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Abstract This paper contains the results of research work

on chemical looping combustion (CLC). CLC is one of the

most promising combustion technologies and has the main

advantage of producing a concentrated CO2 stream, which

is obtained after water condensation without any energy

penalty for CO2 separation. The objective of this work was

to study the chemical looping reaction performance for a

novel spinel-type oxygen carrier. The SrCuO2 was tested

for the purpose of CLC for power generation, and hydrogen

was utilized as a syngas component. SrCuO2 was prepared

as a powder. Reactivity tests were performed under

isothermal conditions for multiple redox cycles using a

thermogravimetric (TG) analyzer (Netzsch STA 409 PG

Luxx). For the reduction, 3 % H2 was used, and for the

oxidation cycle, air was used. The effect of both reaction

temperature (600–800 �C) and reducing/oxidizing cycles

(five cycles at each temperature) on the reaction perfor-

mance of the oxygen carrier samples developed in this

study was evaluated. The stability, oxygen transport

capacity and reaction rates were analyzed based on

experimental TG data. The material was systematically

investigated by scanning electron microscopy, X–ray

diffraction measurements, N2 porosimetry, particle size

distribution and studying the melting behavior. Investiga-

tion of the oxidation/reduction behavior of SrCuO2 showed

stable chemical looping performance, with great recycla-

bility after continuous multiple redox reactions maintaining

the chemical properties. Moreover, excellent oxygen

capacity was maintained within cycling combustion tests.

Furthermore, the oxygen carrier sample attained a high

melting temperature, which provides attractive thermal

resistivity. For comparison purposes, another Cu-based

oxygen carrier was prepared and analyzed in the same

manner. The CuO/TiO2 carrier transported similar amounts

of oxygen to the fuel, but its stability to reaction was

questionable. The promising results obtained from CLC

allowed us to conclude that SrCuO2 is possibly a capable

and suitable candidate for CLC for power generation.

Keywords SrCuO2 � TG � Hydrogen � Chemical looping

combustion � Oxygen transport capacity � XRD

Introduction

In chemical looping combustion, the fuel is converted into

pollutant-free energy carriers such as electricity and

hydrogen by using an oxygen carrier, typically a metal

oxide [1]. An oxygen carrier transfers oxygen from air to

fuel as shown in Fig. 1. The two reactors, the reducer and

the oxidizer, are also called the fuel and air reactor,

respectively. In the fuel reactor, fuel (for example,

methane, synthesis gas, coal, biomass) reacts with a solid-

state oxygen carrier. In consequence, the fuel is oxidized to

CO2 and H2O [2], while the metal oxide is reduced to the

metal oxide at a lower oxidation state or to its metallic

form. After the water condensation, a pure stream of CO2

in fuel reactor is obtained. Further, in the next step (oxi-

dation of the oxygen carrier), the reduced metal oxide is

transferred from fuel reactor to the air reactor where it is

regenerated by the air, and then the oxygen carrier is ready

to react in another loop with the fuel.

The previous chemical looping combustion studies on

materials considered mainly the application of simple
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synthetic solid oxygen carriers such as NiO, CuO, Fe2O3,

CoO and MnO2 [3, 4]. As natural carriers that might be

potential candidates for chemical looping, the various ores

[5], minerals [6], steel industry wastes [7], sediments from

deep water purification [8] and finally sewage sludge ashes

[9] were considered, mainly because of their attractive cost

contributing to the overall cost of CLC. Recently, synthetic

mixed materials have also been investigated intensively

due to their emerging CLC properties [10–12]. The com-

plex oxide materials can potentially solve many problems

associated with conventional monometallic oxygen carriers

[13, 14] because addition of other oxides improves the

structural properties of the monometallic oxygen carriers

by considerably expanding their stability over multiple

redox cycles [15–17]. They have also been proven to

increase both the thermal resistance and the oxygen

transport capacity [18]. Furthermore, the complex oxide

materials improve reaction rates [19–21]. Examples of the

complex oxide materials that are receiving considerably

increased attention are the spinel system of Cu–Mn–O [17],

CoWO4 [22], the MFe2O4 type, where M is either Co, Ni,

Cu, Mg, Ca, Sr or Ba [14], and also perovskite-type

materials such as La1-xSrxMyFe1-yO3-d [10], or

LaMn1-xCoxO3±d [23], and La1-xSrxFeO3 [20]. In the

literature [14], several bimetallic oxygen carriers of the

MFe2O4 type, where M is either Co, Ni, Cu, Mg, Ca, Sr or

Ba and also MnFeO3 were prepared by the precipitation

method and were finally tested for potential use in chemical

looping combustion of hard coal. Based on collected TG

data, bimetallic ferrites were proven to have better reduc-

tion rates than the Fe2O3 alone. The Group 2 metal ferrites

had both better reduction and oxidation rates than transition

metal ferrites. BaFe2O4 demonstrated the highest perfor-

mance among the bimetallic ferrites studied, and its

reduction rate was comparable to the reduction rate of

CuO. The cyclic tests on BaFe2O4 showed stable perfor-

mance without agglomeration, even at a high temperature

of 1000 �C.

The strontium cuprate (SrCuO2) is one of the most

interesting materials among other cuprates because it

shows high-temperature superconductivity [24, 25]. Some

previous studies on the single crystal obtained by the flux

method showed that SrCuO2 has a perovskite-like tetrag-

onal structure with an infinite two-dimensional CuO2 layer

structure [25]. SrCuO2 was also recognized as the simplest

superconducting compound that showed a transition above

the liquid nitrogen temperature [24]. Both atomic position

and site occupancy were shown to be closely related to the

physical properties. The orthorhombic oxide has a two

types of polyhedrons, which form a NaCl-related structure

(i.e., there are the Cu–Cu layers made of the distorted

NaCl-type structure and also the Cu–Sr and Sr–Sr layers

that have the TlI-type structure). Because of the differences

in the radii between Sr and Cu, the Cu square plates are

distorted from the ideal TlI-type of structure. The calcu-

lated copper valence, based on strontium and oxygen

occupancy values, showed that the very small portion of

copper atoms was monovalent (normalized

Cu2?/Cu? = 0.992/0.008). Finally, [24] estimated the

formula to be Sr0.964Cu0.950O1.914, and suggested that the

crystals might be slightly doped with electrons.

The brief summary presented here shows that there is an

increasing interest in the application of mixed metal oxide

oxygen carriers. It is a challenge to find the suitable can-

didates for the CLC process considering the competing

factors such as production cost, availability, stable reac-

tivity during multiple cycles, lower environmental impact

than pure Cu or Ni oxygen carriers and the potential impact

on human health. Moreover, the oxygen carrier should

have a sufficiently high combustion rate as well as an

adequate oxygen release capacity to combust the fuel. In

addition, a high attrition resistance and a high-temperature

resistivity would also be beneficial. The special require-

ments mentioned are crucial, and they are a must for the

practical utilization of oxygen carriers in a chemical

looping combustion power plant.

The objective of this paper is the preparation and

characterization of mixed metal oxide oxygen carriers that

are suitable for chemical looping combustion for power

generation (where the hydrogen is the main component of

syngas from gasification of coal or biomass). In the pre-

sent work, SrCuO2 was tested as a potential oxygen

carrier for chemical looping processes. The X-ray

diffraction (XRD) method for studying the structural

properties of the crystal, the high-temperature oven for

temperature resistivity and the particle size analyzer for

PSD were applied. Fundamentally, the thermogravimetric

analysis (TG) was used to determine oxide material redox

reactivity with fuel (hydrogen) and ability to transport

oxygen and also to determine the stability in cycling

redox reactions.

N2, O2
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MexOy–1

Air –
reactor

Fuel –
reactor
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CO2, H2O

Fig. 1 Chemical looping combustion
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Experimental

Sample preparation

Powder samples of the SrCuO2 were prepared by a

mechanical mixing method, by heating the mixture of

SrCO3 and CuO oxides (purity 99.9 %) for a total of 20 h

at 950 �C. After cooling, the mixture was ground and then

calcined at 950 �C for 20 h to ensure the best homogeneity

of the oxide material obtained. For comparison purposes, a

simple Cu-based oxygen carrier was also prepared.

Monometallic 50 mass% CuO, 50 mass% TiO2 material

was prepared by a mechanical mixing method. Molar

amounts of CuO and TiO2 (purity 99.9 %) with the addi-

tion of 10 % graphite were calcined in air at 800 �C for

20 h. After cooling and grinding the sample, a new portion

of graphite was added to the sample, and then the calci-

nation procedure was repeated under the same conditions.

Basic material characterization

The phase structure and lattice parameters of oxide mate-

rials were determined by application of the X-ray powder

diffraction (XRD) method. A Siemens D5000 diffrac-

tometer with filtered Cu Ka radiation, the H/2H geometry

and working parameters such as V = 40 kV and

I = 30 mA was applied. X-ray powder diffraction patterns

for polycrystalline samples were recorded at RT in the 2H
range from 10� to 120�.

The average shrinkage, deformation, hemisphere and

flow temperatures were determined by using a high-tem-

perature oven equipped with an IR camera. The pelletized

samples were placed in an oven (PR 25/1750/PIE) and

heated to 1650 �C to observe the change in the pellet shape

during the heating process.

A Malvern Mastersizer 2000 particle analyzer with a

dispersion Hydro 2000G mouthpiece was used for the

particle size distribution (PSD) analysis. A He–Ne laser

with k = 633 nm and an LED laser with k = 466 nm as

the red and blue light source were used.

The scanning electron microscope (SEM) JSM–5410

was used for morphology determination. The SEM was

also equipped with an energy dispersion X-ray spectrom-

eter (EDS) with an Si(Li) X-ray detector that was used for

investigation of the homogeneity of the samples obtained.

Secondary electron images (SEIs) and backscattered elec-

tron compositional images (BEI COMPO) were recorded at

room temperature for individual grains of the oxygen car-

rier oxide materials examined.

A Micromeritics 3Flex, that is, an N2 porosimeter, was

used to determine the pore volume and surface area by

applying N2 adsorption isotherms at 77 K. Prior to the

measurements, the samples were degassed under vacuum at

350 �C for 4 h. The surface area and pore size were cal-

culated using the Brunauer–Emmett–Teller (BET) and

Barrett–Joyner–Halenda (BJH) methods, respectively.

Characterization of reactivity

Thermogravimetric experiments were conducted in a Netzsch

STA 409 PG Luxx thermal analyzer that was coupled with a

403C Aëolos quadrupole mass spectrometer (QMS). The

mass spectrometer was used for the analysis of the evolved

gas and could detect masses between 1 and 300 amu in the

SCAN or MID mode. In the TG experiments, the mass

change of the metal oxide oxygen carriers was measured

isothermally as a function of time. Five reduction/oxidation

cycles were performed to determine the reactivity of the

oxygen carriers. Approximately 100 mg of sample was

heated (with a heating rate of 20 K min-1) in an Al2O3

crucible to the reaction temperature. To ensure that the mass

transfer limitations during redox reactions were minimal, both

the mass of the sample and the flow of the gases were settled

experimentally. After reaching the desired temperature, 3 %

H2 balanced by Ar was used for the MeO reduction reaction,

while 20 % of the O2 balanced by N2 was utilized for the

oxidation (regeneration) reaction of the oxygen carrier that

had previously been reduced. Because hydrogen is a major

component of synthesis gas that might be used for chemical

looping combustion for power generation, the possible uti-

lization of a novel Cu-based type of material for this purpose

was investigated in this work. Gas flow rates were set at 125

and 50 mL min-1, for reduction and oxidation, respectively.

Both reduction and oxidation reaction time was set at 15 min.

The TG chamber was flushed with Ar flow for 5 min before

and after each redox reaction to avoid the mixing of reduction

gases and air. To investigate the effect of temperature, the

cyclic tests of reduction–oxidation were carried out over a

temperature range of 600–800 �C. Moreover, the comple-

mentary, long-term stability performance was also evaluated

by investigation of the oxygen carrier within 20 redox cycles

at a temperature of 950 �C.

The fractional conversions (fractional reduction and

fractional oxidation) were calculated based on collected

TG data. The fractional conversion (X) is defined based on

observed mass changes within cycling and was calculated

using the Eqs. (1) and (2):

Fractional reduction Xð Þ ¼ ðMoxd �MÞ=ðMoxd �MredÞ
ð1Þ

Fractional oxidation Xð Þ ¼ ðM �MredÞ=ðMoxd �MredÞ
ð2Þ

where M denotes the instantaneous mass (mass of the metal

oxide material), Moxd denotes the mass of a completely
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oxidized sample in the TG (completely oxidized oxide in

the TG after introducing air) and Mred denotes the mass of a

completely reduced sample in the TG (the mass of the

metal oxide after the reduction reaction). The reaction rates

were calculated by differentiating the mass data versus

time. The reaction rates shown in this paper are determined

as the maximal rates obtained for each separate redox

cycle.

Results and discussion

Crystal structure analysis results

Figure 2 shows the X-ray powder diffraction pattern

obtained for the SrCuO2 oxygen carrier at room tempera-

ture. The determination of the lattice parameters and the

phase identification were performed by applying the Riet-

veld method described elsewhere [26]. Based on the

identification of reflections in the X-ray powder diffraction

patterns, the cuprate was identified to be an orthorhombic

crystal structure. The diffractogram that is shown in Fig. 2

confirmed that SrCuO2 is a single phase. As a result of the

fitting of the oxide spectra with utilization of the FullProf

program, the SrCuO2 material might be described by the

orthorhombic C mcm space group, with the following

crystal lattice parameters: a = 3.5713(4) Å,

b = 16.3075(5) Å, c = 3.9059(7) Å and V = 227.48 Å3.

The present results are in good agreement with the earlier

studies [24].

Because the mobility of oxygen ions is also expected to

be dependent on the distance between ions in the crystal

structure [24], the Cu–O distances were calculated. For

SrCuO2, the following Cu–O bond lengths are estimated to

be 1.891(7), 1.908(0) and 1.955(4) Å 9 2 (from the CuO4

square plate), with an average length of 1.927(6) Å. The

numbers given in parenthesis express the significant fig-

ures. The three types of Cu–O bonding are present because

the crystal structure has two types of cation–polyhedral

double layers of SrO7 and CuO4 that alternately connect

parallel to the direction of the b axis, and the stacking along

the c axis is closely related to the NaCl-like TlI-type

structure. The values of the bond lengths differ somewhat

slightly from the values obtained from the literature. As

reported in [24] for the SrCuO2 monocrystal, the lengths

obtained were 1.910(3) Å, 1.930(3) Å and 1.961(4) Å 9 2,

respectively, with an average Cu–O distance of 1.941(2) Å

that was obtained for the oxide with lattice parameters

equal to a = 3.577(1) Å, b = 16.342(1) Å and

c = 3.9182(7) Å. The Matsushita et al. [24] formula was

assumed to be Sr0.964Cu0.950
2? O1.91. Clearly, the unit cell

dimensions obtained in the paper differ from values from

the report [24], so therefore the length of the Cu–O bonds

has also changed. In the present work, the SrCuO2 material

shows shorter Cu–O distances.

For the oxygen carrier composed of 50 mass% of CuO

and 50 mass% of TiO2, it is the copper oxide (CuO) that is

actively taking part in the CLC reactions [27]. For the

CuO-based material, the C 2/c space group and the refined

crystal lattice parameters were determined as follows:

a = 3.680(3) Å, b = 3.426(5) Å, c = 5.133(1) Å,

b = 99.4(1) and V = 81.25 Å3. The calculated Cu–O bond

lengths in CuO are 1.961(2) Å (8 positions) and 1.950(3) Å

(4 positions).

Based on the crystal structure data and bond values, we

might conclude that the oxygen evolved from the CuO

structure will be easier to process than the oxygen evolved

from the SrCuO2 material possibly because the longer Cu–

O bond lengths that are present for the traditional

monometallic oxygen carrier were determined.

Melting behavior study

For solid-state oxygen carriers, the melting points are one

of the most important parameters that enable estimation of

the agglomeration tendencies because a serious loss of

reactivity could appear if the oxygen carrier shows a low

melting point. Therefore, the temperature resistance should

be high enough both to endure the chemical looping

reaction range of temperatures and also to avoid agglom-

eration of oxygen carrier particles. Usually, the chemical

looping processes are operated between 600 �C and

1200 �C [28], and if some metal melts within the said

temperature range, the performance of CLC redox reac-

tions could change significantly. Therefore, the average

0 20 40 60 80 100 120

2 θ/°
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Fig. 2 X-ray powder diffraction pattern collected at room tempera-

ture containing the FullProf analysis of crystal structure. Observed

(black line), calculated (red line) profiles for SrCuO2 at RT, refined in

the orthorhombic C mcm space group. The vertical markers

correspond to the allowed Bragg reflections
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shrinking, deformation, hemisphere and flow temperatures

for SrCuO2 oxygen carrier were determined and are shown

in Table 1. The pure chemical used for the oxide synthesis

as CuO was tested in terms of thermal resistance. The lit-

erature shows that pure CuO has the disadvantage of

having a low melting point (1080 �C) [14]. In this work,

the deformation of the formed CuO pellet was observed at

630 �C, with melting at 1100 �C, that agrees well with the

values reported previously [28]. Therefore, it is important

to have some inert additives that may improve the thermal

resistivity of the oxygen carrier [28]. Additionally, the

melting behavior was tested for the simple supported

copper-based (i.e., monometallic CuO/TiO2) carrier, that is

known from [27]. The study showed that adding some inert

material may change melting behavior, as is the case

known for CuO/TiO2. Furthermore, the addition of other

metal oxides to CuO may improve the thermal resistivity as

observed for the advanced SrCuO2 material. That is the

case for the SrCuO2 carrier because an increase in tem-

peratures values was obtained for the new SrCuO2 carrier

(deformation was observed as high as 1320 �C, while

melting was observed at a temperature of 1590 �C). Those

temperatures are significantly high compared with the low

temperatures of the pure CuO material. Based on results

from Table 1, we conclude that a significant improvement

of temperature resistivity for strontium cuprate due to the

effect of synergy between SrO and CuO oxides was

achieved. Moreover, the temperature determined indicated

that the material might be used in a CLC system and might

operate in the temperature range indicated.

Brunauer–Emmett–Teller (BET) surface area

analysis and pore distribution

The surface area and pore analysis data for the oxygen car-

riers are shown in Table 2. The evaluation of pore size dis-

tribution and pore morphology was carried out from the

nitrogen sorption isotherms. The SrCuO2 sample showed a

low surface area of 1.9 m2 g-1 as well as a small total vol-

ume of the pores equal to 0.0026 cm3 g-1. For the CuO/TiO2

carrier, the surface area was 1.3 m2 g-1, and the total volume

of the pores was almost doubled to 0.0043 cm3 g-1 com-

pared to the SrCuO2 carrier. For both carriers, the surface

area was low, with slightly better surface performance

observed for strontium cuprate. Based on the N2 sorption

experiments, the volume of micro–, meso– and macropores

was determined for both samples (Table 2).

For strontium cuprate, the values were 4.12, 66.70 and

29.18 %, while for copper oxide/titania, the calculated

percentage of the micro–, meso– and macropores was 8.52,

55.83 and 35.65 %, respectively. For both samples, the

majority of the pores were clearly composed of the

mesopores. The cuprate sample is evidently significantly

more extended in mesopores compared with the copper

oxide/titania oxygen carrier sample. In the copper oxide

carrier, the percentage of the micropores is doubled com-

pared to the percentage of cuprate micropores.

The pore morphology was interpreted based on the work of de

Boer [29, 30], who envisioned five types of the hysteresis curves

and associated the shape of the pores with the form of the hys-

teresis curves. The geometrical shape of the pore was concluded

to be slit-shaped pores (second type of hysteresis curve) for both

SrCuO2 and CuO/TiO2 oxygen carriers. Because the curves of

N2 adsorption isotherms showed that the samples were con-

structed of slit-shaped pores, the reaction with the gaseous fuel

will be easy to carry out because no additional narrows are pre-

sent Fig. 3. Evolving the oxygen from the oxide materials to the

fuel would be favorable for such formed pores. However, based

on the data listed in Table 2, we also conclude that the small

surface area will not be playing a fundamental role in the

reduction–oxidation cycling reactions, but perhaps the pore

distribution and pore morphology will be meaningful parameters

for the CLC redox reactions.

Particle size distribution (PSD)

PSD data analysis by utilization of the particle size laser

analyzer is shown in Fig. 4. The data obtained for SrCuO2

confirmed the particle size to be below 250 lm with the

majority of the particle sizes to be 155 lm.

Reactivity study results

Stability of cyclic combustion and regeneration CLC

reactions

Because hydrogen is the major compound of synthesis gas

(syngas) from the biomass/coal gasification process,

Table 1 Melting points determined for SrCuO2, CuO/TiO2 and maternal CuO oxide

Sample Temperature of melting points/�C

Shrinking Deformation Hemisphere (melting) Flow

SrCuO2 940 1320 1590 1610

CuO/TiO2 NA [1650 [1650 [1650

CuO 630 670 1100 1650
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hydrogen was therefore utilized as a fuel in CLC testing

[1, 2]. Five cycles of reduction–oxidation TG data were

obtained for the SrCuO2 oxygen carrier at the 600–800 �C
temperature range, shown in Fig. 5a. The stable reaction

performance was observed for the oxygen carrier within

the studied temperature range, while 3 % H2 was used as a

reducing agent. Some mass decrease observed at the

beginning of the cycling CLC reactions (approximately

5 min) that may be attributed to the water content. That

observation was supported by the mass spectrometer (MS)

data that confirmed the presence of the H2O peak within

the maximum rate observed at the 109 �C temperature.

Figure 5b shows the five-cycle reduction/oxidation TG

data for monometallic oxygen carrier CuO/TiO2 that was

collected at 600–800 �C. Similarly, at the beginning of the

cycling tests, a similar behavior was observed for SrCuO2,

i.e., the mass loss due to the presence of the water content.

Then, the sample was reduced and oxidized in a cycle.

However, at 600 �C, the decrease in mass shows that the

sample must be activated at least within four redox cycles.

At a temperature of 700 �C, the cycling performance shows

that for achievement of cycling stability, at least two redox

cycles must be carried out. Further heating to the 800 �C
temperature causes the CuO/TiO2 oxygen carrier to

demonstrate the repeatable redox cycling performance.

Based on the data shown in Fig. 5a, b, we may conclude

Table 2 BET and pore analysis data for oxygen carriers

Sample SBET/m2 g-1 VT/cm3 g-1 Vmicro/cm3 g-1 Vmeso/cm3 g-1 Vmacro/cm3 g-1

SrCuO2 1.9 0.0026 0.0001 0.0017 0.0008

CuO/TiO2 1.3 0.0043 0.0004 0.0024 0.0015
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that the SrCuO2 compound shows better performance than

the typical monometallic oxygen carrier of CuO/TiO2

because SrCuO2 oxide did not need an activation period for

operating at 700 and 800 �C.

Because one of the most important factors for selection

of a solid-state oxygen carrier for CLC application is the

ability to transport oxygen to the fuel, an oxygen transport

capacity for both the new SrCuO2 and CuO/TiO2 based on

TG data was estimated. The capacities were calculated for

each single cycle of reduction–oxidation TG data recorded

for 600, 700 and 800 �C temperatures, and the capacities

are shown in Fig. 6a, b. The capacity stability for the

SrCuO2 oxygen carrier versus the cycle number showed

stable performance at all temperatures studied. At a tem-

perature of 600 �C, a high capacity of 7.97 mass% was

estimated for the first cycle, then the capacity increased

slightly with an increase in the cycle number. For the third

cycle, a mass% capacity of 8.07 was estimated, then the

capacity was stabilized at level of 8.02 %. A similar

behavior was observed for 700 �C, i.e., a small increase in

capacity and finally the smooth stabilization, while for

800 �C, a slight decrease at the beginning and then stabi-

lization. That behavior might be due to reorganization of

the pore structure during reduction–oxidation cycling

because the pore structure was possibly changed with the

number of cycling reactions.

To support this hypothesis, the BET and pore analysis for

reacted samples was completed (Fig. 3). The samples

reacting for five redox cycles at 800 �C showed a surface

area of 0.59 m2 g-1 that is low compared to the fresh sur-

face area of 1.91 m2 g-1. While cycling, the surface area

has decreased. Nevertheless, the volume of micro–, meso–

and macropores remained almost the same (0.0001, 0.0011

and 0.0008 cm3 g-1). Moreover, based on the pore distri-

bution data, we may conclude that the ratio of pores has

changed in favor of the macropores because for the reacted

sample 6.41, 54.21 and 39.38 % for micro–, meso– and

macropores was assumed, while for the fresh sample, a

calculated percentage of 4.12, 66.70 and 29.18 % for micro–

, meso– and macropores was observed. The surface area of

reduced samples significantly decreased after five-cycle test

as showed from N2 adsorption measurements, while volume

of micro-, meso- and macropores remained almost the same.

The reason for that is that mean pore diameter calculated on

the basis of BET has changed from 2.2735 to 8.8875 Å for

fresh and reacted sample, respectively. In other words, three

times higher pore diameter was produced in the reacted

samples, while three times lower surface area was observed.

Furthermore, the total pore volume (VT) in the fresh sample

was higher and was equal to 0.0026 cm3 g-1 comparing to

the total pore volume value of 0.0020 cm3 g-1 for reacted

sample. In other words, the increase in pore volume and in

mean pore diameter contributed to the decrease of surface

area of reacted OC samples.

Further heating of the sample to a temperature of 800 �C
caused a small increase in oxygen carrying capacity with a

maximum capacity of 8.08 mass% observed for the first

cycle, then the oxygen carrying capacity decreased and

stabilized smoothly at 8.00 mass% at the end of the cycling

reactions. Based on the data presented, a negligible tem-

perature effect on the oxygen release was observed for the

SrCuO2 carrier in the 600–800 �C temperature range. For

the SrCuO2 carrier, even a reaction temperature as low as

600 �C with gaseous fuel might be applied for low-tem-

perature CLC.

The theoretical maximum extent of mass reduction that

was calculated for the SrCuO2 oxygen carrier was equal to

17.47 mass% when evolving whole oxygen (2 mol) that is

available in the chemical looping combustion reaction. For

reduction in the oxide with release of 1 mol of oxygen, the

theoretical extent of reduction would be equal to

8.74 mass%. At 800 �C, the maximum extent of reduction
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that was observed based on TG data showed that the

experimental value was estimated at 8.08 mass% for the

SrCuO2 carrier. Therefore, the observed mass changes

might be expressed as reversible reduction–oxidation

reactions based on the following formula:

SrCuO2 $
red:

ox:
SrCuO1:075 þ 0:462 O2

For the CuO/TiO2 oxygen carrier, the calculated capacity

stability within the cycle number differs significantly from

the value observed for SrCuO2 that is shown in Fig. 6b. At

the lowest temperature and at the first cycle, the sample

showed a high oxygen capacity of 9.89 mass%, then the

oxygen capacity decreased with an increase in the cycle

number. Therefore, at the fifth cycle, the sample showed

the lower 8.9 mass% capacity. That value might be

observed due to difficulties with releasing the oxygen and

possible agglomeration of the particles. For 700 �C at the

beginning of cycling, the sample shows a lower capacity

(8.96 mass%) than the capacity observed at 600 �C, and the

capacity also decreased with an increase in the cycle

number. However, the decrease was smaller than the

decrease at 600 �C. At 800 �C, an intermediate capacity

was observed. At the first cycle, the capacity was

8.7 mass%. Then, the capacity increased considerably for

the second cycle and stabilized at approximately 9.6 mass%

(cycles 2–5). That behavior means the temperature had

some positive effect on oxygen capacity. In general, the

higher the temperature, the higher the capacity that may be

achieved. However, serious concerns might arise due to a

possible tendency for agglomeration that may be concluded

from the results shown.

Reduction reaction performance

The reactivity of the oxygen carrier was evaluated on the

basis of TG data obtained from the cycling redox reaction.

The calculated reaction rates that are shown as reaction

rates at the maximum of the peak, both for reduction and

oxidation reactions, are shown in Figs. 7 and 8,

respectively.

Figure 7a shows that the reduction reaction rate

increased with the increase in cycle number for SrCuO2 at

600 �C, but for 700 �C, and 800 �C, the reduction reaction

rate was stable because at 600 �C, the increase in reduction

rate is significant. For the first reduction cycle, the assumed

rate was equal to 1.03 % min-1, and for the fifth cycle, the

assumed rate was equal to 1.37 % min-1. A continuous

increase in reduction reaction rate was observed with the

increase in cycling number at 600 �C. That increase in

rates might be due to the reorganization of crystal structure

and pore reorganization (increase in size) that was sup-

ported by SEM microphotographs. The increase might

possibly be the reason that the oxygen ions were easily

removed from the cuprate structure.

As the temperature increased, the reduction rate also

increased to approximately 50 %, the case for 700 �C. The

further heating of the sample (up to 800 �C) resulted in a

further increase in reduction reaction rate. However, the

increase in rates is minor compared to the increase in rates

observed between the temperatures of 600 and 700 �C. At

the highest temperature (800 �C), the maximum rate was

1.60 % min-1. The temperature was observed to have a

positive effect on the reduction reaction rates: the higher

the temperature, the faster the hydrogen combustion rates

that were observed. The temperature facilitates the reduc-

tion in the oxygen carrier by hydrogen.

In Fig. 7b, the reduction reaction rates for CuO/TiO2

oxygen carriers versus cycle number at particular temper-

atures are given. The calculated rate changes do not show a

definite tendency and are much different from the behavior

that was observed for cuprate because at 600 �C, the
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Fig. 7 Reduction reaction rate for oxygen carriers versus cycle

number at given temperatures for a SrCuO2, and b CuO/TiO2
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highest reduction reaction rate (3.97971 % min-1) was

observed for the first cycle, then the reduction reaction rate

decreased with an increase in the cycle number up to the

third cycle, then the reduction reaction rate increased and

decreased again for the fifth cycle. That behavior is in

contrast with the behavior observed at higher temperatures

because the heating of the sample up to a temperature of

700 �C leads to lower reduction rates than heating the

sample to 600 �C. At the beginning of the cycling, the

3.11884 % min-1 rate was estimated, with an increase in

rate up to the third reduction cycle, and finally, a significant

drop-off in rates was observed. For the highest temperature

(800 �C), the estimated rate of 2.73623 % min-1 was

observed at the beginning of the CLC reduction reaction

(first cycle), then the intensive increase in rate, decrease

and increase again for the fourth and fifth cycles and finally

the stabilization of the rate at a level of 4.27826 % min-1

(fifth cycle). Therefore, in contrast to SrCuO2, for CuO/

TiO2, no general rules for the effect of temperature on

reaction rates were observed. The decrease in rates with

cycle number might be explained by the fact that even at a

temperature as low as 600 �C, CuO is reduced to metallic

Cu. This conclusion is based on the theoretical oxygen

capacity that should have been approximately 10.05 mass%

and agree well with the experimental data. Based on that

conclusion and because metallic Cu particles are known

from literature to possess an agglomeration tendency,

causing difficulty in allowing H2 to penetrate through CuO

particles, some reduction reaction rates were therefore

observed to decrease.

Based on the calculated reduction rate values, CuO/TiO2

clearly reduces faster than SrCuO2 because the estimated

rate ratio was equal to 1.96–2.67. However, the reduction

stability of the monometallic Cu-based carrier (at

600–800 �C) is obviously poor, making the material less

predictable as an oxygen carrier material for the CLC

process. For practical application as an oxygen carrier, a

sufficient stability of reactivity should be provided while

more suitable candidate material is selected. Based on our

data for the comparison of the stability of the new SrCuO2

and standard monometallic CuO/TiO2, carriers were tested

under identical conditions. Standard monometallic CuO/

TiO2 showed dramatically unstable performance across the

redox cycle numbers. The involvement of Sr, Cu and O

may result in a better redox CLC stability than the

involvement of Ti, Cu and O obtained for the simple

monometallic Cu-based oxygen carrier.

Regeneration ability

The oxidation (regeneration) reaction rates as a function of

the cycle number for a given temperature are shown in

Fig. 8a–b. The rates were calculated to evaluate the oxi-

dation ability of the materials. A similar behavior was

observed for regeneration reactions such as the reaction for

the reduction in the oxygen carrier material because the

regeneration reaction rate for the SrCuO2 sample increased
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both with cycle number and also with an increase in tem-

perature. The 1.58073–1.62878 % min-1 oxidation rate

that was estimated is similar to the oxidation rate that was

estimated for reduction reaction. The stabilization of rates

was also observed for the fourth cycle, similar to the sta-

bilization for reduction reaction rates. The rates have sys-

tematically and smoothly increased with temperature;

therefore, the effect of temperature on the oxidation rates

was positive. However, the magnitude of the effect was

much smaller than the magnitude of the effect for the

reduction reaction. As shown in Fig. 8a, the SrCuO2

regenerated smoothly and its regeneration performance

was excellent.

For CuO/TiO2, the regeneration data (Fig. 8b) show

both the effect of the cycle number and the effect of

temperature on regeneration performance. The oxidation

rates are high, and an increase in rate between cycles 1 and

2 is observed, then the rates were stabilizing. The effect of

temperature on rates is positive because the rates were

3.44638, 3.77101 and 4.06957 % min-1 for 600, 700 and

800 �C temperature, respectively. The oxidation reaction

rates are higher for an increase in 2.15–2.49 compared to

strontium cuprate oxidation rates.

The SrCuO2 oxide sample was also examined in terms

of long cyclic performance at 950 �C. Twenty redox cycles

of TG data with hydrogen as the fuel (3 % H2/Ar) are

shown in Fig. 9. The oxygen carrier sample showed an

excellent performance because the mass changes remained

the same within the long-term study with temperatures as

high as 950 �C. The utilization of oxygen was maintained

at approximately 8–9 % during 20 cycles. Continuous

redox cycles operating at 950 �C temperature indicated that

the cuprate exhibited excellent steady recyclability. That

means that the proposed cuprate material might be a

valuable tool for chemical looping combustion reactions as

an oxygen carrier.

To evaluate the regeneration ability of the oxygen car-

rier, both the morphology of the sample by SEM and phase
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composition analysis by XRD were carried out. The X-ray

powder diffraction pattern for both unreacted and reacted

samples (20 cycles) is shown in Fig. 10. The figure shows

that the regenerated sample did not demonstrate the sub-

stantial crystal phase changes due to cycle redox tests. The

better stability of SrCuO2 with fuel, compared to the sta-

bility of CuO/TiO2, could be due mainly to crystal structure

differences as described previously. Because the phase

composition remained the same, SrCuO2 might be a

potential candidate for an oxygen carrier due to its high

stability performance and efficient regeneration ability.

The surfaces of fresh and reacted samples were observed

by SEM to note if the sample had undergone any morpho-

logical changes after multiple reduction and oxidation cycles.

Figure 11a–b illustrates the SEM microphotographs of fresh

and cycled SrCuO2 samples, respectively. The SEM images

of the surface of the samples were taken at different mag-

nifications (1009 and 20009). The fresh and reacted sam-

ples showed a granular structure with particles 100–250 lm

in length. At 20009 magnification, the samples are fine

powders with each sub-grain structured, the case for both

fresh and reacted samples. Both SEM and XRD data con-

firmed the phase purity. The quasi-spherical grains of

approximately 1–5 lm and small pores were observed for

both fresh and reacted samples. However, the SEM images of

the surface of the carriers did not show any additional for-

mation of the other phases after cycling tests. Based on

Fig. 11a–b, no melting or agglomeration tendency was

observed for the developed material. The material that was

developed did not demonstrate noticeable change compared

to fresh carrier as revealed in Fig. 11. However, the small

increase in porosity was observed due to cycling reactions as

shown in Fig. 11b. We conclude that the microstructure of

the oxygen carrier samples was stable in the course of the

cyclic reactions because the SEM did not indicate that the

samples either undergo a shape evolution or even develop

into different morphologies, as shown in Fig. 11b.

The EDX analysis confirmed the stable performance of

the oxygen carrier samples because the chemical compo-

sition did not change after redox reaction cycles.

In summary, the strontium cuprate carrier showed the

outstanding stable reactivity (maximum of 20 cycles at

950 �C) that was observed for all of the measured tem-

peratures. SrCuO2 therefore appears to be a repeatable and

stable oxygen carrier material proven for a temperature

range of 600–950 �C.

Conclusions

In this study, new Cu-based material suitable for the

chemical looping processes was developed. The redox

properties of the SrCuO2 (strontium cuprate) have been

characterized for CLC and have been reported for the first

time. Moreover, there is no information in the literature

regarding this particular material for application to chem-

ical looping combustion. In the present work, an emphasis

was placed on a possible practical application of SrCuO2

for power generation.

The oxygen carrier showed stable performance during

the five-cycle TG tests at temperatures of 600–800 �C,

while at 950 �C, the length of the 20 redox cycle test that

was performed proved its stability. The oxygen transport

capacity that was determined is the important factor for the

chemical looping processes that were calculated from the

TG data. The effect of the temperature on the oxygen

transport capacity was also determined. At 600 �C, the

oxygen capacity for the fifth redox cycle was determined to

be 8.02 mass% for the SrCuO2 oxygen carrier. With an

increase in temperature (200 �C), only a negligible

increase in oxygen capacity was observed because at

800 �C, the oxygen capacity was estimated to be

8.08 mass%. The SrCuO2 oxygen carrier was able to

release oxygen as a temperature as low as at 600 �C, as our

data support. The TG data also indicated that SrCuO2

showed both ability to react with the fuel and the ability to

react with air. The effect of temperature on the reactivity of

the materials was also determined because the reaction

rates increased with an increase in temperature.

The advantage of the material was good reactivity with

hydrogen as a fuel (a part of the synthesis gas from the

coal/biomass gasification process) that might be promising

for the power generation process. Moreover, reduction and

regeneration reactions were fast and showed repeatable

performance with CLC redox cycle number. The strontium

cuprate material showed that strontium cuprate might also

be reversibly regenerated, maintaining the physical–

chemical properties (as also supported by SEM data). The

multi-cyclic redox reaction results indicated that the syn-

thesized oxide oxygen carriers have good regeneration

ability, which is a very important parameter that is required

in chemical looping combustion applications. The phase

composition for oxygen carriers also did not change in

cycling combustion of hydrogen and oxidation by air

reactions. High melting temperatures that were determined

to be as high as 1590 �C showed no signs of agglomera-

tion, resulting in high-temperature stability over multiple

redox cycles with 3 % H2. In this study, other Cu-based

carriers were investigated for comparison purposes. The

monometallic CuO/TiO2 carrier transported similar

amounts of oxygen to the fuel, as indicated by TG mea-

surements. However, detailed study showed that the CLC

performance stability of the monometallic CuO/TiO2 car-

rier was poor. Systematic investigations using TG, SEM

and XRD methods showed superior behavior of cuprate

over the classical monometallic carrier. Even if both
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compounds contained roughly similar amounts of Cu (ca.

35 mass%), they also transported roughly similar amounts

of O2 (approximately 8 mass%). SrCuO2 showed excellent

stable and predictable performance for the successive

redox cycles by maintaining activity and durability. No

deactivation with cycle number or increased temperature

was observed.

A deeper approach toward the redox properties of strontium

cuprate was carried out in the present study, and the results

obtained demonstrated the feasibility of using the material as

an oxygen carrier in a chemical looping application.
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