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Thermo-chemical conversion of waste plastics offers a sustainable strategy for integrated waste management and
clean energy generation. To address the challenges of low gas yield and rapid catalyst deactivation due to coking
in conventional gasification processes, an innovative three-stage chemical looping gasification (CLG) system
specifically designed for enhanced hydrogen-rich syngas production was proposed in this work. A comparative
analysis between conventional gasification and the staged CLG system were firstly conducted, coupled with
online gas analysis for mechanistic elucidation. The influence of Fe/Al molar ratios in oxygen carriers and their
cyclic stability were systematically examined through multicycle experiments. Results showed that the three-
stage CLG in the presence of FelAl2 demonstrated exceptional performance, achieving 95.23 mmol/gpjastic of
Hy and 129.89 mmol/gplasiic of syngas respectively, representing 1.32-fold enhancement over conventional
method. And the increased Hy/CO ratio (2.68-2.75) reflected better syngas quality via water-gas shift.
Remarkably, the oxygen carrier maintained nearly 100 % of its initial activity after 7 redox cycles, attributed to
the incorporation of Al;O3 effectively mitigating sintering and phase segregation through metal-support in-
teractions. These findings establish a three-stage CLG configuration with Fe-Al oxygen carriers as an efficient
platform for efficient hydrogen production from waste plastics, contributing to sustainable waste valorisation

and carbon-neutral energy systems.

1. Introduction

Plastics are a class of versatile materials have significantly improved
the quality of life for billions of people worldwide. However, the
growing demand for plastic products in modern society has led to a
substantial increase in plastic waste generation [1]. The excessive use
and global distribution of single-use plastic bags (exceeding one trillion
per year) have been identified as a key contributor to environmental
degradation, with documented impacts on human health, terrestrial and
aquatic pollution, and inefficiencies in waste management systems [2,
3]. In addition, recurring public health challenges, such as seasonal
influenza, have led to a continued increase in the consumption of plastic
products, especially single-use items [4]. Although recent years have
seen improvements in plastic waste collection and recycling efforts,
around 69 % of post-consumer plastic waste was still sent to landfill or
incineration [5,6]. To achieve a sustainable plastic circular economy,
innovative technologies are urgently needed to convert and upcycle
plastic waste into valuable products [7,8].
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Hydrogen has emerged as a promising clean energy carrier, expected
to play a pivotal role in future low-emission and sustainable energy
systems [9-11]. Waste plastics can serve as a feedstock for
hydrogen-rich syngas production through thermal-chemical processes
such as pyrolysis, gasification, and catalytic reforming, offering a viable
pathway for both waste valorisation and clean energy generation
[12-14]. Over the past decade, growing interest has emerged in the
conversion of waste plastics into hydrogen and syngas, and various
thermochemical systems have been developed for this purpose. For
example, Barbarias et al. [15] designed a continuous system combining
a conical spouted bed reactor and a fluidised bed to process high-density
polyethylene. Dou et al. [16] integrated a fluidised-bed gasification
system integrated with sorption-enhanced process, where CaO adsorp-
tion increased hydrogen concentration to 88.4 vol %. Saad and Williams
[17] employed a pyrolysis-catalytic reforming system, and Yao et al.
[18] further demonstrated the feasibility of the hydrogen and syngas
production process from waste plastics.

Chemical looping gasification (CLG) has recently emerged as a
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promising alternative for hydrogen production from carbonaceous
feedstocks [19]. Unlike conventional gasification systems where feed-
stock is co-processed with gasification agents and catalysts in a single
reactor — inevitably causing overlapping reaction zones, elevated tar
formation and syngas dilution [20] — CLG spatially decouples gasifica-
tion and oxygen carrier regeneration, enhancing gasification efficiency
with elevated Hy concentration in syngas, while also reducing tar,
improving carbon conversion, and increasing energy efficiency compare
to traditional methods [21]. A key feature of CLG is its use of lattice
oxygen through redox reactions rather than molecular oxygen, enabling
partial oxidation which enhances syngas yield and quality [22]. In
addition, CLG is associated with several operational advantages,
including higher gas calorific value, reusing of oxygen carriers, and
improved overall system efficiency and cost-effectiveness [23]. Recent
studies have further confirmed these advantages. For example,
lignite-based CLG has been shown to increase hydrogen concentration
by over 90 %, significantly improving the overall calorific value of
product gas [24]. High gasification efficiencies have also been reported,
with carbon conversion rates reaching up to 93.03 % and syngas
selectivity exceeding 70 % under optimised conditions [25]. Moreover,
overall hydrogen energy efficiency in CLG systems has been reported as
high as 77.9 %, alongside near-complete fuel conversion, highlighting
the potential of CLG to achieve both clean and efficient energy pro-
duction [26].

Among various oxygen carriers applied in CLG process, Fe and Ni
based catalysts have been extensively investigated due to their capacity
to cleave C—C and C—H bonds [27-29]. However, Ni-based catalysts
are limited by their inability to effectively decompose steam into
hydrogen. In contrast, Fe-based catalysts not only reduce steam to pro-
duce high-purity hydrogen by water splitting reaction [30], but they
have been also identified as the most promising candidates because low
cost, abundant natural source, high oxygen storage, and syngas selec-
tivity [31,32]. Despite these advantages, iron-based catalysts often suf-
fer from deactivation due to sintering at high temperatures over multiple
cycles [33]. To address this limitation, incorporation with supports such
as Al,O3, MgO, CeO,, and SiOy are commonly introduced to form
composite catalysts that inhibit sintering and improve redox stability
[34,35]. Among them, Fe;O3/Al;03 (Fe-Al) composites have shown
superior catalytic performance and cycle durability. For instance,
Dharanipragada et al. [36] reported that AlyOs facilitates Fe-Al spinel
formation, improving structural integrity during long-term operation.
Zhen et al. [30] demonstrated that the addition of inert alumina can
effectively inhibit the collapse of the spatial structure and sintering of
the Fe and evidently improve its reactivity and recyclability. Similarly,
Zhu et al. [37] also suggested that the Fe-Al catalyst retained strong
redox activity over 15 consecutive cycles.

Building upon the aforementioned insights, the integration of CLG
with plastic valorisation emerges as a technologically viable pathway for
waste mitigation and hydrogen energy synthesis. This is particularly
critical for plastic feedstocks, which undergo complex degradation
pathways involving rapid devolatilization and significant tar evolution,
thereby compromising operational stability in conventional CLG con-
figurations. Whereas conventional processes suffer from irreversible
oxygen carrier deactivation due to mixed feeding of reactants, a ratio-
nally designed three-stage CLG is introduced in this work. The innova-
tion lies in its spatially/temporally stepwise reaction sequence: (1)
plastic pyrolysis coupled with OCs-mediated cracking, (2) steam
reforming facilitated by reduced OCs, and (3) OC reoxidation. Fe-Al
based oxygen carrier catalyst with varying Fe/Al ratios were syn-
thesised and evaluated in relation to hydrogen yield and gas production.
The reaction mechanisms and oxygen carrier structural evolution were
also systematically investigated through a series of characterisation and
performance tests.

Applications in Energy and Combustion Science 23 (2025) 100362

Table 1
Ultimate and proximate analysis of disposable masks.

Ultimate analysis (wt. %) Proximate analysis (wt. %)

C H (0] N S Moisture Volatile Ash

80.36 11.15 8.31 0.14 0.04 0.11 98.24 1.65

2. Materials and methods
2.1. Sample preparation

In this work, disposable masks - a representative category of post-
consumer plastic waste - were selected as the model feedstock, sourc-
ing from a local pharmacy store in Wuhan. For sample preparation, the
nose clip made of metal was removed from the mask while the
remaining mask material was cut into pieces of 2-3 mm. The main
components include polypropylene (PP), polyethylene (PE) and nylon.
The ultimate analysis of feedstock was determined by an Elementar
Vario EL III. As shown in Table 1, the main elements in the mask were C,
H and O. The proximate analysis was based on ASTM standards E790,
E897 and E830 to get the moisture, volatile and ash content, respec-
tively. Results showed that the volatile matter in the mask accounted for
the largest proportion, up to 98.24 wt. %, while the moisture and ash
took a very small percentage.

Fe-Al oxygen carriers (Fe-Al refers to the mixed oxide of Fe and Al)
with different Fe to Al molar ratio (Fe/Al, Fe:Al=1:4, 1:2, 1:1 and 2:1,
denoted as FelAl4, FelAl2, FelAll and Fe2All, respectively) were
synthesised by wet impregnation method. Specifically, a certain amount
of Fe(NO3)3-9H20 was dissolved in 100 ml deionised water followed by
mixing with activated alumina powders. The mixtures were then uni-
formly stirred under a magnetic stirring apparatus at 90 °C until it
became a slurry. The obtained precursors were dried overnight and
calcined at 850 °C in air atmosphere for 4 h. The resultant catalyst
powders in the size of 50-250 pm were stored in desiccator for further
experiment. All chemical reagents used in this work were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd, China.

2.2. Experimental procedure for hydrogen production

The gasification experiments were performed in a fixed bed system as
displayed in Fig. 1. The entire reaction system was mainly composed of
gas (steam) feeding system, a stainless steel tube reactor (750 x ¢50
mm), heating and temperature controlling system, volatiles condenser
and products analysis system. A three staged reaction procedure (CLG)
was applied to enhance the hydrogen production. For each experiment,
Stage-I: 1 g of catalyst was firstly loaded in the middle of lower bed
where the catalysis temperature was heated to 800 °C and kept stable. 1
g of feedstock was then introduced into the upper bed where pyrolysis
took place from room temperature to 600 °C at 30 °C/min. Then the
experiment was continued for another 30 min at 600 °C to ensure the
completion of all reactions. Stage-II: Steam was introduced to the lower
bed reactor for catalytic steam reforming process at 6 ml/h for 20 min.
Stage-III: The spent catalysts were oxidised in-situ inside the lower bed
in 200 ml/min air atmosphere for 10 min to return to the oxide state for
the next run. Both stage II and III were held at 800 °C during the
experiment. For comparison, the controlled trial was performed by using
a single stage procedure, that is, steam was supplied during the
pyrolysis-catalysis process, which is the most common method used for
plastic gasification in literatures. All operational parameters for the
controlled trial including temperature and steam feeding amount kept
the same as the staged procedure. During the experiment, high purity
nitrogen was continuously supplied at 100 ml/min as the inert carrier
gas and internal gas agent for gas yield calculation. The non-
condensable gas generated during each stage was collected by Tedlar
gas sampling bag and was further analysed by gas chromatography (GC).
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Fig. 1. Schematic of the staged CLG system.

The solid residues including the spent catalysts were cooled down and
sampled for further analysis. A bubble film flowmeter was employed at
the system outlet prior to each experiment to verify gas-tight integrity.
Each experiment was repeated at least twice for data reliability.

2.3. Product analysis and characterisations

The gaseous product was analysed by a packed column FULI 9790-11
GC. Permanent gases including Hy, CO5, O, N3 and CO were detected by

TCD while hydrocarbons (C;—C4) were measured by FID using Ar as
carrier gas. The gas composition was calibrated by the standard gas, and
the yield of each gas was calculated based on the gas composition from
GC in combination with the flow of nitrogen (R1). The yield of the liquid
product was calculated as the mass difference of condenser before and
after the reaction. The amount of carbon deposit was determined by the
temperature programmed oxidation (TPO) of spent catalysts. The
specimen was firstly dried at 100 °C for 10 min then was heated to 850
°C at a temperature ramp rate of 15 °C/min in air atmosphere.
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Fig. 2. Comparation of different kinds of steam gasification:(a) gas yield, (b) gas composition, (¢) XRD results and (d) XPS results.
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The concentrations of gaseous products and nitrogen were denoted
as Cy and Cy,, while Qy,, t, and my represented the nitrogen flow
rate, reaction time, and waste plastic mass, respectively. The yield of
syngas referred to the sum of hydrogen and carbon monoxide yields.

The crystalline phases of catalysts were identified by X-ray diffrac-
tion (XRD) analysis using a Bruker D8 Advance diffractometer with Cu
K, radiation (40 kV, 40 mA) and the scanning speed was 10 °/min. X-ray
photoelectron spectroscopy (XPS) measurements were carried out in a
Thermo Scientific K-Alpha system equipped with a monochromatic Al
Ka X-ray source (1486.6 eV) to identify surface elements, quantify their
concentrations, and analyse their oxidation states. A field emission
scanning electron microscope (FE-SEM) was used to observe the
morphology of fresh and spent catalysts. Before the observation, samples
were sputter-coated with a thin layer of platinum to ensure surface
conductivity. The specific surface areas of catalysts were determined by
the Brunauer-Emmett-Teller (BET) method and the total pore volume,
and the average pore size were obtained from the BJH method. Before
the measurements, about 0.2 g catalyst were degassed in vacuum at 300
°C for 6 h to remove moisture and physically adsorbed components.

The Hy/CO ratio and CO selectivity were defined by the following
(R2) and (R3), where F; is the molar flow rate of different gaseous
products during the reaction.

H,/CO ratio = Fy, /Fco (R2)
CO selectivity = Fco/(Fco + Feo,) X 100% (R3)
3. Results and discussion

3.1. CLG in comparison to conventional gasification

The performance of the three-stage CLG for hydrogen-rich syngas
production from waste plastic was investigated and compared with the
conventional steam gasification (Con-Gasi). Both experiments were
performed at 800 °C and steam feeding rate of 6 ml/h in the presence of
FelAl2 oxygen carrier. The importance of catalyst in the reaction system
was also verified by performing a non-catalytic trial. Fig. S1 shows that
the introduction of catalyst significantly increased the production of
small molecule gases such as Hp, CO and CO; with the consumption in
heavy hydrocarbon gases (CH4 and Ca: CoHg, CoHy, CsHg, CsHg, C4H1,

with the catalyst to promote the conversion of macromolecular com-
pounds to small molecular gases [38]. Fig. 2(a) shows that in case of the
conventional steam gasification, Hy and CO reached 71.95 mmol/g and
26.81 mmol/g, contributing to a total syngas production of 98.76
mmol/g. In contrast, the CLG process achieved a significantly higher
syngas yield of 129.90 mmol/g - an increase of 31.53 %. Notably, the
increased H,/CO ratio (from 2.68 to 2.75) demonstrates enhanced
syngas quality due to improved water-gas shift activity, which also
contributes to the reduction of carbon deposition and prolongation OCs’
lifespan [39]. These results clearly demonstrate the superior reforming
efficiency and hydrogen selectivity of the CLG process. In comparison
with published studies on plastic gasification, Lazzarotto et al. [40]
investigated the steam gasification of plastic wastes recovered from the
municipal solid waste, hydrogen yield of 84.69 mmol/g was obtained.
Yao et al. [18] used an in-line catalytic reforming system for HDPE
steam reforming, and hydrogen/syngas yields reached 66.09 mmol/g
and 100.72 mmol/g. The present study not only surpasses these reported
values but also validates the advantage of integrating a staged reforming
system via CLG.

In terms of gas composition, as shown in Fig. 2(b), Hy accounted for
the largest proportion in the gaseous mixture, followed by CO and other
hydrocarbon gases. The significantly lower concentrations of hydro-
carbon gases in CLG compared to Con-Gasi suggest more effective con-
version of carbonaceous intermediates into syngas, primarily through
enhanced steam reforming reactions. These findings highlight the
thermochemical advantages of CLG in maximising hydrogen-rich syngas
yield while minimising tar and hydrocarbon by-products, making it a
highly promising strategy for advanced plastic waste valorisation.

The mineral composition and chemical states of the oxygen carrier
from both Con-Gasi and CLG staged process were characterised in Fig. 2
(c-d). In Fig. 2(c), FeAl,04 was identified as the predominant iron
crystalline phase after gasification. XPS results in Fig. 2(d) show that the
proportions of Fe>*and Fe®' in Con-Gasi process were 41.86 % and
58.14 %, respectively. This mixed valence distribution is attributed to
the influence of oxygen from steam. However, the CLG process
demonstrated a markedly different chemical environment. The XRD
results show that almost all iron oxides were reduced to metallic Fe
during the stage-I. This is because the staged steam reforming process
ensures strongly reducing conditions that enhance iron reduction in the
first step reaction. Although metallic Fe® was not explicitly resolved in
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Fig. 4. SEM micrographs of (a) fresh catalyst, catalyst sample after (b) Stage-I, (c) Stage-II and (d) Stage-III

the Fe 2p region due to its overlap with Fe?* signals, the shift in the Fe
oxidation state profile - together with the reaction environment - sug-
gests enhanced redox activity and partial reduction of iron species
during Stage-I, followed by reoxidation in Stage-II. This cycling is
characteristic of CLG operation and reflects the dynamic redox behav-
iour of the Fe-based oxygen carrier under alternating reducing and
oxidising atmospheres.

The hydrogen production capacity of steam reforming also depends
on the reduction state of the catalyst after the reduction reaction. The
lower the reduction degree, the stronger the hydrogen production ca-
pacity [30]. From XRD analysis of the spent catalyst, more Fe304 was
identified on CLG process after stage II. Indicating that more iron species
participate in the water splitting reaction under this condition. And most
of the crystal components were FeAl;04 in Con-Gasi process, which was
stable and difficult to be reduced and re-used for subsequent recycling.
In addition, there is a competitive reaction between steam reforming
and catalytic pyrolysis in Con-Gasi process, and part of steam fails to
participate in the reaction. However, in the CLG process, steam is
introduced during the second-step reaction. This allows for a buffering
effect, where only the reduced metallic Fe and carbon deposits react
with the steam. This selective reaction promotes the directed conversion
of water vapor into syngas.

3.2. Overview of the CLG procedure

The evolution of gas products during the CLG process was monitored
to elucidate the reaction mechanism underpinning the staged produc-
tion of hydrogen-rich syngas, as shown in Fig. 3. The reaction of stage-I
can be divided into 3 steps: (1) initial pyrolysis: in the 10th (about 500
°C) minute, feedstock was rapidly thermally cracked to generate a large
amount of pyrolysis gas (R4). Since the oxygen content in disposable
masks is limited and the oxygen-containing groups are present only in
the side chains of plastic polymers, they readily reacted at the initial
stage of the pyrolysis process, leading to the early detection of CO and
CO5 [38,411; (2) oxygen carrier reduction/oxidative reforming: as the
reaction progressed, the reducing pyrolysis gas would react with the
oxygen supplied by the iron-based catalyst (R5-R7). The second step
witnessed a large CO; generation, which was due to the high oxygen

content and strong oxidation ability in the catalyst, and the C atoms in
the pyrolysis gas would be completely oxidised to CO, and the H atoms
would be oxidised to HyO. As the oxygen in the catalyst was gradually
consumed, the CO, generation rate decreased. Meanwhile, reducing
gases such as CH4 were partially oxidised to CO, resulting in a noticeable
increase in CO concentration; (3) deep reforming and metallic Fe acti-
vation: with the complete reduction of Fe;O3, the presence of metallic Fe
and high temperature facilitated the secondary cracking of hydrocar-
bons such as CH4 and Cy; compounds, leading to the formation of car-
bon and Hy; (R8) [20]. Additionally, metallic Fe catalysed the
decomposition of tar, producing Hy, HoO and various hydrocarbons (R9)
[42].

CxHyO, — Hz + CO + CO3 + CH4 + Co4+ Tar 4 Char (R4
CyHy+ [O] — COz + H20 (R5)
H, + [0] - H0 (R6)
CH4+ 3[0] — CO+ 2H0 (R7)
CeHy — xC + (y/2)Ha (RS)
Tar— Hy + CO + CO;z + H0 + CyHy (R9)

Upon completion of stage-I, steam was introduced into the reactor to
initiate stage-II. During this stage, solid carbon deposited in the stage-I
and the reduced iron species would undergo reforming reaction with the
steam to produce high-purity Hy and CO, thereby further improving the
concentration of hydrogen and syngas in the entire gasification process.
Initially, steam preferentially reacted with the carbon deposits on the
surface of the catalyst (R10), initiating gas-solid reactions that released
Hy and CO. As the carbon deposits were oxidised, the catalyst was
gradually exposed to the surface and reacted with steam (R11) to pro-
duce high concentration of hydrogen, corresponding to 70-95 min in
Fig. 3. There was only H; generated after 80 min, indicating that carbon
has been consumed and only water splitting reaction occurred. Simul-
taneously, side reactions such as the water-gas shift (WGS) reaction and
methanation reaction also occurred (R12-R15), with a small amount of
CO4 and CH4 generated.

Stage-III was mainly the combustion of residual carbon deposits and
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Table 2
The surface area and pore volume of different catalysts.

Surface area® (m?>/  Total pore volume” Average pore size ©

g) (ml/g) (nm)
Fresh 31.234 0.2326 29.7920
Stage-I 51.087 0.2528 19.7928
Stage-Il  41.027 0.2275 22.1828
Stage- 31.016 0.1674 21.5873

11

@ Determined by BET method.
b Determined by BJH desorption total pore volume.
¢ Determined by BJH desorption average pore diameter.

the oxidation of iron compounds (R16-R17), and the oxygen carrier was
regenerated through this stage. Overall, the sequential staging of the
CLG process enables efficient separation and control of pyrolysis,
reforming, and regeneration reactions. This design allows for maximised
hydrogen yield, effective utilisation of the oxygen carrier, and mini-
misation of hydrocarbon by-products, highlighting the clear thermo-
chemical and operational advantages of CLG over conventional
gasification systems.

C + Hy0— CO + Hy (R10)
3Fe+ 4H0— Fe304 + 4H3 (R11)
CO+ H0— CO3 + Hy (R12)
2CO + 2Hy— CH4 + CO2 (R13)
CO + 3Hy— CH4 + H2O (R14)
CO2+ 4Hp— CH4 + 2H20 (R15)
C + 02— COq (R16)
2Fe304 + (1/2) Oy — 3Fe 03 (R17)

The morphological changes of the oxygen carrier at different stages
were observed by FE-SEM to further explain the mechanisms during the
CLG process, as shown in Fig. 4. The block structure of different particle
sizes, fluffy shapes and different pore structures can be observed in fresh
oxygen carrier, indicating that the active components were well
dispersed and effectively supported on the surface of aluminium in the
Fe-Al oxygen carrier prepared via the impregnation method. After the
stage-I reaction, sample exhibited a smaller particle size and a more
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developed pore structure due to the transfer of lattice oxygen and the
decomposition of Fe;03. BET data from Table 2 further confirmed that
the average pore size of the sample decreased, while the specific surface
area increased. Moreover, loose carbon deposits can be observed on the
surface of the catalyst, the types of carbon are mainly divided into
amorphous carbon, filamentous carbon and graphitic carbon [37]. Fig. 4
(b) illustrated that the carbon formed in this experiment was filamen-
tous in nature, which, as reported in the literature, possesses certain
catalytic properties [43]. During the stage-II reaction, the reduced iron
species were partially oxidised by steam to form Fe3Oy, thereby recov-
ering part of lattice oxygen with the oxygen carrier. This redox trans-
formation induced structural changes in the catalyst particles, notably
particle enlargement due to oxygen uptake and associated volume
expansion. In the final Stage-III, oxygen carrier was completely oxidised
by air to recover the lattice oxygen and closing the redox cycle. Although
minor agglomeration was observed, it still retained the porous structure,
which was consistent with the initial crystal form and structure.

The evolution of crystalline phases in the oxygen carrier in different
reaction stages were analysed by XRD as shown in Fig. S2. In the fresh
catalyst sample, Fe;O3 and Al,O3 were mainly detected. During the
stage-I reaction, stepwise reduction of FeyOs was observed with
increasing temperature (R18) [44]. First, Fe,O3 was reduced to Fe3gO4 at
around 400 °C. This transition occurred rapidly and was accompanied
by a high rate of lattice oxygen release, resulting in strong ability of
oxidation and the generation of CO,. As the temperature increased
beyond 800 °C, further reduction of Fe3O4 to metallic Fe and FeO
occurred. These two reactions occurred in parallel at higher temperature
(above 800 °C), and the oxidation capacity of the catalyst was weak at
this time [45]. Due to the abundant pyrolysis gas reacting with the
catalyst, FeoO3 was ultimately reduced to metallic Fe, while Al,O3 only
provided catalyst support and did not participate in the reaction. It was
worth noting that the diffraction peak of carbon was detected at about
26°, which is consistent with the result of SEM observation. Following
the stage-II reaction, partial reoxidation of Fe to Fe3O4 was detected, in
accordance with the limited oxidising strength of steam. Additionally,
the diffraction peak of Fe-Al was also discovered, indicating that
although Al;O3 did not participate in the reaction, the reactivity of
catalyst can be improved through metal synergistic effect. During the air
oxidation stage, complete reoxidation of the oxygen carrier restored the
lattice oxygen content. Importantly, the catalyst retained its original
crystalline structure, confirming its phase stability and robustness under
repeated redox cycling.
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Fig. 5. The effect of different ratios of Fe to Al on gas products in stage-I and stage-II: (a) gas yield, (b) gas composition.
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Table 3
Effect of different Fe to Al ratios on products.
Catalyst FelAl4 FelAl2 FelAll Fe2All
Stage-I Liquid yield, wt. % 10.73 2.28 5.62 5.59
Carbon yield', wt. % 23.75 33.53 7.30 3.84
Gas yield, wt. % 75.99 79.46 99.00 103.64
Liquid yield, wt. % 27.10 28.28 21.80 26.47
Stage-II Carbon yield', wt. % 0.60 0.30 0.10 0.10
Gas yield, wt. % 53.86 50.35 39.41 35.91
! In relation to catalyst.
Fe,O3 — Fe304 — Fe/FeO (R18)

3.3. Effect of Fe to Al ratio on CLG performance

To understand the outstanding performance of hydrogen/syngas
production in the CLG process, the impact of oxygen carriers with
varying molar ratios of Fe to Al on different stages was researched. It can
be seen from Fig. S2 that the XRD results of fresh oxygen carrier
generally agree with the preparation rules of catalysts with different Fe
to Al ratios. Fig. 5 shows the effect of different Fe to Al ratios on gas
products, including gas yield, composition, and Hy/CO ratio in both
stage-I and stage-II. Results manifested that the yield and composition of
Hy displayed a decreasing trend as the ratio of Fe to Al increased in
stage-1, the lowest volumes were 38.44 mmol/gpjastic and 53.62 vol %
when Fe to Al ratio was 1. Conversely, the yield and composition of CO
gradually climbed, reaching the maximum of 20.59 mmol/gplastic and
28.72 vol %. This trend was similarly reflected in CO selectivity (defined
by R3), which peaked at 83.15 % when the Fe to Al ratio was 1. The Hy/
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CO ratio decreased significantly from 3.48 (FelAl4) to 1.87 (FelAll),
indicating a 46 % reduction. Moreover, the concentration of CO5 raised
by degree, reaching 8.22 vol % in Fe2Al1. And the concentrations of CHy
and Cy were the lowest in FelAl2, which were 9.53 vol % and 0.78 vol
%.

With the augment of Fe content, the lattice oxygen content supply
increased accordingly, contributing to the enhanced generation of CO
and CO,. When Fe to Al ratio rose from 1 to 2, excess oxygen oxidised C
atoms into COj, resulting in lower CO yield. When Fe to Al ratio
increased from 0.25 to 0.5, more metallic iron was generated, which
promoted the secondary cracking of hydrocarbons. Therefore, both the
yield and concentration of Hj increased, while the concentration of CHy4
and Cy, decreased, accompanied by a corresponding reduction in
detected liquid production (Table 3). As for FelAll and Fe2All, the
content of iron further increased, but the effect of iron dispersion on the
support became worse because of the unchanged aluminium content.
The degradation of catalytic performance was attributed to the
increased susceptibility of the oxygen carrier to sintering and agglom-
eration at high temperatures. Simultaneously, the increased formation
of CO and CO5 enhanced the methanation reaction (R13-R15), leading
to a higher consumption of Hy in the presence of the oxygen carrier.

As shown in Fig. 5, gas products in stage-II were mainly Hy and CO,
although a small amount of CO, was generated, the purity of the syngas
produced in this stage was as high as 90 %, or even higher. The yield of
Hj; decreased with the increase of Fe to Al ratio. Even though more Fe,O3
was reduced in the first stage, according to the reaction formula R11, a
higher iron content in the catalyst would theoretically result in more
metallic Fe participating in the steam reforming reaction, thereby pro-
ducing more Hy. However, under low Fe to Al ratio conditions, more
mixed oxides between iron and aluminium species as shown in Fig. 6(d).
This synergistic interaction improved the thermochemical properties of
the oxygen carrier and the transmission capacity of lattice oxygen
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during the entire reaction. However, the catalytic performance of oxy-
gen carrier was weaken under high Fe to Al ratios, possibly because
some iron species may not participate in the steam reforming reaction
[46]. Furthermore, since a large amount of carbon deposition was oxi-
dised by the lattice oxygen provided by FeO3 during the first stage, the
overall carbon deposition content was reduced. As a result, Hy, CO, and
CO4 produced by the gasification of carbon deposits in stage-II were
correspondingly decreased, while the Hy/CO ratio stabilised at
approximately 2.91.

TPO analysis was also performed to investigate the deposition of
carbon on the catalyst and thermal stability of spent oxygen carriers. The
amount of carbon deposits was found to be <1 wt. % due to the reaction
between carbon and steam in stage-II. Fig. 6(a) and (b) show the weight
loss diagram of the stage-I. It can be seen that the oxidation process of
spent catalyst consisted of two stages: 200-450 °C corresponded to the
oxidation of Fe to Fe;O3 and the coke combustion was after 450 °C [13].
The maximum weight gain of 18.41 wt. % was obtained in Fe2Al1. This
was because more metallic Fe was oxidised as the content of iron
increased. The amount of charcoal deposition was calculated according
to the weight loss of oxygen carrier from 450 °C (when the carbon de-
posits began to oxidise after iron was completely oxidised) to 800 °C and
the results were shown in Table 3. The maximum solid carbon yield of
33.53 wt. % was obtained when the Fe to Al ratio was 0.5, suggesting
that the secondary cracking of hydrocarbons was most effective under
this condition. This finding is supported by the lowest content of Cy in
Fig. 5(b). Since most of carbon was oxidised by the lattice oxygen, less

carbon was detected in FelAlland Fe2Al1l. The trend of carbon deposit
was consistent with the trends observed in the gas products described
earlier. The corresponding carbon oxidation peak in the derivative
weight graph in Fig. 6(b) indicated that the peak was concentrated at a
relatively high temperature (550 °C-600 °C), thus the carbon production
in this reaction was assigned to the filamentous carbon [47]. This type of
carbon deposition identified by TPO aligned well with the morphology
observed by SEM imaging (Fig. 4b).

Fig. 6(c) and (d) show the XRD spectra of spent oxygen carrier with
different Fe to Al ratios in stage-I and stage-II. In the first stage, the sharp
diffraction lines observed in samples were assigned to metallic Fe, with
no other iron crystal phases detected, indicating that Fe;O3 was nearly
fully reduced by the volatiles generated by the pyrolysis of feedstock.
Notably, distinct carbon diffraction peaks can be detected when the ratio
of Fe to Al was 0.25 and 0.5, while these carbon peaks weaken or even
disappeared as iron content increased. This indicated that the oxygen
carrier with lower iron content had better catalytic cracking perfor-
mance, effectively decomposing macromolecular compounds into more
carbon and small molecule gas. However, a higher content of Fe pro-
vided more lattice oxygen to oxidise the carbon. These observations
further confirmed TPO results.

In stage-II, Fe3O4 and FeAl,04 were mainly detected in spent oxygen
carrier, corresponding to the partial oxidation of iron by steam. Lower
iron loading was associated with stronger Fe-Al diffraction peaks, which
correspond to mixed oxides with a spinel structure known to enhance
catalyst activity and stability [36]. The formation of this spinel phase
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Fig. 8. Cycle performance of oxygen carrier: (a) SEM image of fresh oxygen carrier, (b)~(d) SEM images of oxygen carriers after several redox cycles: (b) 1st cycle

after air oxidation, (b) 4th cycle (d) 7th cycle.

played a crucial in stabilising Fe species within a thermally robust ma-
trix, thereby inhibiting particle agglomeration and sintering during
redox cycling. Moreover, lattice oxygen mobility was facilitated by the
spinel structure due to its inherent oxygen vacancies and strong
metal-oxygen bonding, enhancing oxygen transfer during the gasifica-
tion process. These attributes improving both redox efficiency and
long-term catalyst stability. For the higher Fe content of oxygen carriers,
iron was primarily oxidised to Fe3O4. Although the catalyst can provide
more lattice oxygen under this circumstance, the catalytic performance
of the oxygen carrier was diminished due to poor iron dispersion on the
support.

3.4. Cycle performance

The cyclic stability is a key indicator for evaluating CLG perfor-
mance. Based on the reaction performance of oxygen carriers with
different ratios, seven sets of redox cycle experiments were conducted in
the fixed bed reactor using FelAl2. As shown in Fig. 7(a) and (b), the
concentration of gas products remained stable at each stage during the
experiment. In stage-I, the concentration of Hy was maintained at about
58.73 vol %, while CO, CH4 and CO; concentrations were steady at
24.17 vol %, 8.73 vol % and 7.41 vol %, respectively. The concentration
of Cy was below 1 vol %. In stage-II, the main gas components were Hp,
CO and COs, accounting for 68.70 vol %, 22.06 vol % and 8.59 vol %,
respectively, with CH4 and Cy. being nearly undetectable. In addition,
the total yield of each gas in every cycle experiment was calculated in
line with the laboratory measurements. As shown in the Fig. 7(c), the gas
yield remained stable with the increasing cycle number, and the output
of Hy output even showed a slight increased. A single cycle produced
101.09 mmol/gpjastic H2 and 36.49 mmol/gpjastic CO, resulting in a total
syngas yield of approximately 137.59 mmol/gplastic. These results indi-
cated that FelAl2 maintains outstanding reactivity and cycle stability
throughout multiple redox cycles.

The oxygen carriers regenerated in the 1st, 4th, and 7th cycles were
examined. Fig. 8 shows the changes in its morphology and crystalline
composition throughout the entire cycling experiment. As shown in
Fig. 8(b), after one cycle regeneration, the oxygen carrier maintained a

Table 4
BET surface area and pore structure of fresh and spent catalysts after different
cycles.

Surface area (m?/ Total pore volume (ml/  Average pore size

g) 2) (nm)

Fresh 31.234 0.2326 29.7920
1st cycle 31.016 0.1674 21.5873
4th 21.678 0.1340 24.7247

cycle
7th 14.808 0.0871 23.5319
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Fig. 9. XRD analysis for catalysts after cycles.
loose and porous structure. However, with an increasing number of

cycles, partial agglomeration occurred, causing the oxygen carrier to
become denser and more compact (Fig. 8(c)-(d)). This behaviour may be
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attributed to the sintering of Fe;O3 during the reaction [48]. Sintering is
fundamentally a diffusion-limited process of metal cations that leads to
the agglomeration of iron particles. Although it reduced surface area and
pore volume (Table 4), it did not significantly alter the total oxygen
storage capacity or eliminate all available active sites [49], as evidenced
by the preserved porous morphology and stable syngas yield across
cycles.

XRD spectra in Fig. 9 demonstrates that the oxygen carrier retained
its primary crystal phases after 7 cycles. In the presence of inert com-
ponents (Al,O3), the sintering of oxygen carrier particles and the
detachment of active components (Fe) can be effectively inhibited,
thereby maintaining the cycle stability [30]. However, with the increase
of the number of cycles, the intensity of Fe;O3 diffraction peak dropped,
indicating that some iron species failed to fully deoxidise to Fe;Os3 after
air oxidation. The spinel was only partially recovered from the repeat-
edly reduction from Fe;O3 to FesO4. However, this impact on active
oxygen availability appeared minimal within 7 cycles, as supported by
the consistent gas production results.

Furthermore, the BET surface area and pore structure of the oxygen
carrier after different cycles were listed in Table 4. As the number of
cycle increased, the specific surface area and total pore volume of the
oxygen carrier decreased, indicating that there was partial sintering of
the oxygen carrier during the cycle process. However, the average pore
size of different oxygen carrier remained stable. These results, together
with SEM and XRD analyses, suggested that while sintering occurred, it
did not severely compromise the oxygen carrier’s functionality. The
catalyst maintained high reactivity and sufficient active sites for oxygen
transfer even after 7 cycles.

4. Conclusion

The staged chemical looping gasification of waste plastics with
enhanced production of hydrogen-rich syngas was investigated in this
work. The main conclusions are summarised as follows:

(1) Compared to traditional gasification, the staged CLG process
significantly increased the yield of hydrogen-rich syngas by 31.53
%, with promoted catalytic decomposition and steam reforming
reactions. The higher Hy/CO ratio (from 2.68 to 2.75) further
indicates the improved syngas quality from intensified water-gas
shift reaction.

The first stage of the CLG process included three main steps:
initial pyrolysis, oxygen carrier reduction, and metallic Fe acti-
vation. For the second stage, the hydrogen concentration was
further enhanced by introducing steam. The third stage involved
air oxidation, which regenerated the oxygen carrier and restored
its original crystalline structure.

Fe-Al with a spinel structure were favoured under low iron
loading conditions, improving the thermochemical properties of
the oxygen carrier and improving the lattice oxygen transfer ca-
pacity throughout the reaction. While a high Fe content provided
more lattice oxygen to oxidise carbon, the catalytic performance
was diminished due to poor dispersion of active components on
the support.

The FelAl2 oxygen carrier promoted as high as 101.09 mmol/
gplastic of Ha and 137.59 mmol/gpastic of syngas, and maintained
excellent reactivity and cyclic stability. Although slight agglom-
eration and sintering were observed, they did not significantly
compromise performance but may need further modifications.
Future work will focus on the rational design of oxygen carriers
with improved thermal resistance and structural stability, to
further enhance long-term performance in muti-cycle operations.
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