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ARTICLE INFO ABSTRACT

Keywords: The pyrolysis-catalytic steam reforming of waste plastic offers a promising route for the sustainable production of
Waste hydrogen-rich syngas. In this study, a series of carbon-supported metal catalysts (Zn/C, Cu/C, and Fe/C) with a

PlaStliCS' e nominal metal loading of 5 wt% were prepared and systematically evaluated for the pyrolysis-catalytic steam
E};zzr}ﬁi Catalysis reforming of high-density polyethylene in a two-stage reactor system. The structural evolution of fresh and used
Syngas 8 catalysts was comprehensively characterized using scanning electron microscopy coupled with energy-dispersive

X-ray spectroscopy, X-ray diffraction, and N» physisorption analyses. The carbon support provides a porous and
thermally stable framework that enables uniform metal dispersion and minimizes structural interference,
allowing the catalytic roles of different metal species to be systematically evaluated. The results demonstrate that
metal species distinctly regulate product distribution, carbon conversion pathways, and hydrogen potential,
following the order of Fe/C > Cu/C > Zn/C. Density functional theory (DFT) calculations reveal that these
differences originate from the coupled effects of hydrocarbon activation and water dissociation on metal sur-
faces. This work establishes a clear structure-performance-mechanism relationship and provides mechanistic
insights for the rational utilization of metal-containing waste-derived char catalysts in pyrolysis-catalytic steam

reforming systems.

1. Introduction

With the continuous growth of global plastic production, the large-
scale accumulation of plastic waste has become an increasingly urgent
environmental challenge. It is estimated that by 2050, approximately 12
billion tonnes of plastic will accumulate in landfills or be released into
the natural environment worldwide, posing long-term risks to ecosys-
tems and human health [1]. High-density polyethylene (HDPE), one of
the most widely produced and used polyolefin plastics, is difficult to
manage sustainably through traditional mechanical recycling or landfill
disposal due to its stable chemical structure and poor environmental
degradability [2]. To address the challenges posed by the large volume
of plastic waste and its limited recyclability, research efforts have
increasingly focused on the high-value utilization of plastic waste
through thermochemical conversion technologies. Many studies [3-7]
have demonstrated that waste plastics can be transformed into a range of
value-added products, including hydrocarbon fuels, hydrogen-rich
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syngas and high-value carbon materials. Such approaches offer a
promising route to mitigating plastic pollution while simultaneously
enabling energy recovery and material recycling.

Over the past two decades, research on the thermochemical con-
version of plastic waste has gradually shifted from producing synthetic
oils and liquid fuels to efficiently generating hydrogen. This change in
research focus is largely attributed to the inherent advantages of plastic
as a hydrogen-rich feedstock, with hydrogen contents typically in the
range of 8-14 wt%, providing a favorable material basis for the pro-
duction of hydrogen-rich gases [2]. On this basis, several research
groups [8-12] have proposed and systematically developed two-stage
pyrolysis-catalytic steam reforming processes for the production of
hydrogen-rich syngas from waste plastics. In such processes, the plastic
is typically pyrolyzed in the range of 550-600 °C to generate volatile
hydrocarbons, which are subsequently converted into syngas (Hz+CO)
via catalytic steam reforming at 800 °C [8-12]. The integrated approach
effectively couples waste plastic management with clean energy
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production, harnessing the conversion of high-molecular-weight poly-
mer waste into small-molecule, clean gaseous fuels.

In the pyrolysis-catalytic steam reforming process, the catalyst plays
a crucial role in converting pyrolysis volatiles, regulating reaction
pathways, and optimizing product distribution. An appropriate catalyst
can not only significantly promote the cracking and reforming of large-
molecule hydrocarbons and tar, thereby enhancing hydrogen yield and
selectivity, but also play an important role in inhibiting carbon deposit
formation and delaying catalyst deactivation [13]. To date, catalysts
used in the steam reforming process have commonly included metal
oxide-, zeolite-, and porous carbon-based catalysts.

Metal oxide-based catalysts, particularly Al,Os-supported transition
metals such as Ni, Fe, and Co, have been widely applied in hydrocarbon
reforming due to their excellent thermal stability, strong C-C bond
cleavage and favorable water-gas shift activity [14-17]. The introduc-
tion of promoter metals, such as Ce and La, has been shown to improve
metal dispersion further, enhance resistance to carbon deposition, and
improve overall catalytic stability [18]. In addition, zeolite-based cata-
lysts, with well-defined pore structures and strong acidity, exhibit
excellent performance in hydrocarbon cracking reactions and in regu-
lating product distribution [19].

However, the synthesis of metal-based and zeolite-based catalysts is
often associated with relatively high preparation costs and limited
resistance to deactivation under reforming conditions. In contrast,
porous carbon-based materials have gained attention in recent years due
to their wide availability, low cost, and good thermal stability. Previous
studies [20-22] have found that waste-derived char (such as tire char,
biochar, and refuse-derived fuel char) contains natural metal compo-
nents such as Zn, Fe, Ca, Cu, Al, etc., and can significantly enhance
hydrogen production in the steam reforming of plastic pyrolysis vola-
tiles. For example, when using tire char as a catalyst in catalytic steam
reforming of HDPE pyrolysis volatiles at 900 °C, the hydrogen yield
reaches 73 mmol g~* [20]. The catalytic performance of the char ma-
terials is usually attributed to their developed pore structure and the
presence of intrinsic metal species. However, due to the diverse types
and complex compositions of metal elements in waste-derived chars, it
remains challenging to clearly identify the independent catalytic roles of
individual metal elements. Consequently, the specific contributions of
different metal species to the steam reforming reaction, the regulation of
syngas components, and the carbon conversion process are still not
clearly understood.

In recent years, DFT has become an important theoretical tool for
revealing catalytic mechanisms, as it enables the exploration of bond-
breaking processes and energy changes in chemical reactions at the
molecular level [23,24]. For metal-supported catalytic systems, differ-
ences in electronic structure induced by different metals on the support
surface can significantly influence reactant adsorption energies and
transition-state energy barriers, thereby determining the reaction
pathway and rate. Consequently, DFT has been widely applied to
comprehensively seek the regulatory role of metal surfaces on the
decomposition behavior of hydrocarbons. For instance, Chen et al. [25]
used DFT to study the interactions and decomposition mechanisms of
three common tar model compounds on a Ni (111) surface, and they
pointed out that benzene undergoes initial dehydrogenation as the pri-
mary decomposition step, while toluene and phenol tend to experience
substituent dehydrogenation before the aromatic ring breakage. Wei
et al. [26] used DFT to address the catalytic cracking mechanism of
biomass model compounds during steam reforming over Ni- and
Fe-doped CaO surface, revealing distinct roles of the two metals in sta-
bilizing hydrogen radicals and promoting surface reactions. By
enhancing chemical adsorption strength, modifying the electronic
structure, inducing low-energy-level migration, and generating new
electronic states, Ni- and Fe-doped CaO surfaces provide a favorable
electron environment for tar catalytic cracking, effectively lowering the
reaction energy barrier and improving reaction efficiency and selec-
tivity. Therefore, combining the experimental approach with DFT
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calculations offers a deeper understanding of the properties of inter-
mediate products and transition states, reaction energies, and the
identification of favorable reaction pathways for generating the target
products [26-28].

In this study, a metal-free carbon material was selected as an inert
and structurally stable support, onto which Zn, Fe, and Cu were indi-
vidually loaded to construct a series of carbon-based catalysts. By using
a uniform carbon support and only modifying the metal species, this
study effectively decoupled the support structure effect from the
intrinsic catalytic properties of the metals, enabling direct comparisons
and in-depth analysis of the catalytic effects of different metals. Partic-
ular attention was paid to how different metals regulate syngas forma-
tion, carbon conversion pathways, and the activation of key
hydrocarbon intermediates. In addition, the relationship between cata-
lyst structure, catalytic performance, and reaction mechanism was
investigated to provide mechanistic insight into the catalytic behavior of
metal-containing waste-derived chars and to support the rational design
of carbon-based catalysts for hydrogen-rich syngas production from
waste plastics. The research was carried out using a two-stage pyrolysis-
catalytic steam reforming reactor to produce syngas from waste plastic
(high-density polyethylene). This two-stage configuration is particularly
suitable for plastics, as they first melt and thermally decompose into
volatile hydrocarbons, which can then be more effectively converted
into syngas in a downstream catalytic reforming stage. In addition, the
two-stage process enables more specific and independent control of the
pyrolysis process and the catalytic steam reforming process.

2. Materials and methods
2.1. Materials and catalyst

High-density polyethylene pellets with an average particle size of
approximately 2 mm were supplied by Regain Polymers Limited (Cas-
tleford, UK) and used as the feedstock in this study. The HDPE used in
this study was a recycled plastic material, recovered from ‘real-world’
waste plastics. A high-purity carbon material was purchased from
Sigma-Aldrich and used as the catalyst support. The total content of
metal impurities (Al, Ti, Fe, Ni, Cu, and Zn) in the carbon support was
below 100 ppm, indicating it was nearly metal-free and inert.

Metal-loaded catalysts were prepared by wet impregnation. Specif-
ically, appropriate amounts of Zn(NO3),-6 H20, Fe(NO3)3-9 H20, and Cu
(NO3)2-2.5 HyO were dissolved in deionized water to form the corre-
sponding precursor solutions. The carbon support was then added to
each solution and continuously stirred at 80 °C until a homogeneous
slurry was obtained. The slurry was dried at 105 °C for 12 h to remove
moisture, followed by calcination at 800 °C for 3 h under a nitrogen
atmosphere. The nominal metal loading was intentionally fixed at 5 wt%
to ensure sufficient surface metal sites for mechanistic comparison,
rather than to maximize catalytic activity. The resulting catalysts were
denoted as Zn/C, Fe/C, and Cu/C, respectively. The carbon support
without metal loading was used as a reference catalyst and denoted as
Carbon. It should be noted that the catalyst was designed using the same
high-purity carbon support and the same nominal metal loading, so that
the observed differences could be mainly associated with metal identity
rather than compositional variations of the support.

2.2. Catalyst characterization

The surface morphology of the catalysts was characterized using a
scanning electron microscope (SEM, JSM-7900F, JEOL), and the
elemental distribution was analyzed by energy-dispersive X-ray spec-
troscopy (EDX, Oxford Instruments). The crystalline phases and struc-
tural properties were determined by X-ray diffraction (XRD, Empyrean,
PANalytical) using Cu Ko radiation. The specific surface area and pore
structure parameters were obtained from Nj adsorption-desorption
measurements using a Micromeritics TriStar 3000 instrument. The
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specific surface area was calculated according to the Brunauer-Emmett-
Teller (BET) method, while the pore size distribution and pore volume
were derived from the Barrett-Joyner-Halenda (BJH) model.

2.3. Experimental reactor and procedure

A two-stage fixed-bed reactor system comprising a pyrolysis reactor
and a downstream catalytic reactor was used in this study (Fig. 1). High-
purity nitrogen was used as the inert carrier gas, with a flow rate of
100 mL min~?. For each experiment, 1.0 g of HDPE was weighed and
suspended in the pyrolysis reactor, while 1.0 g of catalyst was placed in
the catalytic reactor. Once the catalytic reactor reached 800 °C and
stabilized, the pyrolysis reactor was heated to 600 °C at a heating rate of
20 °C min~! and maintained at this temperature for 20 mins.

During this process, HDPE underwent thermal decomposition,
generating volatiles that were transported by the carrier gas into the
catalytic reactor. In the catalytic stage, water was continuously injected
using a syringe pump to generate steam at a flow rate of 8 mL h™!. The
pyrolysis volatiles were subsequently reformed with steam over the
catalyst to produce gaseous products. The produced gases passed
through a three-stage condensation system to remove condensable
components, and the resulting gas was finally collected in gas sampling
bags for offline analysis by gas chromatography.

2.4. Product analysis

The gaseous products were identified and quantified by gas chro-
matography (GC). Light hydrocarbons (C;-C4) were detected using a
Varian CP-3380 GC equipped with a flame ionization detector (FID),
while permanent gases (Hy, CO, Ny, and CO3) were analyzed using
another GC equipped with a thermal conductivity detector (TCD). To
ensure the reliability of the experimental results, each experiment was
repeated three times, and the reported values represent the average of
the measurements.

The gas yield was defined as the ratio of the total mass of gaseous
products generated after the reaction to the total mass of the inputs in
the pyrolysis-catalytic steam reforming system, as calculated using Eq.1.
The liquid yield was defined as the mass fraction of condensed water

Mass flow
controller
A
N, Pyrolysis
reactor Steam
generator
i !
Catalytic
reactor
Gas
sample
bag
Exhaust
Condenser
system

Fig. 1. Schematic diagram of the pyrolysis-catalytic steam reforming reactor.
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together with a small amount of unconverted tar relative to the total
input mass, while the solid yield corresponded to the mass fraction of
pyrolysis residues and carbonaceous deposits formed on the catalyst, as
calculated using Eqs.2 and 3. The overall mass balance was calculated
according to Eq.4 from the sum of gas, liquid and solid yield. For all
experiments, the mass balance closure was close to 100 wt%, with de-
viations below 2%. The carbon conversion was defined as the fraction of
carbon in the feedstock converted into gaseous products and was
calculated using Eq.5. The Hj potential was defined as the ratio of the
experimentally obtained hydrogen yield to the theoretical maximum
hydrogen yield assuming all of the carbon and hydrogen in HDPE is
converted to Hy and CO; via the steam reforming process [8] and was
calculated using Eq.6. It should be noted that the reported product yields
and gas compositions represent cumulative results collected over the full
experimental run, rather than instantaneous values at zero time on
stream.

. Z Meach gas
Gas yield,,; (Wt.%) = —=—"82 @
Ve ol ( ) Mplastic + Myygter
. . . Z mliquid
Liquid yield t.%) = ——=—"— 2
Qa1 ot (W 0) Mplastic + Myater ( )
. . Z Myesidue
Solid yield wt.%) = —~~— — 3
V1€ otal ( 0) Mplastic + Myater ( )
Mass balance = Gas yield,,, + Liquid yield,, + Solid yield, @
Commrsin = mass of C }n each gas )
mass of C in feedstcok
R Experimental H, yield
H, potential (%) =
2 potential (%) Theoretical H, yield ©)

2.5. DFT calculation

All spin-polarized density functional theory calculations in this work
were carried out with the Vienna Ab-initio Simulation Package (VASP)
[29]. The electron-ion interactions were described by the projector
augmented wave (PAW) method, and the exchange-correlation func-
tional was treated within the generalized gradient approximation (GGA)
by the Perdew-Burke-Ernzerhof (PBE) formulation [30]. Grimme’s
DFT-D3 semi-empirical dispersion correction was included to properly
account for weak interactions (e.g., van der Waals forces) between ad-
sorbates and metal surfaces [31]. Periodic slab models were constructed
to investigate the energy barriers for the dehydrogenation of ethylene
molecules and water molecules, as well as the reactions between
ethylene and OH* species on Fe, Cu, and Zn surfaces. A vacuum layer of
at least 15 A was applied perpendicular to the surface to avoid spurious
interactions between periodic images. The Brillouin zone was sampled
using the Monkhorst-Pack scheme with a 6 x 6 x 1 k-point mesh. A
plane-wave kinetic energy cutoff of 520 eV was used. The electronic
self-consistent field calculations were considered converged when the
energy change was below 1 x 107> eV, and the geometry optimizations
were terminated when the residual force on each atom was less than
0.05ev AL

The geometry of all reactants, products, and intermediates was fully
optimized. Transition states (TSs) of the elementary reactions were
located via the climbing image nudged elastic band (CI-NEB) method,
and their validity was confirmed by vibrational frequency analysis [32].
Each TS exhibited exactly one imaginary frequency, and the corre-
sponding vibrational mode was visually inspected to ensure that it
matched the expected bond-breaking or bond-forming process along the
reaction coordinate. The activation energy (E,) was defined as the total
energy difference between the TS and the corresponding reactant state.
The methodology provides reliable kinetic barrier information to
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elucidate the intrinsic mechanisms of surface-catalyzed reactions. All 3. Results and discussion
calculations were conducted under well-converged conditions to ensure

the accuracy and reproducibility of the results. 3.1. Characterization of fresh catalysts

Fig. 2 presents the SEM images of the fresh catalysts and the corre-
sponding EDX spectrometry elemental mapping results. As shown in

2.5um

Fig. 2. SEM images and corresponding EDX elemental mapping of the fresh catalysts. (a) SEM image of the metal-free fresh carbon; (b) SEM image of fresh Zn/C; (c)
EDX elemental mapping of Zn; (d) SEM image of fresh Fe/C; (e) EDX elemental mapping of Fe; (f) SEM image of fresh Cu/C; and (g) EDX elemental mapping of Cu.
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Fig. 2(a), the fresh carbon support exhibits an irregular rough surface
morphology, composed of aggregated carbon particles. The textural
properties of the support are discussed in more detail based on BET
analysis. Such a rough and heterogeneous surface is favorable for metal
deposition, while the textural characteristics relevant to volatile
adsorption and diffusion are more appropriately reflected by the BET
surface area and pore volume data. This porous texture is favorable for
the adsorption and diffusion of pyrolysis volatiles and provides abun-
dant anchoring sites for subsequent metal loading. No obvious metallic
signals were detected for the fresh carbon support in the SEM-EDX
analysis, consistent with the high purity of the commercial carbon
support described in 2.1.

After metal impregnation, all catalysts retain a similar porous carbon
framework, indicating that the impregnation and calcination processes
do not induce noticeable structural damage or morphological collapse of
the support. The Zn/C catalyst (Fig. 2(b)) maintains a porous surface
without the presence of large crystalline particles or severe agglomer-
ation, while the corresponding Zn elemental mapping (Fig. 2(c)) shows a
relatively uniform spatial distribution of Zn species over the carbon
surface. Likewise, the Fe/C catalyst (Fig. 2(d)) preserves the original
porous morphology of the carbon support and the Fe elemental mapping
(Fig. 2(e)) reveals a homogeneous dispersion of Fe species without the
formation of obvious micron-scale aggregates, suggesting a high degree
of metal dispersion that is favorable for generating accessible active
sites. In contrast, although the Cu/C catalyst (Fig. 2(f)) exhibits a surface
morphology comparable to those of Zn/C and Fe/C, the Cu elemental
mapping (Fig. 2(g)) shows intensified signals locally, suggesting partial
local enrichment or slight agglomeration of Cu species. This localized
aggregation may affect the distribution and accessibility of active sites,
thereby influencing catalytic performance.

Overall, the SEM-EDX results confirm that Zn, Fe, and Cu were
successfully loaded onto the carbon support without causing structural
collapse or morphological damage. The comparable surface morphol-
ogies among the different metal-loaded catalysts provide a consistent
structural basis for evaluating catalytic performance, enabling the
observed differences in reaction performance to be attributed mainly to
the properties of the metal species rather than to changes in the support
morphology.

Fig. 3 shows the XRD patterns of the fresh carbon support and the
metal-loaded catalysts. The fresh carbon exhibits a broad and weak
diffraction peak centered at 26~ 20-25°, which is characteristic of the

v ZnO <& FeO v Cu
Fresh C
2 \\._-/
% vyY Fresh Zn/C
E e\
M Fresh Fe/C
W
|
v Fresh Cu/C
% T k: T e T * T
20 40 60 80
20 (°)

Fig. 3. XRD patterns of the fresh catalysts.
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(002) reflection of amorphous or poorly graphitized carbon, consistent
with previous reports on porous carbon materials [33,34]. This low
degree of structural ordering is typically associated with abundant sur-
face defects, which can facilitate the anchoring and dispersion of metal
species and promote the adsorption of volatiles. For the Zn/C catalyst,
several weak and broadened diffraction peaks are observed and can be
indexed to the wurtzite structure of ZnO [35]. The low intensities and
broad peak shapes indicate that Zn species are mainly present as highly
dispersed nanocrystalline oxides rather than forming large crystalline
grains. In the case of Fe/C catalyst, weak diffraction peaks in the range of
20~ 35-45° are detected, corresponding to poor crystalline iron oxide
phases, which have been commonly reported for carbon-supported Fe
catalysts [36]. The broad peaks indicate that Fe species remain highly
dispersed and may interact strongly with the carbon support. These
metal-support interactions are generally considered favorable for sta-
bilizing active species and inhibiting sintering at high temperatures [37,
38]. The observed oxidation states of Zn and Fe are mainly determined
by their intrinsic thermodynamic stability and by strong metal-support
interactions during high-temperature treatment. Compared with Zn/C
and Fe/C, the Cu/C catalyst shows sharper and more intense diffraction
peaks at 20 =~ 43.3°, 50.4° and 74.1°, which can be assigned to metallic
Cu according to standard PDF references. The higher peak intensity and
sharpness indicate higher crystallinity and a relatively larger crystallite
size of the Cu species, consistent with the local enrichment observed in
SEM-EDX analysis.

Table 1 summarizes the BET (Brunauer-Emmett-Teller) surface area
and pore volume of the fresh carbon support and the metal-loaded
catalysts. The pure carbon exhibits a specific surface area of 217.6 m?
g~ ! and a total pore volume of 0.44 cm® g !, indicating a well-developed
porous structure, consistent with the SEM observations. After metal
loading, the specific surface areas of Zn/C, Fe/C and Cu/C slightly in-
crease to 237.8, 233.5, and 233.9 m? g’l, respectively, while the cor-
responding pore volumes remain nearly unchanged (0.44-0.46 cm®
g™1). The absence of significant surface area loss or pore volume
reduction after metal loading indicates that metal impregnation does not
cause pore blockage or structural collapse. The slight increase in surface
area may be attributed to the release of gaseous species during nitrate
decomposition and the generation of additional surface defects during
thermal treatment. More importantly, the three metal-loaded catalysts
exhibit highly comparable surface areas and pore volumes, ensuring a
consistent textural background for catalytic performance evaluation.
Consequently, the differences in catalytic activity and product distri-
bution observed in subsequent sections can be primarily attributed to
the intrinsic chemical properties of the metal species and their in-
teractions with reaction intermediates, rather than differences in the
pore structure of the carbon support.

3.2. Influence of metal species on product yields and gas composition

Table 2 summarizes the overall product distribution and water re-
action amount during the pyrolysis-catalytic steam reforming of HDPE
at a temperature of 800 °C in relation to different catalyst systems. All
product yields were calculated based on the total mass input of the
system. It should be noted that the liquid products mainly consist of
unreacted water and a trace amount of incompletely reformed tar,
indicating a high overall conversion efficiency and a mass balance close
to 100%. As shown in Table 2, the introduction of metal species has a

Table 1
Physical properties of the freshly prepared catalysts.

BET surface area ( m?/g ) Pore volume (cm®/g)

Fresh Carbon 217.6 0.44
Fresh Zn/C 237.8 0.45
Fresh Fe/C 233.5 0.46
Fresh Cu/C 233.9 0.44
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Table 2
Product distribution from pyrolysis-catalytic steam reforming of HDPE at 800 °C
in the presence of carbon catalysts with different metals.

Carbon Zn/Carbon Cu/Carbon Fe/Carbon
Gas yield (wt%) 20.70 20.75 21.07 21.61
Liquid yield (wt%) 80.99 78.93 76.25 75.12
Reacted water (g) 0.56 0.72 0.90 1.05

significant impact on the gas yield. Compared with the pure carbon
catalyst, the gas yields from processing of plastic in the Cu/C and Fe/C
systems increase to 21.07 wt% and 21.61 wt% respectively, indicating
that these two metals are more effective in promoting the secondary
conversion of pyrolysis volatiles and steam reforming reactions. This
enhancement is commonly attributed to the strong adsorption capability
of transition metals towards hydrocarbon intermediates and their ability
to facilitate C-H and C-C bond breakage [39,40]. In addition to gas yield,
water consumption can serve as a key indicator of the activity of steam
reforming reactions. As listed in Table 2, the amount of water consumed
increases markedly upon metal loading and follows the order of Fe/C
> Cu/C > Zn/C > Carbon. Among all catalysts, the water consumption
in the Fe/C system is the highest (1.05 g), indicating that the Fe species
has a stronger ability to activate water molecules and promote water
participation in surface reactions. Previous research [41] has reported
that Fe-based catalysts can effectively dissociate water to generate sur-
face hydroxyl and active hydrogen species, which further participate in
hydrocarbon reforming and water-gas shift reaction.

Fig. 4(a) compares the gas yield from pyrolysis-catalytic steam
reforming of HDPE under different metal-loaded carbon catalysts. It is
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evident that the introduction of metal-loaded catalysts significantly
enhances Hj and CO yields, in the order Fe/C > Cu/C > Zn/C > Carbon.
In particular, the Hj yield was highest in the Fe/C system and lowest in
the pure carbon system, indicating that the metal species played a key
role in promoting the cracking, dehydrogenation, and secondary
reforming reactions of hydrocarbon intermediates. This difference can
be attributed to the different adsorption and activation abilities of
different metals on the reaction intermediates. Transition metals such as
Fe and Cu possess partially filled d orbitals that can strongly interact
with the n and o bonds of hydrocarbon molecules, thereby reducing the
energy barrier to breaking C-C and C-H bonds and promoting deep
cracking and reforming reactions [26]. In contrast, Zn species exhibit a
relatively weaker interaction with hydrocarbons, resulting in a limited
promotional effect.

The gas composition from the pyrolysis-catalytic steam reforming of
HDPE shown in Fig. 4(b) further reveals that metal loading not only
increases the total gas yield but also substantially alters the reaction
pathway. With the introduction of metals, the volumetric fraction of Hy
in the gas mixture significantly increases, while the fractions of CO5 and
CH4 decrease correspondingly, indicating a shift towards hydrogen-rich
syngas production. Among the catalysts investigated, the Fe/C system
exhibits the highest Hy concentration, suggesting a stronger ability to
undergo deep dehydrogenation and steam-assisted reactions. This
behavior is consistent with the high-water activation ability and strong
redox performance of Fe-based catalysts in steam reforming systems
[42].

To further evaluate the practical application potential of the pro-
duced gas, Fig. 4(c) presents the yield of syngas (Hy+CO) for each sys-
tem. The Fe/C catalyst exhibits the highest syngas yield, followed by Cu/
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Fig. 4. Effect of different metal-loaded carbon catalysts on (a) gas yield, (b) gas composition, (c) syngas yield and (d) H,/CO ratio during pyrolysis-catalytic steam

reforming of HDPE.
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C and Zn/C, while the pure carbon system shows the lowest perfor-
mance. This trend is consistent with the aforementioned changes in in-
dividual gas yields, confirming that metals incorporation significantly
improves the conversion efficiency of carbon toward syngas. Addition-
ally, the composition of the syngas is a critical parameter for down-
stream utilization. As shown in Fig. 4(d), all metal-loaded catalysts
significantly increase the Hy/CO ratio compared with the pure carbon
system, with Fe/C and Cu/C systems showing higher values of approx-
imately 2.74. This higher H,/CO ratio is more suitable for downstream
processes such as Fischer-Tropsch synthesis and methanol production
[43]. Notably, the Hy/CO ratio is not only governed by hydrocarbon
cracking and reforming reactions but is also strongly influenced by the
water-gas shift reaction. Combining the trend in water consumption in
Table 2, the higher Hy/CO ratio observed over the Fe/C system can be
reasonably attributed to its enhanced water-activation capability, which
promotes water dissociation and subsequent hydrogen generation.

3.3. Carbon conversion and hydrogen potential

Fig. 5(a) illustrates the distribution of carbon converted into
different gaseous products (CO, CO,, CH4, and Cy-C4) during the
pyrolysis-catalytic steam reforming of HDPE over different catalysts.
When pure carbon is used as the catalyst, the conversion of carbon to CO
is the lowest, while the conversion to CO is the highest, indicating that
the reaction system preferentially follows incomplete reforming or deep
oxidation pathways. With the introduction of metals, a pronounced shift
in the carbon conversion pathway is observed. The conversion of carbon
to CO significantly increases, accompanied by a corresponding decrease
in carbon conversion to CO,. This trend indicates that metal incorpo-
ration alters the reaction network, making the system more inclined to
generate CO through steam reforming and partial oxidation pathways
rather than complete oxidation to CO,. It should be noted that this
phenomenon does not suggest a direct catalytic conversion of CO, to CO
by the metals, but rather results from an overall shift in the reaction
pathway distribution, with more carbon intermediates being converted
to CO via steam reforming pathways, thereby indirectly suppressing the
formation of CO,. Simultaneously, the conversion of carbon to light
hydrocarbons such as Cy-C4 decreases markedly upon metal loading,
indicating that metals effectively promoted the secondary reforming of
light hydrocarbons. This trend is consistent with the higher H, and CO
yields observed in the metal-loaded catalysts in 3.2. In contrast, the
conversion of carbon to CH4 shows no significant change among
different catalysts, indicating that methane is not the primary controlled
species in this system. Instead, the catalytic role of metals is mainly
associated with the activation and reforming of higher-carbon-number
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hydrocarbons (Cz+), as reported in various steam reforming systems,
where transition metals exhibit greater activation of C+ hydrocarbons
than methane [44].

Fig. 5(b) presents the hydrogen potential under different catalytic
conditions. The introduction of metals leads to a substantial increase in
hydrogen potential, following the order Fe/C > Cu/C > Zn/C > Carbon.
This trend indicates that metals not only enhance the absolute hydrogen
yield (see 3.2) but also improve the hydrogen generation efficiency per
unit of carbon converted. This phenomenon can be attributed to two
synergistic effects: (i) metals promote the deep dehydrogenation and
reforming of hydrocarbon intermediates; and (ii) metals facilitate the
activation of water molecules, enabling more hydrogen atoms to be
converted to molecular hydrogen through steam reforming and water-
gas shift reactions. Among them, the Fe/C system exhibits the highest
hydrogen potential, which is highly consistent with the highest water
consumption trend shown in Table 2, further confirming the advantage
of Fe species in water molecule dissociation and active hydrogen gen-
eration. The above results indicate that different metals regulate both
the mode of carbon conversion and hydrogen generation efficiency by
changing reaction pathways and controlling the extent of water partic-
ipation in the reforming process.

3.4. Evolution of catalyst structure and surface properties after reaction

Fig. 6 presents the SEM morphologies and corresponding EDX
elemental distribution. Generally speaking, compared with fresh cata-
lysts, used catalysts retain a porous structure characterized by aggre-
gated carbon particles, with no apparent pore collapse or formation of a
dense surface layer. This indicates that the carbon support exhibits good
structural stability under high-temperature steam reforming conditions.
Therefore, the differences in catalytic performance observed in this
system cannot be attributed to drastic changes in macroscopic
morphology, but are more likely related to the chemical state and evo-
lution behavior of the metal species during the reaction.

For the used carbon catalysts, the surface morphology after the re-
action remains unchanged compared with the fresh catalyst, still
exhibiting a rough, porous structure formed by irregular particle ag-
gregation. The corresponding elemental analysis confirms the absence of
metallic elements, indicating that no exogenous metal migration occurs
during the reaction. This sample thus provides a reliable structural
reference for comparison with metal-loaded catalysts. In the case of used
Zn/C (Fig. 6(b)-(c)), Zn species are still distributed over the entire
observation area, but a few local high-intensity bright spots can be
observed, indicating that Zn species have a local enrichment or re-
distribution after the reaction. Combined with the absence of large

(b)

H, potential (%)
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Fig. 5. Effect of metal-loaded carbon catalysts on carbon conversion pathways and H, potential during pyrolysis-catalytic steam reforming of HDPE.
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Fig. 6. SEM images and corresponding EDX elemental mapping of the used catalysts. (a) SEM image of the metal-free used carbon; (b) SEM image of used Zn/C; (c)
EDX elemental mapping of Zn; (d) SEM image of used Fe/C; (e) EDX elemental mapping of Fe; (f) SEM image of used Cu/C; and (g) EDX elemental mapping of Cu.

particle agglomeration morphology in the SEM, it can be inferred that Zn
is mainly in a dispersed state, but its spatial uniformity is lower than that
of the fresh sample. This local enrichment may be related to the
migration, redeposition, or interaction with surface oxygen-containing
groups of Zn species under high-temperature steam and complex vola-
tile atmospheres. The resulting decrease in uniform accessibility of Zn-
related sites may contribute to the relatively limited promotion effect
of Zn/C on deep reforming reactions. In contrast, the used Fe/C (Fig. 6

(d)-(e)) exhibits a more continuous and homogeneous Fe distribution,
without noticeable macroscopic enrichment zones or strip-like aggre-
gation features. This indicates that Fe species maintain good dispersion
stability throughout the reaction. Considering the higher gas yield,
water consumption, carbon conversion, and hydrogen potential
observed for the Fe/C system (Sections 3.2 and 3.3), such dispersion
retention can be regarded as an important structural basis for sustaining
accessible active sites, facilitating water activation, and promoting the



Y. Li et al.

conversion of reaction intermediates throughout the reforming process.
For the used Cu/C catalyst (Fig. 6(f)-(g)), Cu species are still broadly
distributed across the carbon surface; however, compared with Fe/C,
more obvious signal intensification is observed, suggesting partial
enrichment or structural rearrangement of Cu under reaction conditions.
Although SEM reveals no significant growth of large Cu particles, the
non-uniform elemental distribution suggests that Cu active sites may
become less accessible due to migration or aggregation, thereby limiting
further enhancement in reforming depth and long-term catalytic
stability.

Fig. 7 shows the XRD patterns of the catalysts after the reaction. All
used catalysts display broad diffraction features at 26~ 20-25°, char-
acteristic of amorphous or poorly graphitized carbon, indicating that the
disordered structure of carbon support is preserved after reaction. This
observation is consistent with the morphological stability revealed by
SEM analysis. For the Zn/C catalyst, diffraction peaks corresponding to
ZnO are observed after the reaction, suggesting that Zn species mainly
exist in an oxidized state in the reaction atmosphere. Given the limited
redox capability of ZnO, Zn is expected to function mainly as an inter-
face modifier or secondary promoter rather than as a redox-active cen-
ter, which is consistent with its moderate effect on catalytic
performance. For the Fe/C catalyst, characteristic peaks of both Fe3O4
and FeO are observed in the XRD pattern, indicating the coexistence of
multiple iron oxidation states after reaction. Such mixed-valence Fe
species are commonly associated with reversible redox behavior and
enhanced water activation capability. The Fe304/FeO system can pro-
mote the dissociation of water molecules and the further oxidation of
intermediates through lattice oxygen migration or oxygen vacancy
mechanisms, thereby enhancing the steam reforming and water-gas shift
reactions. This provides a reasonable structural basis for the higher
water consumption, carbon conversion, and hydrogen potential
observed over Fe/C in Sections 3.2 and 3.3. For the Cu/C catalyst, the
coexistence of metallic Cu® and Cuy0 is detected, indicating that Cu
species undergo partial oxidation-reduction cycling under reaction
conditions. While redox dynamics can contribute to hydrocarbon acti-
vation and surface dehydrogenation, they may also be accompanied by
structural reconstruction or sintering, in line with the local enrichment
observed in SEM-EDX.

Table 3 summarizes the BET surface area and pore volume of the
catalysts after the reaction. Compared with the fresh catalysts, only a
slight decrease in BET surface area is observed, while the pore volume
remains essentially unchanged (0.43-0.44 cm® g~!). These results
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Fig. 7. XRD pattern of the used carbon catalysts.

Journal of Analytical and Applied Pyrolysis 197 (2026) 107849

Table 3
Physical properties of the used catalysts.

BET surface area ( m%/g) Pore volume (cm®/g)

Used Carbon 209.4 0.43
Used Zn/C 221.0 0.43
Used Fe/C 209.3 0.44
Used Cu/C 216.7 0.43

indicate that no significant pore blockage, structural collapse, or
excessive irreversible carbon deposition occurs during the reaction. The
preservation of pore structure is crucial, as it excludes textural degra-
dation as the dominant factor governing catalytic performance differ-
ences. Consequently, the variations in reforming activity and selectivity
among the catalysts can be primarily attributed to differences in metal
dispersion stability, oxidation state evolution, and metal-intermediate
interactions rather than changes in the carbon support structure.

3.5. Discussion of the reaction mechanism

Fig. 8 presents the reaction pathways of the key intermediate (CaH4)
on the surfaces of different metal-supported carbon catalysts during the
pyrolysis-catalytic steam reforming of HDPE, while Fig. 9 provides a
quantitative comparison of the energy barriers associated with CyHy
dehydrogenation and water activation based on density functional the-
ory calculations. To clearly illustrate the reaction mechanism, only a
single layer of metal atoms is depicted in Fig. 8, whereas the calculations
were performed with a four-layer model. By combining macroscopic
reaction pathway analysis with microscopic kinetics insights, these re-
sults reveal the regulatory mechanisms of different metal species on the
reaction. As shown in Fig. 8, HDPE undergoes random chain scission
during pyrolysis, generating volatiles mainly composed of low-
molecular-weight hydrocarbons, among which CyHjy is one of the most
representative and reactive intermediates. In the absence of metal active
sites, ethylene mainly follows gas-phase thermal cracking or non-
selective conversion pathways, leading to the formation of CH4, C-Cy4
light hydrocarbons and a considerable fraction of CO». These reaction
pathways limit the efficient conversion of carbon to CO and Hy,
consistent with the relatively low syngas yield and hydrogen selectivity
observed in the pure carbon system. When the carbon catalyst loaded
with metal was introduced, the reaction path changed significantly.
Ethylene molecules preferentially adsorb on metal active sites and un-
dergo a stepwise dehydrogenation process, forming intermediates such
as CoHz* and CoHo* in the surface-adsorbed state. Similar reaction
pathways have been verified in the DFT study of steam reforming sys-
tems for heavy hydrocarbons (such as diesel fuel) [45]. Compared with
the surface of pure carbon, metal sites can significantly lower the acti-
vation barriers for C-H bond cleavage, transforming ethylene conversion
from a gas-phase cracking process into a surface catalytic pathway.
Furthermore, as the continuous dehydrogenation of ethylene proceeds,
the surface hydrocarbon intermediates can react with the OH* and H*
species generated by the dissociation of steam on the metal surface,
promoting the formation of CO and H,. This pathway effectively inhibits
the formation of CH4 and Cy-C4 hydrocarbons, which are highly
consistent with the observed trends in low-light hydrocarbon yield,
increased CO selectivity, and increased Hy/CO ratio.

Fig. 9(a) shows the energy profiles and corresponding transition
states associated with the stepwise conversion of ethylene on pure car-
bon as well as on Zn/C, Cu/C, and Fe/C surfaces. In the absence of metal
species, the initial activation of ethylene involves relatively high energy
barriers, indicating that effective C-H or C-C bond cleavage is kinetically
unfavorable on the carbon surface. This theoretical result directly cor-
relates with low carbon conversion and hydrogen potential observed
experimentally for the pure carbon catalyst. In contrast, the introduction
of metal species significantly reduces the energy barriers of key reaction
steps, following the order Fe/C < Cu/C < Zn/C < Carbon. Among them,
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Fig. 8. Proposed reaction pathways of C;H,4 conversion over metal-supported carbon catalysts during pyrolysis-catalytic steam reforming.
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Fig. 9. Reaction energy profiles for C;H4 dehydrogenation and water dissociation over different catalysts.

the Fe/C system exhibits the lowest activation barriers for multiple
dehydrogenation and cracking steps, indicating the strongest activation
ability toward hydrocarbon intermediates. This phenomenon can be
attributed to the interaction between the d orbitals of transition metals
and the © bond of ethylene, causing partial filling of the antibonding
orbitals, thereby weakening the C-H and C-C bond strengths and
reducing the energy barrier for their cleavage. The Cu/C system shows a
moderate reduction in energy barriers, while the promoting effect of Zn/
C remains comparatively limited. This trend is fully consistent with the
ranking of gas yield, carbon conversion, and hydrogen potential
observed in the experiment.

In the steam reforming system, water molecules are not inert com-
ponents. Their activation behavior directly determines the availability
of surface OH* and H* species. Fig. 9(b) presents the energy barriers
associated with the dissociation of water (HoO—OH*+H*) on different
catalyst surfaces. On the pure carbon surface, water dissociation is
kinetically hindered by a high energy barrier, indicating limited water
activation capability. However, metal-loaded catalysts significantly
facilitate water dissociation, with the activation barrier decreasing in
the order Fe/C > Cu/C > Zn/C. Notably, Fe/C exhibits the lowest bar-
rier, highlighting its superior ability to activate water molecules. Pre-
vious research [46] has shown that surface OH* species play a dual role
in the conversion of hydrocarbons. On one hand, OH* can act as a
hydrogen donor and reduce the energy barrier for the breaking of C-H
bonds through a synergistic mechanism; on the other hand, OH* can
participate in the surface oxidation process, promoting the conversion of
carbon intermediates to CO and inhibiting the formation of carbon de-
posits. Therefore, metals not only directly affect the cracking pathways

10

of hydrocarbons, but also indirectly change the entire reaction network
by regulating the dissociation ability of water.

Overall, the experimental and theoretical results indicate that metal
species regulate the reforming behavior through two coupled mecha-
nisms: (i) direct activation of hydrocarbon intermediates by lowering C-
H and C-C bond cleavage barriers, and (ii) indirect promotion of steam-
assisted reforming via enhanced water dissociation. These effects are
most pronounced for Fe/C, followed by Cu/C and Zn/C.

4. Conclusions

This study systematically elucidates the roles of pure carbon, Zn/C,
Cu/C, and Fe/C catalysts in the pyrolysis-catalytic steam reforming of
HDPE for syngas production by combining experimental analysis and
DFT calculations. Under comparable carbon support structures, the
introduction of metal species significantly improves gas yield and syngas
yields, and alters carbon conversion pathways, favoring the trans-
formation of carbon from CO5 and light hydrocarbons into CO and Hs.
Among the catalysts studied, Fe/C exhibits the highest gas yield, syngas
yield, and hydrogen potential, followed by Cu/C, while the promoting
effect of Zn/C is relatively limited.

The structural characterization of the catalysts after the reaction and
DFT calculations reveal that metal species regulate the reaction path-
ways through two coupled mechanisms: lowering the activation barriers
for C-H and C-C bond cleavage of hydrocarbon intermediates and pro-
moting water dissociation to generate active OH* and H* species. This
synergistic mechanism is most significant in the Fe/C system, which is
highly consistent with its excellent experimental performance. Overall,
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this work provides guidance for the rational utilization of metal-
containing waste-derived char catalysts for hydrogen-rich syngas pro-
duction in the pyrolysis-catalytic steam reforming process.
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