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Abstract

CNM synthesis.

Highlights

The accumulation of waste plastics has caused serious environmental issues due to their unbiodegradable nature
and hazardous additives. Converting waste plastics to different carbon nanomaterials (CNMs) is a promising approach
to minimize plastic pollution and realize advanced manufacturing of CNMs. The reported plastic-derived carbons
include carbon filaments (i.e. carbon nanotubes and carbon nanofibers), graphene, carbon nanosheets, carbon
sphere, and porous carbon. In this review, we present the influences of different intrinsic structures of plastics on the
pyrolysis intermediates. We also reveal that non-charring plastics are prone to being pyrolyzed into light hydrocarbons
while charring plastics are prone to being pyrolyzed into aromatics. Subsequently, light hydrocarbons favor to form
graphite while aromatics are inclined to form amorphous carbon during the carbon formation process. In addition,
the conversion tendency of different plastics into various morphologies of carbon is concluded. We also discuss other
impact factors during the transformation process, including catalysts, temperature, processing duration and tem-
plates, and reveal how to obtain different morphological CNMs from plastics. Finally, current technology limitations
and perspectives are presented to provide future research directions in effective plastic conversion and advanced

The impact factors in transforming plastics into carbon nanomaterials are reviewed.
The carbon morphology tendency from different plastics is revealed.

Directions for future research on plastic carbonization are presented.

Keywords: Plastics, Carbon nanomaterials, Pyrolysis, Carbon recycle, Transformation

1 Introduction

Since the first synthesis of Bakelite in 1907 (Thompson
et al. 2009), plastics have attracted extensive interest due
to their outstanding properties such as lightweight, sta-
bility, flexibility, and low production costs. Various types
of plastics have been explored for different applications.
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Moreover, as a result of the rapid increase in population
and wide usage in different fields, global plastics produc-
tion has soared to 367 million tons in 2020 from 1.5 mil-
lion tons in 1950 (PlasticsEurope 2021). Also, the outbreak
of COVID-19 called for a vast production of plastic per-
sonal protective equipment (including masks, gloves, and
protective clothing). The increase of packaged take-out
meals and home-delivery groceries caused by lockdown
also resulted in a massive accumulation of disposable plas-
tics (Adyel 2020). Due to the resistance to biodegradation
and soaring production of plastics, the proliferation of
waste plastics is becoming one of the most serious envi-
ronmental problems, known as “white pollution”

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44246-022-00016-2&domain=pdf

Ren et al. Carbon Research (2022) 1:15

Plastic recycling is a sustainable approach to reduce
pollution, but the requirement for plastic separation and
purification increases its operating costs. Tertiary treat-
ment can recover energy from plastic incineration. How-
ever, the massive emission of CO, will worsen the global
warming problem. In addition, the majority of plastics
still end up in landfills (e.g., 23.4% of collected plastics
in Europe were landfilled in 2020). Recently, a polyethyl-
ene terephthalate (PET) hydrolase designed by machine
learning algorithm showed a superior behavior that can
degrade PET bottles in two weeks. The obtained tereph-
thalic acid has high purity and can be repolymerized to
PET, realizing a close loop of plastic recycling (Lu et al.
2022). However, biodegradation of other plastics still suf-
fers suffering from low efficiencies. Advanced oxidation
processes have high efficiencies in degrading various
plastics (Hu et al. 2022; Kang et al. 2019), but the reutili-
zation of carbon elements in intermediates needs further
improvements. Therefore, it is more favorable to decom-
pose plastics to alleviate plastic pollution and fully reu-
tilize the carbon sources to develop other value-added
products.

Carbon nanomaterials (CNMs) have been applied as
catalysts and adsorbents in environmental and energy sec-
tors due to their physical properties, such as high mechani-
cal strength, and good electrical and thermal conductivity
(Azara et al. 2022). Traditionally, CNMs are produced from
hydrocarbon gases (e.g., methane, ethylene, and propyl-
ene). However, the commercialization of CNMs is limited
because these feedstocks are expensive and produced from
non-renewable fossil fuels. As plastics are low-cost and car-
bon-rich products, they are ideal precursors for synthesiz-
ing functional CNMs, such as carbon nanotubes (CNTs),
graphene, and nanocomposites (Zhuo and Levendis 2014).
Therefore, using plastics to synthesize CNMs will decrease
the manufacturing cost and accelerate the commercializa-
tion of CNMs in diverse applications. Other advantages of
using plastics as CNM precursors include their process-
ability and controllable weight. Plastics can be pre-formed
according to different requirements, and the amount of
carbon input can be accurately adjusted by controlling
the precursor weight (Gong et al. 2019). Thus, converting
plastics to high-value-added carbon is a promising way to
transform waste into wealth.

Recently, some reviews on plastics transformation to
CNMs have been reported, but they did not encompass
all types of carbon products. For examples, Zhang et al.
(Zhang et al. 2021b) and Williams et al. (Williams et
al. 2021) discussed hydrogen and CNTs production
from plastics and Azara et al. (Azara et al. 2022) mainly
focused on carbon filaments, while Vieira et al. (Vieira
et al. 2022) only reviewed graphene-based materials.
Although Gong et al. (Gong et al. 2019) have summarized
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the carbonization of general polymers, the impact fac-
tors including plastic types were not comprehensively
reviewed. Thus, to provide inspiration for future research
to obtain desired carbon products, a comprehensive
review of the influence of plastic types on morphology
control of carbon products is required. In addition, the
impact factors on the morphological control of CNMs
from plastics also need to be comprehensively clarified.
For example, two steps are generally involved in the CNM
synthesis via carbonization: pyrolysis and catalysis (carbon
formation); however, the impacts of pyrolysis on the sec-
ond step are unclear. The preferred carbonization condi-
tions to obtain specific morphologies are still vague and
have not been reported.

In this review, features of different types of plastics will
be firstly introduced. Then the focus will be on the for-
mation of pyrolysis intermediates with different types of
plastics feedstocks and the influences of intermediates on
the formation of different carbon morphologies, includ-
ing CNTs, graphene, carbon nanosheets (CNS), carbon
sphere (CS), and porous carbon. Later, we will summa-
rize other critical factors of plastic carbonization, such as
catalysts, reactors, temperature, and duration, and further
discuss their impacts on the qualities and yields of CNMs.
On this basis, effective approaches to accurately control-
ling the shape and structure of CNMs will be summarized,
which can provide guidance for plastic carbonization in
future research. At last, perspectives and directions of
plastic carbonization for future research will be pictured.

2 Impacts of plastic types on the plastics
carbonization

Plastics are ubiquitous in the environment. They play
a vital role in many industries, such as packaging, con-
struction, and textiles, etc. The commonly used plastics
include polyethylene (PE), polypropylene (PP), polysty-
rene (PS), PET, polyvinyl chloride (PVC), and more. The
molecular structure of these plastics and their demand in
Europe in 2020 are illustrated in Fig. 1a.

Plastics are considered carbon-rich sources, but differ-
ent plastics possess distinct structures, leading to differ-
ent pyrolysis temperatures for transformation. As shown
in Fig. 1b, there are two stages in PVC pyrolysis. The first
stage occurs at 250—-350°C with about 65% weight loss,
and the main reaction in this stage is dehydrochlorina-
tion. During the second stage at 350-525°C, cracking
and decomposition of de-HCl PVC occur. However, the
pyrolysis of other plastics only has one stage and their
pyrolysis temperatures are distinct, which might be due
to their different chain compositions and structural sta-
bility. The stability sequence of different plastics can be
concluded as PE>PP>PET > PS>PVC. In addition,
structural differences affect pyrolysis products, which



Ren et al. Carbon Research

H,C

etal. 2016), copyright 2016 Elsevier

Fig. 1 aThe relationship between plastics and carbon category. The percentage represents the demand of each kind of plastics in Europe in 2020,
reproduced with permission from PlasticsEurope, ( 2021); b Thermogravimetric analysis (TGA) of different plastics, conditions: PE, PP, PS, and PVC
were pyrolyzed under nitrogen, PET was pyrolyzed under helium, and the heating rate is 10°Cmin~", reproduced with permission from Yu et al., (Yu
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will impact the subsequent carbon formation. In this ses-
sion, the effects of plastic compositions on the carboniza-
tion process will be discussed. The contents of different
major plastics are summarized in Table 1.

2.1 PE

PE is a polymer of ethylene with a long chain structure.
There are mainly three types of PE, which are high-
density polyethylene (HDPE), low-density polyethylene
(LDPE), and linear low-density polyethylene (LLDPE).
HDPE possesses higher strength and hardness than LDPE
and it is usually applied in rigid packaging (e.g., milk con-
tainers, detergent bottles, and bottle crates), while LDPE
is widely used in bags, bottles, wrappers, and housewares.
During the pyrolysis process, C-C bonds located in side
chains are vulnerable, thus, thermal decomposition of
LDPE is easier than HDPE and LLDPE due to a higher
content of branches in LDPE. Compared to other plas-
tics, more light hydrocarbons can be obtained from PE

Table 1 Compositions of different plastics (Panahi et al. 2019)

during pyrolysis, which facilitates the formation of CNTs
because light hydrocarbons are the primary feedstock
for CNTs synthesis (Cai et al. 2021). Therefore, PE is an
excellent solid feedstock for CNTs production. In addi-
tion, light hydrocarbons are suitable precursors to form
other carbon products. Algozeeb et al. (Algozeeb et al.
2020) transformed PE into flash graphene by a flash Joule
heating method. Pol (Pol 2010) produced carbon spheres
from PE under high-temperature and high-pressure con-
ditions. Recently, Algozeeb et al. (Algozeeb et al. 2020)
successfully produced porous carbons from the mixture
of HDPE and potassium acetate (KOAc).

2.2 PP

PP has similar properties to PE but with greater hard-
ness and heat resistance. PP is the second-most pro-
duced plastic and is widely used in furniture, clothing,
masks, and plastic molding, etc. During pyrolysis, PP will
be cracked into oligomers via random scission of C-C

Plastics Molecular Formula Carbon (wt%) Hydrogen (wt%) Oxygen (wt%) Chlorine (wt%)
PE (SRR 85.7 144 - -

PP (C3H),, 85.7 143 -

PS (CgHg),, 923 7.7 - -

PET (C1oHg0), 62.5 42 333 -

PVC (G,H5QD, 384 4.8 - 56.8
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bonds, then further decomposed into small molecules
such as hydrogen, methane, and propylene through beta
scission (Vollmer et al. 2020). Similar to PE, PP is also
an excellent feedstock to produce CNTs, graphene, and
carbon spheres. Jia et al. (Jia et al. 2022) fabricated multi-
wall carbon nanotubes from PP over A-site-deficient
perovskite. Sawant et al. (Sawant et al. 2013) successfully
synthesized carbon spheres from PP under high-temper-
ature and high-pressure conditions. Gong et al. (Gong
et al. 2014b) converted PP into graphene flakes using
organically modified montmorillonite (OMMT) as a cat-
alyst and template.

23 PS

PS is an aromatic hydrocarbon polymer produced from
monomer styrene and is widely applied in protective
packaging, foams, and disposable cutlery, etc. Due to
the phenyl group in structure, PS is prone to being pyro-
lyzed to aromatic hydrocarbons and oil compounds.
Aromatics are mainly responsible for the formation of
amorphous carbons (Cai et al. 2021). Thus, PS is not
favorable for fabricating high-quality CNTs, but it can be
converted to other carbon products. Cui et al. (Cui et al.
2017) obtained high-quality graphene foil from PS by the
chemical vapor deposition (CVD) method. When tem-
plates are introduced during the carbonization process,
aromatics tend to form carbon nanosheets on the tem-
plates, giving PS higher yields of carbon nanosheets than
other plastics (Hong et al. 2012).

2.4 PET

The structure of PET has repeating units of ethylene
terephthalate. It is widely used in textiles, water bottles,
cosmetic jars, and plastic tapes, etc. The oxygen content
in PET is relatively high (around 33.3wt%), so CO, is the
main gas product during pyrolysis. Only limited carbons
in PET could be transformed into solid carbonaceous
materials (Yao et al. 2022). Similar to PS, PET also con-
tains benzene rings in its structure, resulting in a higher
aromatic content after pyrolysis (Zhuo et al. 2012). How-
ever, PET can be transformed into porous carbon under
activation. Zhang et al. (Zhang et al. 2021a) synthesized
hierarchical porous carbon from PET with the activa-
tion of ZnCl,/KOH. Wen et al. (Wen et al. 2020) con-
verted PET into porous carbon nanosheets using OMMT
as a catalyst and template while KOH was used as the
activator.

2.5 PVC

PVC has a linear structure with chlorines on alternat-
ing carbon centers. It is often used in drainage pipes,
medical devices, and resilient flooring. Compared to
other plastics, PVC has the lowest carbon content
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and generates HCl during pyrolysis, so it is not an
ideal feedstock for carbonization to synthesize CNMs
other than porous carbon. Cheng et al. (Cheng et al.
2015) transformed PVC into nanoporous carbon using
Mg(OH), as a hard template. In addition, adding a
small amount of PVC to LLDPE can promote the for-
mation of CNTs because the chlorine radicals decom-
posed from PVC will accelerate the dehydrogenation
and aromatization of LLDPE. However, excess chlorine
radicals will poison catalysts and hamper the formation
of CNTs (Gong et al. 2013d).

2.6 Other plastics

Apart from the above plastics, tyres are also used to fab-
ricate carbonaceous materials. Tyres are polymer hybrids
and can be pyrolyzed into a wide range of aliphatic and
aromatic compounds. Zhang et al. (Zhang et al. 2022)
found that, rather than the aliphatic compounds (hexade-
cane and decane), aromatic compounds (styrene, naph-
thalene, and phenanthrene) pyrolyzed from tyres were
responsible for the formation of solid carbon nanomate-
rials. Apart from virgin plastics, mixed waste plastics can
also be utilized to produce carbonaceous materials, but
they always contain contaminants such as S, N, P, and Cl,
which might promote the cracking of C-C bonds or the
aromatization of aliphatic compounds. Consequently,
waste plastics can obtain higher gas and pyrolysis oil yields
than virgin plastics after pyrolysis (Borsodi et al. 2016).

In general, the category of plastics has a great influ-
ence on carbon formation. The distinct structures
make plastics tend to generate different intermedi-
ates during the pyrolysis process. According to the
pyrolysis reactions at the polymer backbone, the
above-mentioned plastics can be divided into two
categories, non-charring and charring plastics (Gong
et al. 2019). During the pyrolysis process, the back-
bones of non-charring plastics (e.g., PE and PP) prefer
to be decomposed into light hydrocarbons (e.g., eth-
ylene, propylene, and single ring benzene), which are
favorable feedstocks of carbon filaments, graphene,
and carbon spheres. On the other hand, the backbone
of charring plastics (including PET, PVC, and PS)
experiences cyclization, aromatization, and crosslink-
ing instead of being decomposed into small molecular
gases, and then carbon material frames will be con-
structed. This is beneficial for the production of car-
bon nanosheets and porous carbon but is detrimental
to the formation of smooth carbon spheres (Algozeeb
et al. 2022; Sawant et al. 2013). Most waste plastics are
mixed plastics and consist of additives and contami-
nants, so the influences of the three factors should be
critical for the carbonization and reutilization of plas-
tics, and deserve more attention in future research.
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3 Morphology control of carbonaceous materials
Many investigations have focused on the morphology con-
trol of plastic-derived carbonaceous materials (Azara et al.
2022; Bazargan and McKay 2012; Choi et al. 2022; Harus-
sani et al. 2022; Williams 2021; Zhang et al. 2021b). CNTs,
carbon nanofibers (CNFs), graphene, CS, CNS, and porous
carbon have been successfully synthesized from various
plastics (Deng et al. 2016; Gong et al. 2019; Vieira et al.
2022). Generally, the conversion of plastics to CNMs expe-
riences two steps: pyrolysis and catalysis (carbon forma-
tion). During the pyrolysis process, plastics will be broken
down into hydrogen, light hydrocarbons, aromatics, and liq-
uid oils (Gong et al. 2012b; Xu et al. 2021a). Subsequently,
these small molecules will act as the precursors for CNMs
formation with the presence of catalysts (Gong et al. 2013a;
Gong et al. 2014c; Wei et al. 2011; Zhou et al. 2022a). In this
section, detailed information on the formation of different
morphological carbon products will be summarized.

3.1 Carbon filaments

Carbon filaments can be divided into CNTs and CNFs.
Compared with CNFs, CNTs possess a hollow struc-
ture and thus a higher surface-to-volume area. As high-
value carbon products, carbon filaments have remarkable
mechanical, electrical, and thermal properties, so plenty
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of efforts have been made to control the morphologies
and promote their performance (Azara et al. 2022). The
morphology of carbon filaments is closely related to the
nature and the particle size of metal catalysts (Jiang et al.
2007; Moisala et al. 2003). Hence, preparing an effective
catalyst with a suitable size and crystalline structure is
crucial for the growth of on-demand carbon filaments.

Factors that impact the yields, morphology, and quality
of carbon filaments from plastics have been summarized
in Fig. 2. During the pyrolysis process, catalysts (ratio and
type), plastic types, temperature, and halogen elements all
impact the compositions of decomposed products such
as light hydrocarbons and aromatics, which are the major
feedstock for developing carbon filaments (Gong et al.
2013a; Gong et al. 2014¢; Yang et al. 2016; Yang et al. 2020).
During the formation of carbon filaments, catalysts, tem-
perature, and carbonization methods are the three decisive
factors. Other factors such as steam, pressure, atmosphere,
and duration also influence the quality and yields of carbon
filaments. Details about the impact factors related to car-
bon filament synthesis are summarized in Table 2.

3.1.1 Carbon nanotubes
Since the first report on CNTs in 1991 (lijima 1991),
CNTs have drawn widespread interests due to their
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outstanding physical, chemical, and mechanical proper-
ties. Carbon-containing gases (e.g., CH,, C,H,, CO, etc.)
are conventional feedstocks for CNTs fabrication. How-
ever, these fossil fuel-derived precursors are expensive,
which impedes the commercial applications of CN'Ts. The
first report on conversion of solid polymers to CNTs was
published in 1996 (Cho et al. 1996). Since then, numerous
efforts have been devoted to transforming low-cost waste
plastics into CN'Ts (Bazargan and McKay 2012). Until now,
besides regular CNTs, different morphologies of CNTs,
such as cup-stack, bamboo-like, and ultra-straight CNTs,
have been successfully synthesized from plastics.

Regular CNTs Regular CNTs have a hollow struc-
ture, and the graphitic layers parallel their growth axis
(Fig. 3b). Currently, the two-stage method with transition
metal catalysts is believed to be the most popular way to
produce CNTs from plastics. Microwave carbonization
is a new efficient approach to transforming plastics into
CNTs and hydrogen (Jie et al. 2020).

Previously, vapor-liquid-solid (VLS) growth mechanism
of CNTs proposed by Baker et al. (Baker et al. 1972) was
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well accepted by researchers. Figure 3a shows the three
stages in the VLS mechanism. At stage (I), the gaseous
carbon precursors adsorb and dissociate into elementary
carbon atoms on the surface of catalysts. At stage (II),
carbon atoms are dissolved and diffused in the whole cat-
alyst particle and generate liquid metastable carbides. At
stage (III), carbon atoms accumulate at the catalyst fringe
and form graphene layers, which will grow up into CNTs.
However, some controversies concerning the diffusion
step were raised because the driving force of carbon dif-
fusion in the catalyst particle was still not clear. The VLS
mechanism could explain the cases that catalyst particles
are melted out in the diffusion step, but it is not valid
when the particles remain solid. Therefore, Tessonnier
et al. (Tessonnier and Su 2011) proposed a vapor-solid-
solid (VSS) growth mechanism (Fig. 3a, IV and V). In
the VSS mechanism, stages (II) and (III) are substituted
by (IV) and (V), respectively. The carbon atoms only
dissolve and diffuse on the surface of catalyst particles.
Based on these mechanisms, numerous studies have been
carried out to optimize the production of CNTs. All the
factors that may impact the yield and quality of plastic-
derived CNTs are summarized in Table 2.

C

E \ (Hy H,
H, n-a\l}l,

B’M?L,
aans ©

Plastic Bag (LLDPE)
CNTs-NAAM

o
.,,I]II]]
(V)MOL I I n

(9)  waam

Liberated CNTs

Fig. 3 aThe VLS and VSS mechanisms for the growth of carbon nanotubes, reproduced with permission from Tessonnier et al. (Tessonnier and Su
2011), copyright 2011 John Wiley and Sons; b A TEM image of multiwall CNTs synthesized by microwave with FeAlO, catalysts, reproduced with
permission from Jie et al. (Jie et al. 2020), copyright 2020 Springer Nature; ¢ A TEM image of cup-stack CNT produced from PP by the catalysis of

Ni with lattice oxygen; d A TEM image of bamboo-like CNT prepared from PP using nanosized biochar, reproduced with permission from Shah

et al. (Shah et al. 2022), copyright 2021 Elsevier; @ ATEM image of carbon nanofiber fabricated from PP by the catalysis of Ni/OMMT, reproduced
with permission from Gong et al. (Gong et al. 2013b), copyright 2013 Elsevier; f ATEM image of PL-CNF produced from PP by the catalysis of Ni,
reproduced with permission from Gong et al. (Gong et al. 2015b), copyright 2015 The Royal Society of Chemistry and the Centre National de la
Recherche Scientifique; g The schematic diagram for the synthesis of well-organized CNTs by NAAM templates; h and i are the SEM (scale bar
=250nm) and TEM (scale bar =10nm) images of CNTs synthesized by NAAM templates, reproduced with permission from Altalhi et al. (Altalhi et al.
2013), copyright 2013 Elsevier
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Cup-stack CNTs Unlike regular CNTs, the graphitic
layers in cup-stack CNTs have a 17-25° angle to their
growth axis. This is mainly due to the rhombic shape of
Ni catalysts (Gong et al. 2013b; Gong et al. 2015b). At
the initial step, the graphene layers formed on the crystal
facet are parallel to the crystal plane. There is a certain
angle between the two facets of the rhombic-shaped cat-
alyst, hence the graphene layers grow with the same angle
and result in the formation of cup-stack CNTs (Fig. 3c).
Therefore, controlling the shape of catalysts is the key
to obtaining cup-stack CNTs. Gong et al. (Gong et al.
2015b; Gong et al. 2013b) found that combining OMMT
or increasing lattice oxygen in a nickel catalyst could coa-
lesce and reconstruct NiO nanoparticles into the rhom-
bic shape. Subsequently, NiO nanoparticles are reduced
into rhombic-shaped metallic Ni, which will catalyze the
transformation of hydrocarbons and aromatics to cup-
stack CNTs.

Bamboo-like CNTs Bamboo-like CNTs consist of peri-
odically separated segments of graphitic layers along the
growth axis. Compared to other kinds of CNTs, they have
a high defect density and specific surface areas because
of their unique morphology. Shah et al. (Shah et al. 2022)
adopted biochar as the catalyst and synthesized the
bamboo-like CNTs with a uniform diameter. They found
that the morphology of CNTs was mainly affected by the
temperature and particle size of biochar. Large-size bio-
char favors to form amorphous carbon, and the nano-
sized biochar tends to produce high-quality bamboo-like
CNTs. Meanwhile, raising the temperature will facilitate
hydrocarbons decomposition and accelerate the diffusion
rate of carbons. It is are beneficial for obtaining CNTs
with a high quality and graphitization degree. In addition,
catalysts with triangle or droplet shapes are prone to gen-
erating bamboo-like CNTs (Fig. 3d).

Ultra-straight CNTs Altalhi et al. (Altalhi et al. 2013)
have successfully transformed plastic bags into ultra-
straight CN'Ts with smooth surfaces and open ends. As
shown in Fig. 3g-i, nanoporous anodic alumina mem-
branes (NAAMs) act as templates to control the length
and outside diameter of CNTs, while the walls and inner
diameter can be controlled by adjusting deposition time.
Adding templates during carbonization is a facile way to
control the morphology of CNTs, but relevant research is
limited and further study is recommended.

3.1.2 Carbon nanofibers

Compared to CNTs, carbon nanofibers (CNFs) have a
solid core. CNFs can be manufactured on a large scale
and are cost-effective products, so they are excellent
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alternatives to CN'Ts (Azara et al. 2022). CNFs also have
some different morphologies, such as regular CNFs,
platelet CNFs (PL-CNFs), and irregular CNFs.

Regular CNFs Regular CNF is a common carbon prod-
uct in plastic carbonization (Fig. 3e). Gong et al. (Gong
et al. 2015b; Gong et al. 2013b) found that the formation
of CNFs was closely related to the shape and size of the
catalysts. When nanosized catalysts coalesced and recon-
structed into irregular polyhedral or round-like shapes
during the carbonization process, graphitic layers will
grow in different directions because the graphitic basal
planes are parallel to the catalyst facets. Consequently, a
solid core will form in CNFs.

Platelet CNFs (PL-CNFs) PL-CNFs have a special struc-
ture; so that their graphitic layers are perpendicular to
their growth axis (Fig. 3f). The catalysts in PL-CNFs are
irregular polyhedral catalysts with hundreds of nanome-
ters in diameter, which are relatively larger than the cata-
lysts for the synthesis of other types of carbon filaments.
The large size should be ascribed to the coalescence and
sintering of catalysts particles (Gong et al. 2015b). The
inner graphitic layer spacing of PL-CNFs is 0.34—0.36 nm,
slightly larger than other carbons (0.34nm). Further-
more, the graphitic layers of PL-CNFs are not continuous
and have many defects, resulting in a low graphitization
degree.

Irregular CNFs It has been widely reported that abun-
dant irregular CNFs were produced during CNTs syn-
thesis from plastics (Cai et al. 2021; Veksha et al. 2022;
Xu et al. 2021b; Yao et al. 2017). The appearance of
irregular CNFs is caused by the agglomeration of cata-
lyst nanoparticles and the piling up of mismatched gra-
phene at edge sides due to stress energy (Haggar et al.
2022). The accumulation of catalyst nanoparticles will
reduce accessible active sites for carbon growth. As a
result, the graphene layers grown on the uncovered cat-
alysts will stack up and exhibit irregular morphology. In
general, reducing the particle size and preventing cata-
lyst agglomeration are potential strategies to avoid the
formation of irregular CNFs.

Compared with other carbon morphologies, carbon fila-
ments are the most reported high-value carbon products
from plastics. Numerous factors can affect the forma-
tion of carbon filaments, such as the intrinsic property
and shape of catalysts, pyrolysis temperature, feedstock
ratio, fabrication method, halogen radical, atmosphere,
and pressure (Table 2). Increasing the proportion of
light hydrocarbon intermediates is conducive to obtain-
ing high-quality carbon filaments, and the controlled
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synthesis can be achieved by introducing catalysts and
halogen radicals, choosing suitable plastics and fabrica-
tion methods, raising the ratio of plastics to catalysts, and
increasing treatment temperature and time. However, it
is still challenging to obtain uniform CNTs. One-pot and
two-stage synthesis produce a mixture of carbon prod-
ucts, which will hamper the broad applications of CNTs,
so further studies are required to improve the purity and
quality of CNT products.

3.2 Graphene
Top-down methods, including physical or chemical exfo-
liation, have been used to produce graphene from graph-
ite. However, these methods suffer from either low yields
or inferior qualities. Bottom-up approaches such as CVD
using metal catalysts can produce high-quality graphene,
but the carbon sources are expensive and explosive gas-
eous precursors. Thus plastic is a safe and economical
option for graphene production (Kwon et al. 2019).
Several methods have been used to produce graphene
with plastics, including CVD (Byun et al. 2011; Cui et al.
2017; Ruan et al. 2011; Sharma et al. 2014; Sun et al. 2010;
Takami et al. 2014; Wang et al. 2012), flash Joule heating
(FTH) (Algozeeb et al. 2020; Wyss et al. 2021), and pyroly-
sis and graphitization (Ko et al. 2020; Mensah et al. 2022).
CVD has successfully transformed different types of
plastics into graphene. Firstly, plastics are spin-coated or
placed on metal foil catalysts to form a two-layer struc-
ture with/without the substrate of SiO,/Si or sapphire
(Fig. 4a). Then, the composite is annealed at 800—1000°C
with a reductive gas flow (H,/Ar) in a low vacuum envi-
ronment for a few minutes and high-quality graphene
can be obtained (Ruan et al. 2011; Sun et al. 2010). The
thickness of the product can be controlled to have a mon-
olayer, bilayer, and a few layers by tuning the flow rate
of H, (Fig. 4b) (Sharma et al. 2014; Sun et al. 2010). H,
acts as a reducing agent and a carrier gas to remove car-
bon from plastic decomposition, and thus the lower the
H, flow, the more carbon source for the growth of mul-
tilayer graphene. Another sandwich structure was raised
by Byun et al. (Byun et al. 2011) that the polymer layer
was in the middle of a metal capping layer and SiO,/Si
substrate. The metal capping layer can prevent the vapor-
ization of decomposed molecules and catalyze graphene
growth (Byun et al. 2011). However, only multilayer
products were obtained, and the layer number cannot be
controlled under this structure (Fig. 4c). Instead of form-
ing composites prior to graphene synthesis, simply put-
ting plastics at the upstream side of metal foil can also
synthesize graphene. Interestingly, in this system, high-
quality hexagonal graphene was obtained via lowering
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the gas injection rate and pre-annealing polycrystalline
Cu foil (Sharma et al. 2014).

Recently, FJH with a sequent alternating current (AC)
and direct current (DC) flash can convert mixed plastic
waste into flash graphene in seconds. With 5wt% carbon
black as a catalyst, AC-FJH can reach ~2900K, break-
ing C-C bonds, rearranging the carbon to graphene, and
removing non-carbon volatiles. The subsequent DC-
FJH can reach ~3100K, and heal defects and disorders
to obtain high-quality graphene (Fig. 4d-f) (Algozeeb
et al. 2020). This process cannot control the layer of gra-
phene and the product usually has multilayers, but the
carbon yield from FJH can reach 20-30wt% (Algozeeb
et al. 2020), which is higher than the CVD method. FJH
can also produce graphene from the pyrolysis ash of
plastic waste (Wyss et al. 2021). Ko et al. (Ko et al. 2020)
reported the method of pyrolysis and graphitization. In
this process, PET was first converted into amorphous
carbon at 900°C, and then the carbon was graphitized by
boron at 2400°C. At last, the graphite was exfoliated to
obtain graphene (Fig. 4g).

Cu and Ni foils are the mostly used metal catalysts in
plastic conversion by CVD. Compared with Ni, Cu has
a low solubility of carbon sources, so it can synthesize
monolayer graphene and control layers in different gas
environments (Fig. 4h) (Sun et al. 2010). Unlike Cu, Ni
can reverse graphene to hydrocarbon products, which
cuts graphene along certain directions (Sun et al. 2010).
Also, Ni has stronger chemisorption of graphene and is
more preferable to form graphene compared with Cu
because carbon is more soluble in Ni (Byun et al. 2011).
The thickness of metal catalysts can also make a differ-
ence in graphene quality. When the polymer is under a
Ni catalyst, graphene grows by carbon diffusion into the
catalyst and subsequent precipitation on the metal sur-
face upon cooling. Therefore, too thin or too thick lay-
ers of the catalyst will hamper the synthesis process and
result in inferior quality of graphene (Byun et al. 2011).

The impact of polymer types on product quality is min-
imal in the system using the Polymer/Cu/SiO,/Si com-
posite as precursors. This is because carbon has a higher
affinity on metal catalysts than heteroatoms, so carbon
self-healing and atom rearrangement occurred to form
high-quality graphene, resulting in a similar I,/I; ratio
in Raman spectra. Except for poly(methyl methacrylate)
(PMMA), the higher oxygen content in PMMA will
introduce more defects to the graphene (Cui et al. 2017).
Among various polymers, PE, PP, and PS tend to have
higher graphene yields due to their higher decomposi-
tion temperatures, which will lower the carbon supply
rate. Thus, the generated carbon species will have more
time to react with metal catalysts, resulting in higher car-
bon yields (Cui et al. 2017). Similar to CVD process, the
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Fig. 4 a lllustration of graphene synthesis by PMMA/Cu/SiO/Si; b Raman spectra of monolayer, bilayer, and multilayer of graphene, reproduced

reproduced with permission from Byun et al. (Byun et al. 2011), copyright 2011 American Chemical Society; d Schematic of the device for

FJH method; e TEM image of flash graphene from HDPE; f Comparisons of Raman spectra after FJH treatment; g Schematic illustration of the
preparation of graphite and graphene from PET, reproduced with permission from Ko et al. (Ko et al. 2020), copyright 2020 Elsevier; h Optical
microscopic image of graphene crystals and the formation process of continuous graphene film, reproduced with permission from Sharma et al.
(Sharma et al. 2014), copyright 2014 Elsevier; i The yields of flash graphene from different types of plastics, reproduced with permission from
Algozeeb et al. (Algozeeb et al. 2020), copyright 2020 American Chemical Society
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carbon yield in FJH process is correlated with the ther-
mal stability of plastics. The more stable the plastics, the

higher the yields (Fig. 4i). For example, PE a

duce more graphene than PET and PVC (Algozeeb et al.

2020). The thickness of polymer also affects

tion of graphene in CVD. The plastic close to the metal

foil tends to form graphene with fewer defect

plastic adjacent to the substrate turns amorphous. There-
fore, it was recommended to have a thinner polymer film

in the first place (Byun et al. 2011).

Reaction temperature also impacts graphene quality.
Low-temperature CVD results in a lower quality product
or even amorphous carbon (Byun et al. 2011). For exam-
ple, Sun et al. (Sun et al. 2010) discovered that at 800°C,
the I/1; peak ratio from Raman results was lower than
0.1, while that produced at 750°C was about 0.35. After
the reaction, lowering the cooling rate is beneficial to the
reconstruction of hexagonal structure in graphene as it
allows carbon to diffuse back to the metal surface and
have a structural relaxation (Wang et al. 2012).

nd PP pro-
the forma-

s, while the
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Studies have also been conducted to dope nitrogen for
improvements of carbon properties. Traditionally, nitro-
gen doping can be achieved by using a NH; gas flow dur-
ing graphene growth by CVD or during the annealing
treatment of synthesized graphene. N-doped graphene
can also be obtained by simply mixing melamine with a
plastic precursor prior to spin-coating on the metal foil.
When using plasma-assisted CVD, using a N,/H, gas
mixture to treat grown graphene also helps incorporate
nitrogen (Wang et al. 2012).

To sum up, CVD and FJH are effective ways to trans-
form different types of plastics into graphene. The CVD
technique can control the layers of graphene by tun-
ing the H,/Ar gas flow, while FJH cannot. But FJH can
achieve a higher carbon conversion rate than CVD. To
obtain high-quality graphene in CVD, a moderate thick-
ness of metal foil, plastics with high decomposition
temperature, thin plastic film, and low cooling rate are
encouraged. For FJH, using higher thermal stable plastic
is beneficial to a higher yield of graphene. In the future, a
further increase in the graphene yield with controllable
layer structure in both systems will increase the feasibil-
ity of scale-up graphene production from waste carbon
sources.

3.3 Carbon nanosheets (CNS)

CNS is a 2D material of stacked graphene with few-
nanometer thickness. CNS has been widely used in
environmental remediation and energy recovery. How-
ever, the current methods to produce CNS are solid-
state dichlorination, pyrolysis, and CVD. These methods
require organic solvents, expensive templates or pre-
cursors, a sophisticated synthesis procedure, or a high
vacuum environment (Wen et al. 2019). Thus, convert-
ing waste plastics to CNS via a facile approach is highly
desirable. However, the conversion of plastics to CNS
received less research attention. Carbonization parame-
ters, including reactor design, catalyst type, and tempera-
ture are limited to a certain range.

There are mainly two reactors for the reaction: the
quartz tube reactor and sealed reactor. The quartz tube
is the mostly used reactor due to its advantages of easy
operation and safety. Plastics are firstly mechanically or
melted mixed with catalysts and then experience carbon-
ization at 700—900°C for up to three hours under an inert
gas such as N, and Ar. However, carbon volatiles may
escape along with the gas before carbonization, result-
ing in carbon loss. Thus, a sealed autoclave reactor was
developed to promote secondary reaction and increase
carbon conversion and yields. For example, carbonizing
PS plastics with MgO will produce monoaromatics and
diaromatics in the first 30 minutes, which subsequently
transformed into polycyclic aromatic hydrocarbons
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(PAHs) to form graphene layers (Ma et al. 2018). How-
ever, current studies did not discuss the influence and
mechanisms of a pressurized environment.

The production and yield of carbon nanosheets are
dependent on the types of intermediates generated from
the reaction between plastics and catalysts. There are
mainly two catalysts used for CNS generation, MgO and
OMMT. Both the catalysts serve as the template and
catalyst spontaneously, and the weight ratios of plastics
to catalyst are usually in the range of 1:1-1:6. MgO is
more commonly used because it can be removed simply
by washing with non-corrosive acids (Ma et al. 2018).
The presence of MgO can bring several benefits to the
carbonization system. Wen et al. (Wen et al. 2015) per-
formed the carbonization of physically mixed PS/MgO
in a quartz tube at 700°C for six minutes. During the
degradation, MgO promoted the transformation of
C,-C; to H, and CH,, and further decomposed CH,
into H, and carbon. In the meantime, MgO promotes
PS degradation to aromatics with three or more rings
with the sacrifice of diaromatics. Subsequently, the gen-
erated PAHs adsorb and assemble on MgO surface to
form CNS. The morphology of obtained CNS is similar
to that of MgO template (Fig. 5a and b). However, the
low acid resistance of MgO makes it unreliable when
degrading PVC due to the generation of HCI. Similarly,
Mg(OH), sheets were also used as a catalyst and tem-
plate for CNS formation (Wang et al. 2018). During heat
treatments, Mg(OH), transforms into MgO and then
performs carbonization.

OMMT is composed of stacked layers of two silica
tetrahedrons fused to an edge-shared octahedral sheet
of alumina, which can degrade plastics to light hydro-
carbons and aromatics and further packing the inter-
mediates into CNS (Fig. 5¢ and d) (Gong et al. 2014d).
Compared with MgO, the alkylammonium deposited
on OMMT introduces more Bronsted acid sites to cata-
lyze the degradation of plastics (Wen et al. 2020), and
the presence of OMMT can capture the PAHs from
escape to increase the yield of CNS (Hong et al. 2012).
However, the removal of OMMT requires hydrofluoric
acid, which is hazardous and time-consuming (Ma et al.
2018). Unlike MgO, OMMT only acts as a template for
nanosheet formation and cannot create pores on CNS. In
addition, transition metals have been modified with these
catalysts for promoted plastic transformation. Hong et al.
(Hong et al. 2012) combined Fe and organophilic mont-
morillonite (OMT) as catalysts to transform PS to CNS.
Dehydrogenation of aromatics occurred on Fe surface
to form hexagonal rings, which could be transformed to
CNS via epitaxial growth. OMT was responsible for con-
straining pyrolytic aromatics to facilitate graphene for-
mation on the composites.
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Fig. 5 SEM image of a MgO nanosheet and b corresponding formed CNS, reproduced with permission from Ma et al. (Ma et al. 2020a), copyright
2020 IOP Publishing; ¢ TEM image of CNS synthesized by mixed plastics/OMMT composite, reproduced with permission from Gong et al. (Gong

et al. 2015a), copyright 2015 The Royal Society of Chemistry; d Scheme of CNS formation from mixed plastics/OMMT composite, reproduced with
permission from Gong et al. (Gong et al. 2014d), copyright 2014 American Chemical Society

Mixed plastics

Aromatics compounds are reported to be the primary
carbon source of graphitic nanosheets because of the
favorable molecular structures of hexagonal rings (Hong
et al. 2012). Experiments using different aromatics as
carbon sources showed that PAHs, especially acenes,
generate more carbon products compared with mono-
aromatics and diaromatics. Thus PS is prone to pro-
ducing CNS under the same condition due to its higher
proportion of aromatic compounds (Ma et al. 2018).
Other plastics without aromatic rings can also produce
carbon materials because the obtained liquid aliphatic
compounds can transform into aromatics via a series of
isomerization, dehydrogenation, and aromatization reac-
tions, which can be utilized to generate graphitic sheets.
However, their carbon yields are lower than PS. PVC has
the lowest carbon yield because the generated HCI will
deteriorate catalysts. PET has inferior carbonaceous
products for two reasons. Firstly, PET mainly degrades to
acids, alcohols and benzenes which are more difficult to
be carbonized into CNS compared with PAHs. Also, oxy-
gen from PET can oxidize the carbon product and reduce
its quality (Ma et al. 2018; Wen et al. 2020).

To further improve the properties of CNS for broader
applications, pores are introduced to increase the specific
surface area. In addition to MgO template that can cre-
ate a certain amount of mesopores below 50nm (Wen
et al. 2019; Wen et al. 2015), KOH activation is the most
reported method for the formation of micropores and
mesopores below 10nm, making CNS a good candidate
for pollutant adsorption (Gong et al. 2015a). Wang et al.
(Wang et al. 2018) synthesized a composite of Mg(OH),@

CoZn-ZIFs to further increase porosity and functionalize
the material. The evaporation of Zn species at high tem-
perature can generate more micro/mesopores, while the
nitrogen species in ZIFs will be introduced to the carbon
product, further expanding the versatility of CNS.

In general, PAHs are the primary carbon sources for
the growth of CNS. Thus, compared with other plastics,
PS is the ideal candidate to prepare CNS due to the rich-
ness of aromatics in the structure. Using a sealed auto-
clave can potentially increase the yields of CNS because
it can restrain aromatics from escaping and promote
favorable secondary reactions. MgO and OMMT are
used as both templates and catalysts to increase porosity
and enhance CNS yields. However, other types of cata-
lysts have rarely been reported. Until now, CNS forma-
tion mechanisms under different conditions (e.g., varied
temperature and reaction durations) are still unclear and
need further investigation.

3.4 Carbon sphere

Carbon spheres have been used as reinforcement for rub-
ber and tyres, lubricants, printers, batteries, and paints.
CS synthesized from plastics has solid core unless tem-
plates are used to produce hollow spheres. Currently,
two processes have been applied in CS synthesis, includ-
ing autogenic reaction (i.e. using an autoclave reactor)
and atmospheric pressure reaction. For the autogenic
reaction, a high pressure will be achieved in a closed
autoclave along with the formation of small molecules
decomposed from polymers. For example, PE breaks
into short chains during the heating process and releases
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H,. The associated carbon proceeds polymerization to
chains, and free hydrogen will form H, or recombines
with carbon compounds. During the cooling process,
the high hydrogen content lowers the melting points of
carbon-rich compounds, enabling the spheres to form
monodispersed droplets (Pol et al. 2014). Thus, to keep
surface energy minimum, spherical carbons are prefera-
ble during cooling (Fig. 6a-c) (Zhang et al. 2019b). There-
fore, CS with a smooth surface was obtained. The sphere
curvature is affected by the molten state before crystal-
lization and the presence of multi-membered rings and
defect structures (Pol et al. 2014). For an opened reac-
tor, only CS with a rough surface and aggregated carbons
were reported (Gong et al. 2013¢; Gong et al. 2014b).
HDPE tends to produce spherical carbon in 3-5pm in
an autoclave after the treatments at 700°C for 3 h, while
LDPE yields semi-spherical carbon products under the
same conditions (Fig. 6d). PS generates spherical carbon,
but the sizes are diverse (4—10pum) (Pol 2010). Sawant

et al. (Sawant et al. 2013) observed a similar phenom-
enon: PP, HDPE, and LDPE produced spheres with
smooth surfaces after Oh retention time at 700°C, while
the products from PVC, PS, and PET had impurities of
carbon particles on the surface. The particle impuri-
ties were ascribed to the intrinsic properties of charring
polymers. The difference of the products from PS is con-
tributed to the reaction time because a longer reaction
time leads to a more complete reaction. For non-char-
ring plastics, including PP and PE, oil containing aro-
matic hydrocarbons will form (<500°C), which will act
as the precursors for sphere formation (>500°C) (Gong
et al. 2013¢; Sawant et al. 2013). However, for charring
plastics, the backbone chain of charring plastics experi-
ences cyclization, aromatization, or crosslinking instead
of decomposition (<500°C), thus a carbon material
frame will form (>500°C) and remain as irregular par-
ticles. To some charring polymers, such as chlorinated
PVC, solutions have been raised to form monodispersed
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CS. By adding Cl-fixatives such as Fe,O5 and ZnCl,, the
plastic can be transformed into carbon spheres instead
of “sponge-like” carbon lump. This is because the Cl-fix-
atives accelerated dehydrochlorination and subsequent
carbonization on the surface. This process occurred
prior to polymer surface melting, preventing the spheres
from binding and facilitating the generation of indi-
vidual carbon spheres (Gong et al. 2013¢c; Zhou et al.
2022b). However, this strategy is only suitable for PVC.
For PET, CS was formed under the atmosphere of pres-
surized CO,. CO, can dissolve aromatic hydrocarbons
from polymers, promoting the dissociation of plastic for
CS formation (Wei et al. 2011).

Unlike other carbon morphologies, catalysts were
less used in solid CS synthesis. The absence of a metal-
based catalyst makes the product free from metal impu-
rities and a purification process (Sawant et al. 2013).
To produce hollow CS, Gong et al. (Gong et al. 2014a)
used Co;O, as a catalyst and template for sphere for-
mation, but sole Co;O, caused carbon agglomeration.
Thus OMMT was combined with Co;O, to help dis-
perse Co;0, and promote plastic degradation to light
hydrocarbons for better CS growth (Fig. 6e) (Gong et al.
2014b). One of the advantages of a template is that the
sphere size was controllable (from about 50 to over
100nm), and the hollow structure increases the specific
surface area of CS.

Reaction time and temperature are important factors in
CS formation. Increasing reaction duration can improve
the graphitization and yield of CS, meanwhile maintaining
the shape and size (Pol 2010; Wei et al. 2011). At 650°C,
the CS yield increased from 13% to 47.5% with a prolonged
retention time from 0 to 9h. In terms of temperature,
low reaction temperature of 600°C resulted in agglomer-
ated CS, but well-dispersed spheres were formed at 700°C
(Sawant et al. 2013). Carbonization at low temperature and
short time leads to incomplete carbonization because of a
low degree of aromatic condensation and the appearance
of alkyl substitution, which shows irregular grains and
flakes on the surface (Wei et al. 2011). Raising the temper-
ature above 700°C will intensify the carbonization degree
by transforming disordered carbon into graphitic carbons
(Pol 2010). Similarly, high-temperature post-treatment at
2400°C can turn turbostratically disordered carbon into
graphitic carbon, which promotes graphitization degree
without changing carbon morphology (Pol and Thack-
eray 2011). However, if the temperature is too high (over
2800°C), the surface will become rumpled due to the curv-
ing structure of longer-range crystallized graphite blocks
(Pol et al. 2014). Interestingly, if the high-temperature
treatment was performed in a vacuum furnace at 1500°C,
the smooth CS would transform into onion-like spheres
with a rough surface and nanometer-scale flakes (Fig. 6f).
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However, only PET was investigated, and other types of
plastics were not examined (Hu et al. 2014).

To sum up, smooth surface CS and aggregated rough
particles can be obtained via autogenic reaction and
atmospheric pressure reaction, respectively. To obtain
high-quality CS with a smooth surface, we recommend
increasing the reaction temperature (<2800°C), extend-
ing the reaction time, and using appropriate plastics.
Non-charring plastics such as PP and PE are ideal feed-
stocks for CS synthesis, while charring plastics such as
PET and PVC lead to irregular particles. The strategies
of dechlorination and pressurization with CO, could
be used to promote CS formation from PVC and PET,
respectively.

3.5 Porous carbon

Due to its high specific surface area, low cost, adjustable
pore structure, and good electrical conductivity, porous
carbon has been widely applied in CO, capture (Algozeeb
et al. 2022; Song et al. 2022), solar steam evaporation
(Zhang et al. 2019a), supercapacitor (Cheng et al. 2015;
Ma et al. 2020b; Min et al. 2019; Zhang et al. 2021a),
and battery (Min et al. 2020). Thus, the carbonization
of waste plastics to porous carbons is beneficial for wide
applications.

There are mainly two ways to introduce porous struc-
ture to plastic-derived carbons: pyrolysis with templates
and activators-induced pore generation. Currently, the
mostly commonly reported template is MgO due to its
low price, facile fabrication, and controllable pore size
and morphology. The facile removal of MgO by non-
corrosive acids also makes it a favorable template. The
evaporated small molecules from plastics can dehydro-
genated and aromatized on MgO surface to form carbon
materials that inherit the morphology of MgO. On this
basis, Min et al., (Min et al. 2020) combined MgO with Fe
(acac), as a combined template and transform different
plastics (e.g. PE, PP, PS, and PVC) into a 3D hybrid con-
taining hollow carbon spheres and porous carbon flakes.
During heat treatments, Fe (acac), changed to Fe;O, nan-
oparticles, which acted as a template for forming a hol-
low carbon sphere (Fig. 7a). Similarly, Mg(OH), was also
used as a template because it would transform to MgO at
high temperatures to produce cubic-shaped hollow car-
bon (Cheng et al. 2015). Other templates such as SBA-
15 (Liang et al. 2019), silica (Zhang et al. 2018), and NaCl
(Zhang et al. 2019a) were also used as a hard template
in the pyrolysis of plastics for producing porous carbon.
Salts can act as both a hard template and a catalyst to
control the carbon yield and obtain hierarchically porous
structures. Zhang et al. (Zhang et al. 2019a) used ZnCl,/
NaCl eutectic salts to convert PET to porous carbons.
A low amount of ZnCl,/NaCl promoted crosslinking of
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PET-decomposed products and improved carbon yield,
and the eutectic salts acted as the templates for forming
meso- and macro-pores (Fig. 7b).

During plastic carbonization, activation processes in
in-situ pyrolysis or post-treatment will aid the formation
of porous structures. Among various activators, KOH
is mostly used to promote the formation of micropores
and mesopores. KOH can facilitate the emission of more
volatile compounds because carbon can react with KOH
to form potassium carbonates (K,CO;), hydrogen, and

potassium (Liew et al. 2019). When KOH is combined
with metal oxide as macroporous templates, hierarchi-
cally porous carbon can be obtained (Fig. 7c). In addition,
urea is beneficial to further developing pore structures
because the released gases (CO, and NH;) and intro-
duced nitrogen will generate more defects in carbons,
making it easier to interact with the KOH activator (Ma
et al. 2020b). K,CO; and K,O have a similar effect on
pore formation (Ma et al. 2020b). However, the activa-
tion processes will introduce a large number of structural
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defects and oxygen-containing functional groups on the
surface (Ma et al. 2020b). KOAc is another option as a
carbon activator. Compared with KOH, KOAc is less
corrosive, making it safer to use in scale-up productions
(Algozeeb et al. 2022). Surface areas of products enlarged
when the ratio of KOAc to plastics increased. The SEM
image of porous carbon obtained with the KOAc/HDPE
ratio of 4:1 is shown in Fig. 7d. However, at a higher ratio,
the porous structures collapsed resulting in a lower sur-
face area (Algozeeb et al. 2022). ZnCl, is also used as
an activator to treat PET-derived carbons. Compared
with KOH in generating micropores and mesopores
(0.4—41nm), ZnCl, only produces mesopores, but ZnCl,
activation can promote the graphitization degree of the
carbonaceous product and reduce the content of surface
functional groups (Zhang et al. 2021a). During activation
processes, a high temperature usually leads to a larger
surface area and helps decompose oxygen functionali-
ties and decreases oxygen content. But over-heating may
cause decomposition of carbon products due to etching
by the metallic catalyst (e.g., potassium).

Among different plastics, charring plastics, including
polyamide, PET, and PVC are more prone to producing
porous carbons than non-charring plastics such as PE
and PP (Algozeeb et al. 2022). This is because the pyroly-
sis of PP and PE mainly produces small molecules that
are not favorable for carbon yield. PVC and PET do not
decompose and instead experience aromatization, cross-
linking, and cyclisation to form carbonaceous products
(Yuwen et al.,, 2022). To overcome the low carbon yield
of PP, microwave heating in concentrated sulfuric acid
was proposed to induce sulfonation and oxidation reac-
tions. The crosslinking of oxygen-containing and sul-
fonate groups helps increase the carbon yield and induce
self-activation to etch and generate pores in subsequent
pyrolysis (Yuwen et al,, 2022). For PET, though it has
higher carbon yields, the carbonization process is diffi-
cult to control because decomposition and crosslinking
happen simultaneously. Adding salts such as ZnCl, can
help regulate the process (Zhang et al. 2019a).

In summary, pyrolysis with templates and pore-forming
activators are two effective approaches to manufacturing
porous carbons. Templates including MgO, Mg(OH),,
Fe (acac),, SBA-15, silica, and NaCl can introduce meso-
and macropores, while post-activation treatment by KOH
and KOAc can produce micropores depending on the
original carbon structures. Compared with non-charring
plastics, PET, PVC, and polyamide are more favorable in
porous carbon synthesis. One effective strategy to over-
come the low carbon yields of PE and PP is to introduce
functional groups (e.g., oxygen and sulfonate groups) and
crosslink them to form graphitic carbons.
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4 Conclusions and perspectives

As a carbon-rich feedstock, plastics have been used to
produce various carbonaceous materials in different
morphologies and structures and are appealing to eco-
nomic CNM synthesis. Different types of plastics have
their own carbonization features to yield distinct mor-
phologies of CNMs (Fig. 8). Some plastics are less pos-
sible to evolve into specific morphologies due to their
intrinsic structures, so efforts have been devoted to opti-
mizing treatment conditions to resolve the limitations.
This review has revealed the relationships between pyrol-
ysis and catalysis processes by comparing and summariz-
ing different studies of plastic carbonization. Identifying
the intermediates produced from pyrolysis is the key to
understanding the morphological evolution of the car-
bon products. Attention has been paid to the impacts of
plastic types. It was discovered that non-charring plastics
of PE and PP are prone to pyrolyzing into light hydro-
carbons, which can act as the feedstock to form high-
quality carbon filaments and carbon spheres. PS tends to
decompose to aromatics, which are favorable to the for-
mation of graphene and CNS. In terms of charring plas-
tics of PET and PVC, their carbonization tends to form
solid carbon material frames due to a series of reactions,
including cyclization, aromatization, and crosslinking, so
they are inclined to form porous carbon. This review also
summarizes other impact factors such as catalysts, tem-
plates, temperature, pressure, and gaseous environment.
Although different CNMs have been successfully synthe-
sized from plastics, there are still challenges in improving
CNMs quality and yields.

(1) First, it remains challenging to produce uniform
CNTs. The carbon filaments produced by one-pot
methods are usually a mixture of CNTs, CNFs, and
amorphous carbons, which limit the applications. The
morphologies of carbon filaments produced by the
two-stage treatment vary in wall number, diameter,
and length. These problems are closely related to the
shape, size, and nature of the metal catalysts. Thus,
research endeavors will be more on the morphological
control of existing catalysts and rational design of new,
effective, and low-cost catalysts. The yield of carbon
filaments produced by the two-stage method is usually
below 20%, thereby the yield should also be substan-
tially improved in future scale-up production.

(2) Heteroatom doping is an effective way to alter the
properties of CNMs, but only a few studies inte-
grate it into plastic carbonization. In addition,
CNMs produced from plastic carbonization are
usually purified by acids because of the metal and
oxide catalysts. Metals and acid in the waste solu-
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tion should be recycled and reutilized. Reusable
catalysts for plastic conversion should be exploited
in future research.

There are still technical limitations on the forma-
tion of different morphological carbons. In terms
of graphene synthesis, plastics with lower thermal
stability still have low carbon yields. Among differ-
ent plastics, PVC and PET are less investigated to
synthesize graphene. For CNS, catalysts are limited
to MgO and OMMT. Other types of catalysts are
rarely reported. Modifications of MgO and OMMT
are promising to introduce functionalities and fine-
tune the properties of CNS, which are worthy of
study in future research. Similarly, the effects of
temperature, plastics/catalyst ratio, and reaction
time are rarely discussed. Future research should
conduct a more thorough investigation on precise
control of CNS formation. CS, PVC and PET tend
to produce irregular particles, which implies the
limitation of autogenic reactions on mixed plastics
conversion. Thus, techniques of adding Cl-fixatives
and supercritical CO, are required to convert PVC
and PET, respectively. In the case of manufactur-
ing porous carbon, non-charring plastics are not
favorable due to the loss of light hydrocarbons, thus
it is suggested that future research introduces func-
tional groups prior to heat treatment to intensify
the repolymerization and graphitization processes.
Each carbon morphology has a preference for a spe-
cific plastic feedstock. However, waste polymers are

composed of various types of plastics and impuri-
ties. Current methods for mixed plastic conversion
have limitations of low carbon yields. Thus, design-
ing universal low-cost methods to convert different
waste plastics is the key to realizing large-scale pro-
duction and industrial applications. In addition, the
effects of impurities such as metals, antioxidants,
plasticizers, and fire retardants on the carboniza-
tion process are neglected in most research. These
additives can enhance specific properties of plastics
and may impact the carbon conversion processes,
and thus should be investigated in future studies.
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