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A B S T R A C T   

Biomass Chemical Looping Gasification (BCLG) is a cost-effective and efficient alternative to conventional 
gasification. The selection of appropriate oxygen carriers (OCs) is crucial for stable BCLG performance. These 
OCs need to possess high reactivity, selectivity, material strength, and resistance to sintering. The study inves-
tigated various OC materials, including industrial wastes (copper, nickel slag, desulphurization, LD, and ladle 
slags), residential waste (sewage sludge ash), and natural ore (manganese). The evaluation of OCs focused on 
reactivity, H2-selectivity, mechanical strength and sintering behaviour. Except for ladle slag, all OC samples 
exhibited favourable reactivity due to the presence of Fe- and Mn-oxides possessing high oxygen transport ca-
pacity (10–17.6%). Nickel slag, manganese ore, and desulphurisation slag displayed notable H2-selectivity (8.7 to 
10.4). It can be attributed to the presence of less-active (lattice) oxygen, limiting strong oxygen agents such as 
Fe2O3, Fe3O4, and Mn2O3. Moreover, desulphurization slag contained highly selective Ca2Fe2O5, which falls 
within the partial oxidation zone of the Ellingham diagram. Furthermore, all OC samples exhibited desirable 
material strength (>20 MPa), suitable for fluidised bed reactors. However, nickel, LD, and ladle slags demon-
strated limited sintering with sintering onset temperatures exceeding 963 ◦C. This limited sintering may be 
attributed to the absence of iron silicates, iron-bearing aluminium silicates, manganese silicates, and potassium 
that contributed to the low thermal stability observed in the remaining OCs. Altogether, nickel slag calcined at 
1100 ◦C was identified as the most promising OC material with optimal reactivity, selectivity, material strength, 
and minimal sintering for BCLG. Overall, this study provides a detailed and scientific methodology for OC se-
lection and can aid future OC development.   

1. Introduction 

Reducing anthropogenic CO2 emissions is one of the major envi-
ronmental concerns of this century, as the scientific community has 
established the link between the increase in atmospheric CO2 levels and 
climate change. In this regard, it becomes imperative to adopt negative 
emissions technologies which can help remove CO2 from the atmosphere 
and will be necessary for the future. One such negative emission tech-
nology is carbon capture and storage (CCS), and they function to sta-
bilise atmospheric CO2 emissions [1–3]. Among the CCS technologies, 
chemical looping processes (CLPs) have emerged as one of the most 
effective pathways to balance CO2 emissions. Multiple scientific reports 
from IPCC, US Department of Energy and Energy Institute Europe have 
concluded that CLP is an effective and highly competitive CCS tech-
nology with the lowest cost of CO2 reduction (≈$75/tCO2 -avoided) 

[1,4,5]. BCLG is a CLP technology used for the gasification of solid fuels, 
including biogenic residues. BCLG is a dual-fluidised bed reactor system 
in which OC material (e.g., metal oxide) circulates between the two 
reactors to transport oxygen from combustion to the gasification reactor. 
Compared to conventional biomass gasification and combustion sys-
tems, BCLG could be 10–25% [1] more efficient and nearly 16% [6] 
more economical (levelised cost) for CO2 mitigation. 

The OC is the core of BCLG because they participate in all critical 
chemical reactions. Therefore, careful investigation and consideration of 
their physical and chemical properties are required for the selection of 
appropriate OCs. The most desirable characteristic of OC is reactivity 
which defines its ability to transfer oxygen from its matrix to biomass 
feed [1,7,8]. Furthermore, it is expected that OC will have high me-
chanical strength to withstand repeated cyclic operations and low sin-
tering and agglomeration tendency during their interaction with 
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biomass feed and ash [1,8–14]. Additionally, the OC should be selective, 
environmentally benign and preferably low-cost to compensate for the 
process losses such as the separation of ash. 

Even though BCLG is a promising technology, it still faces commer-
cialisation issues due to some practical and technical impediments such 
as improvement of OCs (e.g., appropriate reactivity and selectivity, high 
attrition, sintering, agglomeration rates and cost and environmentally 
unfavourable) and reactor development (e.g., heat/mass integration and 
management). Among these, the development of OC is considered one of 
the key issues in advancing BCLG technology [1,8,15–21]. OCs devel-
opment needs careful consideration of several properties and should be a 
good compromise between reactivity, selectivity, cost and mechanical 
strength. The selection of suitable OC for use in BCLG is critical and 
requires a comprehensive investigation of the aforementioned physical 
and chemical properties. Although there have been some investigations 
in the open literature regarding the application of manganese ore 
[7,22–26] and copper slag [27–31] in the BCLG process, the scientific 
literature reports limited studies focused using LD slag [32,33] and 
sewage sludge ash [34,35] in this process. While the studies have 
focused on the interaction of OC materials with biomass, there is a lack 
of in-depth examination of critical OC behaviour required for the BCLG 
process. More importantly, to the best of our knowledge, no studies are 
present which investigate utilisation of nickel slag, ladle slag and 
desulphurisation slag in BCLG process. Additionally, limited studies are 
present in the literature that discuss and investigate the selection/ 
comparison of OC materials for the BCLG process [1,8,9,18,36–39]. 
Generally, these studies have compared pure metal oxide OCs, such as 
iron oxide, manganese oxide, nickel oxide, copper oxide, and cobalt 
oxide. Interestingly, none of the available studies provided an in-depth 
quantitative comparison of crucial parameters such as reactivity, 
selectivity, sintering behaviour (including sintering temperature and 
rate), and mechanical strength for low-cost materials. More importantly, 
the low-cost materials comprise complex mixtures of metal oxides, im-
purities, and inert compounds, exhibiting divergent behavior compared 
to pure metal oxide OCs in BCLG process. 

Therefore, a systematic investigation that methodically compares the 
critical parameters for low-cost materials is essential to advance the 
development of OCs for the BCLG process. This study aims to methodi-
cally analyze and compare the performance of eight different low-cost 
materials for use in BCLG process. The study focuses on key proper-
ties, including reactivity, selectivity, sintering, and strength, to identify 
the most suitable material for BCLG. The OCs were analysed chemically 
to establish their compositions. Subsequently, the reactivity of the OCs 
was investigated, and a correlation was established between their 
compositions and reactivity. The H2 production performance of the OCs 
was also compared to understand their selectivity performance. To 
assess the stability of the OCs, their mechanical strength and sintering 
behaviour were examined. This analysis aimed to understand the 
longevity of the OCs during the BCLG process. Finally, a comprehensive 
evaluation of all the considered OCs was conducted to select the most 
suitable material for the BCLG process. The evaluation considered all the 
aforementioned properties to determine the most appropriate material 
for the process. 

2. Materials and methods 

2.1. OC materials 

Industrial waste, residential waste and natural ores have been 
considered potential OCs for the investigation. The use of such materials 
as OCs is preferred due to their abundant availability and low cost 
compared to synthetic OCs [9,18]. Furthermore, using waste materials 
such as industrial by-products and residential waste as OCs helps reduce 
environmental impact and corresponds to the concept of Circular 
Economy [40,41]. More importantly, unlike synthetic OCs, these ma-
terials can be directly used as OCs after simple treatments. The materials 

chosen for this study are discussed hereafter. The OC samples are shown 
in Fig. S1. 

2.1.1. Copper slag 
It is an industrial by-product of the copper smelting process, with its 

major component as fayalite (Fe2SiO4) [42,43]. It is estimated that 
approximately 2.2 tons of copper slag is generated for every ton of 
copper produced and nearly 24.6 million of it is produced annually 
worldwide [44,45]. Currently, copper slag is being dumped at landfill 
sites which waste precious land resources and causes secondary pollu-
tion. It holds promising potential as an OC candidate because fayalite 
can be decomposed into Fe2O3/Fe3O4 and SiO2 through simple calci-
nation treatment [44]. After that, the produced Fe2O3 and Fe3O4 can 
provide lattice oxygen for feed conversion during BCLG. The copper slag 
used for this study was provided by Boliden (Rönnskär unit) in Sweden. 

2.1.2. Nickel slag 
It is a by-product of the nickel smelter process and gets generated by 

natural cooling or water quenching of a melt formed during the smelting 
process of nickel. The nickel slag contains fayalite as a major component 
[11]. It is estimated that nearly 6–16 tons of nickel slag get generated for 
every ton of nickel produced [11]. Furthermore, nickel slag has a 
worldwide annual production of approximately 16–40 million tons and 
a meagre utilisation rate of 10%. Similar to copper slag, handling nickel 
slag is a challenge as it requires a large disposal area and causes sec-
ondary pollution [11]. The nickel slag was supplied by Boliden (Harja-
valta unit) in Finland. 

2.1.3. Linz-Donawitz (LD) slag 
It is also called basic oxygen furnace or steel converter slag and gets 

generated as a by-product during pig iron conversion to steel in the blast 
furnace (see Fig. S2). Generally, 85–165 kg of LD slag gets generated for 
every ton of steel produced, thereby generating 165–320 million tons of 
LD slag worldwide annually [46]. LD slag majorly contains oxides of Ca, 
Si, Fe and Mn, which makes it attractive to be used as an OC [46,47]. For 
the study, LD slag was provided by SSAB Europe Oy. 

2.1.4. Ladle slag 
They are fine size particles produced in the ladle furnace during the 

refining stage of steel production (see Fig. S2) and mainly contain oxides 
of Ca. Typically, 20 kg of ladle slag is generated for every ton of steel. 
Therefore, it can be estimated that nearly 0.4 million tons per annum of 
ladle slag get produced worldwide. For the study, ladle slag was supplied 
by SSAB Europe Oy. 

2.1.5. Desulphurisation (DS) slag 
During steel production, the liquid iron is treated in a desulphuriser 

to meet the required steel sulphur specification (less than0.03%). In this 
process, sulphur in the slag is removed from the liquid iron and dis-
charged as a waste, called DS slag (see Fig. S2) [48]. However, due to the 
lack of an effective DS slag utilisation method, it gets stockpiled in 
landfills and causes serious land and environmental pollution [49]. 
Approximately 20 kg of DS is generated per ton of steel produced. 
Therefore, we can approximate that 0.4 million tons of desulphurisation 
slag get generated worldwide annually. SSAB Europe Oy provided DS 
slag used in this work. 

2.1.6. Manganese ore 
Manganese is known to be the 12th most abundant element in the 

earth’s crust, with total global reserves of approximately 1.5 billion tons 
[50]. The majority of the manganese produced is used for steel and iron 
production. Manganese ores typically comprise 30–60% of manganese 
in their oxide forms such as Mn2O3/Mn3O4 [51]. Therefore, it makes 
manganese ore a suitable candidate for use as OC. Manganese ore used 
for the study was sourced from Egypt. 
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2.1.7. Sewage sludge ash 
It is a silty material generated as a by-product during the incineration 

of dewatered sewage sludge. Typically, during the incineration process, 
sewage sludge is reduced by 70 wt% to produce ash. Therefore, it can be 
estimated that sewage sludge ash has a generation potential of nearly 
22.5–30 million tons per annum. However, the sludge incineration rates 
vary from country to country, with incineration rates as high as 100% in 
Japan, 90% in Germany, 60% in France, 26.7% in China and 20% in the 
United States [52,53]. More importantly, it is estimated that the sludge 
incineration practice will increase due to a 50–55% decrease in agri-
cultural disposal and high landfilling prices [54]. Sewage sludge mainly 
contains iron, silica and alumina oxides, making it an interesting option 
for OC material. The sewage sludge used in this work was collected from 
the Tampere and Turku regions of Finland. 

2.2. Preparation of OCs 

2.2.1. Preparation of slags and ore 
OC materials such as copper slag, nickel slag, LD slag, ladle slag, DS 

slag and manganese ore were dried at 105 ± 2 ◦C for 24 h to eliminate 
moisture. Next, the dried materials were calcined in a muffle furnace 
under atmospheric conditions, wherein the furnace temperature was 
increased from room temperature to the desired temperature (800 ◦C, 
900 ◦C, 1000 ◦C, 1100 ◦C and 1200 ◦C) and then kept constant for 7200 
s. Notably, the samples calcinated at 1200 ◦C were not considered in this 
study as they heavily agglomerated and got stuck to the crucible. Lastly, 
after natural cooling, the calcined samples were crushed and sieved to 
400 μm mesh. Here it is noteworthy that the dried (@105 ± 2 ◦C) OC 
samples will be referred as ZD and the OC samples calcinated at 800 ◦C, 
900 ◦C, 1000 ◦C and 1100 ◦C will be denoted as Z800, Z900, Z1000 and 
Z1100, respectively. Additionally, Z refers to CS, NS, LD, LAD, DS and 
MO indicate copper slag, nickel slag, LD slag, ladle slag, DS slag and 
manganese ore, respectively. Furthermore, industrially available iron 
oxide (Fe2O3) with a purity of 99% (particle size ≤ 5 μm) was used to 
compare the properties with other OC samples. Hereafter, it will be 
denoted as PIO. 

2.2.2. Preparation of ashes 
Sewage sludge ash samples were prepared according to the standard 

European ash preparation method (ASTM D 1102–84). Hereafter, 
sewage sludge ash samples from the Tampere and Turku region of 
Finland will be represented as SATM and SATR, respectively. 

2.3. Characterisation of OCs 

An X-ray fluorescence spectrometer (XRF, Thermo Scientific™ Niton 
XL3t GOLD) was used to determine the elemental composition of all the 
OC samples. Additionally, to study the crystal structure of the OCs, an X- 
ray diffractometer (XRD, Panalytical Empyrean X-Ray Diffractometer 
instrument) analysis was performed with Cu Kα radiation (λ = 0.15406 
nm) at 40 kV with a current of 40 mA. The diffraction measurements 
were conducted over a 2θ range of 10◦ to 90◦ with a scanning speed of 
0.05◦s− 1. 

2.4. Reactivity of OCs 

Hydrogen-temperature program reduction (H2-TPR) tests were con-
ducted to investigate the reactivity of different OCs by examining and 
comparing their H2 consumption behaviour. H2-TPR tests were per-
formed using a microreactor (CATLAB, Hiden Analytical, UK) and an 
online mass spectrometer system (QGA, Hiden Analytical, UK). In the 
tests, approximately 100 mg of OC sample was loaded onto a quartz 
tubular vertical flow reactor and reacted with H2 (5 vol% H2 balanced 
with helium and a total flow rate of 1.67x10− 6 m3/s). The OC samples 
were heated from room temperature to 950 ◦C at a heating rate of 10 ◦C/ 
min and then maintained at a constant temperature of 950 ◦C for 1800 s. 

2.5. H2 production performance of OCs 

The concept of methane reforming (partial oxidation of CH4) was 
used to investigate and compare the affinity of different OCs for H2- 
production. The experiments were performed using a microreactor 
system (CALTAB, Hiden Analytical, UK) and the produced gases such as 
CO, CO2, H2 and CH4 were analysed using an online mass spectrometer 
(QGA, Hiden Analytical, UK). During each experiment, approximately 
200 mg of OC sample was loaded onto a quartz tubular vertical flow 
reactor. The sample was heated from room temperature to 850 ◦C 
(heating rate: 10 ◦C/min) and then maintained at a constant tempera-
ture under an inert environment. At 850 ◦C, CH4 (6 vol% balanced with 
He) was introduced with a total flow rate of 8.3x10-7 m3/s for 3600 s. 

2.6. Material strength of OCs 

The determination of OC material strength was carried out using the 
granule bed compression test method, which was established by 
Järveläinen et al. [44]. This method involves compressing a granule bed 
to obtain an average particle strength, as opposed to testing individual 
particles. According to the authors, this method is suitable for deter-
mining the compressive strength of any brittle granular material with a 
size in the order of microns. In every test, a batch of 300 mg OC sample 
was uniaxially compressed with an Instron 5967 (Instron Industrial 
Products, UK) universal testing machine using a constant compression 
rate of 1.0 mm/min until an arbitrary limit of 10 kN. The test apparatus 
consisted of a bottom and top punch and a cylindrical die (ID: 11.61 
mm), where the OC sample was poured and levelled by manual vibration 
(see Fig. S3). Additionally, the sliding surfaces were sprayed with sili-
cone and wiped to eliminate wall friction. 

2.7. Sintering behaviour of OCs 

Dilatometric measurements of different OC materials were per-
formed to investigate their sintering behaviour. The experiments were 
conducted using a DIL 402 Expedis horizontal pushrod dilatometer 
(Netzsch, Germany). The OC samples were separately uniaxially pressed 
into pellets by the Instron 5967 cylindrical punch setup described above, 
cut to the approximate cross-sectional size of 6 mm × 6 mm and then 
placed in the furnace chamber of the dilatometer. The samples were 
suspended between two alumina washers by a constant load of 200 mN 
applied by the pushrod. The measurements were carried out in a ni-
trogen purge gas flow of 6.67x10− 7 m3/s with temperature ranging from 
25 ◦C to 1000 ◦C and heating rate of 10 ◦C/min. Notably, the experiment 
for the NS1100 sample was performed using an aluminium nitride 
powder sleeve due to lack of mechanical integrity for normal 
measurement. 

3. Results and discussion 

3.1. Chemical composition analysis 

XRF analysis was conducted to investigate and compare the 
elemental composition of different OC samples. The iron content of all 
the OC samples is compared and presented in Fig. S4. The detailed 
elemental composition of all the OC samples is presented in Fig. S5 for 
brevity. It can be said that the concentration of iron is in the following 
order: nickel slag (~40%) > copper slag (~35%) ≈ SATM (~34%) >
SATR (~27%) > manganese ore (~11%) ≈ LD slag (~11%) > desul-
phurisation slag (7.5%) > ladle slag (~1%). Similar results were pre-
sented by several other studies [27,30–32,55,56]. Furthermore, the 
change in iron concentration of each sample varies mildly with respect 
to their calcination temperatures. However, the change can be attrib-
uted to the release of volatiles during calcination. In the case of man-
ganese ore, it is evident that the manganese concentration is the highest, 
with nearly 50% in value. Similar composition results were presented by 
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Arjmand et al. [57]. 
XRD patterns of the dried and calcined (at different temperatures) 

nickel slag are presented in Fig. 1a. Copper slag samples displayed a 
similar behaviour to nickel slag, and therefore, it is shown in Fig. S6. It is 
observed that NSD majorly contains fayalite (Fe2SiO4) along with 
smaller concentrations of SiO2. However, with the calcination of the 
NSD sample, the fayalite phase disappeared, and three new phases 
(Fe2O3, Fe3O4 and SiO2) appeared. The intensity of the Fe2O3 phase 
gradually increased with the increase in calcination temperature; the 
highest intensity was observed at 1100 ◦C. This trend can be attributed 
to reaction Eqs (1) and (2). Additionally, it is well understood that at 
calcination temperature below 1100 ◦C, reaction Eq. (1) dominates, 
indicating higher concentrations of Fe2O3 and SiO2 [27]. Next, the XRD 
analysis of all LD slag samples is presented in Fig. 1b. Similar XRD 
behaviour was presented by Hildor et al. [58]. Ladle slag samples 
exhibited similar behaviour to LD slag samples, and hence it is shown in 
Fig. S7. It is observed that the dried sample of LD slag contains complex 
compounds along with iron oxide, calcium and silica. However, the 
complex compounds majorly decomposed into CaO at higher calcination 
temperatures. More importantly, it is observed that LD1100 and 
LAD1100 majorly contain calcium in their oxidised states such as CaO 
and calcium aluminium oxide/silicate, respectively. Next, the XRD 
analysis of all manganese ore samples is presented in Fig. 1c. Similar to 
nickel and LD slag samples, the manganese iron oxide silicate is 
concentrated in the MOD sample and decomposes to simpler forms such 

as Mn2O3, Mn3O4, and SiO2. Similar XRD behaviour of manganese ore 
was reported by Arjmand et al. [57]. Comparing the XRD patterns, we 
can say that MO900 has the highest concentration of Mn2O3, and its 
concentration decreased with an increase in calcination temperatures. 
For desulphurisation slag, the complex oxide compounds of Ca, Si and Fe 
present in DSD decomposed at higher calcination temperatures to 
majorly form CaO, SiO2, and Ca2Fe2O5 (see Fig. S8). Interestingly, it was 
observed that DS1100 gradually changed its composition despite being 
stored in a dry airtight container at NTP conditions. Analysing the 
sample after nearly five months demonstrated that an additional phase 
of Ca2Fe2O5 formed alongside the already existing CaO phase. Fig. 1d 
displays the XRD patterns of SATM. Xu et al. [34] reported similar XRD 
behaviour for sludge ash. Additionally, similar patterns for SATR were 
also observed; therefore, XRD analysis of SATR is presented Fig. S9 for 
brevity. Analysing the XRD patterns, it can be mentioned that Fe2O3, 
Fe3O4 and SiO2 are present in significant concentrations. 

Integrating the results from XRF and XRD of different OC samples, it 
can be concluded that 34.3% and 39.4% iron present in CS1100 and 
NS1100 is majorly concentrated as Fe2O3 and Fe3O4. Furthermore, the 
41.9% and 33.5% calcium available in LD1100 and LAD1100 are mainly 
present in CaO and calcium aluminium oxide/silicate, respectively. 
Moreover, 51% calcium and 6.1% iron are majorly present in the form of 
CaO and Ca2Fe2O5 in DS1100. Additionally, 50.9% of manganese 
available in MO900 is mainly present in Mn2O3 form. Finally, 34.7% and 
26.7% of the iron in SATM and SATR are mainly concentrated in Fe2O3 

Fig. 1. XRD analysis of (a) nickel slag, (b) LD slag, (c) manganese ore and (d) SATM samples.  
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and Fe3O4 forms. To this end, we can infer that CS1100, NS1100, 
MO900, DS1100, SATM and SATR hold promising potential to become 
suitable OC for BCLG process.  

2Fe2SiO4 + O2 →2Fe2O3 + 2SiO2                                                     (1)  

6Fe2O3 →4Fe3O4 + O2                                                                    (2)  

3.2. Relationship between chemical composition and reactivity 

H2-TPR experiments were carried out to investigate and compare the 
reactivities of different OC samples, and the results are presented in 
Fig. 2. Generally, a large area under the curve indicates a higher reac-
tivity as the oxidisability of the OC sample is mirrored by its reduction 
area. In Fig. 2, the reduction behaviour of PIO, CS1100, NS1100, SATM 
and SATR is similar with three reduction zones, implying a stepwise 
reduction. The H2-TPR curve of the CS1100 sample is very similar to the 
results presented by Deng et al. [27] in their study to evaluate copper 
slag as OC. The first reduction zones correspond to the reduction of 
hematite to magnetite (Fe2O3 →Fe3O4) and lie between a temperature 
range of 300–450 ◦C. Additionally, the second and third reduction zones 
(between the temperature range of 450–950 ◦C) reflect the trans-
formation of magnetite to metallic iron with intermediate as wustite 
Fe3O4 →FeO →Fe [59–61,61–63]. However, the second and third 
reduction zones for PIO, CS1100 and NS1100 samples are characterised 
by a broad region wherein the zones are severally overlapped. This could 
be attributed to the non-uniform distribution of iron oxide particles and 
similar reduction mechanisms of Fe3O4 and FeO [61,64]. The simulta-
neous reduction of larger Fe3O4 particles and FeO reduction could lead 
to an unclear transition between the second and third reduction zones. 
The H2-consumption for the LD1100 sample was observed in a broad 
temperature range of 300–950 ◦C (see Fig. 2). The behaviour is similar to 
the LD slag reduction study by Guo et al. [65]. Combining the LD slag 
XRD pattern (see Fig. 1b), we can say that the H2-consumption is mainly 
due to the presence of iron-oxide/silicate compound. Next, we examined 
the H2 reduction behaviour of the DS1100 sample and observed a sharp 
peak maximising at 748 ◦C (see Fig. 2). We can infer that the H2- 
reduction is due to Ca2Fe2O5. Next, the H2-consumption pattern for 
MO900 was studied, and two reduction peaks at 714 ◦C and 840 ◦C were 
detected (see Fig. 2). The two-peak reduction behaviour was similar to 
the pure Mn2O3 H2-reduction pattern [66]. The reduction peaks can be 

ascribed to the transformation of Mn2O3 into the Mn3O4 phase and 
Mn3O4 into the MnO phase, respectively. Lastly, no considerable H2- 
consumption behaviour was observed for the LAD1100 sample (see 
Fig. 2). 

Post investigation of H2-reduction behaviours of multiple OC sam-
ples, we calculated their H2 consumption using the fact that the intensity 
signal is linearly related to the H2-concentration [59]. The H2 con-
sumption values for different OC samples are shown in Fig. 3. The H2 
consumption values were determined for a 100 g OC sample. Here, the 
error bars represent the H2 calibration errors. Furthermore, the re-
activities of the OC samples are in the following order: CS1100 ≈
NS1100 ≈ MO900 > SATM ≈ SATR ≈ DS1100 > LD1100 > LAD1100. 
As expected, PIO comprising 99% pure Fe2O3 had the maximum H2 
consumption and, therefore highest reactivity. Additionally, the results 
indicate that the H2 consumption of CS1100, NS1100, SATM and SATR 
lies in the range of 2.5–3.1x10− 4 mol. This can be attributed to the 
presence of Fe2O3 and Fe3O4 in the OCs, which have a high oxygen 
transport capacity of 10% [1,8]. The slightly higher H2 consumption of 
CS1100 compared to NS1100 despite having 5% lower Fe content is 

Fig. 2. H2-TPR profile of different OC samples.  

Fig. 3. H2 consumption values (per 100 g sample) of OCs.  
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attributed to the relatively higher concentration of Fe2O3 in CS1100. 
This difference in Fe2O3 concentration can be observed from the X-ray 
diffraction (XRD) analyses presented in Fig. S6 and Fig. 1a. The lower H2 
consumption of SATM and SATR than CS1100 or NS1100 can be 
explained due to the lower Fe content in these OCs. MO900 had a high 
H2 consumption value (similar to NS1100 and CS1100) due to the high 
oxygen transport capacity of 10% for Mn2O3/MnO [8] and the presence 
of nearly 50% manganese in MO900. DS1100 had a reasonable reac-
tivity similar to SATR and SATM due to the presence of Ca2Fe2O5, which 
has a high oxygen transport capacity of 17.6% for Ca2Fe2O5/CaO + Fe 
[19,67]. However, limited H2 consumption may be attributed to the low 
concentration of Ca2Fe2O5 in DS1100 which can be observed from the 
XRD analysis shown in Fig. S8. Furthermore, LD1100 had a low H2 
consumption value, reflecting its low oxygen transport capacity of 
approximately 1% due to the presence of calcium-silicate-metal oxide 
[32,58,68]. Finally, LAD1100 had the lowest H2 consumption value due 
to the dominant calcium aluminium silicate, as seen in the XRD analysis 
in Fig. S7. 

3.3. Comparative study on H2-production performance 

After comparing the reactivities of multiple OC samples, it was 
imperative to understand their selectivity towards H2 (or syngas) gen-
eration. To investigate this, we examined the oxidation behaviour of 
CH4 (partial or complete) by introducing CH4 over different OCs. The 
produced gas intensity signals post CH4 cracking are presented in Fig. 4. 
Here, it is noteworthy that the CH4 cracking behaviour was studied at a 
single temperature of 850 ◦C and not against a gradual temperature 

increase to imitate real reactor conditions. To better under the perfor-
mance, we quantified the OC’s H2-production performance (HPP) by 
normalising the area under H2-production intensity signals against a 
standard reference material PIO, and the results are shown in Table 1. 
From Fig. 4, it can be understood that methane gas got cracked imme-
diately upon introduction and converted into CO2 (rather than H2 and 
CO) for OCs such as CS1100, SATM, SATR, LD1100 and LAD1100. It is 
reflected in their HPP values which lie between 0.7 and 2.6. This can be 
attributed to the presence of more surface (active) oxygen than lattice 
oxygen [69,70]. Additionally, Fe2O3 and Fe3O4, present in CS1100, 
SATM, and SATR, lie in the combustion zone of Ellingham, making it a 
strong oxidizing agent that can completely oxidize the fuel [8]. 
Furthermore, DS1100 and MO900 displayed high HPP values greater 
than 10, indicating a higher presence of less-active oxygen (lattice ox-
ygen) [69,70]. It is also reflected in their H2 production intensity signals, 
where a broad valley of CH4 consumption is observed, indicating higher 

Fig. 4. Intensity signal of (a) CH4, (b) H2, (c) CO and (d) CO2 post methane cracking.  

Table 1 
H2-production performance of different OC samples.  

OC H2-production performance 

PIO  1.0 
CS1100  2.6 
NS1100  8.7 
LD1100  0.9 
LAD1100  1.0 
DS1100  10.0 
MO900  10.4 
SATM  0.9 
SATR  0.7  
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selectivity towards partial oxidation of CH4. Similar behaviour was 
observed by Bhavsar et al. [71], wherein syngas selectivity was higher 
than 70%. Additionally, Zhang et al. [19] and Wang et al. [67] 
confirmed the high selectivity of Ca2Fe2O5 towards H2 production. The 
authors mentioned that higher H2 production can be attributed to the 
active sites provided by Ca2Fe2O5 and its presence in partial oxidation 
zone of the Ellingham diagram. In the case of NS1100, the HPP value 
was calculated as 8.7 and complemented gradual CH4-consumption and 
H2-production emphasised by three peaks. Additionally, the strong 
oxidizing properties of Fe2O3 and Fe3O4, located in the combustion zone 
of the Ellingham diagram, are contradicted by a high HPP value which 
indicates the presence of less active (lattice) oxygen. Therefore, it can be 
inferred that, similar to DS1100 and MO900, the concentration of lattice 
oxygen dominated surface oxygen for NS1100. 

3.4. Stability of OCs 

Examining the physical properties of OCs are equally important as 
chemical ones, therefore OC materials were investigated for their me-
chanical strength and sintering behaviour. 

3.4.1. Evaluation of mechanical strength 
The mechanical strength of different OC materials was determined 

using their respective compressive strength curve consisting of 
measured relative density vs logarithmic pressure values. The 
compression curve shown in Fig. 5a is divided into three stages: (i) in 
stage 1, the granules elastically deform, pack and rearrange themselves, 
thereby increasing the relative density; (ii) in stage 2, the granule’s 
compressive strength increases and they start fracturing; and (iii) in 
stage 3, the fractured granules start rearranging themselves similar to 
stage 1. As shown in Fig. 5a, the average compressive strength value lies 
in the second stage, where the compression curve forms the steepest 
contour. At this location, the relative density of the granules increases 
most rapidly with just a slight increase in pressure. This indicates the 
pivoting point where the granule bed starts yielding and can be inter-
preted as the fracture point for fragile materials. Typically, the average 
compression strength value is determined by locating the intercept 
formed by extrapolating the linear regressions from stages 1 and 3. 
Notably, the first regression line was anchored at 0.1 MPa to reduce 
experimental noise. At the same time, the second regression line was 
anchored at the maximum pressure point. 

Post determination, the average compressive strength values of 
different OC materials were compared and are presented in Fig. 5b. It is 
noteworthy that the average compressive strength values of PIO, SATM 
and SATR could not be determined as the samples were in dust form 
(particle size less than 10 μm). Additionally, the experiments were 
repeated thrice, and the standard deviation was within the acceptable 
error range. Fig. 5b shows that the compressive strength of MO900 was 
the highest, followed by LAD1100 > CS1100 > NS1100 > LD1100 >
DS1100. Furthermore, the compressive strength values of MO900 and 
CS1100 were similar to the results presented by Arjmand et al. [57] and 
Maniraman et al. [51] for manganese ore and copper slag, respectively. 
Interestingly, an OC material is prone to breaking and blown out of the 
reactor when its compressive strength is less than 10 MPa [72]. How-
ever, Rydén et al. [73] conducted an extensive study on mechanical 
strength using multiple OCs and concluded that OCs with a mechanical 
strength of more than 20 MPa are likely to perform better by achieving 
sufficient resistance towards attrition. In this regard, it can be mentioned 
that all the considered OCs (except PIO, SATM and SATR) were found 
suitable for BCLG application. 

3.4.2. Study of sintering behaviour 
Bed defluidisation occurs when the particles bond due to sintering 

cannot be broken apart by the particle’s kinetic energy [40,74,75]. The 
sintering onset temperature, Tsin (also referred to as defluidisation 
temperature), is the temperature at which the surface of the particle 

begins to soften and become cohesive. This temperature is lower than 
the melting temperature of the particle and was first demonstrated by 
Gluckman et al. [76]. The authors showed that when particles are flu-
idized at temperatures higher than Tsin, the minimum fluidisation ve-
locity is no longer determined only by the balance of gravity, buoyant 
and drag forces. Interparticle cohesiveness and particle kinetic energy 
must also be taken into account. Additionally, when the temperature is 
higher than Tsin, the gas velocity required to counteract the cohesive 
forces is higher than the minimum fluidisation velocity, leading to 
particle agglomeration. Therefore, it becomes vital to determine the Tsin 
of the particles and predict their defluidisation behaviour. In this study, 
we investigated the sintering behaviour of various OC materials by 
determining their Tsin and degree of sintering through dilatometry 
analysis. The results are presented in Fig. 6. It can be observed that the 
OC materials first dilated upon heating. It is attributed to the thermal 
expansion of the solid material and is a bulk property of the particle. 
Upon further heating, the powder sample started densifying, leading to a 
small contraction. At this temperature, there is just enough contraction 
to balance the thermal expansion, and it is characterised by a plateau 

Fig. 5. (a) Determination of average compressive strength of a granule bed and 
(b) comparison of average compressive strength of different OC materials. The 
material strength results of copper slag (CS) and manganese ore (MO) are 
marked with an asterisk (*). These results were derived from studies by Arj-
mand et al. [57] and Maniraman et al. [51]. 
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region. As the sample is heated further, the contraction rate dominates 
the thermal expansion rate, resulting in significant contraction and 
sintering. This temperature is marked as the sintering onset point (Tsin) 
in Fig. 6, and the particles start to agglomerate after this temperature. 
Here it is noteworthy that the determination of Tsin is an inherent feature 
of the analysis software provided with the Netzsch DIL 402 Expedis 
dilatometer. The degree of sintering refers to the amount of contraction 
and is defined as the contraction length of the OC pellet per unit initial 
length (ΔL/L0). The value of ΔL is determined between the sintering 
onset temperature and 1000 ◦C. In the case of DS1100, a slight 
contraction is observed around 350 ◦C, possibly due to a phase change of 
the sample. In Table 2, we compared the Tsin and degree of contraction 
(until 1000 ◦C) of all the OC samples. It can be said that LAD1100 has the 
Tsin, followed by LD1100 > NS1100 > SATR > SATM > PIO ≈ DS1100 
> MO900 > CS1100. Furthermore, LAD1100, LD1100, NS1100, CS1100 
and MO900 sintered the least with less than 2% degree of sintering. 
DS1100, SAM and PIO also sintered moderately with a 5–13% degree of 
sintering. Interestingly, SATR sintered heavily with nearly 29% degree 
of sintering. Table 2 presents that OC samples such as PIO, LD1100, 
DS1100, CS1100, NS1100, SATM and SATR have Tsin around 
750–950 ◦C. It may be attributed to the presence of iron oxides and iron 
silicates, which have low thermal stability and may start to melt at a 
relatively lower temperature [77–82]. In particular, iron oxides can 
react with quartz and form lower melting point (900–1000 ◦C) eutectics 
[82]. Iron oxides can also react with clay minerals and generate iron- 
bearing aluminium silicates with low melting points that contribute to 
severe sintering [83]. More importantly, pure iron oxides have low 
Tamman temperatures of around 800 ◦C [84,85] and suffer serious 

sintering [86–89]. Furthermore, the presence of potassium in CS1100, 
SATM and SATR promoted additional sintering. Schmid et al. [89] 
indicated similar sintering onset temperatures (around 900 ◦C) for 
sewage sludge ashes. For MO900, the Tsin can be ascribed to the for-
mation of manganese silicates with low melting points due to the 
interaction of SiO2 and Mn2O3 [26]. Typically, the temperatures in fuel 
and air reactors range between 800 and 900 ◦C and 900–1000 ◦C, 
respectively. In this regard, it can be concluded that LAD1100, LD1100 
and NS1100 could be suitable for the BCLG process. 

3.5. Comprehensive evaluation of OCs 

As discussed at the beginning of the study, low-cost and readily 
available OC materials were chosen for this investigation concerning the 
economic feasibility of BCLG process. The materials were treated using 
simple calcination and standard ash preparation method. The detailed 
material characterisation was carried out for all the materials; conse-
quently, CS1100, NS1100, LD1100, LAD1100, DS1100, MO900, SATM 
and SATR were selected for further investigation. The most important 
parameters, such as reactivity, HPP, material strength and sintering 
behaviour, were studied during the investigation. Therefore, the results 
from these investigations needed to be systemically integrated to 
comprehensively evaluate the most suitable OC for BCLG process. The 
outcomes are presented in Fig. 7. 

Although CS1100 hold good reactivity due to considerable H2 con-
sumption and desired material strength, it is expected that using CS1100 
as OC may lead to bed defluidisation due to its very low sintering onset 
temperature. Furthermore, MO900 has high reactivity, exceptionally 
good HPP and the highest material strength; however, similar to 
CS1100, its sintering onset temperature is low and can lead to bed 
agglomeration and consequently defluidisation. Moreover, LAD1100 
has the highest sintering onset temperature and a desirable material 
strength but holds a poor reactivity which is also reflected in the ma-
terial characterisation. Despite having reasonable reactivity, good HPP, 
and desirable material strength, DS1100 has a low sintering onset 
temperature and may not be suitable as an OC bed material. Next, the 
sewage sludge ashes (SATM and SATR) have an extremely high degree of 
sintering and an undesirably low sintering onset temperature. Addi-
tionally, the particle size of the ashes is less than 10 μm and are likely to 
be eroded during fluidisation, making them unsuitable for BCLG re-
actors. The remaining OCs such as NS1100 and LD1100 have high sin-
tering onset temperatures (~960 ◦C), negligible degree of sintering and 
desirable material strengths of more than 20 MPa. However, NS1100 has 
higher reactivity and significantly greater HPP than LD1100. More 
importantly, comparing the performance against PIO, it is evident that 
NS1100 has a higher sintering onset temperature and a lower rate of 
sintering. To this end, we can conclude that nickel slag calcined at a 
temperature of 1100 ◦C is considered the most suitable OC among all the 
evaluated OC materials. 

In Fig. 7h, optimal reactivity of NS1100 with a high H2 consumption 
of 3.1 mol/100 g sample was presented, which could be attributed to the 
nearly 40% Fe content in the form of Fe2O3 or Fe3O4 and high oxygen 
transport capacity of 10% for Fe2O3/FeO. Furthermore, NS1100 
exhibited adequate material strength of 25 MPa, which exceeded the 
required strength of 20 MPa for fluidised bed reactors, and was consis-
tent with previous observations regarding Fe-OC possessing high me-
chanical strength and resistance to attrition [1,8]. Additionally, NS1100 
demonstrated high selectivity towards H2 production with an HPP of 
8.7, as evidenced by the gradual consumption of H2 and CH4 over an 
extended period during H2-TPR and CH4-reforming, respectively. Lastly, 
NS1100 exhibited an acceptable onset sintering temperature of 963 ◦C 
and a minimal degree of sintering (0.01% until 1000 ◦C), which was 
complemented by high melting points of Fe-oxides in the range of 
1300–1600 ◦C [1]. The results of this study will prove advantageous in 
selecting suitable OC materials for conducting BCLG experiments in 
fluidized bed reactors. It should be noted that the BCLG investigation of 

Fig. 6. Sintering behaviour of different OC samples.  

Table 2 
Sintering onset temperatures and degree of sintering of different OC samples.  

OC Sintering onset temperature (◦C) Degree of sintering (%) 
(≤1000 ◦C) 

PIO  869.4 12.65 
CS1100  759.5 1.76 
NS1100  963.0 0.01 
LD1100  965.7 0.01 
LAD1100  1034.5 0 
DS1100  869.2 4.89 
MO900  826.4 0.54 
SATM  907.9 12.07 
SATR  911.3 28.84  
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selected OC using fluidised bed reactors is ongoing and the outcomes 
will be disseminated in a separate research article. 

4. Conclusion 

In this work, the physical and chemical properties of various low-cost 
materials were comprehensively characterised and evaluated towards 
the selection of cost-effective OC for an efficient BCLG process. Eight 
samples were initially screened based on material characterization, 

followed by evaluation of reactivity, selectivity, material strength, and 
sintering behaviour. Except for LAD1100, the OC materials exhibited 
reasonable reactivities, with the consumption of more than 2.0 mol of H2 
per 100 g sample. This reactivity was attributed to the presence of Fe- 
and Mn-oxides, which possess high oxygen transport capacity. 
Comparing the H2 production performance using PIO as a standard 
reference material, NS1100, DS1100, and MO900 demonstrated higher 
performance (8.7–10.4), while CS1100, LD1100, LAD1100, SATM, and 
SATR showed lower performance (0.7–2.6). The high selectivity 

Fig. 7. Overall analysis of (a) MO900, (b) CS1100, (c) LAD1100, (d) DS1100, (e) SATM, (f) SATR, (g) LD1100, (h) NS1100 and (i) PIO OC samples. The mechanical 
strength of SATM, SATR and PIO OC samples could not be determined and hence marked with an asterisk (*) in the figure. 
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observed can be attributed to the presence of less active (lattice) oxygen 
in strong oxidising agents such as Fe2O3, Fe3O4, and Mn2O3, as well as 
the highly selective Ca2Fe2O5 compound. All OCs possessed desirable 
material strengths exceeding 20 MPa, suitable for fluidized bed reactors. 
Among them, only LAD1100, LD1100, and NS1100 demonstrated 
adequate sintering onset temperatures (963–1034 ◦C) with negligible 
degrees of sintering up to 1000 ◦C (≤0.01%). This limited sintering was 
attributed to the absence of less thermally stable compounds like iron 
silicates, iron-bearing aluminium silicates, manganese silicates, and 
potassium, which contributed to the lower thermal stability of the 
remaining OCs. Based on a comprehensive evaluation, NS1100 emerged 
as the most suitable OC for the BCLG process. NS1100 exhibited 
reasonable reactivity due to the presence of Fe2O3 and Fe3O4 that have 
high oxygen transport capacity. Additionally, the presence of less active 
(lattice) oxygen in Fe2O3 and Fe3O4 contributed to its high H2 selec-
tivity. Furthermore, NS1100 possessed a desirable material strength of 
25 MPa and an acceptable onset sintering temperature of 963 ◦C. The 
limited sintering behaviour was complemented by the high melting 
point of Fe-oxides. 
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González, C. Berganza-Conde, G. Ferreira, Utilization of Ladle Furnace slag from a 
steelwork for laboratory scale production of Portland cement, Constr. Build. Mater. 
94 (2015) 837–843. 

[57] M. Arjmand, H. Leion, T. Mattisson, A. Lyngfelt, Investigation of different 
manganese ores as oxygen carriers in chemical-looping combustion (CLC) for solid 
fuels, Appl. Energy. 113 (2014) 1883–1894. 

[58] F. Hildor, T. Mattisson, H. Leion, C. Linderholm, M. Rydén, Steel converter slag as 
an oxygen carrier in a 12 MWth CFB boiler–ash interaction and material evolution, 
Int. J. Greenh. Gas Control. 88 (2019) 321–331. 

[59] Z. Huang, F. He, Y. Feng, K. Zhao, A. Zheng, S. Chang, G. Wei, Z. Zhao, H. Li, 
Biomass char direct chemical looping gasification using NiO-modified iron ore as 
an oxygen carrier, Energy Fuels. 28 (1) (2014) 183–191. 

[60] H. Sun, Z. Wang, Y. Fang, Z. Liu, L. Dong, X. Zhou, Z. Yu, X. Li, J. Bai, J. Huang, 
A novel system of biomass for the generation of inherently separated syngas by 
combining chemical looping CO2-gasification and steam reforming process, Energy 
Convers. Manag. 251 (2022), 114876. 

A. Goel et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S1385-8947(23)02679-7/h0020
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0020
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0025
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0025
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0025
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0030
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0030
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0030
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0035
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0035
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0035
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0035
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0040
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0040
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0045
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0045
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0045
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0050
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0050
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0055
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0055
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0055
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0060
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0060
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0060
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0060
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0065
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0065
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0065
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0070
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0070
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0070
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0075
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0075
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0075
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0080
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0080
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0080
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0085
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0085
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0085
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0090
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0090
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0090
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0095
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0095
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0095
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0100
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0100
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0100
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0105
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0105
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0105
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0110
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0110
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0110
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0115
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0115
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0115
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0120
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0120
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0120
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0125
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0125
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0125
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0130
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0130
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0130
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0135
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0135
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0135
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0140
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0140
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0140
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0145
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0145
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0145
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0145
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0150
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0150
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0150
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0150
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0155
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0155
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0155
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0160
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0160
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0160
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0165
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0165
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0165
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0170
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0170
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0170
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0170
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0175
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0175
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0180
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0180
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0180
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0185
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0185
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0185
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0190
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0190
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0190
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0195
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0195
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0200
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0200
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0205
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0205
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0205
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0210
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0210
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0215
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0215
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0220
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0220
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0225
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0225
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0235
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0235
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0235
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0240
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0240
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0240
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0245
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0245
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0245
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0255
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0255
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0255
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0260
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0260
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0260
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0260
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0265
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0265
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0265
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0270
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0270
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0275
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0275
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0275
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0280
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0280
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0280
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0280
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0285
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0285
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0285
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0290
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0290
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0290
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0295
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0295
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0295
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0300
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0300
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0300
http://refhub.elsevier.com/S1385-8947(23)02679-7/h0300


Chemical Engineering Journal 469 (2023) 143948

12

[61] W.K. Jozwiak, E. Kaczmarek, T.P. Maniecki, W. Ignaczak, W. Maniukiewicz, 
Reduction behavior of iron oxides in hydrogen and carbon monoxide atmospheres, 
Appl. Catal. Gen. 326 (1) (2007) 17–27. 

[62] K.-S. Kang, C.-H. Kim, K.-K. Bae, W.-C. Cho, S.-U. Jeong, Y.-J. Lee, C.-S. Park, 
Reduction and oxidation properties of Fe2O3/ZrO2 oxygen carrier for hydrogen 
production, Chem. Eng. Res. Des. 92 (11) (2014) 2584–2597. 
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