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Abstract 

Iron-based oxygen carriers are among the most widely used carriers in chemical-looping hydrogen production technology, yet 

their pore size and specific surface area remain critical factors limiting reaction efficiency. Meanwhile, the potential of fly ash—

rich in silicon, aluminum, as well as sodium, potassium, and calcium—to enhance the reactivity of iron-based oxygen carriers 

represents a strategic approach toward transforming waste into valuable resources in coal-fired power plants. In this study, 

synthetic iron-based oxygen carriers were prepared via co-precipitation, with 2 wt% fly ash added for comparative analysis. BET 

results indicate that incorporating fly ash increases the specific surface area from 12.56 m2/g to 27.45 m2/g, while also improving 

total pore volume and mesopore content. XRD and SEM analyses reveal that fly ash does not alter the crystalline phase but 

instead acts as an inactive framework, suppressing abnormal crystal growth at high temperatures and locally creating voids that 

form a complex interwoven pore structure. Single-particle crushing pressure tests demonstrate that adding 2 wt% fly ash 

significantly enhances mechanical strength, contributing to greater structural stability. This work integrates performance 

improvement of iron-based oxygen carriers with comprehensive utilization of fly ash, providing valuable insights for further 

exploration and application of chemical-looping hydrogen production technology. 
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1. Introduction 

Chemical looping hydrogen production (CLHP) technology 

is currently a critical pathway for realizing low-carbon energy 

utilization. The “Medium and Long-Term Development Plan 

for the Hydrogen Energy Industry (2021–2035)” explicitly 

identifies novel green hydrogen production processes includ-

ing chemical looping hydrogen production as key technical 

projects to be advanced [1]. Among various oxygen carriers, 
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iron-based oxygen carriers are recognized as promising can-

didates for practical application owing to their advantages 

such as low cost and stable composition [2]. 

As the oxygen carrier in the chemical-looping hydrogen 

production technology, the recyclability and conversion effi-

ciency of this component are crucial factors in evaluating the 

feasibility of the technology [3]. Gao et [4] addressed the is-

sues of low specific surface area, insufficient activity, and low 

hydrogen production capacity of traditional iron-based oxy-

gen carriers. They prepared iron-based oxygen carriers with 

mesoporous structural characteristics using the impregnation 

method. By precisely controlling the structure of the mi-

croporous network, they significantly increased the rate of re-

dox reactions. The Li team [5] addressed the issue of grain 

melting and collapse in the high-temperature zone of iron-

based oxygen carriers during repeated use. They utilized fly 

ash to provide an inert matrix and certain active elements, 

achieving the effect of reconfiguring the microporous struc-

ture within the oxygen carrier, thereby delaying the decline in 

performance caused by the increase in the number of cycles. 

The Wang team [6] started from the problems of slow oxygen 

mass transfer and insufficient reactions, and explored whether 

the alkaline components of fly ash could enhance the effect of 

iron-based oxygen carriers. They achieved the improvement 

of the oxygen carrier's performance by preparing samples with 

added alkaline elements. Chen Yu et al. [7] conducted research 

on the calcination process of the iron-cerium composite func-

tional carrier prepared by co-precipitation method. They 

mainly focused on the influence mechanisms of temperature 

and holding time on the microstructure, crystal phase compo-

sition and redox properties of the carrier. By effectively ad-

justing these conditions, the catalytic performance and stabil-

ity of the carrier were greatly enhanced. The Zhao team [8] 

focused on the integrity of pore shapes and proposed a method 

of regularly removing impurities to prevent problems such as 

pore collapse and blockage. Fan et al. [9] used coal gangue as 

the raw material base to explore the technical and economic 

evaluation of the chemical looping hydrogen production pro-

cess based on coal gangue. They calculated the energy con-

sumption, operating costs, income, and investment limits of 

the entire scheme, and proved the effectiveness of the hydro-

gen production process combining coal gangue with chemical 

looping in terms of economic benefits. Chen et al. [10] shifted 

their focus to improving the hydrogen production perfor-

mance of iron-alloy composites through the use of fly ash. 

From the perspective of waste material recycling, they consid-

ered how fly ash, as a carrier for oxygen, could function in the 

process of chemical-loop hydrogen production. Based on this, 

they redesigned the improved performance compatibility of 

the oxygen carrier and systematically adjusted the relevant 

process parameters, thereby enhancing the operational relia-

bility of the entire hydrogen production system and the unit 

energy consumption level. This led to a significant transfor-

mation of fly ash from being an unwanted waste to a func-

tional material, fundamentally reducing the demand for raw 

materials. 

In conclusion, when applying fly ash to the directional mod-

ification of the pore structure of iron-based oxygen carriers, a 

comprehensive evaluation is still required in terms of specific 

surface area, surface morphology, phase change, and re-

sistance to fragmentation. Therefore, in this work, we synthe-

sized 60% Fe2O3/40% Al2O3 using the coprecipitation method 

with 2 wt% fly ash modification, and compared it with the 

control group that did not add fly ash. We hope this will pro-

vide a reference for the subsequent directional regulation and 

modification of iron-based oxygen carriers. 

2. Sample Preparation 

2.1. Experimental Material 

The experimental materials selected for this work include 

Fe(NO3)3·9H2O (Fe(NO3)3·9H2O, analytically pure), 

Al(NO3)3·9H2O (Al(NO3)3·9H2O, analytically pure), ammo-

nia solution with a concentration of 25% - 28% (NH3·H2O, 

analytically pure), polyvinyl alcohol (PVA), flyash, deionized 

water, etc. 

For specific data, please refer to Table 1. 

Table 1. Experimental reagents. 

Reagent Name specification parameter use 
Dosage (calculated based on 

10g of finished oxygen carrier) 
Notes 

flyash 

Main components (mass fraction) 

is SiO2 48.6%, Al2O3 27.3%, CaO 

6.8%, Fe2O3 4.2%, K2O+Na2O 

3.5%, loss on ignition 9.6% 

Modifier, 

auxiliary raw 

material 

The dosage of 2% is 0.8 grams. 

It needs to be pre-treated by 

calcination at 600℃ for 2 

hours. 

Fe(NO3)3·9H2O analytically pure, purity ≥ 99.0% 
Active compo-

nent precursor 
30.3g (Fixed dosage) 

Theoretical generation 6.0g 

Fe2O3 

Al(NO3)3·9H2O analytically pure, purity ≥ 99.0% Carrier precursor 
The amount of fly ash at 1% is 

26.47g, at 2% is 23.53g, and at 

Form a 4.0g Al2O3 + coal ash 

mixture in synergy with coal 
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Reagent Name specification parameter use 
Dosage (calculated based on 

10g of finished oxygen carrier) 
Notes 

3% is 20.59g. ash 

polyvinyl alco-

hol (PVA) 
analytically pure, Mw=1750±50 template 

A 3% mass fraction is 7.5g. A 5% 

mass fraction is 12.5g. A 7% 

mass fraction is 17.5g. 

Calculate based on the total 

mass of the mixed solution 

(approximately 250g) 

ammonia 
analytically pure, mass fraction 

25%-28% 
precipitant 8-10mL 

Add dropwise to the solution 

until the pH reaches 9. Adjust 

the amount of fly ash as 

needed. 

deionized water specific conductance≤10μS/cm solvent, lavation 

The base mixture is 200 mL. The 

washing solution is 300 - 500 

mL. 

Wash until the filtrate con-

tains no Cl⁻ (detected by sil-

ver nitrate test) 

 

Among them, the preprocessing of fly ash is to remove the 

attached carbonaceous substances and desorb the alkaline ions 

such as Ca, K, and Na to achieve the precise control of the 

microstructure of the oxygen carrier in the next step. The raw 

coal ash is added to the ball mill for grinding for 30 minutes. 

It is passed through a 200-mesh sieve (with a corresponding 

aperture of 75 μm), and the large particles are all removed. 

The powder after sieving is sent to the muffle furnace. Under 

the condition that the constant temperature rate is maintained 

at 5℃/min, it is heated to 600℃ and kept at this temperature 

for about 2 hours, then cooled back to room temperature. The 

high temperature effect causes the remaining non-combustible 

carbon to be oxidized and removed, while the original glass 

phase structure is damaged, and the ions originally existing in 

the powder in the form of alkali are transformed into soluble 

oxide states. 

2.2. Manufacturing and Preparation Process 

In this study, iron-based oxygen carriers were synthesized 

by the co-precipitation method [11, 12]. Al2O3 was used as the 

inert carrier, and fly ash was used as the active modifier com-

ponent. Polyvinyl alcohol (PVA) was used as the spatial re-

strictor. The synthesis process of the samples is shown in Fig-

ure 1. The component ratio was set at 60% Al2O3, and the re-

maining proportion was distributed between Al2O3 and fly ash 

at 40%. According to this calculation, a certain amount of fer-

ric nitrate and aluminum nitrate was dissolved into 200 mL of 

ultrapure water, heated to 20°C for magnetic stirring for 30 

minutes until it completely turned into a uniform brownish-

red solution. During this process, fly ash that had been sur-

face-active treated was gradually added [13], with each addi-

tion of fly ash being 2%, and the same conditions were used 

for stirring for 60 minutes to ensure good dispersion. Then, a 

certain amount of 5% mass fraction PVA was added under the 

same conditions and stirred for another 60 minutes to form a 

stable suspension mixture. The precipitation process was 

gradually added with ammonia water at a speed of 1 mL/min. 

Throughout the process, the temperature remained constant at 

20°C and 800 rpm. When the pH value of the system rose to 

9, the addition of ammonia water was stopped, and the mixture 

was mixed for another 60 minutes to produce a brown gel-like 

precipitate. The precipitate was collected using a filter and 

washed with water multiple times until no Cl was detected in 

the solution (no white smoke was seen in the silver nitrate test). 

Then, anhydrous alcohol was added for one wash, and it was 

placed in a 105°C vacuum oven for 12 hours to obtain a dry 

gel-like pre-polymer. The pre-polymer was pressed into 3-5 

mm-sized particles and placed in a furnace. It was heated at a 

rate of 5°C/min to 500°C and held for 3 hours to complete the 

decomposition of the catalyst and organic residues [14]. Then, 

the temperature was raised to 900°C and held for 3 hours to 

allow the crystal growth to complete. Finally, it was cooled 

back to the ambient temperature, and the product with a parti-

cle size of 0.2-0.3 mm was obtained by screening using a sieve. 
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(a) mixed solution (b) The formed gel-like product (c) The dried precursor solid (d) The product after high-temperature calcination 

Figure 1. Sample photos from different preparation stages. 

3. Test Characterization 

3.1. Analysis of Aperture and Specific Surface 

Area (BET) 

The Aperture and Specific Surface Area Analyzer (BET, 

ASAP2460) is based on the physical adsorption of low-tem-

perature nitrogen gas, combined with the BET multi-layer ad-

sorption theory and the BJH mesoporous structure analysis 

method to determine the relevant numerical parameters such 

as the specific surface area, pore size distribution, and pore 

volume of the iron-based oxygen carrier. The testing process 

is completed under liquid nitrogen temperature (-196℃ / 

77.3K). Under the low-temperature of liquid nitrogen, nitro-

gen molecules are subject to van der Waals forces and exhibit 

physical adsorption phenomena on the surface of the iron-

based oxygen carrier. During the calcination process, various 

parameters such as the temperature gradient range of the elec-

tric furnace interior (300-1200℃), the duration of holding, 

and the heating rate are comprehensively adjusted. Based on 

the changes in BET specific surface area and BJH pore size 

during the calcination process, the trajectory of pore develop-

ment corresponding to different calcination conditions can be 

traced, and the ideal calcination process range can be found, 

providing a reference for the precise design of pore structure. 

3.2. X-ray Diffractometer (XRD) 

The X-ray diffraction instrument (XRD, D8 ADVANCE) is 

based on Bragg's Law (2dsinθ = nλ), where d represents the 

distance between crystal planes, θ is the diffraction angle, n 

refers to the diffraction order, and λ is used to indicate the 

wavelength of the incident X-rays. The X-rays are generated 

by high-pressure accelerated electrons hitting metal anodes 

such as copper targets, emitting characteristic X-rays (typi-

cally CuKα, with λ = 0.15406 nm). Then, a monochromator 

separates out monochromatic X-ray beams with the same di-

rection. After being directed towards the crystal sample sur-

face of iron-based oxide carrier materials, the atoms (ions) ar-

ranged in a certain pattern within the crystal structure will 

scatter the incident light, causing interference phenomena be-

tween some of the incident light rays on different crystal 

planes due to the existence of positional differences, thereby 

generating distinct diffraction peaks. 

3.3. Scanning Electron Microscope (SEM) 

The scanning electron microscope (Scanning Electron Mi-

croscope, SEM, SU8010/SU8020) uses a high-energy focused 

electron beam to conduct point-by-point detection of the sam-

ple surface. It utilizes various signals generated between elec-

trons and the measured substances to study and determine the 

micro-area morphology and structural information of the sam-

ple surface. The PHENOM G3 PRO is a desktop-type scan-

ning electron microscope instrument equipped with a tungsten 

filament. Its operating principle is that the CeB6 filament (i.e., 

cerium boronized six filament, as indicated in the parameter 

values in the figure) emits electrons under the action of high 

pressure, and with the help of magnetic focusing lenses, it con-

verges and accelerates into a beam of extremely fine electrons 

with a diameter of only a few nanometers. Through the scan-

ning deflection coil, it controls its distribution to scan the re-

gions on the sample surface in a certain pattern. 

3.4. Particle Crushing Pressure Testing 

Equipment 

The digital tensile tester (SM-500N) measures the crushing 

pressure of single particles through static compression. The 

core components are high-precision pressure sensors and a 

peak holding system. The single particle oxygen carrier is 

placed on a flat stage, and a uniform vertical pressure is ap-

plied at a constant speed. At the moment of particle crushing, 

the sensor records the maximum load, which represents the 

crushing pressure of the single particle, measured in Newtons 

(N). This equipment can accurately capture the critical force 

value for particle crushing, calculate the average and standard 
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deviation of multiple sets of data, assess the stability of parti-

cle strength, and directly reflect the mechanical toughness and 

anti-flocculation ability of the oxygen carrier. 

4. Results and Discussion 

4.1. Comparison and Analysis of BET Surface 

Area and Pore Size Test Results 

The BET method for conducting low-temperature nitrogen 

adsorption-desorption tests is one of the effective means for 

analyzing the pore structure of porous materials. Through this 

method, the specific surface area, total pore volume, average 

pore diameter, and pore size distribution can be accurately de-

termined, thereby further obtaining the number of active sites 

in the oxygen carrier and the diffusion characteristics of gas 

molecules. The adsorption amount is shown in Figure 2. It can 

be observed that the addition of fly ash can significantly in-

crease the adsorption amount of the iron-based oxygen carrier 

[15], with the maximum value being 2.5 times that of the sam-

ple without fly ash addition. 

  
Figure 2. Adsorption amounts under different relative pressures. 

During the high-temperature calcination process, the iron-

based oxygen carrier will undergo crystallization and bonding, 

resulting in a large number of internal pores being sealed, 

thereby causing a significant reduction in surface area and 

pore volume. After adding fly ash, its original pore structure 

begins to show a trend of first increasing and then slowly de-

creasing. The differential pore volume distribution is shown in 

Figure 3. 

  
Figure 3. Differential pore volume at different pore diameters. 

Tables 2 and 3 present the pore structure parameters and 

pore size distribution proportions after adding fly ash to the 

iron-based oxygen carrier. It can be observed that the iron-

based oxygen carrier after adding fly ash has significant 
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changes in terms of specific surface area, pore volume, etc. Its 

specific surface area has increased by 2.18 times, and the total 

pore volume has increased by 2.44 times. However, the impact 

on the average pore diameter is not significant, indicating that 

adding fly ash does not change the pore structure while in-

creasing its specific surface area. 

Table 2. Add the pore structure parameters of the iron-based oxygen carrier with fly ash. 

Sample ID fly ash replacement BET specific surface area (m2/g) Total pore volume (cm³/g) mean pore size (nm) 

Fe–0 0% 12.56 0.0896 28.54 

Fe–2 2% 27.45 0.2183 27.40 

Table 3. Add the pore size distribution ratio of the iron-based oxygen carrier with fly ash. 

Sample ID Porosity ratio (2–50 nm) The proportion of large pores (>50 nm) The proportion of micropores (<2 nm) 

Fe–0 62.3% 35.7% 2.0% 

Fe–2 86.5% 11.3% 2.2% 

 

4.2. XRD Comparison and Analysis of Test 

Results 

XRD can determine the state of the substance and estimate 

the grain size, thereby explaining how fly ash affects the ar-

rangement of crystals. During the analysis, it was found that 

all samples had an α-Fe2O3 crystal structure and no other crys-

tal phases appeared. This indicates that fly ash does not affect 

the formation of the main active crystals. The crystal phase 

characterization results are shown in Figure 4. 

  
Figure 4. XRD test chart. 

4.3. SEM Comparison and Analysis of Test 

Results 

SEM characterization can clearly reflect the surface mor-

phology of the oxygen carrier. Figure 5 shows the effects of 

the samples with added fly ash-based iron-based oxygen car-

riers and the control group. The surface of the samples without 

added fly ash is uniformly covered with small pores. In con-

trast, after adding fly ash, the size of the pores has significantly 

increased. This indicates that although adding fly ash does not 

directly change the basic framework of the synthesized iron-

based oxygen carrier, it also affects the aggregation of the pre-

cipitated components during the synthesis process. 
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Figure 5. Sample appearance picture. 

4.4. Comparison and Analysis of Carrier 

Crushing Pressure Test Results 

Mechanical strength is a key indicator for maintaining the 

structural stability of iron-based oxygen carriers in chemical-

looping hydrogen production reactors, and it directly affects 

their resistance to wear, pulverization, and cycle operation 

lifespan. To clarify the regulatory effect of fly ash content on 

the mechanical properties of the oxygen carrier, this study 

used a digital tensile tester to conduct single-particle crushing 

pressure tests on different samples. The test selected particles 

with a diameter of 0.2-0.3mm, and 20 particles were randomly 

tested in each group. The pressure was increased at a constant 

rate until the particles broke, the maximum crushing load was 

recorded and the average value was calculated. The results are 

shown in Table 4. 

Table 4. Single-particle crushing pressure of iron-based oxygen carriers with different amounts of fly ash content. 

Sample ID fly ash replacement Average crushing pressure/N standard deviation/N 

Fe–0 0% 18.6 1.2 

Fe–2 2% 28.5 0.7 

 

From the test results, it can be seen that the addition of fly 

ash has a significant impact on the mechanical strength of the 

oxygen carrier. The Fe–0 samples without fly ash addition un-

dergo dense sintering after high-temperature calcination, with 

fewer internal defects but higher brittleness. Under external 

force, they are prone to brittle fracture, and the crushing pres-

sure is only 18.6N. When the fly ash content is 2%, the aver-

age crushing pressure of the oxygen carrier reaches the maxi-

mum value of 28.5N, which is 53.2% higher than that of the 

pure iron-based sample. At the same time, the standard devia-

tion is the smallest, and the strength stability is the best. The 

strengthening mechanism lies in: the SiO2 and Al2O3 in fly ash 

interact with the matrix at high temperatures to form a stable 

silicate-aluminate rigid network, exerting a dispersion 

strengthening effect, effectively inhibiting abnormal grain 

growth; at the same time, the uniformly developed pore struc-

ture can disperse external stress, reducing the risk of stress 

concentration, enabling the material to maintain a porous 

structure while having high toughness and mechanical 

strength. The single-particle crushing pressure test results are 

highly consistent with the pore structure, microscopic mor-

phology, and crystal phase analysis results, confirming that a 

2% fly ash content can achieve the coordinated optimization 

of pore structure performance and mechanical strength, mak-

ing the oxygen carrier more suitable for the industrial applica-

tion requirements of chemical-looping hydrogen production. 

5. Conclusion 

This work focuses on the iron-based oxygen carrier system 

as the research object. It addresses the main difficulties that 

lead to the slow chemical chain hydrogen production rate, 

such as the asymmetric pore size distribution, low specific sur-

face area, and the tendency to undergo sintering during high-

temperature cycling. To overcome these issues, a method of 

using fly ash to precisely control the pore structure was pro-

posed. A composite sample with a 2 wt% fly ash content was 

prepared using the co-precipitation method. The distribution 

was analyzed through a series of detection equipment such as 
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the BET specific surface area pore size analyzer, XRD, and 

SEM. The control mode of fly ash on the pore evolution dur-

ing the manufacturing process of the iron-based oxygen car-

rier and its applicability were elaborated in detail from aspects 

such as pore size, crystal structure, particle size, and surface 

shape. The specific conclusions are as follows: 

(1) The content of fly ash has a significant guiding effect on 

the formation of the porous structure of iron-based oxides. 

When 2% fly ash is added, the active centers on the sur-

face of the oxygen carrier are maximally stimulated. Un-

der this condition, the BET specific surface area of the 

oxygen carrier is increased to 27.45 m2/g, which is 2.18 

times that of the original iron-based oxygen carrier; and 

the total pore volume also increases from the original 

0.0896 cm³/g to 0.2183 cm³/g, which is 2.44 times that of 

the original iron-based oxygen carrier. At the same time, 

the average pore diameter does not change much. 

(2) The XRD test results confirmed that the addition of fly 

ash did not cause any change in the crystal phase of the 

iron-based oxygen carrier, and it did not further lead to 

sintering problems. Furthermore, the SEM test results 

indicated that the presence of the inert components of 

fly ash was conducive to the formation of a more stable 

framework structure. 

(3) The results of the crushing pressure test show that the 

mechanical properties of the material have been signif-

icantly improved after the addition of fly ash, with the 

compressive strength increasing by 53.2%. This further 

confirms the conclusion that the appropriate addition of 

fly ash can purposefully regulate the performance of 

iron-based oxygen carriers. 

Abbreviations 

CLHP Chemical Looping Hydrogen Production 

PVA Polyvinyl Alcohol 

XRD X-ray Diffraction 

SEM Scanning Electron Microscope 
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