually confirmed because the 
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oxygen carriers prepared with -Al2O3 were green colored against blue samples containing high 

fractions of NiAl2O4
19, as it was the case of the carriers prepared with -Al2O3.  

The effect of the impregnated NiO content on the reactivity of the carriers was studied using different 

number of impregnations. TGA results showed that the NiO contents (Figure 1) hardly affected to the 

reduction and oxidation reactivities. 
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Figure 2. Gas product distribution obtained during the reduction with CH4 (20%) and oxidation of 

Ni16Al in the fixed bed reactor at 950ºC. 

Experiments with CH4 were also carried out at 950ºC in the fixed bed reactor to determine the gas 

concentrations at the reactor outlet. Figure 2 shows the gas product distribution obtained during the 

reduction and oxidation steps of the oxygen carrier Ni16-Al. The conversion of CH4 was complete 

during all the reduction period. Small concentrations of H2 and CO were found during the first part of 

the reduction reaction, with a further increase of CO and, especially, H2 concentrations when the 

breakthrough point of the fixed bed was reached. A thermodynamic study on the reduction reaction of 

different metal oxides (NiO and CuO) with methane was carried out using the method of minimization 

of Gibbs free energy. For CuO it was found that CH4 conversion to carbon dioxide was complete 

without any CO and H2 at equilibrium. However, for NiO the thermodynamic analysis showed that there 

is complete CH4 conversion but there are some CO and H2 concentrations at equilibrium which increase 
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with the temperature, as shown in Figure 3. The experimental results of Figure 2 are in good agreement 

with this thermodynamic study. 
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Figure 3. Thermodynamic equilibrium gas concentrations for Ni-based particles using CH4 as fuel.   

 During oxidation, important amounts of CO were detected coming from the combustion of the carbon 

generated in the reduction period. To understand the process, it must be considered that during the 

reaction of NiO with CH4 the following reactions are possible: 

Overall reaction  CH4 + 4 NiO  ↔   4 Ni + CO2 + 2 H2O  (3) 

Methane reforming  CH4 + H2O  ↔   CO + 3 H2    (4) 

    CH4 + CO2  ↔   2 CO + 2 H2    (5) 

Reduction with H2  H2 + NiO  ↔   Ni + H2O    (6) 

Reduction with CO  CO + NiO  ↔   Ni + CO2     (7) 

Water gas shift  CO + H2O  ↔   CO2 + H2    (8) 

Methanation   CO + 3 H2 ↔   CH4 + H2O    (9) 

Carbon deposition  CH4 ↔   C + 2 H2     (10) 
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The Ni formed during reduction catalyzes both methane reforming20 (reactions 4-5) and especially CH4 

decomposition (reaction 10). As a consequence of the CH4 decomposition, the CH4 concentration is 

modified by reaction (10) in the first part of the fixed bed reactor where most of the active phase is as 

metallic Ni after few seconds of reaction. Therefore, it is not possible to follow the effects of CH4 

concentration and carrier composition on the equilibrium concentrations of H2 and CO working with 

CH4 in a fixed bed reactor. However, taking into account the thermodynamic results, it is possible to 

assume a complete CH4 conversion and use H2 or CO-CO2 as feeding gases to study the equilibrium 

concentrations in a fixed bed system, avoiding the disturbances due to carbon formation. 

Figure 4 shows the reduction and oxidation breakthrough curves obtained in the fixed bed with the 

Ni16Al oxygen carrier working with 20 vol.% H2 or 20 vol.% CO during reduction and 4 vol.% O2 

in the oxidation. With this carrier, the H2 and CO concentrations corresponding to the equilibrium were 

found during an important period of time (t/t0=0.7 for H2 and t/t0=0.45 for CO) before the breakthrough 

point of the fixed bed. During reduction with CO, the breakthrough curve showed some kinetic 

limitations. After that point, H2 and CO concentrations increased quickly and finally increased slowly 

due to the lower reactivity of NiAl2O4. This carrier showed very high oxidation reactivities as it is 

observed by the slopes of the plots after breakthrough. This figure also shows the breakthrough curves 

obtained with the Cu-based oxygen carrier, Cu15-Al. In this case, H2 were not measured before the 

breakthrough point in good agreement with the thermodynamic analysis. 
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Figure 4. Fixed-bed breakthrough curves during the reduction and oxidation of the sample Ni16Al, 

and Cu15-Al at 950ºC. 
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Figure 5. Thermodynamic equilibrium concentrations during Ni16Al reduction with different 

concentrations of H2 or CO (continuous lines) and experimental results obtained in the fixed bed reactor 

(circles) as a function of the temperature. H2O=0% and CO2=10%. 

The behavior before the breakthrough point was similar for all Ni-based oxygen carriers, with low CO 

or H2 concentrations in the gas reactor outlet. Figure 5 shows the theoretical equilibrium concentrations 

at atmospheric pressure of H2 and CO as a function of the temperature for different initial gas 

concentrations. It also shows the H2 and CO concentrations measured before the breakthrough point 

with the Ni16-Al oxygen carrier at 950ºC and different initial gas concentrations. It can be observed a 
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close agreement of the experimental results with the theoretical equilibrium concentrations at the given 

operating conditions. 

Reduction-oxidation multicycles with Ni-based oxygen carriers were also carried out in a batch 

fluidized bed to determine the gas product distribution in similar conditions to that found in a CLC 

process and to analyze the fluidization behavior of the oxygen carriers with respect to the attrition and 

agglomeration phenomena. 

With Ni-based oxygen carriers prepared on -Al2O3, CO2, H2O, CO, and H2 were formed almost 

immediately after introduction of CH4 into the reactor. The CH4 conversion was complete, although 

high H2 and CO concentrations were present in the gas outlet together with CO2 and H2O during all the 

reduction period. This behavior indicated that the reduction process was mainly selective towards the 

formation of H2 and CO. This behavior was similar to that found with a NiO-Al2O3 oxygen carrier 

prepared by freeze-granulation21.  
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Figure 6. Gas product distribution (dry basis) obtained in the fluidized bed with the sample Ni16-Al. 

H2O concentration as measured in FTIR analyzer. 

With Ni-based oxygen carriers prepared on -Al2O3 (see Figure 6), CO2 and H2O were formed 

immediately after the CH4 feeding, and no CH4 was detected during the whole carrier reduction time. 
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During the first period, CO and H2 concentration were those corresponding to the equilibrium at the 

reaction temperature. After that, CO2 and H2O concentrations decreased, whereas the concentrations of 

CO and H2 increased, indicating that the reduction process was mainly selective towards the formation 

of H2 and CO.  Villa et al. 12 Cho et al. 21and Adánez et al. 22,23  observed the same results working in a 

TGA. Villa et al.12 suggested that the change in the product selectivity during the reduction step could 

be likely associated to changes in the catalyst degree of oxidation. At the beginning, the fully oxidized 

NiO favors the total oxidation of CH4 (reaction 3). As the sample was reduced, the selectivity of gas 

product formation changes from CO2 and H2O to CO and H2, possibly assisted by the occurrence of the 

CH4 reforming reaction (reactions 4 and 5), catalyzed by reduced Ni active sites. It is necessary to 

indicate that the oxygen carrier (NiO) also oxidizes CO and H2 (reactions 6 and 7). However, it seems 

that the CO and H2 generation rates were higher than the oxidation rates in the last part of the reduction 

reaction period, where most of the Ni content in the oxygen carrier was as metallic Ni. In the initial 

stages of the oxygen carrier reduction, which will correspond to high solid circulation rates between the 

oxidation and fuel reactors, the CH4 was almost completely converted to CO2 and H2O. This will 

explain the good results obtained by Lyngfelt and co-workers 24,25 in their 10 kW CLC pilot plant. 

During the oxidation period, CO and CO2 were formed by the combustion of C generated during the 

reduction period. However, it was observed that the CO and CO2 concentrations were almost zero when 

the reduction period was stopped at the beginning of the formation of H2 and CO (≈200 s). 

3.2 Oxygen carriers of Ni-Cu 

Thermodynamic restrictions make that CO and H2 are always present in the gas outlet of the fuel reactor 

when using Ni-based oxygen carriers. These limitations could make necessary to include some process 

modifications to reduce the amount of non-condensable gases in the CO2 compression and condensation 

stages. As it can be seen in Figure 7, the results of the thermodynamic study shows that the addition of 

CuO to the Ni-based oxygen carriers decreases the CO and H2 equilibrium concentrations, allowing a 

higher conversion of CH4 into CO2 and H2O in a CLC process.  
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Figure 7. Equilibrium concentrations for a NiO-CuO system with CH4 at 950 ºC. 

Oxygen carriers with different NiO/CuO weight ratios were prepared using -Al2O3 and -Al2O3 as 

supports. Initially carriers with small fractions of CuO (1-4%) were prepared and tested. Figure 8 shows 

the TGA reactivity of these Ni-Cu oxygen carriers and that corresponding to the Ni16-Al oxygen 

carrier. The addition of CuO to the Ni-based oxygen carriers prepared using Al2O3 as support 

decreased the reduction reactivity while the oxidation reactivity was maintained high. The type of 

support did not affect the results and the reactivities were similar to those obtained for the Ni-based 

oxygen carrier impregnated on Al2O3.  
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Figure 8. Effect of CuO addition on the TGA reactivity of Ni-based oxygen carriers at 950 ºC. Fuel= 

CH4 (15%). 
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These important changes in the reduction reactivity of the Ni-Cu oxygen carriers suggest structural 

changes in the oxygen carrier by interaction between the metal oxides or with the support. In fact, 

several XRD analysis carried out to the samples showed the presence of several aluminates (NiAl2O4, 

CuAl2O4, Cu0.75Ni0.25Al2O4) as well as the absence of free NiO (see Table 1). Thus, the reason of the 

decrease in the reduction reactivity due to the addition of CuO can be attributed to the loss of free NiO 

to form aluminates. These results agree with the work carried out by Bolt et al.19 who found that 

annealing conditions favored the formation of aluminates of transition metals of low valency as Cu+ and 

Co2+. The formation of CuAl2O4 spinel is fast and could increase the rate of formation of NiAl2O4 

spinel, which decreases the reactivity of the carriers containing NiO and CuO. 

In view of these results, two more oxygen carriers (Ni9Cu3-Ala and Ni9Cu3-Alb) were prepared to 

analyze if the preparation method had any influence on the formation of these aluminates. As it can be 

observed in Figure 8, the reactivity of these new carriers was very similar to the carriers prepared by 

only one impregnation with the mixed nitrates (Ni12Cu4-Al), indicating that the method of 

preparation had no influence on the final oxygen carrier reactivity. 

The behavior of the Ni12Cu4-Al oxygen carrier during reduction-oxidation cycles in the fixed-bed 

reactor was also investigated. Figure 9 shows a comparison of the fixed bed breakthrough curves 

obtained with the Ni16-Al and Ni12Cu4-Al oxygen carriers working with H2 (20 vol.% and 40 

vol.%, balance N2) and CO (20 vol.% and 40 vol.%, 10% CO2, balance N2). Two key aspects arise from 

these plots. The reaction capacity of the Ni-Cu oxygen carriers impregnated on -Al2O3 was lower than 

the original Ni-based oxygen carrier. On the other hand, the CO and H2 concentrations measured at the 

gas exit before the breakthrough point with the carrier Ni16-Al were those corresponding to the 

equilibrium, while for Ni12Cu4-Al these concentrations were zero (as it is highlighted in Figure 9). 

The breakthrough point occurs at t/t0 values around 0.3 (for H2) and 0.25 (for CO) indicating a low 

metal oxide utilization for complete CH4 combustion to CO2 and H2O. To make a preliminary analysis 

of the NiO conversion during this period it is necessary consider that the main part of CuO present in 
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the fixed bed decomposes in inert atmosphere at 950 ºC giving O2 which was observed during the 

experimental work. Assuming that equilibrium CuO-Cu2O was reached in the fixed bed before reaction 

and that all the Cu oxides reacts before than the NiO, the NiO conversion varied from 5 to 20 %. 
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Figure 9. Effect of the CuO addition to the Ni-based oxygen carriers on the fixed-bed breakthrough 

curves during the reduction with H2 or CO.  

To improve the metal oxide utilization on the Ni-Cu oxygen carriers with increasing amounts of Cu 

were prepared by dry impregnation (Ni8Cu8-Al, Ni4Cu12-Al, Ni1Cu15-Al). Figure 10 shows the 

reactivities of these oxygen carriers obtained during the reduction with H2 in the TGA. Two steps were 

observed during the reduction process, one initial step with very high reactivity followed by a second 

step with low reactivity. The conversions reached during the first step roughly corresponded to the CuO 

content in the oxygen carrier, which could indicate that CuO reacts quicker and before than NiO. 
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Figure 10. Effect of CuO addition on the reactivity with H2 (20 vol. %) of Ni-Cu based oxygen carriers. 

The behavior of these oxygen carriers was also tested in the batch FB. Figure 11 shows the results 

obtained with the oxygen carrier Ni12Cu4-Al. In this case, CO2 and H2O were formed immediately 

after CH4 feeding and no CH4 was observed during the reduction period. In contrast to the happened 

with the Ni16-Al oxygen carrier, the CO and H2 concentrations were zero during the initial part of the 

reduction period. Later, the CO2 and H2O concentrations decreased, whereas the concentrations of CO 

and H2 increased, indicating that the reduction process was mainly selective towards the formation of H2 

and CO. Thus, it was concluded that with the addition of CuO to the Ni-based oxygen carriers 

impregnated on  or Al2O3, a full conversion of CH4 to CO2 and H2O can be reached during a part 

of the reduction period. The time of this period with zero emissions of CO and H2 increased with 

increasing the CuO content in the oxygen carrier.  However, it seemed that the NiO utilization before 

CO and H2 appearance was low.  
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Figure 11. Gas product distribution (dry basis) obtained in the fluidized bed with a Ni-Cu based oxygen 

carrier. H2O concentration as measured in FTIR analyzer. 

Two parameters were determined by analysis of the gas product distribution during reduction in FB: 

XCO2 represents the MeO conversion to CO2 before the CO and H2 appearance in the gas stream, and XT 

represents the overall MeO conversion obtained in the test. Table 2 shows the values of these 

parameters for the Ni-Cu oxygen carriers as well as the concentrations corresponding to thermodynamic 

equilibrium  for a simultaneous reaction of CuO and NiO with CH4 in a closed system. 

Table 2. Parameters obtained from FB tests and equilibrium concentrations. 

Oxygen carrier XT
a XCO2 Equilibrium concentration 

at 950 ºC 

   H2 CO 

Ni16-Al 58 -- 0.44 0.33 

Ni12Cu4-Al 42 16 0.33 0.24 

Ni8Cu8-Al 57 38 0.22 0.16 

Ni4Cu12-Al 79 61 0.11 0.08 

Ni1Cu15-Al 87 67 0.027 0.02 

Cu15-Al 93 70 0 0 

a- 300 g of oxygen carrier, 950 ºC, 25 % CH4, 0.1 m/s, 300 s of reduction time. 
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It was observed that the MeO conversion before CO and H2 generation increased with increasing the 

CuO content in the oxygen carrier. It is important to indicate that the CO and H2 concentrations were 

zero during this period of time. However if the equilibrium for a uniform mixture of both metal oxides 

in a closed system is fulfilled, CO and H2 concentrations should be different to zero, as it is indicated in 

Table 2. Only if CuO is the unique reacting metal oxide during this period it is possible to reach zero 

emissions of CO and H2. As it was previously mentioned, TGA results indicated a two-step reaction 

with low reaction rates for the second one, which would correspond to the Al2O4Ni reduction. 

To confirm what metal oxide reacts before or if there is a simultaneous reaction of both metal oxides, a 

sample was taken from the FB corresponding to the period of full conversion to CO2 during the 

reduction process of the Ni8Cu8-Al oxygen carrier (X = 38%). XRD analysis (see Table 1) indicated 

the presence of metallic Cu, however no metallic Ni was found. This indicates that CuO is initially used 

for the reaction with CH4, and explains the zero concentrations measured at the gas outlet stream. 

In the previous section, it was found the positive effect on the CO and H2 equilibrium concentrations of 

the addition of CuO to the Ni-based oxygen carriers prepared by dry impregnation on alumina supports. 

However, these new materials showed a decrease in their reactivity. It is well known in the literature 

that small amounts of some salts can change the material properties with respect to their reactivity or 

catalytic activity by changes in their internal structure. They may be present as separate phases or 

combined with Al2O3 as aluminate or spinel phases26,27. Basic metal oxides, such as K2O and La2O3 are 

often incorporated into steam reforming catalysts to provide operational advantages resulting from 

lower support acidity, higher nickel dispersion, and better steam activation.28,29 To improve the 

reactivity of the oxygen carriers, salts of K2O and La2O3 were added in several amounts to the Ni-Cu 

oxygen carriers. 
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However, the reduction reactivities of the Ni-Cu oxygen carries did not improve with the addition of K 

or La, and were lower than the original Ni-based oxygen carrier, Ni16Al. The behavior of these 

modified oxygen carriers was also analyzed in the FB, but only small changes were observed in the gas 

product distribution, indicating that the adittion of K and La salts has not a significant effect on the CO 

and H2 emissions. 

3.2.1 Mixing particles of Ni-based and Cu-based oxygen carriers. 

Ni-based oxygen carriers impregnated on -alumina showed the highest reduction reactivity and also in 

a previous work17 it was found that Cu-based oxygen carriers impregnated on alumina had a very high 

reactivity.  So, a new test at 950ºC was carried out in the fluidized bed facility mixing oxygen carrier 

particles of Ni16-Al and Cu15-Al in the same NiO/CuO weight ratio as the carrier Ni12Cu4-Al.  

Figure 12 shows the results obtained in the fluidized bed with these mixed carriers. A comparison 

between the results obtained in this test and those obtained with the carrier Ni12Cu4-Al (Figure 11) 

shows a similar gas product distribution. However, with the mixed carrier particles, the time during the 

reduction period in which the CH4, CO and H2 concentrations were zero was higher because of the 

higher reactivity of Ni16-Al and Cu15-Al oxygen carriers. However, multicycle tests carried out at 

950 ºC in FB showed that Cu-based oxygen carrier particles were destroyed after 35 cycles, which 

eliminates the possibility of use of a mixture of both carriers at high temperatures. To use the CuO 

capability to reduce CO and H2 emissions, that is to finish the combustion obtained with the Ni-based 

oxygen carriers, it would be necessary to use a new reactor located downstream the fuel reactor 

operating at a maximum temperature of 850 ºC.  
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Figure 12. Gas product distribution (dry basis) obtained in fluidized bed with Ni16Al and Cu15Al 

oxygen carriers mixed with the same NiO and CuO weights as Figure 10. H2O concentration as 

measured in FTIR analyzer.  

3. Attrition and agglomeration behavior 

It is important that oxygen carriers maintain high reactivity and particle integrity for many cycles of 

oxidation and reduction. The multi-cycle tests carried out in the batch fluidized bed were useful to 

determine the fluidization behavior of the oxygen carriers with respect to the attrition and 

agglomeration phenomena. Figure 13 shows the attrition rate of several oxygen carriers tested as a 

function of the number of reduction/oxidation cycles.  

The attrition rates were higher in the first cycles due to the rounding effects on the particles and to the 

fines sticked to the particles during preparation. Later, the attrition rates due to the internal changes 

produced in the particles by the successive reduction and oxidation processes decreased reaching low 

attrition rate values. The mean attrition rate obtained from cycle 30 to 100 was lower than 0.01%/cycle 

for the majority of the oxygen carriers. Assuming this value as a measure of the steady-state attrition 

rate of the carrier particles, the lifetime of the particles will be higher than 10000 cycles. This good 

behavior with respect to attrition is not strange considering that the alumina used as support in the 
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catalyst manufacture industry for use in fluidized beds at similar conditions to those existing in a CLC 

process. Figure 13 also shows the oxygen carriers that were destroyed after multi-cycle testing.  
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Figure 13. Attrition rates of several Ni-based oxygen carriers prepared by impregnation. 

On the other hand, the use of Cu-based oxygen carriers in the CLC process has been rejected for some 

researchers by the agglomeration problems that present this type of oxygen carriers.14,16 For this reason, 

special attention was taken to analyze the agglomeration behavior of the Ni-Cu oxygen carriers during 

cyclic reduction/oxidation process in the FB reactor. It is important to indicate that it was not found any 

agglomeration problem with any Ni-Cu oxygen carrier tested. These results agree with those found in a 

previous work17 where agglomeration can be avoided in any oxygen carrier prepared by impregnation if 

the Cu content was below 10-15 wt.%, as it was the case of the oxygen carriers prepared for this work.  

4. Discussion 

Different oxygen carriers of Ni-Cu have been prepared to reduce the CO and H2 emissions produced 

during a CLC process working with Ni-based carriers. The tests carried out in batch fluidized bed with 

these oxygen carriers showed the existence of an initial reduction period with full conversion to CO2 

and H2O, that is, with zero emissions of CO and H2. This time depended on the CuO content of the 

oxygen carrier. From TGA reactivity tests and XRD analysis of partially reduced samples obtained in 
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batch fluidized bed tests it was concluded that the CuO present in the oxygen carrier reacts before the 

NiO and that the NiO utilization during this period was low.  

However, in a fluidized bed reactor with perfect mixing of solids, as it is the fuel reactor in a CLC 

process, it is not possible to get zero CO and H2 emissions because there are particles with a broad 

distribution of MeO conversions inside. The CO and H2 emissions obtained in a CLC process could be 

decreased working with Ni-Cu oxygen carriers with increasing CuO contents. However, to work at high 

temperatures (above 950 ºC) it is necessary the existence of a minimum amount of NiO in the oxygen 

carrier (about 4%) to stabilize the material.  

To completely eliminate the low CO and H2 concentrations obtained at the outlet of the dense phase of 

the fuel reactor working with Ni-Cu oxygen carriers it would be necessary an additional reaction step. 

This could be obtained with the use of a two-stage fluidized bed for the fuel reactor. Calculations 

obtained from the reactivity data obtained with H2 in TGA showed that the residence time of the solids 

in the upper fluidized bed necessary to eliminate the low CO and H2 concentrations coming from the 

lower fluidized bed would be low.  

On the other hand, as the possibility of use a physical mixture of a NiAl and Cu-Al oxygen carriers 

at 950 ºC is not acceptable due to the physical destruction of  Cu-Al, to use the Cu-Al capability to 

reduce the CO and H2 emissions obtained in a CLC process working with Ni-based oxygen carriers, it 

would be necessary the use of an additional reactor located downstream the fuel reactor operating at a 

maximum temperature of 850 ºC.  
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5. Conclusions 

NiO-Al2O3 oxygen carriers prepared by dry impregnation showed very high reactivities both during 

reduction and oxidation reactions. The conversion of CH4 with these oxygen carriers was complete 

although the equilibrium concentrations of CO and H2 were obtained at the gas outlet of the reactor. 

The addition of CuO to the Ni-based oxygen carriers allows the full conversion of CH4 to CO2 and H2O 

in the batch fluidized bed reactor during a period of the reduction time. TGA and XRD studies of 

partially reduced Ni-Cu oxygen carriers indicated that CuO was used for the reduction reaction before 

NiO. During this initial period, equilibrium concentrations of CO and H2 were zero because only reacts 

the CuO and there is not presence of reduced Ni. 

 However, to take advantage of the capability of these Ni-Cu oxygen carriers to reduce the CO and H2 

emissions in a continuous CLC system, a two-stage fluidized bed would be necessary. Oxygen carriers 

with increasing amounts of CuO allowed to increase the metal oxide fraction used for the complete 

combustion to CO2. The presence of more than 4 % of NiO in the oxygen carrier stabilized the CuO 

phase and allowed to work at 950 ºC with high metal oxide utilization for complete CH4 combustion. 

The use of salts of K and or La in the preparation of the Ni-Cu oxygen carriers did not produce any 

improvement in their behavior during CLC testing. The attrition rate of the all carriers prepared by 

impregnation on alumina was low, and no agglomeration problems were observed with any of the Ni-

Cu oxygen carriers. 
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