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Hydrogen is one of the most important feedstocks for the chemical industry, power production, and the
decarbonization of other sectors that rely on natural gas. The production of hydrogen from plastics
enables sustainable use of plastic waste and offers significant environmental benefits. Gasification
emerges as a promising route for chemical recycling, converting plastic into hydrogen and other
valuable chemicals. Although the gasification of plastic waste has recently gained attention, the number
of studies regarding low-carbon hydrogen production is still limited. The effective integration of carbon
capture, utilization, and storage (CCUS) is essential for achieving low-carbon hydrogen production via
gasification, which enables the efficient capture and storage of CO, emissions. Incorporating coal waste
and biomass into plastic gasification can synergistically enhance reforming reactions for hydrogen
production, reduce tar content, and resolve feeding issues caused by plastic stickiness. Based on the

Received 7th May 2024, previous studies, this paper briefly reviews the mechanisms of plastic gasification including plastic

Accepted 27th December 2024 depolymerization, reforming, tar and char formation, and gasification; the discussions on feedstocks and
DOI: 10.1039/d4ya00292j effects of operating conditions on H, production including plastic-type, temperature, steam/carbon
ratio, equivalence ratio, and catalysts; and the integration of CCUS and alternative recovery processes in

rsc.li/energy-advances plastic gasification for low-carbon hydrogen.

1. Introduction

Plastics revolutionized various industries from the early 1900s,
with mass production and consumption by 1950. Although
plastics have transformed various sectors, their widespread
adoption soon exceeded the capacity of waste management
systems, leading to accumulations in various environments.
The current use of plastics is increasingly becoming a global
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concern due to the tremendous amount of discarded plastic
waste accumulating as debris in landfills, oceans, and other
natural habits across the world.' According to an estimate, 6.3
billion metric tons of plastic waste was generated in the last 6
decades, out of which, 60% accumulated in the landfills/
natural environment.* As shown in Fig. 1a, the plastic waste
problem escalated so quickly that by 2015, 8300 million metric
tons of plastic had been generated. Of this, only approximately
9% was recycled; the remainder was either incinerated or
littered in landfills and the environment.® Fig. 1b shows
common plastics, their recycling codes, the amount produced,
and the percentage recycled.® The inadequate management of
plastic waste (e.g. landfills) causes serious environmental pro-
blems such as ground water contamination, and sanitary related
issues, among others. In addition, it leads to sustainability
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issues due to the loss of valuable and natural resources because
most of the plastics are made from fossil fuels.”® The current
handling of plastic waste cannot continue unchecked, as it is
causing serious environmental problems such as ground water
contamination, harm to wildlife, and burdens to ecosystems.
Plastics are primarily composed of hydrocarbons, which
contain a large amount of chemical energy that may be recov-
ered and utilized.” It was estimated that the recycling of all
global plastic wastes could replace the energy obtained from
3.5 billion barrels of oil per year.'>"" Plastic combustion seems to
be a feasible valorization route, but it is hindered by the emissions
produced."” Mechanical recycling turns waste plastic into other
useful applications.** However, the mechanical approach has its
limitations, and the quantities of recycled plastics vary
geographically." Amongst recycling routes, chemical recycling
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(a) Global production, use, and fate of polymers (1950 to 2015, in million metric tons) (reprinted with permission from ref. 5 Copyright 2017 AAAS),

(b) the mass production and recycled percentage of plastics with different resin identification codes (RICs).®

(combustion, chemolysis, pyrolysis, gasification, etc.) provides
sustainable solutions to recycle a wider variety of plastic
wastes, including mixed, colored, and multilayer-material plastic
wastes.">'® However, chemical recycling still requires further
development to overcome obstacles, which include the handling
of contaminants such as alkali metals, chlorine, and sulfur,
feeding issues from the sticky nature of plastics, and the devel-
opment of economical and sustainable technology.'”

Currently, fossil fuels are used to produce 96% of hydrogen
globally, primarily from coal, oil, and natural gas (via the
process of gasification and steam methane reforming).'® To
meet the growing demand for hydrogen, it is vital to develop
technologies that can produce hydrogen efficiently, with low
carbon emissions, and at a low cost. Gasification is one of the
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thermochemical recycling processes in which carbonaceous
materials are thermally treated at a high temperature (600-
900 °C) in a gasifier to produce gaseous products.””®'*2° The
gaseous products constitute mainly H,, C,H,,, CO, and CO,.
The yield and composition of gas vary significantly based on the
feedstock composition, atmosphere, temperature, and catalysts.

Low-carbon hydrogen is hydrogen produced from non-
renewable sources, with emissions that are at least 70% lower
than traditional fossil fuels.?! For low-carbon hydrogen to play
a significant role in upcoming energy systems, its production
must have minimum carbon emissions and be economically
feasible. Unfortunately, many low-carbon hydrogen production
methods are not yet fully developed, mainly due to high costs
and low efficiency. Fig. 2 illustrates the various routes for
producing low-carbon hydrogen, with a focus on the feedstock
and conversion processes. Fossil fuel-derived plastic waste and
renewable biomass can be transformed into low carbon hydro-
gen using thermochemical processes such as gasification and
steam gasification, by incorporating carbon capture and sto-
rage. Current biological and electrolytic techniques, although
efficient in generating low-carbon hydrogen, are not effective at
processing plastic waste. The gasification process can effec-
tively deal with a larger range of plastic waste and other
carbonaceous feedstocks, making it a viable method for con-
verting complex plastic waste or mixtures containing plastic
into valuable hydrogen.>” Gasification and reforming technol-
ogies are crucial for cost-effective, low-carbon hydrogen pro-
duction. Integration of carbon capture, utilization, and storage
(Ccus) allows for the use of diverse feedstocks such as coal
waste, biomass, and waste plastics, resulting in decreased
carbon emissions.”® Implementing pre-combustion CO, cap-
ture guarantees zero or even negative carbon emissions from
hydrogen creation. CCUS methods in the power and industrial
sectors, in addition to direct air capture, play a vital role in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Potential routes of the low-carbon hydrogen production (adapted from ref. 25 Reprinted with permission from the royal society (CC-BY 4)).

sustainable hydrogen production. All thermochemical techni-
ques release carbon dioxide, either through energy input or as a
by-product.*>** Carbon capture and storage are necessary for
these methods to contribute to a low-carbon hydrogen econ-
omy. The key hurdle to thermochemical production is access to
carbon capture and storage for decarbonization. New thermal
techniques, like microwave heating and converting fossil fuels
underground, are also being developed to reduce carbon diox-
ide emissions. Biomass, coal waste and plastic waste gasifica-
tion and co-gasification with carbon capture are also promising
options to reduce carbon emissions. Producing hydrogen from
plastic waste promotes sustainability; when waste-produced
hydrogen is used to fuel vehicles, carbon emissions from the
transportation sector can be eliminated.

This work intends to provide researchers, policymakers,
governmental institutions, and commercial producers with a
review of the hydrogen/syngas production from plastic waste.
The objectives of this review are three-fold: (1) to examine the
mechanisms of plastics gasification including the plastics
depolymerization, reforming reaction, tar and char formation,
and gasification; (2) to discuss the effects of feedstocks and
operating conditions on H, production including plastic-type,

© 2025 The Author(s). Published by the Royal Society of Chemistry

temperature, steam/carbon ratio, equivalence ratio, and cata-
lysts; and (3) to study the Integration of carbon capture,
utilization, and storage (CCUS) and alternative recovery pro-
cesses in plastic gasification for low carbon hydrogen. We
believe that this review will not merely summarize the reported
works but will also guide the way for the development of plastic
gasification.

2. Mechanism of plastic gasification

Before gasification, raw plastics are pretreated through several
steps including rinsing, milling, and drying. The milling enhances
heat and mass transfer during gasification and improves the
contact between plastic particles and catalysts. The moisture
content in plastics is relatively low, and most of the moisture
stays on the external surface, which can be easily removed without
diffusivity limitations.>®*” The drying process for plastic waste is
not as important as it is for other feedstocks, such as biomass in
gasification. During plastic gasification to syngas, plastics
undergo several steps, including pyrolysis, reforming, and sec-
ondary gasification (Fig. 3). Cracked hydrocarbons or primary tar

Energy Adv., 2025, 4, 330-363 | 333
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Fig. 3 Flowchart of plastic gasification.

are the intermediates after pyrolysis. The pyrolysis of plastic
waste results in the formation of solid char (2-20% by weight),
liquid hydrocarbons (30-50% by weight), and a gas phase
consisting of CO, CH,4, CO,, H,, and other volatile compounds
(20-50% by weight).?

2.1 Polymer depolymerization to primary tar

The plastic (polymer) depolymerization plays a significant role in the
composition of the volatiles formed and their subsequent reforming
reactions in the gaseous phase.”® Plastic (polymer) depolymerization
is generally initiated by free-radical formation.”>*° Upon heating, the
weak sigma bonds (C-C bonds) in the macromolecular polymer
become unstable, leading to the formation of free radicals. These
free radicals initiate a series of reactions, including random
scission (RS), backbiting (BB), and unzipping (UZ). The RS
pathway involves intermolecular hydrogen transfer followed
by mid-chain B-scission reactions, producing low molecular
weight products (LMWPs). The BB pathway involves specific
intramolecular hydrogen transfer reactions followed by mid-
chain B-scission reactions, while the UZ pathway entails a series
of end-chain f-scission reactions. These processes break the
polymer chain into smaller compounds, releasing hydrogen
atoms and forming various free radicals.*"

When end chain B-scission reactions happen, the liquid
fraction in pyrolytic oil (C¢-Cj,) is formed and can be recom-
bined to olefins, followed by intramolecular hydrogen shift.*?
When the depolymerization temperature goes higher (~400 °C),
the a-scission mechanism becomes dominant and results in
producing heavier hydrocarbons in the pyrolytic oil. The break-
ing of the o bond (sp® carbon) generally occurs due to the
dissociation energy of o-scission (83-94 kcal mol ') is more
than P-scission (61.5-63 kcal mol ').** For low-temperature
pyrolysis, the scission reaction typically occurs at the beta
position of the polymer chain, breaking it into smaller

334 | Energy Adv, 2025, 4, 330-363
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Cracking

hydrocarbons. The mechanism model results indicate that the
RS pathway is the most dominant, particularly in the early stages
of degradation, releasing hydrogen atoms and creates free
radicals.>** The degradation followed by end-chain beta scis-
sion compared to the random chain requires a lot less energy to
break down, producing more gaseous hydrocarbons. The liquid
fraction in pyrolytic oil (C¢—Cs,) is formed due to both random
and end chain beta scission reactions. Radical recombination
(depolymerization) followed by intramolecular hydrogen shift
results in the formation of olefins. At a higher temperature, the
degradation of polymers is caused by side chain elimination
followed by the alpha scission mechanism producing heavier
hydrocarbon fractions in the pyrolytic oil which can be con-
firmed by the presence of wax components at higher tempera-
tures. The breaking of the sigma bond (sp” bond) generally
occurs due to alpha scission which utilizes a high amount of
dissociation energy compared to beta scission.*"*?

Below is the detailed depolymerization process for common
polyolefins plastics. Linear or straight-chain polymers (such as
PP and PE), undergo B-scission to form monomers via a random
chain scission mechanism and then stabilized by intramolecular
or intermolecular hydrogen transfer. Inter and intramolecular
hydrogen further produce paraffin.**** Fig. 4 shows the primary
reactions in PE depolymerization. In the case of polyethylene,
degradation occurs via a random chain scission mechanism
forming free-radical fragments. Followed by the hydrogen chain
transfer reaction, these free radical fragments are converted to
saturated and unsaturated straight molecules such as alkanes
and alkenes. Previous research found that the same PE samples
produced long-chain hydrocarbons, independent of reaction
geometry.

In case of polystyrene (PS), degradation is generally initiated
by both end chain scission and random scission,*® followed
by beta scission, since it degrades at a lower temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Scheme of primary reactions in PE depolymerization (reprinted from ref. 32 Elsevier Science Press, Copyright 2005).

compared to PE.*’ Side elimination results in a higher concen-
tration of styrene monomers in the degradation products. The
initiation step for PS can be described by two mechanisms,
which are chain end scission and random scission. Random
chain dissociates the polymer chain into a primary (R,) and a
secondary benzyl radical (Ry,), while the end chain mechanism
dissociates the polymer chain into a secondary benzyl radical

End chain scission I I | L .
PS
elelel®

PS

Random chain
scission

Hydrogen transfer
reaction

©

9999

B-scission

Termination

(Rsp) and resonantly stabilized allyl benzene radical (R,), as
shown in Fig. 5. The interaction of the propagation beta
scission reaction results in the formation of low molecular
weight and unsaturated species, which relates to the end chain
scission causes high concentration of styrene monomer in the
products. Then intramolecular hydrogen transfer reaction pro-
duces Ry, and R, structures while intermolecular hydrogen

000
L

00 00
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000

= L (Intermolecular)
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{'—©

99. 99

Fig. 5 Scheme of primary reactions in PS depolymerization (reprinted with permission from ref. 36 Copyright 2001 Elsevier).
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transfer reaction mechanism. The propagation step is followed
by hydrogen abstraction (intermolecular and intramolecular)
and beta decomposition.

Intermolecular hydrogen transfer forms a tertiary carbon
radical (Rt). This radical undergoes B-scission, breaking down
into saturated and unsaturated monomers. In contrast, intra-
molecular hydrogen transfer, also known as backbiting, trans-
fers numbered ring structures from secondary (Rg,) and
primary (Rp,) radicals. Further, R, undergoes scission at the beta
position to form unsaturated end. The unzipping reactions are
beta decomposition held with the formation of Ry, and a
monomer. The termination step uses the disproportionation
reaction which produces unsaturated ends. Fig. 5 shows the
primary reactions in PS depolymerization.®

Polyolefins, in contrast to PS, polyethylene terephthalate
(PET), or polyvinyl chloride (PVC), can be almost completely
converted into volatiles when the pyrolysis is carried out under
suitable conditions.*®*® Lopez et al. summarized product com-
position obtained from recent works on the thermal pyrolysis of
polyolefins.* In general, polyolefins can be converted to waxes,
BTX (benzene, toluene, and xylene), or light olefins depending
on different pyrolysis temperatures and residence times. Waxes
are made up of linear and branched saturated and unsaturated
hydrocarbons.*' Waxes are solid at room temperature, which
hinders their handling, especially in the condensation equip-
ment of pyrolysis units. Many studies have proven that pyrolysis
of polyolefins tend to produce wax at a temperature range
between 500 and 650 °C with a short residence time.***> When
pyrolysis temperature reaches 600-800 °C, the yield of BTX is
enhanced with a suitable residence time."®™*® Aromatics are
formed in the reaction environment by Diels-Alder condensation
of olefins and dehydrogenation reactions.”® At the higher tem-
peratures range (>800 °C), end chain scission including direct
scission, 1,5-radical transfer scission, and multiple step-radical
transfer scissions prevail in the polymer depolymerization.*
Multiple step-radical transfer scissions lead to produce light
olefins.*® Furthermore, the degradation of polyolefins via this
latter mechanism produces mainly light olefins. Herein, high-
temperature cracking coupled with short residence times is a
feasible way to the selective production of light olefins from
polyolefins.”* However, the physical and chemical characteristics
of plastic wastes may hinder the purity of light olefins. The slow-
heated and sticky plastics reduce the thermal degradation
kinetics, especially in a gasifier when the reactor cannot provide
good heat transfer and high heat transfer rates to avoid the
agglomeration.

2.2 Gasification reactions

The intermediate cracked hydrocarbons from the pyrolysis
process are further reformed to H, and CO. This includes a
wide variety of reactions, mainly depending on the gasifying
agent, feed ratio (equivalence ratio (ER) in the case of air/O, or
steam/carbon (molar) ratio (S/C) in the case of steam), and
operating temperature.>” Air or O, gasification of plastics would
produce gas via combustion and partial oxidation reactions.

336 | Energy Adv, 2025, 4, 330-363
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Effect of the agents will be further discussed in Section 3.3.

Gasification/reduction reactions are as follows:
Steam reforming

C.H,, + nH,O - (n+m/2)H, + nCO AH >0 (1)
Methane reforming
CH, + H,O = 3H, + CO AH =206k mol™"  (2)
Char steam gasification
C+H,0 = H, + CO AH=131kJ] mol™* (3)
Dry reforming
C,H,, + nCO, — (m/2)H, + 2nCO AH > 0 (4)
Boudouard reaction

C+CO, = 2CO AH =172 k] mol " (5)

Water-gas shift reaction

CO +H,0 == H, +CO, AH=—-41kJmol™" (6)

Apart from eqn (6), all reactions are endothermic, which
means additional energy is required to proceed with the reac-
tions. Char gasification only happened when the temperature is
higher than 730 °C, which brings a thermodynamic restriction
in the water-gas shift reaction.>® The utilization of reforming
catalysts could be a common strategy to accelerate the reactions
and lower the temperature requirements.***> CO,-assisted
gasification can be illustrated in following reactions:” ">

PP + CO, — Side chains + H,O + H, + CO + C,H,,, + Tar AH >

0 )
Side chains + CO, - H, + CO + C,H,, + Tar AH > 0

(8)

Tar(C4H,) + CO, - CO +H, + C,H,, (x > m;y > n) AH > 0
©)

C.H,, + mCO, — 2mCO + (n/2)H, AH =980-3112 k] mol "

(10)
CO,+H, == CO+H,0 AH=41kmol' (11)
C+CO, == 2CO AH =172 kJ mol* (12)

Reaction (7) represents global gasification of PP using CO,
as the gasifying agent, while reaction (8) refers to the side-
chains reaction; reaction (9) describes the cracking of tar with
CO, at high temperature; reaction (10) explains volatile hydro-
carbons reactions with CO,; reaction (11) expresses reversed
WGS reaction; and reaction (12) defines the Boudouard reac-
tion. The difference between non-catalytic and catalytic gasifi-
cation generally occurred after reaction (7). Reactions (9)-(11)
mainly occurred in catalytic gasification leading to high H, and
lower C,H,, yields.

For non-catalytic gasification, volatile compounds vaporized
directly and left softened PP in the reactor, while reactions (8) and
(9) are the main reactions. Without catalysts, reactions (9)-(11) are

© 2025 The Author(s). Published by the Royal Society of Chemistry
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insignificant during the gasification process. For in situ catalytic
gasification, side chains and tar were decomposed by catalyst into
H, and C,H,,. However, because of the mass transfer barrier by
intimate mixing of PP and catalyst, more carbon residues, ie.,
carbon black, were formed, which led to a higher CO yield
according to Boudouard reaction (12). For quasi-in situ catalytic
gasification, volatiles and tar immediately decomposed when
passing through the catalyst bed with CO, flow and produced
more H, and C,H,, than the other two methods.**

Density functional theory (DFT) models of steam gasification
of PE are shown in Fig. 6(a)-(d). Fig. 6(f) shows the evolution of
the main product H, in steam gasification systems. The steam
gasification mechanism (Fig. 6e) of polyethylene (PE) is com-
prised of two overlapping stages: thermal depolymerization and
steam reforming. During the depolymerization process, C-C
bonds are broken either at the ends or within the polymer chain.
Throughout this process, multiple R* radicals and *R* double
radicals are produced and break down into smaller hydrocarbon
fragments, resulting in the production of C1-C4 compounds.
The energy barrier for steam reforming reactions is greatly
reduced by the free H* radicals produced during dehydrogena-
tion and H-transfer reactions in the depolymerization phase. The
formation of hydrogen (H,) is attributed to the reforming
between H,O vapors and these free H® radicals. Additionally,
the reactive *OH radicals formed during this stage actively
contribute to the generation of carbon monoxide (CO). Increasing
temperature and water vapor content accelerate the gasification
process, improving H, and CO yields; raising the temperature
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from 2500 K to 3500 K boosts H, yield by 20%. Additionally, the
steam-to-plastic ratio (S/P) of 1.5 enhances both CO and H, yields,
with water vapor increasing H, yield by 2.5 times compared to the
inert process.’*

For H, production, there is no consensus on the best
intermediate hydrocarbon for the subsequent reforming
reaction. One reason is the direct plastic gasification couple’s
plastic depolymerization with reforming reaction, which
usually operates over 800 °C. The cracked hydrocarbons with
a wide product distribution directly react with H,O or CO, to
produce syngas. Moreover, researchers observed that light
olefins play a critical role in tar formation.*>*> Therefore, the
high tar yield in plastic gasification is one of the reasons for the
higher contents of hydrocarbons in the gas product.

2.3 Tar formation

Tar formation during plastic gasification is characterized by the
production of a complex mixture of condensable hydrocarbons.
This mixture comprises predominantly single to 5-ring
aromatic compounds, alongside other organic molecules con-
taining oxygen, sulfur, and nitrogen.”® As mentioned above, the
intermediates of hydrocarbons contribute to tar formation,
which is a major technical challenge in plastic gasification
compared to gasification of coal and biomass. It caused several
issues in downstream operations such as blocking and fouling
of engines and turbines, filter-pores, and deactivation of
catalysts.””
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Fig. 6 Steam gasification DFT method: (a) ethylene molecule; (b) H,O molecule; (c) the chain of optimized PE; (d) gasification system; (e)
depolymerization and steam reforming reaction; (f) distribution of H, in gasification (adapted with permission from ref. 54 Copyright 2022 Elsevier).
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The mechanism of tar formation and evolution depends on
the plastic composition.'® For example, primary tars of alkanes
and alkenes are mainly derived from polyolefin degradation,
while primary tars of an aromatic nature are mainly produced
from the degradation of polymers with aromatic rings in their
structure (i.e. PS and PET>®). At high gasification temperatures,
primary tars are rapidly cracked into lighter hydrocarbons (i.e.
secondary tars and tertiary tars, showed in Fig. 7). Among these
light hydrocarbons, light olefins, as tar precursors, plays a
critical role in tar formation. As described in a presumable tar
formation route, C,—-C, olefins, especially acetylene, are involved
in: (i) hydrogen abstraction and acetylene addition and (ii)
dehydrogenation and Diels-Alder condensation reactions.
Therefore, high tar formation found in plastic gasification was
a consequence of the high content of light hydrocarbons during
tar formation and evolution. Due to their low thermal stability,
linear hydrocarbons were negligible in the tar produced in
polyolefins gasification.”*® Secondary and tertiary tars only
crack at operating temperature above 1250 °C and residence
times below 0.5 s.°* The suppression of tar during plastics
gasification has been studied. For instance, Toledo et al. found
that a longer residence time and higher temperature would crack
the tar.” Besides, reactor optimization and the catalyst used
would improve the tar elimination efficiency.

2.4 Char formation and cracking

Char is the solid residue after gases and tar have been gener-
ated from a carbonaceous material during devolatilization
or pyrolysis. Many researchers observed a low char yield in
the gasifier could catalytically improve reforming reactions
for H, production and may reduce the formation of tar
from plastic degradation, due to common plastics which

700°C

Short

Primary tars

View Article Online
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can be almost completely converted into volatiles.®*®* In
contrast, a considerable char yield can get in complex
plastic wastes or plastic co-gasification with other feedstocks
(biomass, coal, etc.).*>®® Therefore, char composition may
still be a controlling step when the plastic ratio in the feedstock
is low.®”%8

According to the reactions in Section 3.2, the presence of
H,0 or CO, can convert char to H, and CO, improving the gas
yield. Wang et al. investigated CO,-assisted gasification of
polyethylene terephthalate (PET).*® Fig. 8(a)-(d) showed the
morphology of solid residues (i.e. char) collected after reactions
at different temperatures. It was observed that during the
devolatilization in a CO, environment, pore structure devel-
oped with increasing temperature.

Moreover, the development of pores on char surface
increased the contact with CO, and subsequently enhanced
the Boudouard reaction for CO production. Comparable fine
and cavity structures of char were also reported from the CO,/
char gasification reactions at high temperatures.””> The
micropore morphology of chars was found to be critical to
the kinetics of gasification reactions. CO, diffusion through
micropores dominated the gasification rate of char.”® It was
found that the ratio of the gasification rate to the surface area
remained constant with conversion, indicating that the gasifi-
cation process was controlled by micropores, which contribu-
ted to the majority of the BET surface area.”* Therefore, the
gasification activity of char also increased with BET surface
area.”” As shown in Fig. 9, the surface area (BET) and total pore
volume of char increased significantly when gasification tem-
perature increased from 800 °C to 950 °C.”® However, the yield
of char decreased along with an increasing gasification tem-
perature because of the consumption of char in the Boudouard
reaction.

Temperature 1000 °C
Severity
Residence time Long

Tertiary tars

Secondary tars

-t \_/

Fig. 7 Tar formation and evolution pathways in the gasification of plastics of different nature (reprinted with permission from ref. 3

Copyright 2018 Elsevier).
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Fig. 8 The morphologies of solid residues of PET gasification with CO, at
(reprinted with permission from ref. 69 Copyright 2020 Elsevier).

In addition, in the presence of CO,, gasification reactions were
improved because carbon atoms inside micropores of char reacted
with CO,, as described by the Boudouard reaction, resulting in the
further development of micropores.”” The char made from PET
has a high density, good conductivity, and little ash content, which
makes PET suitable for co-gasification with coals.”®
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Fig. 9 Yield and surface area of char from PET gasification with CO, at
different reaction temperatures (reprinted with permission from ref. 69
Copyright 2020 Elsevier).
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3. Effects of operating conditions on
H, production

Taking account of the mechanisms discussed above, process
parameters such as plastic type, temperature, equivalence ratio
(ER), and catalyst types, are very important in plastics gasifica-
tion since they directly affect the product yield and gasification
performance. The section below discusses the effect of general
operating conditions on H, or syngas production.

3.1 Plastic composition and characteristics

Understanding the composition and characteristics of plastics
is essential for optimizing gasification parameters and product
yields. Table 1 shows the proximate and ultimate analysis of
conventional plastics. All plastic polymers have high volatile
and low moisture contents.

Fig. 10(b) shows degradation analysis of conventional
plastic waste and mixed plastic waste at a heating rate of
20 °C min *.3° The peak degradation rate of PS, PET, PP,
HDPE, and mixture is approximately at 420, 450, 470,
480, and 460 °C, respectively. The mixed plastic waste degrades
at a lower temperature than some of the individual
plastic (Fig. 10(a)), plastics due to the synergistic effect.*
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Table 1 Proximate and ultimate analysis of various plastics
Proximate analysis, % Ultimate analysis, %
Plastics Moisture Volatile Ash Fixed carbon C H N S (6] Ref.
PP 0.18 96.7 2 1.3 85 13.5 0.06 0.03 0.2 79
PVC 0.17 96.4 0 3.42 38.2 4.94 — — — 79 and 80
PET 0.61 91 0.02 13 65 5 0.05 0.01 32 80
PS 0.30 99 0 1 90 9 0.07 0.01 0 79 and 80
LDPE 0.3 99 0.4 0 81 13 0.07 0.02 0.2 80
PU — 83.5 6.2 10.6 62.3 6.3 6.4 0.6 24 79
HDPE 0 99 1.4 0.03 84 14 0.08 0.02 0.3 79 and 80

Honus et al. assessed the fuel characteristics of pyrolysis
gases generated from 8 common plastics (PET, PP, PE, PVC,
PS, and 3 mix plastics).®’ They found PVC generated the
highest content of H, in the gas (53.6 vol% on average) at
900 °C.**> Williams et al. investigated the pyrolysis of HDPE,
LDPE, PP, PS, PVC, and PET individually in a fixed-bed reactor
heated at 25 °C min~ " to a final temperature of 700 °C. The
results showed that three poly-alkene plastics, HDPE, LDPE,
and PP, behave quite similarly in the main gas products and
PET generated the highest H, in the syngas. The authors
found the main content of the gas is HCl during PVC
pyrolysis.®

The properties of different plastics also influence the pro-
duct distribution during co-pyrolysis. Ozsin et al. investigated
co-pyrolysis of biomass with different types of plastics and
found PET and PS caused a synergetic effect with biomass to
increase yields substantially.’* Chen et al investigated co-
pyrolysis of microalgae Dunaliella salina (DS) with four plastics
(PP, PS, PET, PVC).*> They found the solid residue of DS-PP,
DS-PS, and DS-PET blends were reduced, due to the hydro-
genation reaction between the unsaturated products generated
from biomass and the products from plastics. While the solid
residue of DS-PVC was increased by 1.36 wt%. In addition, the
decomposition of PET and PVC in the blends was accelerated in
the co-pyrolysis process, but PP and PS in the blends showed
the opposite trend. The presence of polyurethane (PU), PP, PE,
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Fig. 10

PP, and PS increases liquid product yield, while PVC increases
the solid product yield.

3.2 Operating temperature

Reaction temperature plays an important role in gasification
because plastic gasification is an endothermic process. Accord-
ing to Le Chatelier’s Equilibrium Law, high temperature favors
endothermic reactions (see the formulas in Section 2.2.
Eqn (1)-(5)) and promotes steam gasification of hydrocarbon/
char, methane reforming, and the Boudouard reaction. More-
over, the water-gas shift reaction will be suppressed. Shang
et al.®® investigated the co-gasification of biomass and plastics
with different catalysts and found similar trends in the gas
composition regardless of which catalyst was used. As shown in
Fig. 11, the contents of H, and CO increased gradually with the
increase of reaction temperature while the contents of CH, and
CO, decreased. At the same time, in case of no catalyst, CO
increased from 26.32 vol% to 34.34 vol%, a 30.47% relative
increase. The primary reason for this phenomenon is that the
cracking of cycloalkanes and the breaking of macromolecules
gradually increased with the increase of temperature. The same
trend of this temperature effect was found by Yang et al.,*” and
was attributed to higher temperatures providing more favorable
conditions for thermal cracking of hydrocarbons.

The temperature effect on gas composition led to similar
trends, though different values, as indicated in Fig. 12. The
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(a) the plot of residual mass fraction vs. temperature curve and (b) the plot of reaction rate vs. temperature curve at 20 °C min~* for individual and

mixed plastic waste (reprinted with permission from ref. 30 Copyright 2019 Elsevier).
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Fig. 12 Effect of bed temperature on gas composition for co-gasification
of 60% (w/w) of coal mixed with 20% (w/w) of pine and 20% (w/w) of PE
wastes. Other operational conditions: steam feeding rate-5 kg h™, feed-

stock feeding rate-5 kg daf per h, air feeding rate-4.4 kg h~* (reprinted with
permission from ref. 90 Copyright 2003 Elsevier).

© 2025 The Author(s). Published by the Royal Society of Chemistry

increase in temperature favored the production of hydrogen
and further cracking of hydrocarbons, as indicated by a
reduction in C,H,, contents in gas products. A slight decrease
in CO, with a rise of temperature was also found, which may be
due to the consumption of CO, by the dry reforming reaction of
CH,, light hydrocarbons, tars, and/or biomass.®® Although the
water-gas shift (WGS) reaction produced CO,, Gil et al®
indicated that CO,-consuming reactions would be more effec-
tive than shift reactions when temperature increased.

3.3 Gasifying agents

The gasifying agent is a critical factor that affects the efficiency
of the gasification process (composition of syngas and the yield
of hydrogen). Selection of an optimal gasifying agent is impor-
tant, as each introduces distinctive chemical reactions that
affect the gasification process by influencing syngas yield, tar
formation, and energy efficiency.

Air gasification of plastic waste produces syngas with varying
compositions and hydrogen yields depending on the plastic
type and process conditions. For polyolefins like polyethylene
and polypropylene, hydrogen yields can reach up to 26 vol%.
Plastics containing oxygen in their structure increase CO pro-
duction, while those with aromatic rings generate more char
and tar.”’ Mixed plastic waste typically yields lower hydrogen
(92.81-122.6 mmol g~ plastic) compared to single polyolefin

Energy Adv., 2025, 4, 330-363 | 341
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plastics. Overall, air gasification of plastics can produce hydro-
gen yields ranging from 15.33 to 284.40 N m® ton™ " feed.”>*
Kaewpengkrow et al. (2012) studied a fixed (packed) bed reactor
at 700-900 °C with an equivalence ratio (ER) of 0.4, yielding gas
compositions of 0.2-4% CO, 0-2% H,, 21-20% CH,, and 5-7%
CO,, and a tar yield of 12-18 g m~>. Lee et al. (2013) examined a
moving grate reactor fueled by pure O, at similar temperatures
(700-900 °C) and ER (0.15-0.6), resulting in more favorable gas
compositions: 22-33% CO, 41-29% H,, 4.3-10% CH,, and 8.2-
22% CO,. The gas yield was 1.2-1.5 m® kg™ '. Further research
continues to refine these parameters for more consistent
results and cleaner syngas production.’*®* Steam gasification
of plastics involves two main stages: thermal depolymerization
of plastics followed by steam reforming reactions. The steam
gasification of PE, PP, PC, and PET revealed that higher steam-
to-plastic ratios (SPR) and temperatures enhanced hydrogen
production, with PE and PP yielding significantly more H, than
PC and PET. CO production increased as SPR decreased and
with higher temperatures and moisture content. Notably, SPR
was the most influential factor on H, production, while tem-
perature and plastic type also played significant roles.’®

The effect of the gasifying agent on the co-gasification of rice
husk blended with polyethylene (PE) waste at 850 °C is shown
in Fig. 13(a) and (b).”” In Fig. 13(a), the highest gas yield is
observed with air-steam mixtures, especially at ER = 0.3, while
pure steam results in the lowest gas yield. Tar formation
decreases with higher ER and the addition of oxygen, but the
gas HHV increases with oxygen and steam mixtures due to
reduced nitrogen dilution. In Fig. 13(b), the comparison
between air and steam as gasification agents reveals distinct
differences in gas composition. Using only air favors partial
oxidation reactions, leading to higher concentrations of CO and
CO, due to the availability of oxygen, which enhances carbon
oxidation. Conversely, using only steam promotes steam
reforming reactions, resulting in a higher H, concentration,
as water vapor contributes to hydrogen production. The
reduction in CH, and C,H,, concentrations under steam gasi-
fication indicates a shift toward hydrogen-rich syngas, whereas
air gasification produces CO-rich syngas with lower H, yields.

Oxygen gasification of plastics, compared to air gasification,
produces syngas with significantly higher hydrogen (H,) and
carbon monoxide (CO) content due to the absence of nitrogen
dilution, which is present in air gasification. In oxygen gasifica-
tion, polyethylene (PE) produces higher methane (CH,) con-
centrations due to the fast cracking of plastics. Gasification
with pure O, is an alternative to air and steam that combines
the benefits of both gasifying agents.

Gasification of plastic waste using CO, has emerged as an
effective method for both waste management and CO, utiliza-
tion. Studies show that CO, can act as an efficient gasifying
agent for plastics like polyethylene and polypropylene. This
process generates syngas with a high CO content, and the use of
CO, and steam mixtures enables control over the H,/CO ratio.
Operating conditions such as CO,-feed ratio, residence time,
and temperature significantly influence syngas yield and quality.
CO, gasification of plastic waste shows promise for syngas
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Fig. 13 Effect of co-gasification conditions on the co-gasification of rice
husk blended with 20% (w/w) polyethylene (PE): (a) tar, gas HHV and
syngas yield (b) syngas composition (reprinted with permission from ref. 97
Copyright 2016 Elsevier).

production and waste management.”® Wang et al (2020)
reported increased CO yields (0.5-0.9 g g~ ) from PET gasifica-
tion at 800-950 °C, while simultaneously converting CO, to
valuable syngas.®® Saad and Williams (2016) investigated cataly-
tic dry reforming of mixed plastic wastes, reporting the highest
syngas yield (153.67 mmol g~ ') from agricultural plastic waste
using Ni/Al,O; catalysts. These studies highlight the potential
of CO, gasification for efficient energy production from plastic
wastes while utilizing CO,.”

Recently, several groups investigated the technology of CO,-
assisted gasification of plastics.*®*>'°°'% Wang et al. studied
pathways for PP gasification on a Ni/Al,O; catalyst at different
positions in the presence of CO, (Fig. 14).

Despite these advantages, CO, gasification typically requires
higher temperatures and external energy input, like steam
gasification. Moreover, it produces a lower hydrogen yield than
steam gasification, making it less favorable for hydrogen-
centric applications. Supercritical water gasification (SCWG),
a novel process with strong potential for generating hydrogen-
rich syngas from biomass and plastics. SCWG operates under
supercritical conditions, with temperatures above 374 °C and
pressures exceeding 22 MPa, enabling the efficient breakdown
of polymers into hydrogen without the need for drying. As a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Comparison of yield and efficiency of CO;-assisted gasification of PP among the different catalytic methods (reprinted with permission from ref.
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result, SCWG is particularly effective for processing feedstocks
with high moisture content, such as sewage sludge and muni-
cipal solid waste.'® While SCWG produces high hydrogen
yields, its commercial application is still limited due to the
high equipment costs associated with operating under super-
critical conditions. The method is still in the developmental
stage but holds promise for future large-scale hydrogen produc-
tion (Table 2).

3.4 Effect of steam/carbon (molar) ratio (S/C)

The presence of steam increased the production of hydrogen and
reduced the tar concentration, promoting both the hydrocarbons
reforming and the water gas shift reactions. Many researchers
found an increase in the S/C ratio favored both reforming and

WGS reactions for H, production when S/C ratios are less
than 4."7% The increase of S/C promotes the reforming
reaction conversion at high temperatures. Besides, a high S/C
ratio would promote tar and coke cracking, especially in a fixed-
bed reactor.'® When plastic gasification happens in a fluidized
bed, coking was not observed for S/C ratios higher than 3.
Further increase in the S/C ratio would not lead to a higher H,
yield, because an excessive amount of H,O cannot improve the
reforming reaction.’'® The influence of S/C ratio on H, yield is
also applied to the co-gasification of plastics with other
feedstocks." " Pinto et al. studied the S/C ratio effect on the
co-gasification study of plastic wastes with biomass."'® They
controlled the steam flow rate to ensure a constant residence
time in all tests. With S/C increasing from 0.5 to 0.8, an increase

Table 2 Gasifying agents for enhanced hydrogen production in plastic gasification

Gasifying agent Advantages

Disadvantages

Air e Low cost

e Supports partial oxidation reactions

e HHV (4-6 M] N ' m %)

Oxygen e Promotes partial oxidation reactions
o Reduced tar formation
e HHV (10-12 MJ N ' m™?)

Steam e Facilitates steam reforming reactions

e Highest H,/CO ratio (~2.0>)
e HHV (12-18 M] N~ ' m™?)
CO, (carbon dioxide) o Utilizes CO, recycling
e Supports Boudouard reactions
e HHV (7-11 M] N ' m?)

© 2025 The Author(s). Published by the Royal Society of Chemistry

e Low hydrogen yield
e Low H,/CO ratio
e Coking reactions can lead to operational issues

e Low H,/CO ratio
e Higher operational costs due to oxygen production

e Requires external energy
o High operational costs due to steam generation

e Low H,/CO ratio
e Requires external energy
e Requires high temperatures (typically >800 °C)
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of the H, concentration occurs reaching a maximum at S/C =
0.75, CO, CH,, and C,H,, slightly decrease, and CO, slightly
increases. They found that the influence of the S/C ratio was less
pronounced than that of temperature in the cases, which is also
been proved by other studies."*® In general, the presence of
steam increased the production of hydrogen and reduced the tar
production, promoting both the hydrocarbon reforming and the
water—gas shift reactions. The effect of steam/carbon (S/C, molar)
ratio on H, production is shown in Fig. 15. As observed, an
increase in the S/C ratio favored both reforming and WGS
reactions for H, production, but this effect decreased at high
S/C ratios.

3.5 Equivalence ratio (ER)

Air gasification is a good alternative to produce a gas stream
suitable for different energy applications.”>''* The ER is the
ratio between the actual fuel/air to the stoichiometric fuel/air
ratio. It is more important in gasification, especially in air
gasification.”" Due to the air deficiency environment and its
fraction of the total stoichiometric air in contrast to conventional
combustion processes, ER is a key parameter to determine
syngas quality and the performance of gasification systems.
According to the previous studies, ER is required to be in the
range of 0.2 and 0.4 for better yields.*”””* A higher ER value will
promote the tar cracking by O,, increase gasifier temperature,
and increase syngas yields.'"® However, it also increases the
opportunities for contact between O, and H, and causes H,
combustion, which may reduce the H, ratio in the final
product. Additionally, the ratio of N, also increases, which
reduces the heating value of the syngas product and increases
the energy requirement for H, purification. Aznar et al. studied
the gasification of different types of plastic by varying the ER
ratio from 0.3 to 0.48."*® They found all the gas components
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(H,, CO, CO,, CHy, C,H,) slightly decreased (where H, ratio
reduced from 15.3 vol% to 14.8 vol%), due to a dilution effect by
the increase of N, content. However, the char composition in
the product distribution significantly dropped from 345 g kg ™*
to 150 g kg™'. Xiao et al.”” analyzed the effect of ER in the air
gasification of PP in a bubbling fluidized bed gasifier. The
increase in ER from 0.2 to 0.45 caused a significant increase in
the gasifier temperature from 703 to 915 °C and the gas yield
increased from 76.1 to 94.4 wt%. Similar trends of gas yield and
gasifier temperature are also found by other researchers.”®'"”
Kim et al. studied the ER effect on gas production in the
gasification of mixed plastic using activated carbon and dolo-
mite as a catalyst. The H, ratio decreased from 14.5 to 14 vol%
with the increase of ER from 0.21 to 0.61.%° Furthermore, some
research found that the H, yield can be enhanced by adjusting
ER in an optimal range. Ruoppolo et al. studied biomass/plastic
co-gasification for H, production and found the H, decreased
from 33 vol% to 18 vol%, and CO, increased from 16 vol% to
18 vol% with the ER increases from 0.12 to 0.19.%° However, the
CO, amount decreased and H, amount increased when ER
increased from 0.19 to 0.3. Cho et al. performed the gasification
of mixed plastics at ER from 0.21 to 0.41.""® The H, ratio did
not change significantly when ER increased from 0.21 to 0.29
and then sharply decreased when further increased ER to 0.41.
Considering the complexity of plastic types and composition in
the plastic wastes, ER should be carefully adjusted based on the
actual H, yield in each case.

3.6 Catalysts

Catalysts are widely used to enhance the efficiency of plastic
gasification.’"® Based on the above-mentioned mechanisms of
plastic gasification (see Section 2), the roles of catalysts in
plastic gasification can be attributed to two aspects: (a) tar
cracking and (b) gas reforming. Catalysts can be either directly
mixed with plastics for tar cracking (primary catalysts) or
placed in a secondary reactor downstream from the gasifier
for gas reforming (secondary catalysts)."*>"*' Considering the
function of catalysts, two types of catalyst are widely used in the
plastics gasification process - (a) mineral catalysts like dolo-
mite, limestone, etc., and (b) transition metal catalysts such as
Ni and supported-Ni materials.

Dolomite, a magnesium ore with the general formula
MgCO;-CaCOg3, is used in the Pidgeon process for the manu-
facture of magnesium by thermal reduction.'”*'** The
chemical composition of dolomite varies from source to source,
but it generally contains 30 wt% CaO, 21 wt% MgO and 45 wt%
CO,; it also contains the trace minerals SiO,, Fe,O3, and Al,O;.
Dolomite is a suitable catalyst that can significantly reduce the
tar content and increase gas yields from a gasifier.'>*'** There-
fore, the main function of dolomite is to act as a guard bed for
the removal of heavy hydrocarbons before the reforming of the
lighter hydrocarbons to produce a product gas of syngas
quality. Dolomite activity can be directly related to the pore
size and distribution."®® Higher activity is also observed when
iron oxide is present in significant amounts.’*” The catalyst is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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most active if calcined and placed downstream of the gasifier in
a fluidized bed at temperatures above 800 °C."*®

Dolomite is a cheap, disposable catalyst that can signifi-
cantly reduce the tar content of the product gas from a gasifier.
It may be used as a primary catalyst, dry-mixed with the
biomass, or more commonly, in a downstream reactor, in
which case it is often referred to as a guard bed. Dolomites
increase gas yields at the expense of liquid products. With
suitable ratios of biomass feed to oxidant, almost 100% elim-
ination of tars can be achieved. The dolomite catalyst deacti-
vates due to carbon deposition and attrition; however, dolomite
is inexpensive and easily replaced. The reforming reaction of
tars over dolomite occurs at a higher rate with carbon dioxide
than steam. Dolomite activity can be directly related to pore
size and distribution. Higher activity is also observed when iron
oxide is present in significant amounts. Dolomites are not
active for reforming the methane present in the product gas
and hence they are not suitable catalysts if syngas is required.
Biochar and refuse-derived fuel (RDF) char were tested as
catalysts for steam-reforming plastic waste volatiles, resulting
in hydrogen-rich syngas. The study discovered that RDF char
has a larger hydrogen potential than biochar at 1000 °C due to
its higher presence of catalytic inorganic metals. RDF char also
has a high catalytic activity for reforming oxygen molecules and
aromatic rings in PET and PS pyrolysis volatiles. Polyolefin
polymers (HDPE, LDPE, and PP) have hydrogen potentials
ranging from 60-62%, whereas polystyrene had 53% and PET
had 38%."*

Tar reforming mechanisms help understand how tar breaks
down during gasification. Fig. 16 illustrates the tar reforming
mechanisms during co-gasification over biochar, including
adsorption, dehydrogenation, soot production, and gasifica-
tion. The process involves tar molecules being adsorbed onto
biochar, and undergoing dehydrogenation to form soot, which
is then gasified to produce additional gases like CO and H,."*°

Nickel-based catalysts have been widely investigated in plastic
gasification for promoting H, production."*""** The major

Tar generation from
waste particles

®

Plastic-Biomass
Mixture

ot

@ Tar adsorption
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function of nickel-based catalysts is the adjustment of the
gas composition after raw gas cleaning by a dolomite or alkali
catalyst. Nickel can also be coupled with alkali metal materials
or dolomites as multifunctional catalysts. To maximize the H,
content in the final gas products and reduce the hydrocarbon
and methane content, these catalysts are used at a temperature
higher than 780 °C. Alipour et al. performed the steam co-
gasification of HDPE and coconut shells using Ni as a primary
catalyst and CaO as a secondary catalyst. Higher H, production
was obtained at about 50 vol% even at a lower temperature
of 650 °C."** H, fraction can be further increased to 81.6 vol%
at a temperature of 800 °C. The higher H, yield, even at
low temperatures, was due to the use of the Ni catalyst in
the steam methane reforming reaction.** He et al. studied
PE gasification of PE with 0.3 kg h™" feed rate in a fixed bed
reactor between 700 and 900 °C using Ni-Al,O; catalyst.
The results show the gas yield reaching 2.04 m® kg™' at
900 °C and H, concentration is about 37 wt%."*® Friengfung
et al. studied plastics gasification using dolomite and Ni/
dolomite catalysts.”*® The experimental results showed the tar
yields being higher than 80 wt% without a catalyst. The tar
yields of gasification reduced to 50 wt% when using dolomite
as catalysts. The tar yields can further decrease to below 10 wt%
when using Ni/dolomite catalysts. Similar performance was
also observed in recent findings."*” Farooq et al. studied the
effect of catalysts on selectivity and yields of gas products of
LDPE gasification.””® As shown in Fig. 17, a remarkable
increase in the selectivity and yield of H, was observed
at 800 °C for Ni/CeO,-ZrO, over non-catalytic gasification.
Moreover, the low yield of CO indicated a near-complete water
gas shift reaction. The oxygen-deficient sites in Ce;_,~Zr,O,_;
were likely to be active sites for the WGS reaction. In addition,
as described in steam reforming, the activation of the O-H
bond of water and the subsequent reaction of water with CO
generated in the gasification reaction led to more hydrogen
production. Better dispersion of Ni in these supported catalysts
improved the selectivity toward hydrogen products. No coke

Tar is cracked into H,, other gases,
and lighter tar species

Biochar

Inherent metal
particles

Active sites for tar adsorption

Fig. 16 Mechanisms of tar reforming on biochar during gasification (reprinted with permission from ref. 130 Elsevier 2020 (CC-BY 4)).
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residue was reported for all catalysts, indicating the enhance-
ment of carbon into CO/CO,/C,_, during the catalytic gasifica-
tion process.

Chai et al. investigated the gas production and yield by
changing Ni loading from 0 to 20 wt%."*° As shown in
Fig. 18, in the non-catalytic case, H, composition and yield
were only 35.73 mol% and 3.93 mmol g ', respectively. By
using a supported Ni (5 wt%) catalyst, H, production increased
to 85.68 mol%, but H, yield was still at a relatively low level of
29.35 mmol g~ '. The highest H, content and yield were both
achieved with a catalyst of 10 wt% of Ni. However, the con-
tinuous increase of Ni loading failed to promote H, production
and yield.

The Ni-based catalyst suffered deactivation due to carbon
deposition and nickel particle growth. The deactivation can be
reduced by the introduction of a guard bed of dolomite.**"

Besides, the addition of dopants such as lanthanum can also
reduce carbon deposition.'**>'*?

Bimetallic and non-nickel-based catalysts have received
attention in recent studies due to their potential catalytic
performance in pyrolysis and steam reforming. While nickel
has traditionally been preferred for its high activity and cost
efficiency, transition metals such as Fe, Co, and Cu, and noble
metals such as Rh, Pt, Pd, and Ru have shown significant
effectiveness in these processes. The introduction of these
metals into bimetallic systems can improve catalytic activity
and coking resistance, resulting in more effective conversion of
plastic waste. Table 3 presents a comparison of recent advance-
ments and performance metrics for nickel, non-nickel, and
bimetallic catalysts in plastic waste gasification.

Zhou et al. investigated the steam reforming of PS volatiles
using Ni-Fe bimetallic catalysts supported on ZrO, in a fixed-bed
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Table 3 Hydrogen production from nickel and bimetallic catalysts in plastic waste gasification

Catalyst Feed Reactor configuration  Operating conditions (°C) H, concentration (vol%)  H, production (Wt%)  Ref.
Ni/Al,O3 PP Fluidized/fluidized TP = 600, TR = 850 70 34 144
11Ni/Al,O; HDPE Spouted/fixed TP = 500, TR = 700 71 34.5 145
11NiAl,O5 HDPE Spouted/fluidized TP = 500, TR = 700 72.7 38.1 108
4.4Ru/Al, 05 PS Fixed/fixed TP = 400-600, TR = 580-680 68.2 33 146
0.5Ru/Al, 04 PP Fixed/fixed TP = 400-550, TR = 630 54 4.5 147
5Ru/Al,O3 pP Fixed/fixed TP = 400-600, TR = 580-680 69.8 36.5 147
NiCuAl 1:1:2 PP Fixed/fixed TP = 500, TR = 800 61.1 18.9 148
NiCuMgAl PP Fixed/fixed TP = 500, TR = 800 62.2 20.4 148
20Fe/ZrO, PS Fixed/fixed TP = 500 81.5 2.6 149

Note: TP = temperature of pyrolysis; TR = temperature of reforming.

reactor. Their results indicated that the bimetallic Ni-Fe/ZrO,
catalyst produced 8.6 wt% hydrogen for the 15Ni5Fe/ZrO,
configuration, significantly outperforming the monometallic
Fe/ZrO, catalyst, which achieved a hydrogen production of only
2.6 wt%."*® Park et al. studied the two-step pyrolysis-reforming
process of polypropylene (PP) using a fixed-bed reactor and Ru/
Al,Oj3 catalyst (0.5 and 5 wt%). The 5Ru/Al,O; catalyst achieved a
maximum hydrogen production of 36.5 wt% during pyrolysis at
400 °C and reforming at 680 °C, with a steam-to-carbon ratio of
3.7.When polystyrene (PS) was used as a feedstock, the hydrogen
production reduced to 33.0 wt%.*

4. Potential routes for low-carbon
hydrogen production via gasification

Potential strategies for generating low-carbon hydrogen via
gasification include the integration of CCUS techniques with
conventional hydrogen production reliant on fossil fuels. CCUS
systems effectively capture CO, produced during the gasification
process, decreasing their environmental impact. Co-gasification
of plastics and biomass is another sustainable way to use waste
materials while lowering reliance on fossil fuels. These strategies
have the potential to significantly improve low-carbon hydrogen
production and contribute in the transition to a more sustain-
able energy system.

4.1 Integration of carbon capture, utilization and storage

Carbon capture involves collecting CO, from industrial production
to minimize greenhouse gas emissions. Captured CO, can
be stored for a long time, known as carbon capture and
storage (CCS). Carbon capture methods include adsorption,
absorption, membrane separation, and cryogenic separation.
Captured CO, can also be used in industries through carbon
capture and utilization (CCU), either directly in applications
like enhanced oil recovery or indirectly by converting it into
other chemicals using processes like electrolysis, as CO, can be
transformed into methanol, a valuable industrial chemical.
Integrating plastic waste conversion to hydrogen production
with CCS provides an economical advantage in reducing carbon
emissions. This approach not only provides a way for producing
low-carbon hydrogen but also helps mitigate climate change by
capturing and storing CO,."****® For the development and use

© 2025 The Author(s). Published by the Royal Society of Chemistry

of plastic recycling technologies on a large scale, it is critical to
fully understand the environmental impact, economic viability,
and regulatory incentives of this strategy.

In a recent study, an Aspen model incorporates both mixed
and single-use plastics and covers five major components of the
hydrogen production plant: feedstock handling, gasification,
hydrogen purification, combined heat, and power (CHP) gen-
eration, and utilities. The analysis finds that the minimal
hydrogen selling price of the modeled plant is competitive
with fossil fuel hydrogen and existing electrolysis hydrogen.
Furthermore, the life cycle study shows that hydrogen from
mixed plastic waste has a lesser environmental effect than
single-stream plastics."®" The combination of pyrolysis/gasifi-
cation with CCU to recycle CO,, results in increased gas output
and lower CO, emissions. The use of CCU in pyrolysis/gasifica-
tion reduces CO, generation while increasing CO output, the
CO, compositions in the gas products decrease from 24.41
mol% to 13.15 mol% after 90% CO, is captured.'®* Chari et al.
developed the Aspen model to analyze the performance of
gasifying non-recyclable mixed plastic waste (MPW) to produce
hydrogen, with CCS to achieve low-carbon hydrogen produc-
tion. It identifies hydrogen production from plastic waste as a
key in moving towards economical low-carbon hydrogen pro-
duction and reaching net-zero goals."™® The environmental
sustainability assessment study of plastic waste-to-hydrogen
production, coupled with CCS, concluded that this process
can reduce the climate change impact compared to fossil-
based and most electrolytic routes of hydrogen production.**
Xu studied the gasification of mixed plastic waste (MPW) in a
conventional integrated gasification combined cycle (IGCC)
system, focusing on three different designs. Modifications in
design, such as using vacuum pressure swing adsorption
(VPSA) for oxygen production and incorporating a calcium-
looping (CaL) reactions, improve energy efficiency and carbon
capture abilities. The use of VPSA decreases energy usage for
oxygen production by 42.14% and boosts net power output by
15.99% compared to traditional methods. Additionally, including
the CaL process in Design 3 leads to a carbon capture rate of 84.43%
and a high carbon gasification efficiency (CGE) of 50.53%, high-
lighting the potential for sustainable conversion of plastic waste
and reduction of emissions.'® Rosha et al studied a municipal
solid waste (MSW) gasification system with CCS and identified
the temperature, pressure, and equivalency ratio are important
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variables in determining syngas composition. A maximum
hydrogen percentage of 42.1% reached by the simulation
model, suggesting that MSW can produce hydrogen. Mono-
ethanolamine (MEA) utilized as a solvent for CO, capture,
confirming its effectiveness in the process. The PR-BM thermo-
dynamic model was used to improve the efficiency of the CO,
capture process.">°

The US energy association report emphasizes the critical role
of CCUS in recycling plastics and reducing their carbon footprint,
highlighting the application of carbon capture to gasification
processes. It also outlines the potential for commercial-scale
implementation of plastic waste gasification and coal co-
utilization, aiming to generate interest in more sustainable end-
of-life solutions for plastic waste.*>” Ma Y. et al. explore a plasma
gasification process for converting end-of-life tires (ELTSs) into
syngas and hydrogen, offering a sustainable disposal method.
Results show that using steam and air as gasification agents can
achieve high carbon conversion rates, energy recovery rates, and
exergy efficiencies, reaching up to 99.12%, 93.67%, and 80.04%,
respectively. Additionally, the study compares carbon capture
methods, finding that monoethanolamine absorption has a better
CO, capture rate than Rectisol but lower exergy efficiency. The
integrated process with steam and air as gasification agents and
Rectisol for carbon capture achieves a total exergy efficiency of
36.45%, providing valuable insights for efficient hydrogen pro-
duction from ELTs.”*® Ravi K. et al study proposes a CCUS-
coupled co-gasification process for plastics as a potential negative
emission recycling technology, offering a roadmap for commer-
cial implementation, and highlighting the value proposition of
producing hydrogen and synthesis gas products from mixed
plastic waste. The synergistic approach of integrating gasification
and CCUS could significantly reduce greenhouse gas emissions

View Article Online
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while supporting a circular plastics economy.’” Nhuchhen R.
studied waste gasification from molten carbonate fuel in the
integrated gasification carbon capture plant (IGCCP) system for
the cement industry. This helps increase overall efficiency by
providing a sustainable fuel source, resulting in a CO, capture
rate of over 93%, achieving a net power generation efficiency of
31.1%, and providing economic benefits. The IGCCP system
transforms waste into energy, decreasing carbon emissions and
reliance on non-renewable resources, while tackling waste man-
agement issues, offering a cost-efficient, eco-friendly option for
decarbonizing heavy industries.'®® The integration of absorptive
CO, capture methods into biorefineries to produce liquid fuels
through the gasification of woody biomass has been the focus of
several studies. These studies emphasize the potential for such
technology to reduce CO, emissions from large-scale power facil-
ities. Nonetheless, further study is needed to fully evaluate the
techno-economic and environmental aspects of absorptive CO,
collection methods in small-scale experimental plants.

The cost of producing low-carbon hydrogen is determined by
several factors, including feedstock cost, capital plant cost, process
scale, and operating expenses. However, existing data is limited
and characterized by wide ranges and uncertainties. Fig. 19 shows
the estimated costs of hydrogen technologies with added carbon
capture and storage expenses. Biomass gasification with carbon
capture and storage could cost between $3 to $5 per kilowatt-hour
of hydrogen, without factoring in potential benefits from negative
emissions, despite limited large-scale demonstrations.

4.2 Co-gasification of plastics/biomass

Biomass is renewable organic material that comes from any
organic matter, that is derived from plant and animal materials,
such as plants from forests, crops, seaweed, and organic
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Table 5 Studies of co-gasification of plastics and industrial wastes

350

Ref.
181
185

Gas composition (vol%)
H,: 16.2, CO: 23.3, CO,: 12.7, C,H,,: 5.2 184
1.3 m? kg™! Hy: 33, CO: 12, CO,: 34, C,H,y,: 14

H,: 11, CO: 48

or ER  Gas yield
5.9g g

ER: 0.2

Temperature S/F
800-1000

900
850

Fixed bed
Fixed bed
Fixed bed

Reactor
bed material configuration (°C)

Catalysts/

Gasifying agent
25% N,/75% CO, —

Co,

Paper waste (0.8)
Rice wastes (0.8)

Wastes ratio

Plastic waste (0.16) Paper fibers (0.64)/wood chips (0.2) Air

Plastics ratio
PE (0.2)

PS(0.2)
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industrial, human, and animal wastes. Similar to plastics, the
gasification process can convert biomass into syngas, biochar,
and condensable liquid compounds.'®* It is considered one of
the most efficient methods of converting biomass energy and
handling biomass embedded in biomass, and it is becoming one
of the best routes for the reuse of waste. The advantages of co-
gasification of biomass with plastics have been mentioned in
several studies."”"'**> Biomass resources are not considered an
appropriate feedstock for H, production because of their low
H/C ratio, which usually varies between 0 and 0.3. Conversely,
plastic mainly consists of polyolefins, which have a higher H/C
ratio than biomass. The co-gasification of biomass and plastics
can balance the C, H, and O content, which promotes product
quality and H, yield."®* Additionally, polymer cracking creates
numerous free radicals, which promote the decomposition of
biomass and suppress the formation of long-chain hydrocarbon
compounds.'®® Table 4 summarizes the recent studies on
plastic-biomass co-gasification.

Brachi et al. studied the co-gasification of olive husk with
PET in a pre-pilot fluidized bed gasifier."”* The results showed
that H, production increased from 24.4 to 40.4 vol% with an
increase in temperature from 650 to 860 °C. However, CH,
was reduced from 7.8 to 5.3 vol% due to the increased activity
of the reforming reaction at the higher temperature."”> Cao
et al. investigated the co-gasification of soda lignin with 4
plastics."”® They observed that higher temperature, longer reac-
tion time, and lower concentration improved the gasification
efficiency and hydrogen production from the co-gasification
of PE/soda lignin (1:1). The H, yield increased over 5 times to
57.0 mol kg~ " with an increase in temperature from 500 °C to
750 °C, and the highest H, yield of 63.3 mol kg™ was obtained at
700 °C when the concentration was reduced to 5 wt%. Pinto et al.
also reported the similar effect of gasification temperature: the
rise in gasification temperature promoted H, production and
decreased contents of tars and hydrocarbons.®

Cortazar et al. explored the pyrolysis and in-line oxidative
steam reforming of various waste polymers and blends, along
with biomass/HDPE blends, to generate hydrogen. It was found
that operating under autothermal conditions can produce up to
25 wt% of hydrogen. The simulation emphasized the importance
of temperature, steam/plastic ratio, and equivalency ratio in
maximizing H, production. Co-feeding oxygen into the reforming
process was identified as a promising solution for addressing
energy needs and catalyst deactivation challenges.'”* The plastics
ratio in the feedstocks has a decisive influence on the H, produc-
tion of co-gasification. Pinto and Alvarez reported that below
20 wt% of feed, the increasing plastic content could promote
the H, yield."”>'”® Ahmed et al. studied co-gasification of PE and
wood chips in a fixed-bed reactor at 900 °C."> The authors found
the peak values of hydrogen yield were obtained at PE percentage
of 60-80%. It indicates small amounts of biomass to the PE can
result in higher energy yield than that obtained from the 100% PE
sample. However, other studies found that too much plastic
would decrease H, yield."””""”° Lopez investigated the content of
HDPE (0-100 wt%) in the co-pyrolysis/gasification of biomass
under a steam atmosphere. H, production decreased when the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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HDPE content was higher than 50 wt%.*”” Burra and Gupta
observed a similar decrease in H, production when the plastic
content was greater than 60 wt% for three different plastics (PP,
PET, and PC) in co-pyrolysis/gasification with biomass.'”® Chai
et al. found the optimized content of plastics was 30 wt% for PS,
and 40 wt% for HDPE and PP, respectively."*’

Abdelouahed et al. also studied the synergistic effect
between biomass and plastics on H, products.'®® During pyr-
olysis/gasification, H radicals from plastics produce H, and
also promote the cracking of complicated hydrocarbons
(e.g. aromatics), lighter hydrocarbons, and the formation of
CO. Furthermore, H,O, as another H resource, is reformed with
generated lighter hydrocarbons and CO to promote total gas
yield (including H, yield). This is consistent with the higher
total gas yield and H, yield when more biomass is in the
feedstock. Chai et al. studied increasing HDPE content can
promote the H, yield due to increasing H/C. However, when
greater than 40 wt% in feed, excessive HDPE starts to prevent
the release of radicals from biomass, which further hinders
reforming reactions to produce more H,.'*’

The plastic type also influences the product distribution and
yield of biomass-plastics co-gasification. Cao et al. investigated
the co-gasification of soda lignin with four plastics'”® and
concluded that the order of the efficiencies of 4 plastics
was distinct; the order was: PE > PC ~ PP > acrylonitrile-
butadiene-styrene (ABS) and the addition of soda lignin
improved all the gasification efficiencies. The alkali salts in
soda lignin also catalyzed the reforming of CH, and C,H, that
was generated from the decomposition of plastics, especially PE
and PP, and improved hydrogen production. Wilk et al. inves-
tigated the steam co-gasification of four types of plastic with
soft wood pellets. They found the H, ratio in the syngas initially
decreased and then increased with an increase in the plastic
ratio in the mixture of wood and plastic from the shredder light
fraction (SLF). Conversely, the H, ratio in the gas increased with
the increase of PE in the wood-PE mixture. The authors believe
there are nonlinear effects that occur during the co-gasification
of biomass and plastics."®”

Except for co-gasification with biomass and coal, plastics are
co-gasified with industrial biowastes, such as paper waste and
rice waste. Until now, the co-gasification of plastics with wastes
has not been fully investigated, and a handful of works are
listed in Table 5. Déparrois et al. studied the CO, co-gasification
of paper and PS using a laboratory-scale tube reactor."®" When
the PS ratio of 10-30% in the feedstocks, the H,, CO, CO,,
product gas, and energy yield provided the highest synergy
during co-pyrolysis. It ascribes to the volatiles from paper
decomposition enhanced the decomposition of polystyrene
and also slowed the reaction rate and thus yielded lower char

Table 6 Properties of different coals'®?
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contribution from polystyrene. The energy yield and product gas
yield are highest at 20% plastic addition. The reason can be
ascribed to the high char yields from the paper which increased
the decomposition rate of PS to increase the product gas yield
and energy efficiency. Ouadi et al. investigated the gasification of
wastes generated from secondary fiber paper mills. The brown
paper mill’s rejects consist of 20 wt% mixed plastics and 80 wt%
paper fibers. The producer gas composition of the reject with
20 wt% wood chips was 16.24% H,, 23.34% CO, 12.71% CO,
5.21% CHy, and 42.49% N, (v/v%) with a higher heating value
of 7.3 MJ N"" m™>. They found that the presence of plastics in
waste may agglomerate and block the gasifier."®* Considering
the wastes generated in agricultural production, Pinto et al.
studied the co-gasification of PE and rice production wastes for
syngas.'®® The results showed the samples of 20% PE/80% rice
husk can generate more H, than that of 20% PE 80% rice straw.
Besides, pure oxygen and steam as the gasifying agents are good
options, due to the lack of nitrogen diluting effect.

There are far more wastes that could be used as feedstocks
and be transferred to syngas. Akkache et al. investigated waste-
water sludge, waste wood, reeds, olive pomace, solid recovered
fuel, paper labels, and plastic labels using a fixed bed reactor.'®®
The results showed that all feedstocks are recoverable by gasifica-
tion. The major concerns regarding the wastewater sludge were the
pollutant precursors release (NH;, H,S...) and the ash slagging
and fouling. The authors believe plastic wastes can be used in co-
gasification with wastewater sludge without any restriction accord-
ing to the study criteria. Sewage sludge is a major disposal and
environmental issue. However, sewage sludge can be utilized for
energy production through a thermochemical conversion process
due to its high energy content of 24 MJ kg™ on a dry basis."®

4.3 Co-Gasification of plastics/other wastes

Coal production in the US was topped at ~ 1.2 billion tons in
2007-2008, and still maintained at ~ 0.7 billion tons in 2019.'%°
Coal has been primarily used as an affordable fuel for generat-
ing heat and electricity. Hydrogen and syngas can be produced
from coal gasification technology.'*® In general, there are three
major types (or “ranks”) of coal. The physicochemical proper-
ties of the three ranks of coal are summarized in Table 6.

The inclusion of plastic waste in coal gasification as a
feedstock contributes to a low-carbon hydrogen production
process through carbon capture and utilization mechanisms.
This process allows for the sequestration of carbon from plastic
waste, reducing overall emissions. Converting waste into energy
and using less coal adds to the sustainability of the process.
Combining plastic waste with coal in gasification can boost
efficiency and hydrogen output, cutting the process’s carbon
footprint. Various studies of coal/plastic gasification found that

Coal Heat value, MJ kg~* Ash content, wt% Fixed carbon content, wt% Moisture content, wt% Sulfur content, wt% Formula
Anthracite 30-35 9.7-20.2 85-98 <15 0.6-0.77 Cy40HooO4NS
Bituminous 25-35 3.3-11.7 44.9-85 2.2-15.9 0.7-4.0 Cy3,Ho,0oNS
Lignite 0.9-19 10-50 25-35 30-60 0.4-1.0 —

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Studies of co-gasification of plastics and coals

View Article Online

Review

Gasifying  Catalysts/ Reactor Temperature Gas
Plastics ratio Wastes ratio agent bed material configuration (°C) S/F or ER yield Gas composition (vol%) Ref.
PE (0.1) Bituminous (0.9) Steam/air — Fluidized bed 850 S/F: 0.85, 1.3  H,: 40, CO: 17, CO,: 16, 187
ER: 0.2 CpH, 17
PET (0.23) Coal (0.77) N, — Fluidized bed 877 — —  H, 16,CO: 28,CO,: 13, 188
CoHo: 2.5
PE Brown coal (0.5) Air — Fluidized bed 868 — — H,: 10.55, CO: 10.62, CO,: 189
wood (0.2) 11.71, C,H,y: 7.98
PE & PP (0.3) German brown  Air/35% O, Quartz sand Fluidized bed 850 ER = 0.25 1.7-2 H,: 13.98, CO: 18.9, CO,: 190
coal (0.5) & wood 16.49, C,H,,: 10
(0.2)
Mixed plastics (0.15) Bituminous coal H,O — Fixed bed 1200 — — H,: 79.24, CO: 11.94, CO,: 191
(0.85) (two-steps) 0.52, CpHyp: 4.90
Mixed plastics (0.2) Bituminous coal H,O — Fixed bed 1200 — — H,: 81.66, CO: 11.43, CO,: 192
(0.8) (two-steps) 0.31, C,H,,: 4.14
Mixed plastics (0.5) Low-quality coal Steam Mg Fixed bed 1000 — —  Hj:29.2,C0:24.3,C0O,: 0.9, 193
(0.5) CpH,p: 29.3
Mixed plastics (0.5) Low-quality coal Steam NiO Fixed bed 1000 — —  H,:27.5,CO0: 22.2,C0,: 0.9, 193
(0.5) C,H,: 31
Mixed plastics (0.5) Low-quality coal Steam Ni Fixed bed 1000 — —  Hj: 224, CO: 18.3, CO,: 2, 193
(0.5) CpH,,: 34.2
PET (0.23) Brown coal 10% O,/N, Silica sand  Fluidized bed 905 — — H,: 14.02, CO: 15.3, CO,: 181
(0.77) 13.5, C,H,: 1.7

plastic components can increase the gas yield and the fraction
of light hydrocarbons. Table 7 summarizes the studies on coal-
plastic co-gasification. Aznar et al. studied the ternary co-
gasification of coal, biomass, and plastic wastes in a fluidized
bed reactor.'’® They observed that plastics in the mixture
increased the hydrocarbon fraction and reduced that of CO,
CO,, and H,.

Coal gasification is considered one of the dominant tech-
nologies for the production of H, and syngas (containing H,
and CO).""" They found a lower H, fraction and an increase in
tar formation when plastics were presented. Zaccariello et al.
investigated the co-gasification in a fluidized bed reactor fed
with plastic waste, wood, and coal.*®® The results indicated that
the plastic component induces light hydrocarbon generation,
which reduces the hydrogen content in the syngas. Coal addi-
tion to the blends does not seem to influence gas production
and yield, compared with the tests without coal. Other works
also didn’t see obvious synergistic effects between coal and
plastic.'®® In contrast, Kriz et al. found a synergistic effect

Dipolar Rotation

between coal and plastic in a two-stage co-gasification."”" By
incorporating a thermal-degradation module, the hydrogen
content reached 80 vol% in the produced syngas. The results
indicated that plastic addition has a very important influence
on the increase of the overall hydrogen content in the pyrolytic
gas during two-stage pyrolysis. The hydrogen bound in polymer
chains almost quantitatively converts into gaseous hydrogen.
Du et al. investigated the co-gasification of coal and PET in a
fluidized bed reactor.'®® The results showed CO (28 vol%) and
H, (16 vol%) are the main components in the syngas, which was
generated from the gasification reaction of char. The species of
syngas are mainly generated from the devolatilization reaction.
Besides, they found the generation of syngas from the 5 mm
sample was noticed to be delayed for about 0.1 s as compared to
that of the 1.5 mm sample because of particle inner tempera-
ture gradient.

Coal char and ash in gasifiers could catalytically enhance
reforming reactions for H, production and may reduce the tar
content of the gas phase product.”®** The addition of coal to

lonic Conduction

2. 0

S

©

©)

e S 5

Fig. 20 Mechanisms of microwave heating: dipolar rotation and ionic conduction (reprinted from ref. 205 accessed 2024).
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plastic gasification could be a useful method to improve the
plastic gasification process. For example, the addition of coal
may solve the feeding issue of plastics due to their sticky plastic
nature. The production of hydrogen from coal/plastics (landfill
wastes) enhances the sustainable usage of plastic waste and
offers significant environmental benefits.

Considerable strides are being made in the field of industrial-
scale gasification of plastic waste, with companies like Enerkem,
Synova, and Brightlands Chemelot leading efforts to develop
cutting-edge large-scale technologies. The Varkaus Corenso
Plant in Finland utilizes plastic waste as feedstock in its 50
MWth bubbling fluidized bed (BFB) gasifier to produce syngas
for industrial fuel, with additional potential for hydrogen recov-
ery. These developments highlight the transformative capability
of gasification to transform waste and clean energy initiatives.'**

4.4 Alternative heating processes

Several new technologies and methods have been thoroughly
investigated aimed at producing syngas with a high hydrogen
content from different feedstocks. Recently, an alternative flash
Joule heating process was developed for clean hydrogen and
high-purity graphene production in the catalyst-free conversion
of plastic waste. The process involves the instant breaking
down of polyolefins, leading to the production of hydrogen
without releasing carbon dioxide. By utilizing flash Joule heat-
ing (FJH), plastic is rapidly deconstructed into hydrogen and
graphene, resulting in a negative cost for hydrogen production
due to the sale of the valuable graphene byproduct. The life-
cycle assessment of this process demonstrates a significant
reduction in emissions compared to other hydrogen produc-
tion methods, contributing towards achieving net-zero
emissions.'®® Ismail et al. investigated an integrated gasifica-
tion system that efficiently converts plastic waste into hydro-
gen, electricity, heating, and fresh water. Energy and exergy
analyses demonstrate high system efficiency, with energy and
exergy efficiencies of 66.24% and 48.10%, respectively. Geother-
mal energy systems can be a viable option for waste-to-energy
conversion and CO, reduction because they can also produce
hydrogen and fresh water, demonstrating their adaptability and
environmental sustainability.'®

Microwave dielectric heating offers a way to evenly distribute
electromagnetic wave energy to the absorbing medium, in
contrast to traditional methods that only heat from the outer
layer to the interior.’®” This method, employed since the 1970s
and further developed in the 1990s, has played a key role in

Table 8 Studies of microwave-assisted plastic gasification and pyrolysis

Catalytic

temperature Oxidizing H,
Feedstock Catalyst (°c) agent (mmol g~ ') Ref.
LDPE Fe-Co-Al 600-900 — 61.39 206
HDPE Fe-FeAl,O, 300-450 — 47.3 207
Plastic mixture Ni-Fe 800 — 42.3 208
PP Fe, Ni 800 H,0 25.14 209
Plastic mixture FeAlO, 10-20 — 55.6 210
Plastic + corn Silicon carbide 700 Air 30.5 211
stover

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Plasma at T,
Radiation

Conduction
Convection
Radiation

Fig. 21 Basic heat transfer mechanisms for plasma-assisted heating (rep-
rinted with permission from ref. 216 Copyright 2020 Elsevier).

Particle at T,

different material treatments and chemical processes, such as
microwave-enhanced pyrolysis of plastic wastes, rubber, bio-
mass, and municipal solid waste.'”® Microwaves have a high
energy utilization and temperature elevation rate, as well as
even heating and compact reactor designs, making them ideal
for improving hydrogen production and providing a convenient
and efficient method for storing and releasing hydrogen.'****°
Plastics can be a useful resource for producing hydrogen with
the help of microwave-assisted catalytic upgrading, providing
both economic benefits and environmental advantages.*>*
Fig. 20 shows how the electric field interacts with molecules
during microwave heating through dipolar rotation and ionic
conduction. Dipolar rotation involves molecules rotating con-
tinuously to align their dipole with the electric field, producing
heat due to friction. Iron, cobalt, and nickel catalysts are often
used because they can activate carbon-hydrogen bonds effec-
tively during microwave heating. These catalysts are essential in
selectively disrupting carbon-hydrogen bonds to generate
hydrogen. Their magnetic properties make them highly respon-
sive to microwaves, facilitating rapid conversion into heat.>*>
Co-coated Fe-Al catalyst for LDPE dehydrogenation, demon-
strating significantly higher hydrogen yield under microwave
irradiation compared to conventional heating methods. Fe/Ni-
CeO,@CNTs substrates efficiently transform HDPE plastics
into pure hydrogen and carbon nanotubes using microwave
radiation. Recent research findings emphasize the possibility of
using microwave-assisted catalytic upgrading to produce hydro-
gen efficiently from plastic waste.”?*?%* Catalysts containing
iron (Fe) and nickel (Ni) are commonly chosen for the dehy-
drogenation of plastics because of their ability to activate
carbon-hydrogen bonds. Table 8 summarizes the recent stu-
dies on Microwave catalytic gasification of plastic.

Thermal plasma can be created using a DC or AC electrical
discharge, RF induction, or MW discharge. DC arc discharge
causes high energy density and temperature at the electrodes,
resulting in a jet plasma. When high voltage is applied between
electrodes in the gas phase, a breakdown occurs, resulting in
the creation of positive ions and electrons, which causes gas
discharge. Plasma technology also emerges as a highly favor-
able choice for plastic waste gasification. In the early twentieth
century, plasma was adopted by the chemical industry for
producing acetylene from natural gas. Since the 1980s, plasma

Energy Adv., 2025, 4, 330-363 | 353
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Table 9 Thermal plasma gasification of plastic wastes

Feedstock Oxidizing agent Power-Con. (kW) Syngas Nm® kg™ H, vol% CO vol% Ref.
Polypropylene H,0 35.2 2.17 27 13 217
MSW H,O-Air — — 8-14 20-29 218
MSW/tire mix O, 3.22 1.1 22.64 40.46 219
PVC + wood sawdust H,0 16-24 47-52 19-29 210
PP — 10-20 — 18 0.5 220
Medical waste H,O + AIR — — 28 18 218

technology has become increasingly popular for managing
hazardous solid waste and has shown effectiveness in treating
hazardous substances like asbestos, turning radioactive waste
into glass, and handling different chemicals.*>™'* Like tradi-
tional thermal processes, Fig. 21 depicts the heat transfer
between particles and plasma. A thermal plasma, at thermody-
namic equilibrium, acts similarly to a fluid with distinct thermo-
dynamic and transport characteristics, allowing for heat transfer
via convection, conduction, and radiation. Heat transfer rates
are very high in thermal plasma due to its high enthalpy, thermal
conductivity, and radiation intensity. In plasma gasification
steam water is generally preferred over air or oxygen because it
produces the desired reactions including the steam reforming
reaction and increases the H, ratio in the syngas. However, the
steam reforming reaction is highly endothermic and needs high
temperature (1100-1700 K). Specific reactors are designed to
separate the plasma gasification from the combustion. The high
temperature obtained in the reactor without using the combus-
tion process allows for the production of syngas with high
purity.”’> Ma et al. studied tire gasification using steam and
air as gasification agents in plasma gasification. The research
showed that the carbon conversion efficiency was 99.12%, with
an energy recovery rate of 93.67% and an exergy efficiency of
36.45%. The research emphasizes the positive impact of utilizing
plasma gasification for the sustainable disposal of used tires and
the effective creation of hydrogen fuel.'*® The initial composi-
tion of the waste processed influences the quantities of H, and
CO generated, resulting in irregularities ranging from 49.4 to
64.4 vol% for H, and 24.8 to 36 vol% for CO under uniform
experiment conditions, depending on the type of waste.*"
Plasma gasification provides a promising route for efficiently
transforming plastic waste into hydrogen production. Plasma
can handle a wide range of waste materials, such as plastics,
biomass, and hazardous waste. In terms of the environment
specifically for hazardous waste, plasma gasification proves
advantageous, with minimal environmental impact compared
to conventional waste treatment methods. Despite challenges
such as initial costs and waste sorting requirements, continuous
progress and refining of processes are predicted to enhance the
efficiency of plasma gasification and hydrogen production.
Table 9 summarizes the recent studies on thermal plasma
gasification of plastic.

5. Prospective

To achieve sustainable low-carbon hydrogen production, it is
crucial to continue advancing technologies such as coupling

354 | Energy Adv, 2025, 4, 330-363

carbon capture and storage utilization with conventional gasi-
fication for hydrogen production and plastic waste gasification
via co-gasification with biomass and other waste. These tech-
nologies could transform the energy industry by allowing for
the creation of clean hydrogen from a range of sources, aiding
the shift towards a greener energy system.

e The advancement of low-carbon hydrogen production
using gasification offers a promising pathway for sustainable
energy systems. The integration of CCUS techniques with
conventional hydrogen production allows us to generate low-
carbon hydrogen. CCUS systems effectively capture carbon
dioxide emissions produced during the gasification process,
decreasing their environmental impact. Co-gasification of
plastics and biomass also offers a sustainable way to use waste
materials while lowering reliance on fossil fuels. Ongoing
research focuses on enhancing gasification efficiency and
cost-effectiveness through innovative materials, components,
and systems, including plasma, catalytic gasification, and
microwave technologies. CCUS-integrated steam methane and
auto-thermal reforming technologies are also key areas of
interest, aiming to produce hydrogen while minimizing CO,
emissions. These technologies can transform waste gaseous
hydrocarbons into hydrogen, which helps in valorizing waste
and decreasing greenhouse gas emissions.

e Further research into the mechanisms of plastic mixture
gasification, particularly focusing on char and tar reforming
reactions, promises to deepen our understanding of these
complex reactions at the fundamental level. Gasification of
plastics with other feedstocks shows potential for effective
plastic waste management. While there are challenges asso-
ciated with feeding, melting, and clogging the reactor, research
is ongoing to address these issues through the pre-treatment of
plastics with other feedstocks, such as pre-grinding and palle-
tization. There is still a need to optimize the selectivity and
yield of H, and syngas, which can be studied by adjusting
operating parameters such as, but not limited to, plastic types
and mixtures of plastics; plastics blended with other materials,
such as coal waste and biomass, along with the blend ratio;
gasification agents (steam and CO,); and gasification tempera-
ture. Additionally, the use of char and ash as potential catalysts
needs further investigation. Other promising heterogeneous
catalysts for hydrogenation and reforming of hydrocarbons
should also be considered for the co-gasification of coal
waste/biomass and plastic wastes. The synergistic effects
between the plastic and biomass co-gasification, have been
studied in much more detail. In contrast, the co-gasification
of coal waste/plastics or plastics with other wastes is still not

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thoroughly studied. Their synergistic effect needs to be better
understood.

e Another hurdle in these gasification processes is impu-
rities, such as toxic chlorine compounds from PVC and sulfur
and toxic metals from coal, in the raw syngas makes the
cleanup processes more complicated. Contaminants, especially
strongly acidic gases like H,S and HCI, could poison down-
stream catalysts, gradually deteriorate process equipment, and
foul CO, sorbent materials in carbon capture operations. These
issues could be addressed through the pre-treatment of plastic
wastes and coal to remove the impurities and need further
investigation.

e Exploring new electrified decarbonization technologies,
such as microwave dielectric heating and plasma technology, at
pilot scale shows potential for effectively producing syngas
from plastic waste and biomass in the future. These develop-
ments bring the possibility of creating low carbon hydrogen
and managing waste efficiently, which helps support a circular
economy and reduce environmental footprint.

Acronym of selected common plastics

ABS Acrylonitrile-butadiene-styrene
BET Brunauer, Emmett and Teller
BTX Benzene, toluene, and xylene
ER Equivalence ratio

HIPS High impact polystyrene = TPS
PA Polyamide (nylon)

PBT Polybutylene terephthalate

PC Polycarbonate

PE/LDPE/HDPE Polyethylene, low/high density
PET (PETE) Polyethylene terephthalate

PP Polypropylene

PS Polystyrene or styrofoam
PU/PUR Polyurethane

PVC Polyvinyl chloride
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