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ABSTRACT 

Chemical-Looping with Oxygen Uncoupling (CLOU) is an alternative Chemical 

Looping process for the combustion of solid fuels with inherent CO2 capture. The 

CLOU process needs a material as oxygen carrier with the ability to give gaseous O2 at 

suitable temperatures for solid fuel combustion, e.g. copper oxide and manganese oxide. 

In this work, treated commercial Carulite 300® was evaluated as oxygen carrier for 

CLOU. Carulite 300® is a hopcalite material composed of 29.2 wt.% CuO and 67.4 

wt.% Mn2O3. Oxygen release rate and the fluidization behavior, regarding 

agglomeration and attrition rate, were analyzed in a TGA and in a batch fluidized bed 

respectively. Experiments in a batch fluidized bed reactor were carried out at 

temperatures ranging from 800 to 930 ºC with a medium volatile bituminous coal from 

South Africa and its char as fuels. The hopcalite derived oxygen carrier showed high O2 

release rate, no unburnt products at low oxygen carrier to fuel mass ratios and very high 

oxygen transference rate by gas-solid reaction. This material has the capacity to 

generate gaseous oxygen at lower temperatures than Cu-based oxygen carriers, which 

suggest this material is suitable to work at lower temperatures in the fuel reactor without 

the presence of unburnt products; however its low mechanical resistance after redox 

cycles makes necessary an improvement of its physical properties for being use as an 

oxygen carrier. 
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1 INTRODUCTION 

The Chemical Looping with Oxygen Uncoupling (CLOU) is a type of Chemical 

Looping Combustion (CLC) technology that allows the combustion of solid fuels with 

inherent CO2 separation using oxygen carriers. CLOU technology takes advantage of 

the property of some metal oxides for generating gaseous oxygen at high temperatures, 

e.g. 800-1000 ºC, and may be particularly suitable for solid fuels, such as coal and 

biomass. The oxygen generated by the oxygen carrier reacts directly with the solid fuel, 

which is mixed with the oxygen carrier in the fuel reactor. The oxygen carriers for 

CLOU must first to release oxygen through decomposition inside the fuel reactor and 

also have the ability to be regenerated by air inside the air reactor. Three metal oxide 

systems were found to have suitable properties for use as oxygen carriers in the CLOU 

process: CuO/Cu2O, Mn2O3/Mn3O4, and Co3O4/CoO.1 Combustion of solid fuels by 

CLOU process has better performance than iG-CLC process.2 In the iG-CLC process 

the solid fuel must be gasified at the fuel reactor. The gasification reaction is slow and 

part of the unreacted char exits from the fuel reactor,3, 4 thus requiring the use of a 

carbon stripper to re-circulate the unconverted char to the fuel reactor.5 Moreover, there 

are always unburnt products at the fuel reactor gas outlet.6 

 In CLOU process the char conversion is much faster than in iG-CLC, this fact was 

demonstrated by Mattisson et al.7 and Eyring et al.8 in experiments done in batch 

fluidized bed reactors with different solid fuels. This fact was also corroborated in a 

continuous CLOU unit with a Cu-based oxygen carrier burning different coals and 

biomass,9-11 being the fast char conversion fundamental to obtain high CO2 capture 

efficiencies. Moreover, complete combustion to CO2 and H2O, together with a slight 
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excess of O2 in the fuel reactor exit stream was observed in experiments done with 

different solid fuels in the continuous unit.9-11  

Operating conditions in the air reactor and fuel reactor would be determined by the 

thermodynamics of the oxygen release reaction with each specific oxygen carrier. 

Figure 1 shows the partial pressure of oxygen as a function of the temperature for the 

systems CuO/Cu2O, Mn2O3/Mn3O4, and Co3O4/CoO, calculated using HSC software.12 

The O2 concentration at equilibrium conditions must be low (4 vol.% or lower) at the air 

reactor temperature, in order to have a high use of the oxygen in air. On the other hand, 

the equilibrium concentration of oxygen in the fuel reactor will be given by the 

temperature in the reactor determined by the energy balance to the CLOU system. A 

high equilibrium partial pressure of oxygen together with a very reactive oxygen carrier 

will promote the overall conversion rate of the solid fuel in the fuel reactor. In addition, 

the combustion of the fuel will decrease the oxygen concentration in the reactor and can 

improve the decomposition reaction of the metal oxide particles. The temperature at 

which the air and fuel reactor will operate are determined by the temperature of the 

incoming particles, the circulation rate and the heat of reaction in both reactors, as it 

was analyzed by Eyring et al. for a CLOU process.8 The oxygen release reactions are 

endothermic for the three metal oxides, as it is shown in reactions (1), (2) and (3) for the 

three metal oxides.  

 

2 24 CuO 2 Cu O O         900º
2262.1 kJ/mol OC

rH   (1) 

2 3 3 4 26 Mn O 4 Mn O O         900º
2193.1 kJ/mol OC

rH   (2) 

3 4 22 Co O 6 CoO O         900º
2406.7 kJ/mol OC

rH   (3) 
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However, the global process can be exothermic in function of the metal oxide used as 

oxygen carrier. In the case of copper and manganese oxides, the overall reaction with 

carbon is exothermic in the fuel reactor, as it is showed in reactions (4) and (5).1, 13 

Thus, it is possible to have a temperature increase in the fuel reactor, which results in a 

significantly higher partial pressure of O2 at equilibrium conditions. However, the 

reaction of cobalt oxide with carbon is an endothermic reaction; see reaction (6). In 

addition to heat release, overall heat balances to include heat losses (or heat inputs) and 

heat withdrawals (either in oxygen carrier or fluidizing gas) are needed to obtain the 

temperatures in the reactors. Peltola et al.13 studied the mass and energy balance for 

CLOU process using a Cu-based oxygen carrier and predicted that low oxygen carrier 

inventory (400-680 kg/MWth) will be necessary to complete combustion of the fuel with 

a temperature difference between fuel and air reactor about 50ºC.  

 

2 24 CuO C 2 Cu O CO            900º
2132.9 kJ/mol OC

rH     (4) 

2 3 3 4 26 Mn O C 4 Mn O CO            900º
2201.9 kJ/mol OC

rH    (5) 

3 4 22 Co O C 6 CoO CO            900º
211.7 kJ/mol OC

rH   (6) 

 

Mattisson14 reviewed the materials proposed to be used in CLOU, including oxygen 

carriers based on Cu,15, 16 and mixed oxides of Cu-Mn,17, 18 Mn-Fe and Mn-Si.19 

Particles of 60 wt.% CuO prepared by spray drying were tested in a 1.5 kWth CLOU 

continuous unit,9 where proof of the concept of the CLOU process was demonstrated 

using coal as fuel.9 The effect of the coal rank on the process performance was also 

analysed10 in this unit using a lignite, two bituminous coals and one anthracite. 

Moreover, biomass combustion was tested with encouraging results.11 The oxygen 
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carrier did not show decrease in its reactivity, nor agglomeration problems. However, 

this oxygen carrier showed an important decrease in the crushing strength of the 

particles related with an increase in the porosity with the operation time. This fact 

indicates the need of an improvement in the lifetime of the particles.20 So, nowadays the 

main effort to continue with the development of CLOU process is to find a suitable 

oxygen carrier for the process with high reactivity with solid fuels, high oxygen release 

rate and low attrition rate. 

Respect to the Mn-based oxygen carriers, these materials have some advantages respect 

to Cu-based material. Manganese materials are cheaper than copper ones and it could be 

possible to work at lower temperatures in the fuel reactor. Therefore, Mn2O3/Mn3O4 has 

a high potential for CLOU process with high O2 partial pressure at temperatures of 

interest for coal combustion. However, according with thermodynamics, temperatures 

in the air reactor lower than 815ºC are needed to oxidize Mn3O4 to Mn2O3 at 5 vol.% of 

O2, in order to have a high use of the oxygen in air. At these conditions, in practice, it 

has not been possible to carry out this oxidation.21-23  

Therefore, to overcome this problem, a high effort has been put in the development of 

mixed oxides with CLOU properties, such as Mn-Fe, Mn-Si, Mn-Mg.24-33 These 

materials have been tested in batch reactors and continuous units with good 

performance,24-32 although their oxygen transport capacities for CLOU are low (always 

below 1.5%). Also, a perovskite material, CaMn0.9Mg0.1O3-δ, was used as oxygen carrier 

in a 10 kWth continuous CLC pilot plant with pet coke and wood char, fuels with low 

amount of volatiles, under iG-CLC or CLOU operation conditions.33 This oxygen 

carrier was able to release gaseous oxygen, but the oxygen release rate was not enough 
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to burn completely the fuel and they obtained worst result operating at CLOU than iG-

CLC operation conditions, contrary to what was found for Cu-based oxygen carriers.2 

Mn-Cu mixed oxides has a higher potential for CLOU process due to the oxygen 

originated by CuO can be regenerated at temperatures up to 900 ºC.18, 34 Different Cu-

Mn material had been prepared in recent years. Xu et al.35, 36 prepared oxygen carriers 

impregnating manganese ores with copper nitrate solution, obtaining oxygens carriers 

with a amount of Cu between 0.5 wt.%35 and 2 wt.%.36 These oxygen carriers had been 

tested in a batch fluidized bed reactor35 and in a CLC continuous unit with gaseous 

fuels.36 They observed that the mixed oxide improve the results obtained using only the 

manganese ore, improving the reactivity and the combustion efficiency. Azad et al.34 

also studied oxygen carriers of Cu-Mn mixed oxides, in this case with a 30.8 wt.% of 

CuO and 69.2 wt.% of Mn2O3, prepared by extrusion. They observed that the oxygen 

carrier had good reactivity with CH4, but CO was present in the exit gases from the 

batch fluidized bed reactor.  

It is well known that a Cu-Mn mixed oxide called hopcalite is used as catalyst material, 

which can be prepared by different methods at laboratory and industrial scale.37-39 

Hopcalite is used to catalytically oxidize CO at ambient temperature39-41 and ethylene at 

low temperatures.42 The characteristics of this material make it very interesting for its 

use in the CLOU process, since it can release free oxygen by means of reaction (7): 

 

1.5 1.5 4 2

4 6
Cu Mn O CuMnO O

5 5
         (7) 

 

The aim of this work was to investigate the performance a Cu-Mn mixed oxide derived 

from commercial catalyst Carulite 300® as oxygen carrier for the CLOU process. For 
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that, the oxygen release rate and the fluidization behavior, regarding agglomeration and 

attrition rate, were analyzed in a TGA and in a batch fluidized bed. Then, the maximum 

oxygen generation rate of the material was determined in a batch fluidized bed reactor 

with fuel addition at different temperatures.  

 

2 EXPERIMENTAL 

2.1 Materials 

2.1.1 Oxygen carrier 

Commercial particles of hopcalite (Carulite 300®, Carus Corporation) were used as the 

precursor of the oxygen carrier particles. This commercial material is a mixed oxide of 

Mn (67.4 wt.% of Mn2O3), Cu (29.2 wt.% CuO) and an organic matrix to cement the 

material. The particle size of the commercial material is +0.8-1.7 mm. The commercial 

particles were developed for operation at atmospheric conditions (temperature and 

pressure); to use them at high temperature conditions it is necessary to stabilize the 

hopcalite particles by calcination. A study of how the calcination temperature affects to 

the physical properties of the particles was first carried out. It was found that a 

calcination period of 1h at 950ºC was the optimum. For more information about the 

stabilization study see the supplementary material. Then, the particles were crushed and 

sieved to obtain the needed particle size diameter (+0.1-0.3 mm) for fluidization 

operation.  

2.1.2 Oxygen carrier characterization 

Physical and chemical characterization was carried out with these particles. The oxygen 

transport capacity, ROC, was calculated as a function of the composition of the particles 
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after the stabilization step. The crushing strength was determined by measuring the 

force needed to fracture a particle using a Shimpo FGN-5X crushing strength apparatus. 

The crushing strength was taken as the average value of at least 20 measurements of 

particles with size diameter between 0.1 to 0.3 mm. The real density was determined by 

He picnometry in a Micromeritics AccuPyc II 1340. The surface area of the oxygen 

carrier was determined by the Brunauer-Emmett-Teller (BET) method by 

adsorption/desorption of nitrogen at 77 K in a Micromeritics ASAP-2020 

(Micromeritics Instruments Inc.), whereas the pore volumes were measured by Hg 

intrusion in a Quantachrome PoreMaster 33. The identification of crystalline chemical 

species was carried out by X-ray diffraction (XRD) pattern collected by a Bruker D8 

Advance X-ray powder diffractometer equipped with an X-ray source with a Cu anode 

working at 40 kV and 40 mA and an energy-dispersive one-dimensional detector. The 

diffraction pattern was obtained over the 2θ range of 10º to 80º with a step of 0.019º. 

The assignation of crystalline phases was performed on base of Joint Committee on 

Powder Diffraction Standards. DIFFRAC.EVA and TOPAS software were used for 

phase assignation and quantification. The oxygen carrier particles were also analyzed in 

a scanning electron microscope (SEM) ISI DS-130 coupled to an ultra thin window 

PGT Prism detector for energy-dispersive X-ray (EDX) analysis. Table 1 shows the 

main characteristics of the oxygen carrier particles. 

The main phase determined by XRD is Cu1.5Mn1.5O4, so the mixed oxide was formed 

from the separate oxides during the oxygen carrier calcination step. Also, a small 

amount of free Mn3O4 remained in the stabilized particles; this fact can reduce the 

oxygen transport capacity for CLOU, because it is difficult to recover the O2 release by 

oxygen carriers based exclusively on Mn oxide.22, 43, 44 
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2.1.3 Solid fuels 

The fuels used were a medium volatile bituminous South African coal and char 

prepared from this coal by pyrolysis.45 The coal and char particle size used in this study 

was +200-300 μm. Elemental and proximate analyses of the coal and its char are shown 

in Table 2.  

 

2.2 Experimental set ups 

2.2.1 Thermogravimetric Analyzer 

Multicycle tests to analyze the reactivity of the oxygen carriers during successive 

reduction-oxidation cycles were carried out in a TGA CI Electronics type described 

elsewhere.46 

Reactivity data were obtained in TGA tests from the weight variations during the 

reduction and oxidation cycles as a function of time. The oxygen carrier conversion was 

calculated as: 

For reduction:          Ox
Red

Ox Red

m m
X

m m

-
=

-
     (8) 

For oxidation:        1 Ox
Ox

Ox Red

m m
X

m m

-
= -

-
     (9) 

m being the mass of sample at each time; mOx is the mass of the sample fully oxidized 

and mRed is the mass of the sample in the reduced form. Oxygen generation rates were 

calculated with Equation (10): 

2 ,

d
·

d
Red

O Red OC

X
r R

t
=          (10) 
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ROC is the oxygen transport capacity of the oxygen carrier particles for CLOU reaction, 

see equation (7), and was calculated as: 

Ox Red
OC

Ox

m m
R

m

-
=          (11) 

2.2.2 Batch Fluidized Bed Reactor for gaseous fuels (N2-air cycles) 

Reduction-oxidation multi-cycles were carried out in a fluidized bed reactor to 

understand the oxygen release behaviour of the oxygen carrier under operating 

conditions similar to that existing in the CLOU process. A detailed description of the 

experimental apparatus can be found in the Supporting Information. The fluidization 

behaviour of the materials with respect to agglomeration phenomena and attrition rate 

could also be observed. The attrition rate is calculated with the following equation: 

 
*100

*3600 % /

elut

OC
attrition

m

m
v h

t
        (12) 

where vattrition is the attrition rate (%/h); melut is the oxygen carrier elutriated from the 

batch fluidized bed reactor (filters + pipes, with a size lower than 40 µm), mOC is the 

total mass of the oxygen carrier in the bed and t the operation time. Deeper information 

of the batch fluidized bed reactor can be found in the supplementary material. 

Several reduction-oxidation cycles using N2 or CO2 as fluidization media were carried 

out in this facility to determine the oxygen release behaviour as a function of the 

operating conditions. The conversion of the oxygen carrier as a function of time was 

calculated from the oxygen outlet concentration by the equations: 

Reduction    ( ) ( )
2,

2
0

d
out

t
out

Red O
O

F
X t y t

N
= ò     (13) 

Oxidation    ( ) ( )
2, 2,

2
0

1
in out

t

Ox in O out O
O

X t F y F y dt
N

= × - ×ò   (14) 
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X being the conversion of the oxygen carrier; Fin is the molar flow rate of the gas 

incoming to the reactor; Fout is the molar flow rate of the gas leaving the reactor; 
2,inOy  is 

the molar fraction of O2 incoming to the reactor; 
2,outOy  is the molar fraction of O2 

exiting the reactor; 
2ON  are the moles of molecular oxygen which can be released from 

fully oxidized oxygen carrier, and t is the time. 

2.2.3 Batch Fluidized Bed Reactor for solid fuels (Fuel-air cycles) 

Reduction-oxidation multi-cycles were carried out in a fluidized-bed reactor with solid 

fuel addition to measure the oxygen release rate when fuel combustion is happening at 

the same time as O2 release. The experimental work was carried out in a set-up 

consisting of a fluidized bed reactor, a system for gas feeding, a solid fuel feeding 

system, and the gas analysis system. Further information about the batch fluidized bed 

reactor for solid fuels is presented in the Supporting Information.  

The instantaneous rate of oxygen generation per amount of oxygen carrier (oxygen 

transference rate), 
2 , ( )O Redr t , was calculated from a mass balance to oxygen atoms in the 

reactor.  

 2

2 2 2 2, ,( ) 0.5 0.5O
O Red O CO CO H O O SF

Ox

M
r t F F F F F

m
           (15) 

Before starting a reducing period, the oxygen carrier particles were fully oxidized, i.e. 

the oxygen carrier conversion was XOx = 1. As the oxygen carrier particles were reacting 

during reduction period, the oxidation degree decreased. Thus, the oxygen carrier 

conversion was calculated from the integration of 
2 ,O Redr  with time: 

2
0

2 2

,( ) 1 ( )d
t

Ox
Ox O Redt

O O

m
X t r t t

M N
          (16) 
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Thus, the final conversion of the particles, XOx, was calculated by integrating Equation 

(16) for the time spent in reduction conditions. 

In the same way, an oxygen balance was done to calculate the oxidation rate with air –

Equation (17)– and the evolution with time of the oxygen carrier conversion, XOx –

Equation (18)–. In some cases, char was not completely converted during the reduction 

period because the depletion of oxygen in the particles was reached. Thus, CO2 and CO 

can appear during the oxidation period as the remaining char is burned with oxygen in 

air, being the oxygen for char combustion considered in Equation (18). 

   2

2 2 2, ( ) 0.21 0.5O
O Ox air O CO CO

Ox

M
r t F F F F

m
           (17) 

 
2

2 2

,0
( ) ( ) d

t
Ox

Ox f O Ox
O O

m
X t X r t t

M N
         (18) 

3 RESULTS 

3.1 Oxygen carrier reactivity in TGA 

The oxygen carrier was first characterized using a TGA to analyze the oxygen release 

and regeneration rates. Ten redox cycles were carried out alternating air and nitrogen in 

the reacting atmosphere. Figure 2 shows the solids conversion vs. time curves for the 

oxygen carrier particles during the reduction with N2 and oxidation with air at 950ºC. 

The maximum reduction conversion of calcined hopcalite reached a value of 0.77, 

corresponding to an oxygen transport capability of 3.7 wt.%. This value is lower than 

the theoretical value of 4.7 wt.%, calculated assuming the mixed oxide was 

Cu1.5Mn1.5O4. Both reduction and oxidation reaction rates, as well as the oxygen 

transport capability, were maintained during all the cycles done in the TGA with the 

calcined hopcalite. Moreover, it can be observed that the oxygen carrier was fully 
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regenerated (XOx=0.77) in less than 180 s, recovering all the oxygen released during the 

reduction, see Figure 2(b). 

3.2 Oxygen carrier behaviour in batch fluidized bed for gaseous fuels 

Reduction-oxidation multi-cycles were carried out in the batch fluidized-bed reactor to 

know the oxygen release and the behavior with respect to agglomeration and attrition 

phenomena during fluidization. A total of 30 h of fluidization to in the temperature 

range of 800-900 ºC were carried out during 35 consecutive redox periods. As example, 

Figure 3 shows the oxygen concentration at the outlet of the reactor for 5 consecutive 

redox periods of the hopcalite derived oxygen carrier. It can be seen a constant 

reactivity both for reduction and oxidation reactions.  

Figure 4 shows the solid conversion and oxygen concentration profile during a 

reduction and regeneration period in a typical cycle. The oxygen concentration and 

therefore the oxygen release rate, decreases slowly during the reduction cycle. Initially 

2.5 vol.% O2 was reached but decreased to 0.7 vol.% when the solid conversion reach 

the value of XOx = 0.55. This behaviour is similar to that found with mixed oxides 

oxygen carriers prepared with Cu and Mn for CLOU.17, 18, 34 Underline that the oxygen 

carrier gave oxygen concentration higher than the equilibrium condition for the CuO, 

but lower than the Mn2O3 equilibrium at each temperature. 

The effect of the reaction temperature in the batch fluidized bed was analyzed in the 

800-900ºC interval. Figure 5 shows oxygen concentration profiles and the solid 

conversion during a reduction period with N2 using different bed temperatures. These 

results are similar to those obtained by Azad et al.34 with Cu-Mn oxygen carriers 

prepared by extrusion and tested in a batch fluidized bed reactor. Thus, at all 

temperatures, the oxygen release rate was limited by thermodynamic restrictions. At the 
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lowest temperature, the solid decomposition is highly limited and the oxygen 

concentration quickly decrease to values near 1%, but always higher than the O2 

equilibrium concentration corresponding for the CuO at this temperature (0.11 vol.%). 

At the highest temperature (900 ºC), the solid reached a value of solid conversion of 0.5 

in less than 30 minutes. Note that reduction rate was different of that found by TGA. In 

the fluidized bed, the O2 concentration equilibrium limits the O2 release rate since the 

gas flow has reached an O2 concentration close to the equilibrium one at each 

temperature, whereas the reaction rate in TGA was not limited by the equilibrium 

concentrations. In all experiments the oxygen carrier was fully regenerated, recovering 

all the O2 released, at all temperatures using a 10 vol.% of O2 in the oxidation step. 

The effect of the oxygen concentration in the oxidation reaction was analyzed using 21 

vol.%, 10 vol.% and 5 wt.% of oxygen during oxidation at the same temperature. Figure 

6 shows the solid conversion in a typical oxidation period at 850 ºC. An important effect 

of the oxygen concentration was found. The oxidation reaction rate was low when the 

oxygen concentration in the gas flow was 5 vol.% and thus the solid conversion after 20 

minutes was low, although the material was totally regenerated in more than 1 hour. 

However, increasing the oxygen concentration to 21 vol.%, the regeneration of the 

oxygen carrier is almost completed in 10 min. Note that from TGA experiments, full 

conversion was reached in less than 180 seconds (see Figure 2) with air. These results 

confirmed those pointed out in previous works16, 20 about the important effect of the 

operating temperatures on the reduction and oxidation reactors for the successful 

development of the process. 

The multi-cycle test carried out in the fluidized bed also allowed determining the 

fluidization behavior of the oxygen carrier with respect to the attrition and 
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agglomeration phenomena. Figure 7 shows the attrition rate for hopcalite derived 

oxygen carrier as a function of the operation time. The attrition rate of this material was 

initially high (0.4 %/h) due to rounding of the particles. After 20 h of operation the 

value of the attrition rate seemed stable around of 0.04 %/h. However, this value was 

not stable after 30 h of hot fluidization. This sharp increase could be due to a reduction 

of the crushing strength of the particles and a reduction of the physical stability of the 

oxygen carrier particles; see Section 3.4. More hours of operation would be needed to 

determine the particle lifetime of the material.  

3.3 Batch reactor experiments with coal and char: effect of the oxygen carrier to 

fuel ratio 

In the fuel reactor of a CLOU process, two processes happen in series: oxygen 

generation and coal combustion with the oxygen generated. Moreover, the coal 

conversion process in the fuel reactor includes a first step of devolatilization, followed 

by the volatile matter and char combustion. Also, the gas-solid reaction between 

reacting gases, e.g. volatile compounds, and the solid oxygen carrier could be relevant. 

On the other hand, according to the CLOU scheme, the char combustion is the key 

variable to obtain high CO2 capture efficiencies in the process. 

To study the performance of the oxygen carrier for solid fuel combustion, tests in the 

batch fluidized bed reactor were made using coal and char as fuel. Differences using 

char or coal can be expected due to the presence of volatiles in coal. So, to evaluate the 

char conversion, independent of the volatile combustion, experiments using batches of 

char instead on coal were carried out. Following the experimental methodology 

proposed by Adánez-Rubio et al.,45 several experiments were performed varying the 

oxygen carrier to fuel ratio to determine the maximum rate of oxygen transference by 
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the oxygen carrier and the rate of combustion of coal and char. Test series were carried 

out by using different bed materials: first, the bed material was hopcalite derived 

oxygen carrier particles; second, the bed material was only 2.5 wt.% of oxygen carrier 

diluted in alumina. All these tests were carried out with a total mass of particles in the 

reactor of 0.28 kg. The oxygen carrier was subjected to about 30 redox cycles which last 

during 30 h at different temperatures of 800 to 900 ºC. It must be pointed out that the 

oxygen carrier never showed agglomeration problems, even when the oxygen carrier 

was highly reduced during the reduction period.  

First, an analysis about the rate of char combustion and the oxygen released rate is done. 

Figure 8 shows the concentration of O2, CO2 and CO measured at the outlet of the 

reactor during a typical reduction and oxidation cycle at 900 ºC with an oxygen carrier 

inventory in the reactor of 0.28 kg. The fluidizing medium was pure nitrogen during 

reduction and during oxidation the inlet oxygen concentration was 10 vol.%. The time t 

= 0 corresponds to the initial time of the reduction period, i.e. when the oxidizing gas 

mixture was replaced by nitrogen. At the beginning a rapid oxygen release occurred 

close to the oxygen concentration equilibrium for the measured bed temperature. After a 

short period, a batch of 2 g of char particles were fed to the reactor, and only CO2 and 

O2 were observed in the outlet gases, indicating full combustion of the char. The CO2 

concentration in this case was as high as 49 vol.% which was maintained constant 

during ~5 s, and eventually decreased to zero when the complete char combustion was 

reached. This result suggests a fast combustion of char. 

In addition, the oxygen release rate was high enough to supply an excess of gaseous 

oxygen (O2) exiting together the combustion gases. However, the oxygen concentration 

decreased from values around 3.5 vol.% to 0.6 vol.% O2 during the char combustion. 
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During the remaining reduction period the oxygen carrier continued releasing O2 at this 

concentration. This decrease in the O2 concentration as the oxygen carrier was being 

reduced was also observed in the experiments without char combustion, but the 

decrease was milder due to the slower reaction rate.  

In Figure 8, the variation of oxygen carrier conversion, XOx, with reacting time is also 

shown. It can be seen that the oxygen carrier was slowly converted during the initial 

period before char addition. Likely the oxygen generation rate was limited by the fact 

that the equilibrium concentration is reached in absence of fuel. A sharp decrease in the 

oxygen carrier conversion was happening when char was fed to the reactor because the 

fast oxygen transference from oxygen carrier to fuel. After char was completely burnt, 

oxygen was still generated because the oxygen carrier was not completely reduced after 

char combustion. The variation in the solids conversion during the reducing period was 

54%. Then, oxidation period starts at t = 530 s and a quick increase in the temperature 

occurred due to the highly exothermic reaction. The oxygen carrier was fully 

regenerated in 25 minutes. 

Experiments varying the load of char from 0.5 to 2 g were carried out corresponding to 

oxygen carrier to char ratios between 510 and 125. As expected, the CO2 concentration 

from fuel reactor increased with the char mass added because more fuel is burnt. Also, 

more oxygen is transferred to gases. Unburnt products, like CH4, CO or H2, were not 

observed in any case, indicating the full combustion of char in the bed. This fact 

contrasts with the results of Azad et al.34 where they detected CO and CH4 as unburnt 

product in the exit gases from the batch fluidized bed reactor burning CH4 as fuel with a 

Cu-Mn-based oxygen carrier. The improved results obtained with the hopcalite derived 
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oxygen carrier can be explained by the high O2 release rate and oxygen transport 

capacity obtained in this work with this material.  

At the CLOU conditions used in these experiments, the oxygen generated in the reactor 

was not limited by the reactivity of the oxygen carrier but for the demand of oxygen by 

coal; i.e. more oxygen is demanded, more oxygen is supplied. This fact suggests that a 

decrease in the oxygen carrier to coal ratio would allow increasing the oxygen 

transference rate provided by the hopcalite derived oxygen carrier. An attempt to 

determine the maximum oxygen transference rate of the hopcalite derived material was 

done in a two series of experiments. In these tests an additional dilution of the oxygen 

carrier material in alumina was done. So, the mass fraction of the hopcalite derived 

oxygen carrier was 2.5 wt.%, with a loads of coal were between 0.05 and 0.25 g, 

corresponding to oxygen carrier to char ratios from 175 to 24. In this second serie, it can 

be observed that with ratios lower than 45 the gaseous O2 disappeared, nevertheless, 

CO, CH4 or H2 were not found in any case.  

From the CO2 and O2 evolution in the gas phase, it was possible to calculate the 

instantaneous oxygen transference rate, 
2O ,Redr , from Equation (15). Figure 9 shows the 

oxygen transference rate as a function of the oxygen carrier to char ratio. It can be 

observed a similar trend of the data obtained with different oxygen carrier dilutions at 

similar oxygen carrier to char ratios. When the oxygen carrier to char ratio decreased 

from high values until a value of 35, the oxygen transference rate increased. However, 

at lower oxygen carrier to char values it seemed that the oxygen transference rate 

reached a maximum, and no further incremental in the oxygen transference rate was 

obtained by decreasing the oxygen carrier to char ratio. Thus, for oxygen carrier to char 

ratio < 35 -where the maximum rate for oxygen transference was reached- the char 
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conversion was limited by the oxygen transference rate from the oxygen carrier. The 

calculated value for the maximum oxygen transference rate was 0.3·10-3 kg O2/s per kg 

of oxygen carrier when the temperature during the reduction period increased up to Tmax 

= 880 ºC. Before adding the coal, the temperature of the bed was T0 = 850ºC, but the 

bed temperature increase up around 30ºC during the combustion, reaching a maximum 

value of Tmax = 880 ºC. Similar trend was found for the maximum oxygen transference 

rate at 900ºC. Nevertheless, the maximum oxygen transference rate increased with the 

reacting temperature, as showed in Table 3. 

Once the combustion of char was evaluated, and therefore the maximum oxygen 

generation rate obtained, the effect of the volatiles in the coal combustion was analyzed. 

To evaluate the coal conversion, experiments using batches of coal instead of char were 

carried out in the same fluidized bed reactor. The oxygen carrier to coal mass ratios 

varied from 175 to 3. Similar to experiments made with char, gaseous oxygen was in the 

gases for high oxygen carrier to coal ratios. But in this case, the oxygen concentration 

decreased for oxygen carrier to char mass ratio below 78, becoming zero at oxygen 

carrier to char ratios lower than 45. It was observed that for oxygen carrier to coal ratios 

lower than 47 the oxygen carrier was fully reduced after coal addition whereas char 

remained unburnt. Thus, some unconverted char was burnt in the subsequent oxidation 

period, which was evidenced by the presence of CO2 in the gases when air was 

introduced to the bed. The value of oxygen carrier to coal of 47 was close to the 

stoichiometric oxygen available in the bed material to convert the coal to CO2 and H2O, 

which was an oxygen carrier to coal ratio of 43. This means that the oxygen carrier was 

able to transfer the available oxygen via oxygen uncoupling. In all the experiments 

carried out with coal, no CO was present in the outlet gases, even if oxygen was not 
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present in the exhaust gases. This fact suggests that with this oxygen carrier all the 

volatiles present in the coal were burnt to CO2 and H2O in all conditions.  

Figure 10 shows the oxygen generation rate as a function of oxygen carrier to fuel mass 

ratio when coal or char was burnt with 2.5 wt.% hopcalite derived oxygen carrier 

particles diluted in alumina. It can be observed that at oxygen carrier to fuel ratios 

higher than 150, oxygen transference rates were similar both for coal and char. 

However, when the ratio decreased, oxygen transference rate with coal is more than 10 

times higher than when char was used. At low ratios, oxygen was not present at the gas 

outlet. However, the maximum rate of oxygen transference was not reached for this 

condition. As it can be seen in Figure 10, the rate of oxygen transference when coal is 

burnt did not reach a maximum value decreasing the ratio OC to coal. It means the more 

coal was added to the bed, the faster was the transference of oxygen from the oxygen 

carrier to the fuel. This highest oxygen transference rate obtained when coal was used 

can be explained by the direct reduction of hopcalite (Cu1.5Mn1.5O4) by the volatile 

matter by CLC reactions. The gas-solid CLC reaction between the mixed oxide and the 

volatiles can be observed in Equations (19) and (20). With oxygen carrier conversions 

for CLOU ≤1, the equation (19) describes the reaction between the oxygen carrier and 

the volatiles. However, with oxygen carrier to coal ratios lower than 12, the mass 

balance of the reaction shows oxygen carrier conversions higher than 1. This is possible 

if the direct reduction would make that the mixed oxide decompose giving Cu0 and Mn 

oxide, see Equation (20). However, agglomeration problems were not detected in the 

bed material. In this case, gas-solid reaction between volatile matter and the oxygen 

carrier could be faster than oxygen generation rate. Note that during these tests no 

unburnt products were detected in the gas outlet flow, so all the volatile matter 
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contained in the coal was burnt by the oxygen carrier, So, hopcalite derived oxygen 

carrier is able to burn completely the volatiles contained in the fuel at the same 

conditions that are used in a continuous CLOU unit. This fact makes that the use of this 

oxygen carrier for the combustion of fuels with a high content of volatiles is favoured. 

   1.5 1.5 4 x y 2 22 4x y Cu Mn O 10C H 3 4x y CuMnO 10xCO 5yH O        (19) 

     1.5 1.5 4 x y 2 22 4x y Cu Mn O 4C H 3 4x y Cu 3 4x y MnO 2xCO 4yH O         (20) 

Finally, it can be compared the contribution to the total oxygen transference rate by the 

different reactions (CLOU or CLC) that take place in the reactor, see Figure 10. It can 

be observed, that at ratios higher than 50, the contribution to the oxygen transference 

rate was similar for CLC (direct combustion of the volatiles with the oxygen carrier) 

and CLOU (combustion of the volatiles and char by the O2 generated by the oxygen 

carrier) reactions. However, at lower rates, the transference of oxygen from the oxygen 

carrier to the volatiles by direct reaction is more important, from 4 times higher at ratios 

of 20 increasing to 16 times higher at ratios lower than 5. 

3.4 Characterization of hopcalite derived oxygen carrier particles 

Solids samples extracted from batch fluidized bed reactor for gaseous fuels after 30 h of 

fluidization were characterized by different techniques. Table 1 shows relevant 

properties for used particles compared to the fresh ones.  

The XRD analysis of used particles revealed the presence of Cu1.4Mn1.6O4 as major 

component. Thus, the unique change in chemical structure of the material was that the 

Mn3O4 free disappeared, integrating these manganese in the structure of the mixed 

oxide, modifying slightly the stoichiometry of the mixed oxide from Cu1.5Mn1.5O4 to 

Cu1.4Mn1.6O4. This fact would be related with the increase of the oxygen carrier oxygen 

transport capacity showed in TGA experiments, see Figure 2. The reactivity of samples 
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taken after 30 hours of operation in the batch fluidized bed reactor was determined by 

TGA at 950 ºC in N2 for the decomposition reaction and in air for the re-oxidation; 

Figure 2. It can be seen that the reactivity of the oxygen carrier particles remained 

constant; however, the oxygen carrier capacity increased, from values of 3.7% to 4.2%. 

This fact could be explained by the disappearance of the free Mn2O3 and integrating this 

Mn in the structure of the mixed oxide, being more reactive for the release of O2. 

Moreover, hopcalite derived oxygen carrier shows a different behaviour respect to the 

oxygen carrier prepared by Azad et al.34 They observed that after experiments, a new 

spinel was formed Cu1.2Mn1.8O4 and part of the Mn3O4 remained free, decreasing in this 

way its oxygen transport capacity. 

On the other hand, the particles showed a decrease in their crushing strength after 30h of 

operation in the batch fluidized bed reactor for gaseous fuels, from values of 1.9 N to 

0.8 N. This clearly indicates the need to improve the lifetime of this kind of materials 

for their use in a CLOU process of coal combustion. 

SEM images of stabilized and used particles from the batch fluidized bed reactor after 

30 h of operation are shown in Figure 11. It can be observed that after being used, the 

crystal size of the Cu1.5Mn1.5O4 (cubic spinel structure with different planes47) has 

increased. This increase in the crystal size can be observed both outside and inside of 

the particles; see Figures 11(c) and 11(d), respectively. This crystal growth changed the 

physical structure of the particles, from a sintered like surface to an individual and 

separately crystals appearance; see Figures 11(c) and 11(d), respectively. This change 

could affect to the decrease of the mechanical resistance detected during operation. 
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4 CONCLUSIONS 

In this work, commercial hopcalite (67.4 wt.% Mn2O3 and 29.2 wt.% CuO) was 

evaluated as oxygen carrier for CLOU process. The oxygen release rate and the 

fluidization behavior, regarding agglomeration and attrition rate, were analyzed in a 

TGA and in a batch fluidized bed with gaseous and solid fuels. A medium volatile 

bituminous South African coal and char prepared with this coal were used as fuels.  

The capability of particles to evolve gaseous oxygen in the fuel reactor during fuel 

combustion was evaluated as a function of the oxygen carrier to fuel mass ratio and 

reactor temperatures from 800 to 900 ºC. The oxygen carrier never showed 

agglomeration problems during all the experimental work. 

With char, a decrease in the oxygen carrier to char mass ratio drives to a continuous 

increase in the oxygen generation rate of the hopcalite derived material until the 

maximum rate of oxygen generation was reached. The maximum generation rate 

obtained with char were 0.31·10-3at 880 ºC to 0.62·10-3 kg O2/s per kg of oxygen carrier 

at 930 ºC.  

The experiments done with coal showed that at oxygen carrier to coal ratios higher than 

150, oxygen transference rates were similar both for coal and char. However, when the 

ratio decreased, oxygen transference rate with coal is more than 10 times higher than 

when char was used. At low ratios, oxygen was not present; moreover no unburnt 

products were detected. However, the maximum rate of oxygen transference was not 

reached for this condition. The more coal was fed to the bed, the faster was the oxygen 

transferred from the oxygen carrier to the fuel.  

Results obtained with char were representative of the rate of evolution of gaseous 

oxygen from particles by CLOU, whereas experiments with coal also include a fast gas-
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solid reaction rate between volatile matter and solid particles with direct reduction of 

Cu1.5Mn1.5O4. 

The results obtained in this work showed that the reactivity of the hopcalite derived 

oxygen carrier allows the complete conversion of the solid fuel in a CLOU process with 

high O2 release at low temperatures, no unburnt products at low oxygen carrier to fuel 

ratios and very high oxygen transference rate by direct reaction. However, an important 

reduction in the crushing strength of the particles as the operation time increased was 

found, with values lower than 1 N after operation. This clearly indicates that the 

commercial material is not adequate for the CLOU process as it is, and makes necessary 

an improvement of its physical properties. 
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NOMENCLATURE 

Fair molar flow of air (mol/s) 

Fi molar flow of gas i (mol/s) 
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Fout molar flow at the reactor exit (mol/s) 

FO,SF molar flow of oxygen from the existing oxygen in the solid fuel (mol/s) 

m Mass of the sample at each time (kg) 

mchar mass of char fed to the fuel reactor (kg) 

melut Oxygen carrier elutriated from the batch fluidized bed reactor (kg) 

mFR mass of oxygen carrier in the fuel reactor (kg/MWth) 

mOx mass of fully oxydized oxygen carrier (kg) 

mOC mass of oxygen carrier in the reactor (kg) 

mred mass of reduced oxygen carrier, as Cu2O (kg) 

2OM  molecular weight of oxygen (=32·10-3 kg/mol) 

2ON  amount of oxygen, expressed as O2, in the bed material (mol) 

2 ,O Redr  rate of oxygen generation in the reduction (kg O2/s per kg of oxygen carrier) 

2 ,O Oxr  rate of oxygen consumption in the oxidation (kg O2/s per kg of oxygen carrier) 

2 ,O maxr  maximum rate of oxygen generation (kg O2/s per kg of oxygen carrier) 

ROC oxygen transport capability (-) 

t time (s) 

T temperature (ºC) 

T0 initial temperature in the experiment (ºC) 

Tmax maximum temperature reached during experiment (ºC) 

XOx  Oxygen carrier oxidation conversion (-) 

XRed  Oxygen carrier reduction conversion (-) 

Xf oxygen carrier conversion at the end of the reducing period (-) 

yi molar fraction of gas i (-) 
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Greek symbols 

Hr Enthalpy of reaction (kJ/mol) 

atriciónv  Attrition rate (%/h) 

 

Acronyms 

BET Brunauer-Emmett-Teller 

CLC Chemical Looping Combustion 

CLOU Chemical Looping with Oxygen Uncoupling 

OC Oxygen carrier 

TGA Thermogravimetric analyser 

XRD X-ray diffractometer 
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Caption of Tables 

Table 1. Properties of the hopcalite oxygen carrier particles, fresh and used 30h in the 

batch fluidized bed reactor. 

Table 2. Properties of South African coal and the char prepared. 

Table 3. Maximum value of the oxygen generation rate, 
2O ,maxr , for the hopcalite derived 

oxygen carrier as a function of the temperature. 
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Table 1. Properties of the hopcalite oxygen carrier particles, fresh and used 30h in the 

batch fluidized bed reactor. 

 Stabilized Used 
Composition (wt.%) 21.6% Cu 

43.4% Mn 

0.7% Ca 
1.0% K 
0.9 % Na 

22.6% Cu 
46.2% Mn 

0.7% Ca 
0.3% K 
1.2 % Na 

Oxygen transport capacity for CLOU, 
ROC (wt.%) 

3.7 4.2 

Crushing strength (N) 1.9 0.8 
Skeletal density of particles (kg/m3) 4129 4100 

Porosity (%) 56.5 43.5 

Specific surface area, BET (m2/g)  <0.5 <0.5 

XRD main phases Cu1.5Mn1.5O4, Mn2O3 Cu1.4Mn1.6O4 
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Table 2. Properties of South African coal and the char prepared. 

 Medium Volatile 
Bituminous 

Char coal 

Proximate Analysis (wt.%) 
C 69.3 76.5 
H 4.0 0.2 
N 2.0 1.6 
S 1.0 0.8 
O(1) 5.2 0.0 
Ultimate Analysis (wt.%) 
Moisture 4.2 0.9 
Volatile matter 25.5 1.1 
Fixed carbon 56.0 78.0 
Ash 14.3 20.0 
(1) to balance 
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Table 3. Maximum value of the oxygen generation rate, 
2O ,maxr , for the hopcalite derived 

oxygen carrier as a function of the temperature. 

 

T0 (ºC) Tmax (ºC) 2O ,maxr ·103 

(kg O2/s per kg OC) 
850 980 0.3 
900 930 0.61 
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Caption of Figures 

Figure 1. O2 concentration at equilibrium as a function of the temperature for the 

systems (―)CuO/Cu2O, (-··-)Mn2O3/Mn3O4 and (---)Co3O4/CoO. 

Figure 2. TGA Conversion vs. time curves for (a) reduction and (b) oxidation reactions 

for fresh and used 30 h in the batch fluidized bed reactor for gaseous fuels. Reduction: 

N2; Oxidation: air, at 950ºC in TGA. 

Figure 3. O2 concentration as a function of time for 5 consecutive cycles of reduction-

oxidation in the batch fluidized bed reactor for gaseous fuels at 800 ºC. Reduction: N2. 

Oxidation: 10 vol.% O2 in N2. 

Figure 4. Solid conversion and oxygen concentration profile during a reduction and 

regeneration period in the batch fluidized bed reactor for gaseous fuels at 850 ºC. 

Reduction: N2. Oxidation: 10 vol.% O2 in N2. (···) O2 equilibrium concentration for 

CuO and Mn2O3. 

Figure 5. Oxygen concentration and solid conversion profiles during a reduction period 

using different bed temperatures in the batch fluidized bed reactor for gaseous fuels.  

Figure 6. Solids conversions during an oxidation period in the batch fluidized bed 

reactor for gaseous fuels using different oxygen concentrations: 5, 10 and 21 vol.% at 

T= 850 ºC. 

Figure 7. Attrition rate of hopcalite derived oxygen carrier during multi-cycle operation 

in the batch fluidized bed for gaseous fuels. 

Figure 8. Concentration of O2, CO2, CO, H2 and CH4 during a typical reduction and 

oxidation cycle in the batch fluidized bed reactor for solid fuels. The variation in the 

oxygen carrier conversion, XOx, during the reduction and oxidation periods is also 
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shown. T0 = 900 ºC; reduction in N2 and oxidation with 10 vol.% O2 in N2; mass 

fraction of oxygen carrier: 100 wt.%; Char batch: 2 g. OC/char ratio = 124. 

Figure 9. Instantaneous oxygen generation rate, 
2 ,O redr , for the hopcalite derived oxygen 

carrier as a function of the oxygen carrier to char mass ratio. T0 = 850 ºC. Mass fraction 

of hopcalite derived oxygen carrier in the reactor: (●) 100 wt.%; (▲) 2.5 wt.%. 

Figure 10. Instantaneous oxygen transference rate, 
2 ,O redr , for the hopcalite derived 

oxygen carrier as a function of the oxygen carrier to fuel mass ratio. T0 = 850 ºC. Mass 

fraction of hopcalite derived oxygen carrier in the reactor: 2.5 wt.%. Fuel: (Δ) coal; (▲) 

char. 

Figure 11. SEM images of calcined (left) and used (right) particles after 30 h in the 

batch fluidized bed reactor: (a, c) image of the particles; (b, d) cross section of a 

particle. 
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Figure 1. O2 concentration at equilibrium as a function of the temperature for the 

systems (―)CuO/Cu2O, (-··-)Mn2O3/Mn3O4 and (---)Co3O4/CoO. 
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Figure 2. TGA Conversion vs. time curves for (a) reduction and (b) oxidation reactions 

for fresh and used 30 h in the batch fluidized bed reactor for gaseous fuels. Reduction: 

N2; Oxidation: air, at 950ºC in TGA. 



This document is the Accepted Manuscript version of a Published Work that appeared in final form in Energy 
& Fuels, copyright © American Chemical Society after peer review and technical editing by the publisher. To 

access the final edited and published work see https://doi.org/10.1021/acs.energyfuels.6b00552  
Submitted, accepted and published by: 
Energy & Fuels 30 (2016) 5953-5963 

 44

Time (s)

0 2000 4000 6000 8000 10000 12000 14000

O
2

 C
o

n
c

en
tr

a
ti

o
n

 (
vo

l.
%

)

0

2

4

6

8

10

12

 

Figure 3. O2 concentration as a function of time for 5 consecutive cycles of reduction-

oxidation in the batch fluidized bed reactor for gaseous fuels at 800 ºC. Reduction: N2. 

Oxidation: 10 vol.% O2 in N2. 
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Figure 4. Solid conversion and oxygen concentration profile during a reduction and 

regeneration period in the batch fluidized bed reactor for gaseous fuels at 850 ºC. 

Reduction: N2. Oxidation: 10 vol.% O2 in N2. (···) O2 equilibrium concentration for 

CuO and Mn2O3. 
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Figure 5. Oxygen concentration and solid conversion profiles during a reduction period 

using different bed temperatures in the batch fluidized bed reactor for gaseous fuels.  
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Figure 6. Solids conversions during an oxidation period in the batch fluidized bed 

reactor for gaseous fuels using different oxygen concentrations: 5, 10 and 21 vol.% at 

T= 850 ºC. 
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Figure 7. Attrition rate of hopcalite derived oxygen carrier during multi-cycle operation 

in the batch fluidized bed for gaseous fuels. 
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Figure 8. Concentration of O2, CO2, CO, H2 and CH4 during a typical reduction and 

oxidation cycle in the batch fluidized bed reactor for solid fuels. The variation in the 

oxygen carrier conversion, XOx, during the reduction and oxidation periods is also 

shown. T0 = 900 ºC; reduction in N2 and oxidation with 10 vol.% O2 in N2; mass 

fraction of oxygen carrier: 100 wt.%; Char batch: 2 g. OC/char ratio = 124. 
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Figure 9. Instantaneous oxygen generation rate, 
2 ,O redr , for the hopcalite derived oxygen 

carrier as a function of the oxygen carrier to char mass ratio. T0 = 850 ºC. Mass fraction 

of hopcalite derived oxygen carrier in the reactor: (●) 100 wt.%; (▲) 2.5 wt.%. 
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Figure 10. Instantaneous oxygen transference rate, 
2 ,O redr , for the hopcalite derived 

oxygen carrier as a function of the oxygen carrier to fuel mass ratio. T0 = 850 ºC. Mass 

fraction of hopcalite derived oxygen carrier in the reactor: 2.5 wt.%. Fuel: (Δ) coal; (▲) 

char. 
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Figure 11. SEM images of fresh (left) and used (right) particles after 30 h in the batch 

fluidized bed reactor: (a, c) image of the particles; (b, d) cross section of a particle. 

 


