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A B S T R A C T

Oxygen carriers can establish reaction paths between fuels and oxidants and have been widely used in chemical 
looping systems and oxygen carrier aided combustion. Among various oxygen carriers, iron-rich coal ash with 
abundant reserves and good physical–chemical characteristics are ignored in present studies. This work aims to 
determine the redox activity of iron-rich Indonesian lignite (IN) ash via a cycling combustion experiment of 
biogas including H2, CH4, and CO in a bubbling fluidized bed reactor at 700℃, 800℃, and 900℃. Two types of 
Chinese iron-lean coal ash (Jiaocheng and Shuozhou coal ash) and two typical oxygen carriers (steel slag and 
ilmenite) were also tested for comparison. Results show that IN ash exhibits significant adsorption capacities and 
conversion rates for combustible gases (>0.028 mol/g and >17%) and oxygen (>0.02 mol/g and ≥68%), which 
are generally the highest at 800℃ (0.056 mol/g and 35.0% for combustible gases, 0.024 mol/g and 72.5% for 
oxygen) due to higher reaction activity and a lower degree of sintering and agglomeration. While these indexes 
are higher than those of iron-lean coal ash and comparable to those of steel slag and ilmenite, IN ash does not 
considerably promote partial oxidation of methane or carbon deposition, and its composition remains relatively 
stable through long-term experiments. The excellent redox activity of Indonesian lignite ash is mainly attributed 
to its high iron content and good pore characteristics. This work reveals the great potential of iron-rich coal ash 
to be applied as an oxygen carrier in oxygen-carrying processes and relevant industrial systems.

1. Introduction

Oxygen carriers are substances with strong oxygen-carrying capac
ities and significant redox activities, which can achieve continuous and 
efficient redox cycles between oxidizing and reducing agents by intro
ducing sub-reactions with lower activation energies [1]. To be specific, 
generally two successive reactions occur on the surface of the oxygen 
carrier in a complete redox cycle: the oxygen carrier first adsorbs oxygen 
atoms from the oxidizing agent (typically gaseous oxygen or steam) and 
converts them into solid-state lattice oxygen ([O]), then releases the 
lattice oxygen, oxidizes the reducing agent, and regenerates itself to its 
pre-adsorption state [1,2].

Oxygen carriers have been widely applied in chemical looping pro
cesses, such as chemical looping combustion (CLC), chemical looping 

gasification (CLG), chemical looping reforming (CLR), chemical looping 
with oxygen uncoupled (CLOU), and chemical looping hydrogen gen
eration (CLHG) [3–5]. In these scenarios, oxygen carriers can create a 
high-oxygen, low-nitrogen environment for fuels with low cost, good 
mass and heat transfer properties, and simple reaction paths, thus 
improving the reaction kinetics and achieving the enrichment of exhaust 
gases naturally at the same time, which is highly conducive to cost- 
effective and low-energy-penalty exhaust treatment and CO2 capture 
[2,3,6]. In addition to applications in the field of chemical looping 
processes, oxygen carriers can also be applied as alternative bed mate
rials in circulating fluidized bed (CFB) boilers to achieve a more even 
oxygen and temperature distribution and higher combustion efficiency, 
which is called oxygen carrier aided combustion (OCAC) [3,7]. Thun
man et al. [3] first proposed and practiced this concept by using ilmenite 
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as bed material in a 12 MWth biomass-fired CFB boiler. They found that 
ilmenite addition improved oxygen distribution in the furnace and 
inhibited CO and NO emissions compared with operation with only 
silica sand.

Scholars have been exploring the characteristics and performance of 
various metal ores or synthetic metal oxides including Mn, Fe, Co, Ni, 
Cu, and other elements as oxygen carriers [2,8–12]. Among these sub
stances, iron-based oxygen carriers have attracted extensive attention 
and have been widely used in chemical looping applications [2]. Typical 
iron-based oxygen carriers have the advantages of abundant reserves, 
low cost, environmental compatibility, and high mechanical strength 
[6]. Moreover, iron has multiple valences and oxidation states 
(including Fe2O3, Fe3O4, FeO, and Fe), indicating high redox activities 
[13].

Raw iron-containing ores, including hematite and ilmenite 
[6,14–18], are naturally good oxygen carriers for their considerable 
redox activities and affordable prices. Barros do Nascimento [15] tested 
three iron ores from Brazil with low cost and abundance in nature, and 
found the activation process of their redox activities during redox cycles. 
Moreover, the reactivity is positively correlated with the content of the 
Fe2O3 phase. Ma et al. [17] evaluated the performance of the hematite 
ore in the OCAC by using the Chifeng lignite as the solid fuel in a batch 
fluidized bed reactor. They found that higher CO2 generation and low 
NO conversion were simultaneously achieved, and the impact of the 
pulsed batches of coal was inhibited (which they called the “peak load 
shifting” effect), along with minimal surface changes of the used OC. 
Schneider et al. [18] examined the oxygen distribution profiles and their 
shift by low-cost ilmenite during methane combustion. Results showed 
the shift trend of oxygen from the lower part of the reactor to the 
reduction-dominated zone with the help of ilmenite compared with 
silica sand, which resulted in many positive effects including CO2 in
crease from combustion enhancement. While the main issues faced by 
simple iron-based oxygen carriers are relatively lower reactivities due to 
high activation energy and equilibrium limitation of the chemical re
actions, and potential sintering, agglomeration, and carbon deposition 
problems [2,5,19], various synthetic iron-based catalysts, prepared by 
different methods with different supports and co-catalysts, usually 
exhibit higher redox activity and strong stability, but often bring high 
material and economy cost [5,6].

Some industrial iron-containing wastes can also be utilized as 
excellent oxygen carriers to achieve low-cost approaches for solid waste 
recycling [2,7,20]. Rydén et al. [7] proposed the utilization of Linz- 
Donawitz (LD)-slag, which is the second largest by-product in the steel 
making process, as an active bed material in a 12 MWth CFB boiler using 
wood chips as fuel. During the experiments, fuel conversion in the boiler 
was promoted, and severe agglomeration or sintering of the bed material 
was not detected. However, the addition of LD-slag brought some other 
problems such as high fly ash, CO, and NO concentrations in the flue gas. 
Ksepko [20] prepared sewage sludge ash with rich Fe2O3 content and 
tested its redox activity via cyclic redox experiments in a thermogravi
metric (TG) analyzer. Results showed that the sewage sludge ash can 
react with hydrogen and coal with a remarkable reaction rate at around 
750–800℃ (generally lower than pure Fe2O3-based oxygen carrier). 
Moreover, it also showed high mechanical strength and low agglomer
ation tendency during the experiments. Besides the wastes mentioned 
above, one iron-rich solid waste should be paid more attention to—iron- 
rich coal ash, which shows great potential to be an excellent oxygen 
carrier for the following reasons: 

①Coal ash is one of the industrial solid wastes with a huge amount to 
be disposed of every year, so its utilization yields environmental 
benefits;
②Coal ash is significantly cheaper (typically < 40 $/t in China) than 
iron ores and synthetical catalysts, and its utilization as an oxygen 
carrier is also significantly cheaper than expensive hazardous solid 
waste treatment strategy;

③Coal ash naturally has a suitable particle size range (1 μm ~ 500 
μm) and a high specific surface area conducive to fluidization, gas 
adsorption, and gas–solid reactions;
④Coal ash usually has good mechanical and chemical stability, 
which is crucial to long-term stable operation. When used in reactors, 
it also has a scouring and cleaning effect on the contaminated layer 
on the reactors’ inner surface;
⑤Good pore characteristics and rich iron content in iron-rich coal 
ash usually indicate strong oxygen-carrying capacity and high redox 
activity. Besides, in most cases, iron-rich coal ash is also rich in other 
mineral elements (such as Mg, Al, and Ca) that can act as co-catalysts 
in the reaction process and alleviate particle sintering and agglom
eration [2,5,6];

These characteristics show the potential industrial use of iron-rich 
coal ash as an excellent oxygen carrier in the future. However, until 
now, to the best of the authors’ knowledge, while there have been some 
strategies for recycling and utilization of coal ash, such as producing 
cement [21], fire resistance blocks [22], and ceramic tiles [23], no 
practical use has been found yet for iron-rich coal ash as an oxygen 
carrier, and its practical oxygen-carrying performance and redox activ
ity remain to be further studied.

This study takes Indonesian lignite (IN) ash as an example of iron- 
rich coal ash and determines its oxygen-carrying capacity and redox 
activity via a combustion process of combustible gases including H2, 
CH4, and CO. IN along with other coal ash and typical oxygen carriers 
was characterized using a Malvern laser particle size analyzer, X-ray 
diffraction (XRD) and X-ray fluorescence (XRF) analysis, and nitrogen 
adsorption test before the experiment. Redox cycling experiments were 
conducted on a bubbling fluidized bed reactor under various tempera
tures, yielding a qualitative and quantitative description of the redox 
performance of the iron-rich coal ash under various conditions.

2. Material and methods

2.1. Sample preparation and characterization

2.1.1. Sample preparation
This research used Indonesian lignite ash as the test sample. 

Indonesia is the world’s largest exporter of coal (by weight), with total 
exports of 521 Mt, and more than 85% of the total Indonesian coal 
exported is lignite or sub-bituminous coal [24,25]. Indonesian lignite is 
extensively consumed around the world and thus produces large 
amounts of iron-rich lignite ash due to its rich iron content (Around 11.5 
Mt/a, estimated from the data above and the ash content in IN tested in 
this paper, See Table S1 in the Supplementary Material for the proximate 
analysis of IN). For comparison, this research also used two kinds of 
typical iron-lean Chinese bituminous coal ash: Jiaocheng coal ash (JC 
ash) and Shuozhou coal ash (SZ ash), and two typical oxygen carriers: 
steel slag (SS) and ilmenite (IL).

Before the experiment, the Indonesian lignite was crushed into par
ticles of about 1 cm. The lignite particles were then laid on an iron tray 
with a thickness of about 2 cm and fed into a Muffle furnace for com
bustion in the air at 850℃. After 6 h of combustion, the lignite ash 
generated was then sieved for more than 3 h. The preparation processes 
of JC ash and SZ ash from Jiaocheng coal and Shuozhou coal were the 
same as above (See Table S1 and Table S2 in the Supplementary Material
for the proximate analysis and ultimate analysis of Indonesian lignite, 
Jiaocheng coal, and Shuozhou coal). Ilmenite was directly sieved for 1 h, 
and steel slag was first crushed into particles of around 100 μm and then 
sieved for 1 h. After these preparation processes for the five materials, 
particles with a size range of 150 ~ 180 μm were sieved and used for 
experiments. This size range is consistent with the normal size range of 
bed material flowing inside the CFB reactor. The analysis result of the 
Malvern laser particle size analyzer showed that the Dv (50) of the 
sieved IN ash is 210 μm, which met the expectation and could be used for 
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the following experiments.

2.1.2. Composition analysis
The compositions of all five materials were analyzed via XRD and 

XRF methods. The analysis results of XRF for all five materials are shown 
in Fig. 1(a) (See Table S3 in Supplementary Material for detailed data). 
In terms of mass fraction, the order of main metal element contents (in 
oxide forms) of IN ash by weight from high to low is Fe (54.4%), Si 
(16.40%), Al (10.45%), Ca (9.44%), and Mg (3.38%). Compared with JC 
ash and SZ ash, IN ash has significantly higher Fe content (which is even 
higher than ilmenite, but lower than steel slag) and the highest Mg 
content (3.38%) and S content (3.24%), proving that it is iron-rich coal 
ash. The Si and Al contents of IN are between those of typical oxygen 

carriers and the other two kinds of coal ash. In addition, ilmenite has an 
extremely higher Ti content (51.59%) than other materials, steel slag 
has the highest Ca content (17.15%), and SZ ash has significantly higher 
K content (2.56%) than other materials.

The XRD patterns for all materials are shown in Fig. 1(b). The main 
mineral phases of the three kinds of coal ash (IN, JC, and SZ ash) are 
similar (that is, Fe2O3, SiO2, CaSO4, and composite oxide of Mg, Al, and 
Fe, mainly MgFe2O4). Because the Fe content of steel slag and the Ti 
content of ilmenite are higher, more compounds are formed among Fe 
(or Ti) and other elements for these two materials.

2.1.3. Pore structure analysis
Through the nitrogen adsorption test (using the Brunauer-Emmett- 

Teller Method), the pore structure analysis results of all materials are 
shown in Fig. 1(c). Compared with the iron-rich ilmenite and steel slag, 
IN ash has the highest porosity and larger specific surface area and pore 
volume, resulting in a positive impact on gas adsorption and gas–solid 
reactions.

2.2. Experimental system

The experiment determines the oxygen-carrying capacity and redox 
activity via a combustion process between combustible gases and oxy
gen, referring to the redox process between oxygen carriers and biomass 
in real industrial processes. The diagram of the entire experimental 
system is shown in Fig. 2. In previous studies, oxygen carriers participate 
in biomass combustion mainly through gas–solid reactions with 
combustible volatile gas rather than directly affecting biomass pyrolysis 
and char conversion processes. In addition, most agricultural and 
forestry biomass has high volatile content and low char content. 
Therefore, main combustible volatile components are applied as model 
fuels for biomass and the combustible gas used in this experiment, which 
consists of 26% H2, 38% CH4, and 36% CO referring to the pyrolysis 
products of straw [4,12,15]. The oxidizing gas, referring to air, is ob
tained by mixing the gas from O2 and Ar gas cylinders with a volume 
ratio of 21:79.

The reaction process occurs in a customized vertical quartz tube with 
a height of 1209 mm and an inner diameter of 40 mm. A quartz sintered 
plate gas distributor is installed in the tube 580 mm in height from the 
bottom for carrying and fluidizing the bed material particles. The tube is 
externally heated by an electric vertical furnace and equipped with a 
differential manometer and K-type thermocouples for bed pressure drop 
and bed temperature measurement.

The inlet gases first flow through the mass flowmeters (Qixing 
Huachuang D07-19B), which are connected to an external automatic 
controller to achieve precise real-time control of flow rates. Gases are fed 
into the quartz tube from the bottom pipe and sent to 3 cm below the air 
distributor after preheating, then fluidize the material particles on the 
air distributor, and undergo the reaction process. The exhaust gases are 
filtered and condensed to remove fine particles and steam after exiting 
the quartz tube through the top pipe, and are finally fed into the online 
mass spectrometer (TILON SRD200M) for continuous and quantitative 
gas concentration analysis.

2.3. Experiment procedure

Before the experiment begins, the mass flowmeters and signals of H2, 
CH4, CO, and O2 in the online mass spectrometer are calibrated. The gas 
types detected by the mass spectrometer in this experiment and corre
lated molecular masses are H2-2, CH4-15, CO-28, O2-32, Ar-40, and CO2- 
44.

First, 14 g of one material (about 3 cm height on the air distributor 
for IN ash) is added into the quartz tube on the air distributor. The preset 
experiment temperatures are 700℃, 800℃, and 900℃, respectively, 
which refer to most working conditions for typical chemical looping 
processes and OCAC in CFB boilers. After setting the temperature of the 

Fig. 1. Characterization results of different material samples used in the 
experiments.
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furnace and opening the mass spectrometer, a stream of Ar with a flow 
rate of 0.5 L/min is fed into the tube to purge the gas path. When the 
temperature in the quartz tube reaches the preset value, start gas feeding 
in the order of “Ar (5 min) − combustible gas (40 min) − Ar (5 min) −
oxidizing gas (40 min)” cyclically. Note that in order to save experiment 
costs, in some cases, the input gas type is immediately switched after the 
gas concentrations are basically stable during the experiment. The total 
gas flow rate is controlled to ensure the gas velocity in the quartz tube 
(0.08 m/s) is slightly larger than the minimum fluidization velocity 
(around 0.07 m/s) and constant under different temperature conditions.

After 3 cycles (or 30 cycles for long-term experiments), switch the 
inlet gas and the temperature of the furnace, and then repeat the cycling 
experiment procedure above. After the cycling experiment for one ma
terial is finished, close the furnace, keep the Ar flow with a flow rate of 
0.5 L/min to cool the tube and samples, and switch the type of the 
material after the tube is cooled to room temperature. After the entire set 
of cycling experiments is finished, the signal intensity data of the mass 
spectrometer are saved for subsequent data processing.

3. Results and discussion

3.1. Redox activity of IN ash

Fig. 3(a) shows gas concentrations as a function of time in two cycles 
for both the IN ash group and the blank group at 800℃. Compared with 
the blank group, under the influence of IN ash, concentrations of all 
gases at the same reaction time and the climbing rates of gas concen
trations significantly decrease, and the required time for gas concen
trations to reach stability is significantly extended. While oxygen 
concentration for the blank group quickly reached 21% right after ox
ygen injection, it took 5 ~ 10 min for the mass spectrometer to detect 
any positive signal intensity of oxygen (while it takes around 1 min for 
gases to flow from the mass flowmeter to the mass spectrometer) and 
around 30 min to detect 21% oxygen concentration after oxygen 
injection.

These phenomena indicate that IN ash has a large gas adsorption 
capacity and strong redox activity, namely, significant heterogeneous 
redox reactions can occur on the IN ash surface, including elementary 
reactions of reducing gases with active oxygen atoms: 

CH4 + 4O* → CO2 + 2H2O                                                            (1)

H2 + O* → H2O                                                                             (2)

CO + O* → CO2                                                                            (3)

Fig. 2. Experimental system diagram.

Fig. 3. Gas concentrations as a function of time for the IN ash group.
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And the reaction of oxygen dissociation to regenerate active oxygen 
atoms: 

O2 + 2(*) → 2O*                                                                           (4)

Under different temperatures, gas concentrations as a function of 
time in two cycles for the IN ash group are shown in Fig. 3(b). Tem
perature has an insignificant impact on the global reaction process. After 
combustible gas injection, gas concentrations first increase, then remain 
stable or, for some working conditions and some gaseous species (such 
as CO concentration), still increase slowly and do not reach the equi
librium gas concentration of the blank experiment at the end of the 
ventilation time. Therefore, the reaction process can be roughly split 
into two stages: combustible gases first participate in gas–solid reactions 
on the surface of IN ash, after the lattice oxygen on the particle surface is 
depleted, they diffuse into IN ash particles to react with the lattice ox
ygen in the particle. While the first stage is usually fast, the second stage 
is always significantly slower considering the strong mass transfer 
resistance within the particle [26,27].

In order to further analyze the redox activity of IN ash and other 
materials, the following indexes are introduced for quantitative 
description.

(1) Adsorption capacity. This index symbolizes the excess gas 
adsorption on the material particle surface compared with the blank 
experiment (in which there is also a small amount of gas adsorbed on the 
surface of silica sand), which describes how much molar quantities of 
one gas participate in heterogeneous reactions with the material parti
cles or is physically adsorbed on material particle surfaces, and indicates 
the redox activity of the material particle with the gas. The adsorption 
capacity of material Y for gas X per gram is defined as: 

CX,Y =

⎡

⎣
∑ts

tj,0=ti

cX,0(tj,0)Q̇out,0(tj,0)Δtj,0 −
∑ts

tj,Y=ti

cX,Y(tj,Y)Q̇out,Y(tj,Y)Δtj,Y

⎤

⎦/mY

(5) 

where the subscript X represents the gas type, Y represents the material 
type, and 0 represents the blank group. mY is the mass of the material 
(equal to 14 g for all materials). cX,0 and cX,Y are the concentrations of 
gas X in the tube (unit mol/m3) for the blank group and the material Y 
group, respectively. ti is the time when the concentration of gas X in the 
blank experiment begins to increase, and ts is the time when the 

concentration of gas X in the experiment for material Y increases to 95% 
of the maximum concentration in one gas-feeding cycle. Δtj is the time 
interval between tj and tj+1 corresponding to the sampling interval of the 
mass spectrometer (unit s for all the time above).

Q̇out is the total outlet gas volume flow rate. During experiments, 
while the total inlet gas volume flow rate Q̇in is kept constant (equal to 
0.1 L/s for all materials under all temperatures) during experiments, 
Q̇out is not constant because not all reactions during experiments are 
constant volume reactions (such as Eq. (1) and Eq. (4), water vapor is not 
condensed in the tube). Therefore, if ignoring side reactions and excess 
physical adsorption of gases compared with the blank experiment on 
material particle surfaces, and supposing all gases obey the ideal gas 
equation, then: 

Q̇out,0 = Q̇in⋅
1 − cX,in

1 − cX,0
(6) 

Q̇out,Y = Q̇in⋅
1 − cX,in

1 − cX,Y
(7) 

where cX,in represents the concentration of gas X before entering the 
quartz tube (that is, the initial concentration of gas X in the gas cylin
der), X represents CH4 during volatile injection (initial CO + H2 and CO2 
+ H2O they generated as the internal standard), and O2 during oxygen 
injection (Ar as the internal standard).

The adsorption capacities of IN ash for H2, CH4, CO, and O2 in the 
experiment can be calculated using the data shown in Fig. 3(b) based on 
Eq. (5) ~ Eq. (7) (the results are averaged over the calculated values 
from the two cycles, the same hereinafter), as shown in Fig. 4(a). 
Moreover, the adsorption capacity of IN ash for the combustible gas 
mixture can be calculated as: 

CConbustible gas,Y = CH2 ,Y +CCH4 ,Y +CCO,Y (8) 

Interestingly, the highest adsorption capacity of IN ash does not 
occur under the highest temperature condition. Instead, at 800℃, the 
adsorption capacity is the highest (0.17 mol/g, 0.0081 mol/g, 0.0316 
mol/g, 0.056 mol/g, and 0.024 mol/g for H2, CH4, CO, combustible gas, 
and O2, respectively). Among combustible gases, the adsorption capac
ity of IN ash for CO is the highest and CH4 the lowest, which indicates 
that in the preset combustible gas atmosphere, CO adsorption and re
actions are dominant,

Fig. 4. Quantitative indexes of IN ash for different gases.
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Fig. 5. Gas concentrations as a function of time for different material groups under different temperatures Note: the dashed lines indicate that the input gas types 
were switched after the concentrations were basically stable during the experiment, and the concentrations of these gases can be regarded as unchanged in this time 
range. The meaning is the same for Fig. 6.

B. Du et al.                                                                                                                                                                                                                                       Applied Thermal Engineering 274 (2025) 126798 

6 



(2) Conversion rate. This index is calculated by dividing the total 
output molar quantities of the gas in the blank experiment into the 
“Adsorption capacity”, so it implies the conversion ability and conver
sion speed of the material for the gas to some extent. The conversion rate 
of gas X for the case applying material Y is defined as: 

αX,Y =

∑ts
tj,0=ti cX,0(tj,0)Q̇out,0(tj,0)Δtj,0 −

∑ts
tj,Y=ti cX,Y(tj,Y)Q̇out,Y(tj,Y)Δtj,Y

∑ts
tj,0=ti cX,0(tj,0)Q̇out,0(tj,0)Δtj,0

(9) 

For the case of IN ash, the conversion rates of H2, CH4, CO, and O2 
can be calculated using the data shown in Fig. 3(b) based on Eq. (6), Eq. 
(7), and Eq. (9), as shown in Fig. 4(b). Moreover, the conversion rate of 
the combustible gas mixture can be calculated as: 

αCombustible gas,Y =
CH2 ,Y + CCH4 ,Y + CCO,Y

∑
H2 ,CH4 ,CO

(
∑ts

tj,0=ti cX,0(tj,0)Q̇out,0(tj,0)Δtj,0
) (10) 

High O2 conversion rates for the IN ash (>68%) demonstrate its 
potential to be a good oxygen carrier. Similar to the results of adsorption 
capacity, at 800℃, the conversion rates of most gases for IN ash are the 
highest (40.9%, 32.5%, 50.6%, 35.0%, and 72.5% for H2, CH4, CO (still 
the highest among combustible gases), combustible gas, and O2, 
respectively).

3.2. Comparison between different materials

Fig. 5(a) compares the gas concentrations as a function of time in two 
cycles for the five material groups at 800℃. For iron-lean materials 
(such as JC ash and SZ ash), gas concentrations quickly reach stability 
after gas injection and have no significant difference from the blank 
experiment, which indicates poor redox activities. However, gas con
centration curves of IN ash are significantly different from the two kinds 
of coal ash and more similar to those of steel slag and ilmenite, indi
cating that the redox activity of IN ash can be comparable to these 
typical efficient oxygen carriers.

Fig. 5(b)~(f) summarize the gas concentrations as a function of time 
in two cycles for the five material groups under different temperatures. 
For iron-lean JC ash and SZ ash, similar to the blank group, the tem
perature has no significant effect on the oxygen concentration curve, 
indicating low oxygen-related reactivity.

It should be noted that for some materials, at the same reaction time 
during the injection of combustible gas, as the temperature increases, 
CH4 concentration generally decreases while H2 concentration generally 
increases (for instance, the SZ ash at 900℃). For iron-rich steel slag and 
ilmenite, this phenomenon becomes more significant. In addition, at 
800℃ and 900℃, during the injection of combustible gas, CH4 con
centrations for steel slag and ilmenite groups first increase, then 
significantly decrease over time, while H2 and CO concentrations first 
increase rapidly, then keep increasing slowly. Particularly, the highest 
H2 concentrations for SZ ash, steel slag, and ilmenite groups at 900℃ are 
remarkably higher (>37%) than the initial H2 concentration in the gas 
cylinder (26%). These phenomena indicate that these materials may 
have certain catalytic effects on the partial oxidation or decomposition 
of CH4 (as shown in Eq. (11) and Eq. (12), especially under higher 
temperatures [28]. However, such catalytic effect may be insignificant 
for IN ash because CH4 concentration does not decrease notably as the 
temperature increases for the IN ash group. 

CH4 + O* → CO + 2H2                                                                (11)

CH4 → C + 2H2                                                                           (12)

It is also worth noting that there is a remarkable increase in CO 
concentration after oxidizing gas injection for ilmenite, especially at 
800℃, which indicates that carbon deposition occurred on its surface 
during the combustible gas injection period. This is achieved through 
the methane decomposition reaction (Eq. (12)), or the Boudouard re
action (Eq. (13)) when the lattice oxygen on the surface is insufficient 
[29]. Subsequently, the deposited carbon can be oxidized into CO (Eq. 
(14)). Similarly, the SZ ash group shows a slight increase in CO con
centration after oxidizing gas injection, especially at 900℃. 

2CO → C + CO2                                                                          (13)

2C + O2 → 2CO                                                                           (14)

Fig. 6 further provides the recorded CO2 signal intensity in the 
reactor outlet under different conditions. During the injection of 
combustible gas, high CO2 signal intensities are detected, which mainly 
come from gas-solid redox reactions between CH4/CO and lattice oxy
gen, and generally increase as the temperature increases. For iron-lean 
JC ash and SZ ash, the CO2 signal intensities quickly peak and then 
decrease to nearly zero, indicating that little CO2 was generated during 
this period. For the other three iron-rich bed materials, significantly 
higher CO2 signal intensities are detected, which roughly experience an 
evolutionary process of first peaking, then rapidly declining, and then 
slowly declining. Among the three bed materials, IN ash and steel slag 
groups have higher CO2 signal intensities than ilmenite.

During oxygen injection, lower but non-negligible CO2 signal in
tensity peaks are detected for some experimental conditions. The SZ ash 
group shows CO2 signal intensity peaks under all temperatures, along 
with its CO concentration peaks (Fig. 5(f)), indicating serious carbon 
deposition on the SZ ash surface, similar to literature findings [29]. 
Moreover, two CO2 concentration peaks are detected for ilmenite at 
800℃, in which case CO2 may originate from the oxidation of residual 
combustible gas and deposited carbon on the ilmenite surface (Fig. 5(c)). 
In contrast, the CO2 signal intensity peaks of the IN ash group are much 
lower than these two groups. Therefore, the carbon deposition on the 
surface of IN ash during the cycling redox experiment is negligible.

Following the method introduced in Section 3.1, the adsorption ca
pacities and conversion rates for all five materials under different tem
peratures are calculated using the data shown in Fig. 5(b)~5(f). The 
results are summarized in Fig. 7. Note that negative values in graphs 
indicate that less gas was absorbed during the experiment compared 
with the blank experiment, or that the gas was generated during the 
experiment. It can be seen that for IN ash, the adsorption capacities and 
conversion rates are significantly higher than those of iron-lean JC ash 
and SZ ash. Meanwhile, some of these values can be comparable to or 
even better than those of steel slag and ilmenite, which further dem
onstrates that IN ash has great potential to be an excellent oxygen car
rier. These indexes are also approximately positively correlated with 
iron content (Fig. 1(a)), indicating that iron content should be the main 
source of redox activity of IN ash.
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3.3. Characteristics of IN ash after long-term experiments

3.3.1. Composition analysis
To evaluate the stability of IN ash during the redox process, long- 

term redox experiments of IN ash were conducted at 700℃, 800℃, 
and 900℃, respectively. After 30 redox cycles, the IN ash particles were 
characterized via XRD, XRF, and pore structure analysis, and compared 
with the initial IN ash sample.

Fig. 8(a) shows the XRF analysis of IN ash before and after long-term 
experiments (See Table S4 in Supplementary Material for detailed data). 
According to the analysis result, after 30 redox cycles, in terms of mass 
fraction, the main metal element contents of IN ash remain Fe, Si, Al, Ca, 
and Mg. However, after intensive redox reactions, sulfur content 
significantly decreased due to sulfate decomposition in a reducing at
mosphere. Moreover, considering the physical processes of attrition, 
sintering, and agglomeration during fluidization, as well as the migra
tion and chemical precipitation of elements during the reaction process, 
the contents of Si, Al, and Ca detected exhibit certain changes. No sig
nificant difference in the mass fraction of other elements was detected.

Fig. 8(b) shows the XRD analysis of IN ash before and after long-term 
experiments. The main mineral phases of IN ash after long-term exper
iments are consistent with those of the initial sample (that is, Fe2O3, 
SiO2, CaSO4, and composite oxide of Mg, Al, and Fe). As the reaction 
temperature increases, the diffraction peaks of CaSO4 become less sig
nificant while the diffraction peaks of aluminosilicate (mainly CaAl2

Si2O8) become more significant. The former results from the 
decomposition of CaSO4 in a reducing atmosphere [30], and the latter 
results from the migration and recombination of the lattice of metal 
oxides including CaO, Al2O3, and SiO2 during intense cycling redox re
actions under high temperature [30,31]. These phenomena are consis
tent with the XRF analysis results.

Therefore, it can be concluded that the composition of main com
ponents with redox activity in IN ash is relatively stable. After long-time 
operations, its composition changes are within an acceptable range 
compared with the original IN ash. However, it should be pointed out 
that even after 30 cycles, the total reaction time is only around 10 h, 
which is much less than the practical cycling time of typical oxygen 
carriers in industrial systems. Thus, further industrial-scale studies are 
still needed.

3.3.2. Pore structure analysis
Through the nitrogen adsorption test (using the Brunauer-Emmett- 

Teller Method), the pore structure analysis results of IN ash before and 
after long-term experiments are shown in Fig. 8(c). After long-term ex
periments, the specific surface area, pore volume, average pore diam
eter, and porosity of IN ash porosity all decrease with the increase in 
reaction temperature (except for the average pore diameter at 800℃). 
While the specific surface area of IN ash experiences a sharp decrease 
from the condition of 700℃ to 800℃, the pore value and porosity of IN 
ash experience a sharp decrease from the condition of 800℃ to 900℃. 
These pore structure changes result from both physical and chemical 
reasons. Firstly, during the experiments, the fluidization of IN ash leads 
to frequent and intense collision and friction between ash particles as 
well as between ash particles and the wall surfaces, which promotes the 
abrasion and fragmentation of ash particles and lays the foundation for 
sintering and agglomeration at high temperatures. Secondly, as a result 
of repeated and strong gas–solid redox reactions, the lattice oxygen 
content within the ash particles undergoes frequent variation. This 
promotes the migration of metal elements within the ash particles and 
the formation of components with low melting points, which, in turn, 
exerts a notable influence on the pore structure of IN ash under high 
temperatures [30].

The final redox activity of IN ash is determined by the competition 
between the intrinsic reaction rate of the active metal components and 
physical processes during the reaction processes (including adsorption 
and desorption of gases, and internal and external gas diffusion). On the 
one hand, the intrinsic redox reaction rates naturally increase as the 
temperature increases. On the other hand, the specific surface area ex
periences a significant decrease at high temperatures due to sintering 
and agglomeration, which has a negative influence on the physical 
process mentioned above. Therefore, the variation of pore structure and 
the activity of active components synergistically affect the redox activity 
of IN ash at different temperatures and thereby determine its optimal 
reaction temperature (800℃ in this research). However, more research 
should be conducted using more microscopic characterization methods 
to reflect the changes in the pore morphology on the particle surface and 
evaluate the detailed reaction process.

4. Conclusions

As a kind of typical solid waste, iron-rich coal ash can generate 
considerable economic value when recycled and applied as an oxygen 
carrier considering its excellent physical and chemical properties. In 
order to explore the potential and characteristics of iron-rich coal ash as 
an oxygen carrier, cycling redox experiments were conducted on five 
different materials including iron-rich Indonesian lignite ash, iron-lean 
coal ash, and typical oxygen carriers under various temperatures.

Results show that Indonesian lignite ash is an excellent oxygen car
rier with high adsorption capacities and conversion rates for H2, CH4, 
CO, and O2, which are significantly better than iron-lean coal ash and 
comparable to typical oxygen carriers including steel slag and ilmenite. 
These characteristics are mainly attributed to the high iron content and 
good pore characteristics of Indonesian lignite ash. Moreover, no sig
nificant partial oxidation of methane and carbon deposition occurred 
during the experiment, and no significant variation in the composition 
of active substances was found after long-term experiments. The highest 
redox activity of Indonesian lignite ash in this research is achieved at 
800℃ due to the competitive effect of the reactivity increase and pore 
structure destruction as the temperature increases.

In the future, more detailed studies about iron-rich coal ash are 
needed on the microscopic characterization, kinetic parameter 

Fig. 6. CO2 signal intensities as a function of time for different material groups 
under different temperatures.
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Fig. 7. Summary of quantitative indexes of different materials for different gases.
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Fig. 8. Characterization results of IN ash before and after long-term experiments.
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calculation, and modeling of the detailed reaction mechanism. More
over, as no similar industrial-scale practice has been conducted until 
now, the feasibility and economic efficiency of the whole utilization 
chain need to be further evaluated. (1) From the perspective of practical 
operations, the operating characteristics in industrial-scale instruments, 
the effect of flexible composition in iron-rich coal ash, and the stability 
after long-term operation on the scale of days or even months remain to 
be explored. (2) From the perspective of the economy, the potential 
market scale, including the balance between supply and demand also 
needs further evaluation.
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