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The increasing demand for plastics poses significant challenges for post-consumer waste management. In this
work, we propose a novel plasma-thermal catalytic tandem process over perovskite-type Lag Cag 4Co1_xFexOs_5
(LCCF) pre-catalysts for upcycling plastic waste into Hy and value-added metal oxide—carbon composite mate-
rials. Among the evaluated pre-catalysts, Lag cCag.4Cog 2Feo.g03_s prepared by ultrasonic spray synthesis (USS)
demonstrated the highest performance, achieving an Hy yield of 54.7 mmol/gplastic (~76.6 % of theoretical Ha
production) with a selectivity of 78 %. Morphological differences between pre-catalysts synthesized via USS and
co-precipitation appear to play a crucial role in their catalytic efficiency. Life cycle assessment results indicate
that the ultrasonic spray synthesis method is more environmentally sustainable than the co-precipitation method
for LCCF production. Considering the high Hy yield during plastic upcycling using the Lag ¢Cag.4C0¢.2Feo.803_5
pre-catalyst prepared by USS, along with its lower environmental impact during pre-catalyst production
compared to the co-precipitation method, the plasma-thermal catalytic tandem process using this pre-catalyst

offers a promising and sustainable approach to plastic waste upcycling.

1. Introduction

In 2022, the global production of plastics exceeded 400 million
metric tonnes (Mt), of which only 8.9 % came from recycling processes,
with the majority still derived from fossil sources [1]. Addressing the
defossilization challenge of the chemical industry and the environ-
mental issues caused by non-degradable post-consumer plastic waste
necessitate a robust waste management strategy.

Among the various methods for processing plastic waste, mechanical
recycling is often preferred due to its simplicity. This approach enables
waste to be reprocessed into new products, though often with degraded
properties [2]. However, it requires uncontaminated and sorted waste
streams [3]. When segregation is unfeasible, incineration [4] is widely
used to recover the energy from the plastic waste. The process is asso-
ciated with significant greenhouse gas emissions and the potential
production of toxic gases or hazardous by-products, leading to obvious

environmental disadvantages. Thermochemical technologies such as
solvolysis, gasification, and pyrolysis [5] offer promising alternatives for
recovering valuable chemicals (e.g. monomers, monomer precursors
and other chemical substances) from waste [6], providing solutions for
handling non-recyclable, mixed or heavily contaminated plastic waste
streams [7]. Plasma gasification has been extensively studied for solid
waste treatment due to its ability to covert plastic wastes into Ha-rich
syngas without emitting harmful by-products [8-11]. However, the high
capital and operational costs, along with its energy-intensive nature,
limit the economic feasibility of this process [12]. Pyrolysis is another
widely studied method within the circular economy framework for
plastics [13]. It involves a thermochemical decomposition process that
occurs at temperatures ranging from 350-800 °C under an inert atmo-
sphere, with or without the presence of a catalyst [14]. This process
enables the generation of various valuable chemical products such as
gas, oil, wax and solid residues [15-18]. The presence of a suitable
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catalyst can further tailor the product distribution to favour the desired
products. The co-production of hydrogen and carbon materials is of
significant interest, as it enables hydrogen production alongside carbon
capture and storage, managing the simultaneous plastic waste upcycling
and energy recovery in a potentially sustainable manner.

Various processes have been explored to achieve this, with one of the
most extensively studied methods being the two-stage catalytic thermal
process (as illustrated in Fig. S1). Plastic wastes are initially pyrolyzed at
temperatures above 500 °C at the first-stage to produce hydrocarbon
gases [19-23]. These gases are then processed in the so-called catalytic
stage to reform hydrogen and facilitate the growth of carbon nano-
materials. Despite its advantages, this method often generates a signif-
icant amount of undesirable oil by-products, thereby reducing its overall
efficiency. Additionally, the process achieves only acceptable product
yields after long reaction time, which results in huge energy consump-
tion. To address these issues, improvements such as the incorporation of
a Dielectric Barrier Discharge (DBD) non-thermal plasma in the second
stage (as shown in Fig. S2) has been explored to improve the Hy pro-
duction as well as to lower the operating temperature for the catalytic
process from e.g., 800 °C to 250 °C [24,25], consequently reducing the
energy consumption. However, the decreasing temperature is not owing
to the change of reaction mechanism under the existence of a plasma
environment. The temperature of 250 °C for the DBD reactor was chosen
to avoid rapid condensation of the pyrolysis hydrocarbons in the plasma-
catalyst reactor. And due to this lower temperature, no carbon nano-
materials can be generated. Microwave-initiated catalytic pyrolysis (as
shown in Fig. S3) has been considered as a promising chemical upcycling
method for converting plastics into hydrogen and carbon nanomaterials
at high production yields within short reaction times [26-28]. However,
the success of this method critically depends on the application of
suitable heat susceptors, which are supposed to be evenly distributed
within the plastic feedstock for energy delivery. Besides, this process
generally requests a large catalyst consumption to ensure satisfactory
production yields [27-30]. Direct contact between catalysts and plastics
can lead to catalyst deactivation due to the poisoning from plastic ad-
ditives, which poses challenges for continuous plastic decomposition.
Both of these issues negatively impact the economic efficiency of this
method and restrict its feasibility especially for scaling to industrial
applications.

Each mentioned pyrolysis method possesses their own advantages
and disadvantages. Combining multiple approaches can help maximize
their benefits while minimizing drawbacks, ensuring high recycling ef-
ficiency along with economic and energy viability, particularly for large-
scale pyrolysis. To achieve this, we proposed a plasma-enabled process
for rapid upcycling of plastics in our previous work [31], which can
rapidly decompose various plastics into hydrogen and carbon materials
within seconds with reasonable product yields without the presence of
catalysts. The yields and the quality of generated carbon materials can
be further promoted by introducing catalysts in the integrated thermal
catalytic process. Moreover, since in the plasma-enabled process, the
catalysts are not required to be mixed with plastic streams and serve as
heat subsectors like that in a microwave-imitated process [26,32,33].
The integrated thermal catalytic process provides mild and controllable
reaction conditions and enables more possibilities for catalyst selection.
Low cost, easy synthesis, sustainable catalysts with good catalytic per-
formance are the key factors for further enhance the efficiency of the
process from a circular economic aspect and enable industry-scale
application. It is important to note that carbon accumulation on the
catalyst surface leads to gradual deactivation, and separating carbon
nanotubes from the catalyst remains a significant challenge that should
be carefully considered. If the resulting metal oxide—carbon composite
materials can be directly utilized without requiring separation, the high
catalyst volume would be less critical in case of large-scale application.
Studies have shown that metal oxide-carbon nanotube composites have
potential applications as electrocatalysts and in energy storage systems,
such as batteries [34-36] and solid oxide cells (SOCs) [37]. For these
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applications, catalyst selection plays a crucial role. The use of
perovskite-type materials for plastic waste pyrolysis offers a promising
approach, enabling H; production alongside potential metal-oxi-
de—carbon composite materials for energy storage applications. Intro-
ducing perovskite-type pre-catalysts into the plasma-thermal catalytic
tandem process could provide a promising strategy for plastic waste
upcycling, an area that remains largely unexplored. Further improve-
ments, such as developing more environmentally friendly catalyst syn-
thesis methods, will be essential to enhancing the sustainability of this
process.

In this study, we explored a plasma-thermal catalytic tandem process
with the introduction of perovskite-type Lag ¢Cag 4Co1_xFexOs s (x = 0.5,
0.8) pre-catalysts for sustainable plastic waste upcycling. To further
reduce environmental impact and enhance catalytic performance, we
systematically compared catalysts prepared via co-precipitation (CP)
synthesis and the newly introduced ultrasonic spray synthesis (USS).
The physicochemical properties of the pre-catalysts and the resulting
carbon materials were thoroughly characterized using state-of-the-art
analytical techniques. Life cycle assessment (LCA) was also applied to
investigate the environmental impacts (EI) associated with the two
employed synthesis techniques. The findings of this work may provide
valuable insights into a promising strategy for sustainable plastic waste
management.

2. Experimental section
2.1. Pre-catalyst preparation

The perovskite-type LagpeCag4Co1_xFe, O35 (x = 0.5, 0.8) pre-
catalysts, namely LaggCag4CogsFegsOs_s (LCCF6455) and
Lag ¢Cap.4Coq 2Fep g03_s (LCCF6428) were prepared by the following
two methods [38-407:

Co-precipitation (CP) method: Weighed solution of metal nitra-
tes—La(NO3)3-6H20 (Alfa Aesar, 99.9 %), Ca(NO3)z-4H;0 (Sigma-
Aldrich, >99 %), Co(NOs3)2-6H20 (Sigma-Aldrich, >98 %), and Fe
(NO3)3-9H0 (Sigma-Aldrich, >98 %)—was slowly added to an
ammonium carbonate solution under vigorous stirring at a temperature
of 60 °C. The pH of the mixture was adjusted to 8.5-9 using ammonium
carbonate (Alfa Aesar) to form a precipitate suspension. The precipitates
were aged at 60 °C for 1 h with continuous stirring, followed by filtration
and multiple washes with hot demineralized water to remove excess
ions. The prepared material was dried at 110 °C for 12 h, then crushed
and calcined in air at 1050 °C for 5 h to obtain the final pre-catalysts
powder.

Ultrasonic spray synthesis (USS) method: Weighed quantities of
metal nitrates were dissolved in deionized water to prepare the pre-
cursor solution (0.05 mol in 50 mL). This solution was subsequently
introduced into the nebulizing chamber of an ultrasonic spray synthesis
(USS) apparatus (see Fig. S4). A thin transparent foil was used to sepa-
rate the solution from the ultrasonic nebulizer, which generated ultra-
sonic waves to convert the precursor solution into fine droplets. An inert
gas (argon) flow at 2000 sccm was used to transport the aerosolized
droplets into a heated tube furnace maintained at 900 °C. As the aerosol
droplets travelled through the furnace, they underwent sequential pre-
cipitation and pyrolysis reactions, resulting in the formation of product
particles. These particles coalesced to form polycrystalline solid powder.
The powder product was collected at a production rate of up to 2.5 g/h
and subsequently dried in an oven at 100 °C for 30 min.

To simplify the discussion of the studied perovskite-type pre-cata-
lysts, we have adopted a systematic labelling approach based on
elemental composition and the synthesis method. Specifically,
Lao_6C3044C00.5F60_5O3,5 (LCCF6455) and Lao_6C3044C00.2F60_803,5
(LCCF6428) synthesized via co-precipitation (CP) method are labelled
as LCCF6455-CP and LCCF6428-CP, respectively. Similarly, those syn-
thesized via ultrasonic spray synthesis (USS) method are designated as
LCCF6455-USS and LCCF6428-USS, respectively.
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Fig. 1. Schematic diagrams of (a) the plasma-thermal catalytic tandem system and (b) the thermal catalytic pyrolysis system for plastic waste upcycling. The actual

temperatures of the catalyst/CNT bed during CNT synthesis were not measured.

2.2. Characterization of materials

The crystal structures of the fresh pre-catalysts were analyzed by
Powder X-ray diffraction (XRD) using a PANalytical empyrean X-ray
diffractometer (Co-Kaj). The diffraction patterns were recorded from
10° to 90° (2 theta) with a scanning rate of 0.5°/min. Brunauer-Emmett-
Teller (BET) analysis was performed to determine the surface texture
information of the fresh pre-catalysts through N, adsorption at
—196.15 °C. The spent samples were measured by a micro-Raman
spectrometer (Bruker) with a 532 nm laser as the excitation wave-
length at 2 mW for the Raman spectra. A Zeiss-MERLIN scanning elec-
tron microscope (SEM) equipped with an OXFORD X-ray detector for
Energy-dispersive X-ray spectroscopy (EDXS) was employed for detect-
ing the surface morphology as well as the elemental information at a 15
kV acceleration voltage. High-resolution images and EDXS information
were provided by a JEM2100F (JEOL) transmission electron microscope
(TEM) equipped with an X-ray detector. Temperature program oxidation

(TPO) measurements were performed with a NETZSCH STA 449F3. The
samples were heated at a rate of 10 °C/min from room temperature up to
900 °C in an alumina crucible in air with a flow rate of 30 mL/min.

2.3. Experimental setup and experiment procedure

The experiments were conducted using a plasma-thermal catalytic
tandem system as shown in Fig. 1(a). It includes a plasma pyrolysis
process (first stage) and a thermal catalytic process (second stage). An
atmospheric microwave plasma discharge at 2.45 GHz from MUEGGE
was used at the first stage to decompose plastic feedstock, which was
added into a self-designed reaction chamber before starting the experi-
ments. In this work, discarded low-density polyethylene (LDPE) packing
bags and medical FFP1 masks (PP) household wastes were manually cut
into approximately 2 mm pieces using a common scissor and used as
feedstock without further pre-processing. In literature, ~ 0.5 -1 g
plastic was typically used in the two-stage thermal catalytic process
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Fig. 3. LCA flowsheet for the synthesis of LCCF using the ultrasonic spray synthesis (USS) method.

[23,41-47] while ~0.4 g plastic was used in the microwave-initiated
catalytic process [27,29,30,48,49]. To ensure a fair comparison with
literature reports, we conducted our experiments in the plasma-enabled
system using 0.4 g of plastic. In principle, the system can process over
100 g of plastic using the same powder input and flow rate. However,
due to current lab safety regulations, conducting large-scale experiments
remains challenging. To address this, we are in the process of installing a
915 MHz microwave plasma system with a 75,000 W capacity in a
technical hall, which will be capable of processing hundreds of kilo-
grams of plastic waste per hour once completed.

In the integrated thermal process, 0.4 g of the studied perovskite-
type pre-catalysts were placed inside the catalytic reactor. At the start
of each experiment, the entire system was purged with N> at a flow rate
of 5 L/min (regulated by an electronic mass flow controller) for 5 min to
remove residual air. Following the purge, the second-stage thermal
catalytic process was heated to reach 800 °C. Once this temperature was
achieved, plastic pyrolysis was initiated by igniting the microwave
plasma, which operated at a power input of 1000 W for 2.5 min to ensure
complete decomposition of the feedstock. The resulting gaseous prod-
ucts were collected in a gas sample bag for further analysis. The plasma-

only pyrolysis experiment (without integrating the thermal catalytic
process) was conducted under the same reaction conditions using 0.4 g
of plastic as a reference.

To fairly compare the performance of our plasma-thermal catalytic
process with the conventional two-stage thermal catalytic process, we
tried to conduct experiments under similar reaction conditions to better
understand the underlying mechanistic differences between the two
methods. In our study, some reaction conditions for the two-stage
thermal catalytic pyrolysis process (as shown in Fig. 1(b)) were inten-
tionally modified, making them distinct from those typically reported in
the literature [45,50-52]. Unlike conventional processes, where plastics
are introduced at the beginning of the experiment and gradually
decomposed as the temperature increases over a defined period (~30
min), our approach was designed to align more closely with the rapid
heating characteristics of the plasma process. Specifically, since the
plasma process can rapidly reach ~800 °C, we introduced plastics into
the system only after the first stage of the thermal catalytic pyrolysis
process had already reached this temperature. Consequently, the reac-
tion time for plastic decomposition was significantly shorter (~2.5 min).
The thermal pyrolysis experiments without pre-catalysts were also
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Fig. 4. (a) XRD patterns (Co-Ka;) of fresh Lag ¢Cag.4C0g 2Fe 8035 (LCCF6428)
and LageCag 4CoosFeps03-5 (LCCF6455) pre-catalysts prepared by co-
precipitation (CP) and ultrasonic spray synthesis (USS) methods. A pseudo-
cubic indexing was used. (b, c¢) Rietveld refinements of the XRD patterns of
fresh LaggCag 4C0goFeggO3 5 (LCCF6428) and LageCag4CogsFeqs03 5
(LCCF6455) pre-catalysts prepared by ultrasonic spray synthesis (USS) method.
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performed as the references. To prevent systemic or experimental errors,
each experiment was performed three times. The average value was used
in the analysis, and the error bars representing the standard deviations
of the data are shown on the diagrams.

The collected produced gases were analyzed using an Agilent 7890B
gas chromatograph (GC) equipped with a flame ionization detector
(FID) and a thermal conductivity detector (TCD). Selectivity (vol%), as
defined by GC analysis, is the volume percent of each product compo-
nent in the generated gases (Eq. (1)). The Hy yield (mmol/gpiastic) is
defined as the quantity of Hy (mmol) produced per gram of reactant
plastic, outlined in Eq. (2). The Hj yield (%) in percentage is then
calculated by comparing the mass of Hy generated to the theoretical
mass of Hy that could be produced from the starting plastic, as indicated
in Eq. (3). Hydrogen efficiency, or hydrogen atom recovery efficiency, is
determined by comparing the total hydrogen mass in all gas products to
the theoretical hydrogen content of the starting plastic feedstock (see Eq.
(4)). The solid (carbon) yield was determined by the mass fraction of the
produced carbon materials relative to the mass of the plastic feedstock
(see Eq. (5)), with the mass of the catalysts excluded from the total mass
of the produced carbon materials. Eq. (6) defines the gas yield as the
corresponding mass fractions in relation to the mass of plastic feedstock.
Since in the plasma process, the liquid yield is limited and therefore
difficult to measure, it is evaluated from the quantities of measurable
solid and gas yields following Eq. (7).

Volume of specific product component (L)

.. o) —

Selectivity (vol%) Volume of all the generated gases (L) m
. Millimol of H, produced (mmol

H2 yleld (mmOI/gplastic) = Mass ozfl;lastic (g)( ) (2)

H, yield (%) Mass of H, produced (g) «100%  (3)

Theoretical H, produced from plastic (g)

> massof Hatomscontainedingasproducts(g)
Theoreticalmassof Hatomsinplastic(g)

x100%

Hydrogenefficiency (%)=

4

Mass of produced carbon materials (g)

Aviald (06) — o
Solid yield (%) Mass of plastic (g) x 100%  (5)
. Mass of gas produced (g)
) — 0,
Gasyield (%) ass of plastic (g) x 100% (6)
Liquid (oil) yield (%) = 100% — Gasyield — Solid yield (@]

2.4. Life cycle assessment (LCA) methodology of LCCF pre-catalyst
synthesis

A cradle-to-gate attributional life cycle assessment (LCA) was carried
out on the studied LCCF pre-catalysts at the laboratory scale. The LCA
study followed the standards ISO 14040 [53] and ISO 14044 [54]. The
environmental impact (EI) assessment was performed using the ILCD
(International Reference Life Cycle Data System) 2011 midpoint +
impact assessment method [55], which includes 15 impact indicators
covering key categories of human health, availability of resources, and
the natural environment. These indicators include acidification, mate-
rial resources depletion, ozone depletion, human toxicity, climate
change, eutrophication, and others. The assessment was conducted
using the OpenLCA software (version 1.10.3) with background data
requirements met by the ecoinvent database (version 3.9.1). Figs. 2 and
3 represent the LCA flowsheets for the two synthesis methods used.

The goal of this assessment was to study and compare the environ-
mental impact (EI) associated with both synthesis techniques to deter-
mine the method that produces LCCF with a lower EI at different



X. Yuetal

10 um

Chemical Engineering Journal 512 (2025) 161954

10 ym

A
.»o% {’ig;g; ?Qen;rt(

10 pum " ‘

10 ym

10 um

Fig. 6. SEM-EDXS analysis of fresh catalysts: (a) LCCF6455-USS, (b) LCCF6428-USS.

production scales. Two functional units of 1 kg and 1 g were designed
and investigated. The main reasons behind selecting two functional
units are largely due to the difference in the mode of synthesis and the
sources of energy consumption in the two synthesis techniques. As
shown in Fig. 14, in the co-precipitation (CP) method, the drying and
calcination process can be done with a box furnace. Since the furnace
can easily accommodate 1 kg of the sample at once, the energy con-
sumption for the preparation process is basically the same whether 1 kg
or 1 g sample is prepared. In contrast, the ultrasonic spray synthesis

(USS) shown in Fig. 15 utilizes a direct production path. Here, a pre-
cursor solution of metal nitrates dissolved in deionized water is con-
verted to precursor-containing droplets through nebulization. These
droplets are transported as an aerosol by a carrier gas (argon) into a
preheated tube furnace, where they undergo repeated precipitation and
subsequently pyrolysis, forming polycrystalline powder products
[39,56]. No additional calcination step is needed. The energy con-
sumption in this process primarily depends on the run time of the tube
furnace acted by the power of the nebulizer. The current setup uses a 30
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in the plasma-thermal catalytic tandem process and two-stage thermal catalytic process over studied LCCF pre-catalysts. A non-catalytic plasma alone experiment and
a non-catalytic two-stage thermal pyrolysis experiment were performed as references. For a single test, 0.4 g of pre-catalyst and 0.4 g of discarded shopping bags

(LDPE) were employed.

W nebulizer generating ultrasonic waves at 1.7 MHz leading to a pro-
duction rate of ca. 2.5 g per hour (g/h) of LCCF. Applying a linear
upscaling scenario, the production rate can be increased to 50 g/h using
a commercially available 600 W nebulizer without affecting the tube
furnace’s energy consumption. In this study, the 30 W nebulizer was
used for the preparation of 1 g of LCCF-USS, and the utilization of the
600 W nebulizer was assumed for the preparation of 1 kg of LCCF-USS.
Detailed information about the life cycle inventory can be assessed from
the supporting information (Table S1-S4).

3. Results and discussion

3.1. Characterization of as-prepared Lag 6Cag 4C01_xFexOs_s pre-
catalysts

Fig. 4(a) presents the XRD patterns of fresh Lag ¢Cag 4Cog 2Fe 8035
(LCCF6428) and LaggCap.4CoosFeps0s3-s (LCCF6455) pre-catalysts
prepared by co-precipitation (CP) and ultrasonic spray synthesis (USS)
methods. The patterns confirm that all pre-catalysts exhibit character-
istic perovskite-type phase reflections with pseudo-cubic indexing [39],
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Fig. 8. SEM images of generated carbon materials over LCCF catalysts from plasma-thermal catalytic process: (a,b) LCCF6455-CP; (c,d) LCCF6428-CP, (e,f)

LCCF6455-USS, (g,h) LCCF6428-USS.

devoid of any impurities. No difference can be found between the pat-
terns of catalysts with different composition, it suggests that variations
in the Co/Fe ratio do not induce major changes in the crystal structure.
Detailed structural information of catalysts prepared through USS
method can be observed by Rietveld refinements of XRD patterns. As
shown in Fig. 4(b) and Fig. 4(c), the collected diffraction data of both
LCCF6428-USS and LCCF6455-USS are perfectly fitted by a perovskite-
type phase. Fig. 5 and Fig. S5 show the SEM images of the fresh
LCCF6455 and LCCF6428 pre-catalysts prepared using the USS and CP
methods. The LCCF-USS pre-catalyst samples display sphere-like parti-
cles, while the LCCF-CP samples appear as irregular, bulk-like particles.
These observations are consistent with the results of the LCCF-CP sam-
ples reported in our previous study [23]. The Co/Fe ratio appears to
have a limited effect on the morphology. As shown in Table S5, all
samples exhibit very low specific surface areas. Variations in
morphology do not appear to significantly influence the porosity or

surface area of the investigated pre-catalysts. The EDXS analysis shown
in Fig. 6 and Fig. S6 indicate a uniform distribution of Ca, La, Co, Fe, and
O elements on the surface of the pre-catalysts prepared by both the USS
and CP methods.

3.2. Plasma-thermal catalytic tandem process for plastic waste upcycling
over perovskite-type pre-catalysts and comparison with two-stage thermal

catalytic pyrolysis

In this study, the plasma-thermal catalytic tandem process using
perovskite-type pre-catalysts for upcycling discarded packaging bags
(LDPE) and medical masks (PP) from everyday waste was investigated.
A series of conventional two-stage thermal catalytic processes were
conducted under similar reaction conditions to enable a fair comparison
and to better understand the mechanism differences between the two
methods. The results, including H yield, gas selectivity, hydrogen atom
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50 nm

Fig. 9. TEM images of the carbon materials produced over LCCF pre-catalysts in the plasma-thermal catalytic process: (a, b) LCCF6455-CP; (c, d) LCCF6428-CP; (e, f)

LCCF6455-USS; (g, h) LCCF6428-USS.

Cc Atomic
N C (o] Ca Fe Co La
percentage (%)
Spot 1 986 11 00 02 00 00
Spot 2 856 85 01 57 00 00

Fig. 10. TEM images with EDXS spectra of the carbon materials produced over the LCCF6428-USS pre-catalyst in the plasma-thermal catalytic process. The detected
Cu is from the copper grid. (a) TEM image of LCCF6428-USS, (b) element distribution analysis of the selected spots and (c) atomic percentage of different elements at

selected spots.

recovery efficiency, and product yields, are presented in Fig. 7. Overall,
the plasma-thermal catalytic tandem process delivers satisfactory
transformation yields of both gaseous and solid products across the
studied catalysts. Less than 10 % liquid product yields are overserved in
all the cases. Regarding the production of Hy, it is clear that introducing
the perovskite-type pre-catalysts to the integrated thermal catalytic
process can improve the Hjy yield as well as the selectivity comparing
with the plasma alone process. An over 60 % Hj selectivity can be
achieved in all the plasma-thermal catalytic tandem process. The pre-
catalysts synthesized by the ultrasonic spray synthesis method (LCCF-

USS) generally indicate better catalytic performance in producing Hy
than the pre-catalysts prepared by the co-precipitation method (LCCF-
CP). The elemental composition of catalysts also affects their catalytic
activity. A lower Co/Fe ratio in the pre-catalysts (LCCF6428) can result
in increased Hy generation and higher Hj selectivity, which aligns with
the findings in our previous research [23]. Additionally, this composi-
tion reduces the usage of critical cobalt [57] during the catalyst syn-
thesis in comparison to pre-catalysts with a higher Co/Fe ratio, making it
a more resource-efficient option. Across all the investigated pre-
catalysts, LCCF6428-USS provides the highest Hy selectivity of 78 %
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Fig. 11. Raman analysis of carbon materials produced over LCCF pre-catalysts
in the plasma-thermal catalytic process.

and the H; yield of 54.7 mmol/gpjastic, which is almost doubled as for the
plasma alone process (27.7 mmol/gplastic)-

In the thermal pyrolysis process without the presence of the pre-
catalysts, a significantly lower H; yield of 6.8 mmol/gpastic is
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obtained, which is only around 1/4 of that in the plasma alone non-
catalytic process. The achieved H, selectivity is only 30.1 %. Although
employing the studied LCCF pre-catalysts can obviously improve both
the yield and selectivity of Hy, the highest yield achieved (26.4 mmol/
plastic) with the LCCF6428-USS pre-catalyst is still much lower than that
of plasma alone pyrolysis. Based on these findings, we propose that the
high H, yield achieved in the plasma-thermal catalytic process is driven
by chemical pathways induced by plasma, extending beyond simple
thermal decomposition. In plasma, energetic reactive species, including
electrons, radicals, ions, excited species, and photons, collide intensely
with polymer molecules once the plasma is initiated. Within seconds,
sufficient energy is delivered to break C-H and C-C bonds, facilitating
the rapid decomposition of the polymer. Plasma efficiently breaks
chemical bonds in plastics, promoting the fragmentation of larger C,H,
molecules. Additionally, the presence of a highly active catalyst en-
hances H; production by facilitating the dehydrogenation of CoHs dur-
ing the thermal catalytic process.

3.3. Carbon materials production over Lag ¢Cag 4CoxFe; O3 5 pre-
catalysts

To study the morphology of solid products produced from discarded
packing bags (LDPE) in the plasma-thermal catalytic process, the spent
pre-catalysts with generated (carbon) materials were collected and
observed using SEM and TEM. Crowded and dense elongated fibrous
filamentous carbon materials with smooth surfaces, as shown in Fig. 8,
were found by SEM in all investigated cases of plasma-thermal catalytic
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Fig. 12. (a) H; yield (mmol/gplasiic and %), (b) gaseous product composition (vol%) and hydrogen atom recovery efficiency (%), and (c) product yields (wt.%) of
plasma-thermal catalytic tandem process over LCCF6428-USS pre-catalyst with different ratios of plastic to pre-catalyst. For a single test, 0.4 g of discarded FFP1

medical masks (PP) was employed as the feedstock.
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Fig. 13. Successive cycles of the decomposition of discarded FFP1 medical masks (PP) in the plasma-thermal catalytic pyrolysis over LCCF6428-USS pre-catalyst with
a plastic-to-pre-catalyst ratio of 4. (a) H, yield (mmol/gpastic and %) and (b) gaseous product composition (vol%) and hydrogen atom recovery efficiency (%). In each
cycle, 0.4 g of plastic is used as feedstock, and the pre-catalyst is 0.1 g throughout the entire cyclic measurement without further addition.

process. In the two-stage thermal catalytic process, the carbon nano-
materials formed using the same pre-catalysts displayed a bamboo-like
structure [58-60], where the walls are periodically partitioned like
bamboo stalks, characterized by short lengths and rough surfaces (see
Fig. S7). The differences become evident when observed with TEM, as
shown in Fig. 9 and Fig. S8. It is also noteworthy that the valuable
carbon materials can be generated in the plasma-only process, as shown
in Fig. S9. However, no clear evidence indicates a relationship between
the morphology of the formed carbon materials and the corresponding
pre-catalysts employed. In addition to surface morphology, the TEM
images in Fig. 9 also reveal that the filamentous carbon products
generated in the plasma-thermal catalytic tandem process exhibit clear
hollow structures, suggesting that they are more likely to be nanotubes
rather than nanofibers. The observed nanotube-like carbon materials
generated from discarded packing bags have outer diameters in the
range of around 10-40 nm. The most acceptable mechanism for the
growth of carbon nanotubes follows a three-step process [61]. Initially,
carbon species decomposed from hydrocarbons on the surface of catalyst
particles, which subsequently diffuse on the particles’ surface or through
the particles as a solid solution. In the final step, the carbon atoms
precipitate to form nanotubes [61,62]. As observed in the TEM-EDXS
analysis in Fig. 10, Fig. S10, and Table S6, Co and Fe are reduced in
situ from the Lag ¢Cag 4CoxFe; O3 s pre-catalysts, and these reduced
species could serve as the active sites for the decomposition of carbon-
containing precursors. XRD analysis with Lag ¢Cag.4Co;_xFe,O3_s sam-
ples after the plasma-thermal catalytic pyrolysis of plastic experiments
were conducted and the results are shown in Fig. S11. All samples un-
derwent a certain degree of reduction due to the generated Hj, while
their perovskite structure was largely preserved. These findings suggest
that, in the plasma-thermal catalytic process, Co and Fe species exso-
luted from the perovskite-type pre-catalysts likely act as active clusters
for nanocarbon formation. Notably, when apply Co304 and Fe;O3 were
used alone as catalysts under identical conditions, carbon nanotube
formation was not observed, as confirmed by the SEM images of the
spent samples (see Fig. S12). These results indicate that Co and Fe
species are generated in situ from the pre-catalysts while maintaining
the perovskite structure, serving as active sites for capturing carbon
species and facilitating carbon nanotube formation. The results of tem-
perature programmed oxidation (TPO) further confirmed the generated
carbon species. As shown in Fig. S13, the derivative weight changes of
the spent pre-catalysts with deposited solid products at 550-600 °C
indicate the presence of carbon nanotube-like materials [63-65].
Raman spectroscopy was also used to analyze the produced carbon
materials in order to assess the purity and microstructural information of
carbon nanomaterial (see Fig. 9). A Raman spectrum with three sharp
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bands can be identified in all investigated samples (see Fig. 11). The
sharp band at 1350 cm~! (D band) is attributed to amorphous or
disordered carbon and refers to a breathing mode of hexagonally ar-
ranged carbon atoms (A;g symmetry), such as in graphene- and graphite-
related carbons [66]. The G band at 1580 cm ™! is created by an in-plane
mode (Ey; symmetry) of carbon atoms (indicating a graphite carbon
structure), whereas the G’ band at 2700 cm ! is owing to the second-
order two-phonon scattering process and an overtone of the D band
[67-69]. The intensity ratio of the D and G band Ip/I; is utilized to es-
timate the degree of disorder in the carbon deposits. The Ip/I; values
shown in Fig. 9 indicate a similar disorder degree can be achieved when
applying different investigated catalysts to produce carbon nano-
materials. These results illustrate that the investigated plasma-thermal
catalytic process can successfully produce high-value added carbon
nanomaterials by decomposing the daily-life plastic wastes. It may open
a new avenue for sustainable plastic waste management.

3.4. Effect of ratios of feedstock plastic and pre-catalyst

Based on the above results, the Lag ¢Cag 4Cog 2Feg 8O3 5 synthesized
through the ultrasonic spray method (LCCF6428-USS) demonstrated the
best catalytic performance for promoting the plastic decomposition in
the plasma-thermal catalytic pyrolysis process. It was chosen as the
representative pre-catalyst to further optimize the process. Several
studies have indicated that the ratio of feedstock plastic to applied
catalysts can significantly influence Hjy yield, gaseous product compo-
sition, and overall product yields. These factors can vary considerably
when different catalysts are used [28-30,48,70]. Therefore, a series of
experiments were conducted using the LCCF6428-USS pre-catalyst to
investigate the relationship between the plastic-to-catalyst ratio and the
decomposition outcomes. Experiments were performed with three
different ratios (1, 2, and 4), and the corresponding results are presented
in Fig. 12. Overall, the plastic-to-catalyst ratio had a limited effect on Hy
yield and selectivity. Reducing catalyst consumption can provide eco-
nomic benefits, particularly when scaling the process to an industrial
level. For the studied LCCF6428-USS pre-catalyst, the plastic-to-catalyst
ratio was modified to 4. It can provide an Hj yield of 44.3 mmol/gplastic
at a selectivity of 72.3 % when decomposing 0.4 g plastic feedstocks.

3.5. Successive cycle of plastics waste decomposition in the plasma-
enabled thermal (plasma-thermal) pyrolysis process

Compared to the thermal catalytic process and plasma alone process,
the plasma-thermal catalytic process as a tandem technology can obvi-
ously enhance the conversion of plastic wastes to Hy and valuable
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Fig. 14. Comparison of detailed contributions of involved flows towards relevant impact indicators for the environmental impact (EI) in the preparation of (a) 1 g
and (b) 1 kg LCCF using the CP method.The units for the relevant indicators shown in the figure are provided in Table S7.

carbon nanomaterials. To further investigate the deactivation behaviour
and the operation stability of the pre-catalyst, a series of cycle mea-
surements were performed using the LCCF6428-USS pre-catalyst with a
modified plastic-to-pre-catalyst ratio of 4 according to previous results
from this work. Discarded FFP1 medical masks (PP) weighing 0.4 g were
employed as the feedstock plastics, fed into the system for each cycle
without the addition of fresh pre-catalysts. To maintain consistent
experimental conditions, the pre-catalyst was not collected until the end
of the cycle measurements. Five cycles were successfully performed
under defined conditions, with the results for H yield and selectivity of
different gaseous products shown in Fig. 13.

Overall, the H yield remained relatively stable around 40 mmol/
plastic; With selectivity maintaining approximately 70 % throughout the
cyclic measurements. No significant changes in Hs production or
gaseous product composition were observed, indicating that pre-catalyst

12

deactivation was minimal. This stability can be attributed to the plasma-
thermal catalytic tandem process, where catalysts are employed in the
integrated thermal catalytic process. In this setup, the catalysts are
primarily exposed to gases generated from the plasma pyrolysis of
plastic waste, rather than directly interacting with the solid plastics. This
minimizes catalyst deactivation and poisoning from additives in the
plastic feedstocks. As a result, a high H, yield of 39.7 mmol/gpastic Was
achieved even after five test cycles, with the highest yield of 46.5 mmol/
plastic (equivalent to 65.1 % of the theoretical Hy production) reached
during the third cycle.

3.6. Life cycle assessment (LCA) of LCCF pre-catalyst synthesis

To further compare and understand the environmental impact
resulting from the different synthesis methods of pre-catalysts, an LCA
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Fig. 15. Comparison of detailed contributions of involved flows towards relevant impact indicators for the environmental impact (EI) in the preparation of (a) 1 g
and (b) 1 kg LCCF using the USS method.The units for the relevant indicators shown in the figure are provided in Table S7.

was carried out. For the production of 1 g of LCCF using the CP method,
as shown in Fig. 14(a), it is clear that electricity consumption pre-
dominates the EI in all impact indicators. Metal nitrates seem to affect
marine eutrophication and ionising radiation, while direct process
emissions primarily impact terrestrial and marine eutrophication. The EI
from ammonium carbonate is limited in all impact indicators and can be
neglected. Upscaling the production to 1 kg shifts the EI burden from
mainly electricity consumption to metal nitrates, as shown in Fig. 14(b),
due to the similar energy consumption as for the production of 1 g. Metal
nitrates (especially lanthanum nitrate and cobalt nitrate) used in larger-
scale synthesis have a significant EI in most impact indicators, particu-
larly in human health and toxicity, with relative contributions over 96
%. Additionally, direct process emissions (NO,, CO2, and H20) heavily
impact terrestrial eutrophication, photochemical ozone formation and
acidification, with contributions over 87 %. Compared to the synthesis
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process for 1 g of LCCF catalyst, the impact of ammonium carbonate in
the synthesis of 1 kg increases in most impact indicators but remains at a
limited level.

For the production of 1 g of LCCF using the USS method, as shown in
Fig. 15(a), the EI profile differs from the CP method. While energy
consumption dominates in all impact factors for CP, metal nitrates have
a competitive contribution in 8 of the 15 impact indicators for USS. In
resource depletion and marine eutrophication, metal nitrates show
significantly higher contributions compared to energy consumption. The
EI of direct process emissions (NO, and Hy0) produced during the
synthesis is dominant in terrestrial eutrophication, photochemical ozone
formation, and acidification, contributing over 70 %. For the simulated
1 kg upscaled LCCF production using USS method, similar to using CP,
the large consumption of metal nitrates significantly increases their
contribution towards most impact indicators, as shown in Fig. 15(b).
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Fig. 16. Comparison of environmental impact (EI) and relevant impact indicators between USS method and CP method for the production of (a) 1 g and (b) 1 kg
LCCF pre-catalysts. The units for the relevant indicators shown in the figure are provided in Table S7.

This shift makes metal nitrates as the primary contributors instead of
electricity consumption in several impact indicators, such as water
resource depletion and freshwater eutrophication, when compared to
the smaller-scale synthesis of 1 g. Additionally, process emissions
remain dominant in terrestrial eutrophication, photochemical ozone
formation, and acidification for the upscaled production.

To sum up, the employed synthesis method (CP or USS) and the scale
of synthesis (1 g or 1 kg) both have significant effects on the major
impact indicators contributing to the environmental impact (EI) and the
corresponding relative contributions. To gain a clear impression of how
El is influenced by the synthesis method, a comparison between USS and
CP methods at synthesis scale of 1 g and 1 kg is further performed, as
shown in Fig. 16, Table S7 and Table S8.

At the 1 g scale, a decrease in EI across all impact indicators can be
observed, with an average decrease of 93 % for LCCF synthesized with
USS method. A maximum decrease of 99 % is seen in several impacts
such as climate change, freshwater, resource depletion, and human
toxicity (see Fig. 16(a)). This is due to significantly lower energy re-
quirements and lower overall direct process emissions of the USS
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method compared to CP method. The comparison of 1 kg production of
LCCF through two methods indicates a decrease in EI in 9 of the 15
impact indicators when using USS method (see Fig. 16(b)). The EI of
LCCF production towards climate change is reduced by 14 % when using
USS. This decrease can be attributed to the sole use deionized water as
the solvent in USS, thereby avoiding direct CO3 emissions. In contrast,
ammonium carbonate used in the CP method serves as a source of CO»
emissions. Additionally, overall NO, emissions are lower in the USS
method as shown in Table S1-S4, leading to a decrease in freshwater
eutrophication, terrestrial eutrophication, marine eutrophication,
photochemical ozone formation, and acidification by an average of 25
%. However, due to approximately 11 % higher lanthanum nitrate
consumption in USS compared to CP (as shown in Table S2 and
Table S4), resource depletion has increased by around 8 %. An increase
in ozone depletion and ionizing radiation can be observed as well.
This LCA study provides a detailed comparative environmental
assessment of CP and USS synthesis methods for LCCF pre-catalysts. It
identifies key contributors to EI at different scales, demonstrating the
advantages of USS in reducing energy consumption and emissions. The
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Table 1
Comparison of H yield, selectivity and energy yield (gH>/kWh) with representative literature.
Process Catalyst Type of plastic Temperature H, yield (mmol/ H, Selectivity (vol ~ Energy Ref.
[§(9) plastic) %) yield
(8u2/kWh)
Plasma pyrolysis - LDPE 800 27.7 24.7 0.532 This
Plasma-thermal catalytic LCCF6428-USS LDPE 800 54.7 78.0 0.144 work
tandem process LCCF6455-USS 43.7 65.2 0.115
LCCF6428-CP 46.7 78.0 0.123
LCCF6455-CP 35.9 71.6 0.094
Microwave —initiated FeAlOy PP 300-380 50.2 73.7 0.361 [26]
catalytic process FeAlOy PS 23.1 76.1 0.166
FeAlOy HDPE 55.6 41.6 0.4
Fe,03 19.1 61.3 0.138
Fe304 29.7 69.5 0.214
Co304 35.1 64 0.251
Microwave —initiated Ni; 25Ceg s HDPE — 50.2 77.7 0.181 [71]
catalytic process
Two —stage thermal catalytic FeNil PP 800 25.1 53.3 0.039 [72]
process FeNi2 20 46.7 0.031
Two —stage thermal catalytic Fe-SiO2-S PP 800 15.4 41.7 0.024 [73]
process Fe-SiO,-L 25.6 50.3 0.04
Two —stage thermal catalytic Lag gNig 15Fepgs03s  LDPE 800 24.5 74.8 0.038 [74]
process HDPE 23.2 72.6 0.036
Two —stage thermal catalytic Lag gNig.15C00.503 5 PP 800 19.8 — 0.031 [75]
process
Two —stage thermal catalytic Ni/y- Al;03 Mixture of HDPE, LDPE, 800 31.8 62.9 0.05 [41]
process Fe/y- Al,03 PP and PS 15.4 41.7 0.024
Ni-Fe/y- Al;03 25.6 50.39 0.04

study also supports the potential for USS-based catalysts in sustainable
plastic waste recycling, reinforcing its viability for industrial applica-
tions. These findings contribute to advancing greener catalyst synthesis
methods and improving the sustainability of waste-to-energy conversion
processes.

3.7. Comparison of Hy yield, selectivity and energy yield (gH2/kWh) with
representative literature

The H, yield and selectivity achieved in this study through plasma-
thermal catalytic pyrolysis of plastic waste were benchmarked with
representative literature studies, as summarized in Table 1. Notably, the
plasma-alone process produced Hs yields comparable to or even higher
than those achieved with two-stage thermal catalytic pyrolysis. The
developed plasma-thermal catalytic tandem process, utilizing
Lag ¢Cag.4Cog.2Fepg03_s synthesized via ultrasonic spray synthesis,
exhibited high Hy yield and selectivity across all referenced studies,
establishing it as a promising and efficient approach for converting
waste plastics into hydrogen and carbon nanomaterials.

The energy yield of Hy (gu2/kWh) is an important parameter for
assessing the economic viability of the process, as it directly quantifies
the grams of Hy produced per kWh of energy input. Since this metric is
highly influenced by factors such as operating conditions, reactor size,
feedstock type, and feedstock quantity, directly applying literature data
for Hy energy yield calculations may lead to misleading conclusions. To
ensure a fair comparison, we incorporated several reasonable assump-
tions based on literature sources to account for variations in equipment
parameters, operating conditions, and feedstock mass across different
studies. A detailed analysis of energy consumption calculations and the
corresponding H, energy yields for various studies is provided in
Tables S9 and S10.

Our analysis demonstrates that the plasma-alone process achieves
higher H; energy yields than most reported studies, primarily due to its
high efficiency and short reaction time. However, while the plasma-
thermal catalytic process initially shows a lower energy yield per
batch, its performance improves significantly with successive cycles of
operation. As shown in Table S10, the energy yield of Hy (gy2/kWh)
increases with repeated cycles, whereas in microwave-assisted pro-
cesses, it follows the opposite trend, decreasing with successive cycles.
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This highlights the scalability potential of the plasma-thermal catalytic
process for continuous hydrogen production. Further optimization of
operational parameters, reactor design, and low-cost catalysts will be
essential for enhancing overall process efficiency in the future.

4. Conclusions

This study introduces a novel plasma-thermal catalytic tandem
process for the efficient decomposition of real-world plastic waste,
enabling the simultaneous production of hydrogen-rich gases and high-
value carbon nanomaterials. By integrating plasma technology with a
thermal catalytic system, this approach significantly enhances hydrogen
yield and selectivity while reducing liquid byproduct formation
compared to conventional thermal catalytic methods. A comprehensive
evaluation of perovskite-type LCCF pre-catalysts identified LCCF6428-
USS as the best suitable formulation, achieving an Hj yield of 54.7
mmol/gplastic With a selectivity of 73.8 %. This enhancement is attrib-
uted to the plasma-induced chemical pathways, where highly energetic
electrons and reactive species promote efficient decomposition beyond
traditional thermal mechanisms. Furthermore, the plasma-thermal cat-
alytic process facilitates the formation of carbon nanotubes due to Fe
and Co species exsolution from the perovskite, which acts as active sites
for nanoparticle growth. Life cycle assessment results indicate that ul-
trasonic spray synthesis is the more environmentally sustainable method
than CP for LCCF production, offering lower energy consumption,
reduced direct emissions, and decreased water usage across both small
and large laboratory scales. Given the high catalytic performance and
lower environmental impact of LCCF6428-USS among the investigated
pre-catalysts, the plasma-enabled catalytic pyrolysis process using
LCCF6428-USS presents a promising and sustainable strategy for plastic
waste upcycling. To further improve the scalability and industrial
applicability of this process, optimization of operational parameters
such as nitrogen flow rate and plasma power is recommended. Addi-
tionally, integrating an automated plastic feeding system could enable
continuous processing, facilitating large-scale deployment. Overall, this
work presents an environmentally sustainable solution for plastic waste
management, contributing to the advancement of circular economy
initiatives.
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