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The investigation of the pyrolysis behaviour of real-world waste plastics (RWWP) and using them as the feed-
stock to produce carbon nanotubes (CNTs) could serve as an effective solution to address the global waste plastics
catastrophe. This research aimed to characterize the pyrolysis behaviour of RWWP via thermogravimetric
analysis (TG) and fast pyrolysis-TG/mass spectrometry (Py-TG/MS) analyses. Activation energies (131.04 kJ
mol™! —171.04 kJ mol™!) for RWWP pyrolysis were calculated by three methods: Flynn-Wall-Ozawa (FWO)

method, Kissinger-Akahira-Sunose (KAS) method, and Starink method. Py-TG/MS results indicated that the
RWWP could be identified as polystyrene (RWWP-1), polyethylene (RWWP-2), polyethylene terephthalate
(RWWP-3, 4), and polypropylene (RWWP-5, 6). In addition, RWWP-1, 2, 5, 6 outperform RWWP-3 and 4 as
sources of carbon for producing CNTs. The results showed a high carbon yield of 32.21 wt% and a high degree of

CNT purity at 93.04%.

1. Introduction

Since the beginning of the last century, plastic manufacturing has
witnessed an exponential increase to meet burgeoning social demand.
Plastics have an unshakable position in the marketplace, such as
healthcare, building, engineering, transportation, and aerospace(Al-
Salem et al., 2017; Yan, 2022). However, the dependency on plastics
results in>350 Mt of plastics being produced annually and meanwhile,
almost 80% of the plastics is turned into waste(Martin et al., 2021). The
proliferation of plastic products and the inadequate management of
their disposal have resulted in a significant increase in environmental
pollution, which poses a serious threat to our planet. Moreover, in light
of the heightened public apprehension regarding the worldwide
outbreak of Covid-19, it is imperative to implement a cleaner and safer
approach for the disposal and management of the fast growing medical
plastic waste(Adyel, 2020; Igalavithana et al., 2022). Plastic wastes have
a cumulatively negative impact on the ecosystem, which has been
escalating into a worldwide crisis(Macleod et al., 2021). It is universally
acknowledged that waste plastics have extensive detrimental effects on
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air(Chu et al., 2021), soil(Chae and An, 2018), and aqueous systems
(Alimi et al., 2018; Galgani and Loiselle, 2021) and eventually pose a
direct hazard to human health(Leslie et al., 2022).

Real-world waste plastics management is an even more severe global
problem. They were discarded worldwide annually at an astonishing
rate of around 300 Mt, comprising nearly>10% of municipal solid waste
(MSW) each year(Lebreton and Andrady, 2019). A significant amount of
research focuses on plastics with defined and specific physicochemical
qualities, while limited studies have investigated genuine waste plastics
with unknown compounds. Hence, it is essential to undertake the
thermal degradation process in an anonymous manner and to undertake
further investigations into the pyrolysis characteristic parameters. Along
with assessing the pyrolysis potential of RWWP, the possible identifi-
cation of the type of feedstock is also necessary to deepen the under-
standing of the relation between RWWP properties and the application
of their pyrolysis products. Thermogravimetric analysis (TG) under
different heating rates can be employed to study the pyrolysis behav-
iour. Besides, the activation energy values for RWWP pyrolysis can be
calculated using model-free methodologies: Starink method, Flynn —
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Wall — Ozama method, and Kissinger — Akahira — Sunose method (Das
and Tiwari, 2017). The activation energy values for the activation en-
ergies for different polymers were reported as Polystyrene (PS, 168-268
kJ mol 1), Polyethylene (PE, 215-247 kJ mol™}), Polyethylene Tere-
phthalate (PET, 153-265 kJ mol 1), and Polypropylene(PP, 179-188 kJ
mol") (Patnaik et al., 2019). Furthermore, the chemical composition of
the pyrolysis products can be analyzed through the utilization of py-
rolysis gas chromatography in conjunction with mass spectrometry
(Akoueson et al., 2021).

In the meantime, recycling has been developed as a more environ-
mentally friendly treatment than landfill to manage RWWP. Mechanical
recycling is commonly employed, but plastics recycled in this manner
are generally energy and capital-intensive and downcycled into low-
grade products. The disposal of waste plastics is often approached
through incineration, which is preferred over mechanical recycling.
However, the combustion of waste plastics results in the release of toxic
gases into the environment. In comparison, pyrolysis provides a more
environmentally sustainable method of waste plastic management, as
compared to traditional incineration methods(Dai et al., 2022). Since
the thermal process is conducted without air participating, unfavourable
end products (e.g., CO3) can be avoided to the maximum extent. Py-
rolysis is also the reverse process of manufacturing plastic products from
petroleum, allowing intractable waste plastics to be converted into high-
value products. Additionally, this technology keeps pace with the
worldwide trend toward carbon neutrality by facilitating the energy
structure transition from fossil fuels to sustainable renewable sources
(He et al., 2022). Among the end products (such as oil, char, and gas),
CNTs, using waste plastics as carbon sources, are regarded as
outstanding items via a chemical vapour deposition method (Williams,
2021; Wu et al., 2014b). Yao et al. (Yao et al., 2021) revealed that a
pyrolysis-catalysis process was employed to synthesise CNTs from post-
consumer mixed waste plastics, utilising Ni-Fe bimetallic catalysts sup-
ported on four distinct porous materials (Ni-Fe/MCM41, Ni-Fe/ZSM5,
Ni-Fe/Beta, and Ni-Fe/NKF5). The highest catalytic activity for waste
plastic pyrolysis-catalysis, based on a carbon material yield of 55.60 wt
%, was exhibited by the Ni-Fe/MCM41 catalyst. A comparative inves-
tigation of the effectiveness of three different catalysts (Fe/cordierite,
Ni/cordierite, and Ni-Mg/cordierite) for the catalytic pyrolysis of waste
plastics revealed that the Ni-Mg/cordierite catalyst exhibited the highest
filamentous carbon yield of approximately 93 wt%(Wang et al., 2020). It
is reported by Cai et al. (Cai et al., 2021b) that approximately 42 wt%
carbon deposit yield can be obtained through the catalytic pyrolysis
process using waste plastics when the ratio of Fe/Al,O3 was 1:1. Besides,
the economic viability of producing CNTs through the process of cata-
lytic pyrolysis utilizing waste plastics has been demonstrated(Cai et al.,
2021b). Meanwhile, as an alternative to commercial CNTs, CNTs pro-
duced from waste plastics have demonstrated extraordinary competi-
tiveness in many research fields, such as solid oxide fuel cells(Liu et al.,
2022), pollutant adsorption(Yao et al., 2022), electrocatalysts(Cai et al.,
2020), phase change material(Wang et al., 2022).

It is noted that the combined investigation on the pyrolysis behav-
iour of genuine RWWP followed by producing high-value CNTs is very
limited in the open literature. The goal of this work is to advance the
innovation in synthesizing high-value CNTs from RWWP by researching
the pyrolysis characteristic parameters and product composition. The
bridge was built to enhance the understanding between waste plastics
and end products. In addition, the feasibility of CNTs production using
different RWWP samples was inspected by employing a range of tech-
nical methods, including XRD, SEM, TEM, Raman, and BET.

2. Experimental section
2.1. Materials and pyrolysis procedure

The plastic raw material utilized in this work was sourced from Re-
Gen Ltd, UK. The waste plastics were cut into small squares (~5 mm).
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According to their colour and density, the real-world waste plastics were
roughly classified into six categories, which were assigned as RWWP-n
(n = 1-6), respectively. Table S1 presents the data of the proximate
and ultimate analysis of the RWWP samples.

The thermal degradation of the RWWP samples was studied using
TGA 2950 thermogravimetric analyzer. In each trial, 5-10 mg of RWWP
sample was used and subjected to heating from room temperature to
600 °C under N5 at 10, 20, and 30 °C min~}, respectively. The pyrolysis
and combustion kinetics of plastics were predominantly characterized
by the first-order Arrhenius law. The Coats-Redfern integral method was
employed to ascertain the activation energy for non-isothermal degra-
dation of RWWP samples in this work. Consequently, the rate equation
for kinetics analysis may be formulated as:

d(a)

a0 = f(a)k(T) (€8]
_ my — my;
=mo—my 2

where a represents reaction conversion degree, and mg, my, m¢ is weight
at the initial stage, weight at actual time, weight at the final stage,
respectively; T refers to reaction temperature, and t is reaction time; f(x)
is the kinetic model which represents the reaction mechanism function;
k(T) is the reaction rate constant. According to Arrhenius law,

K(T) = Aexp(——2) ®)

RT

where A works as the pre-exponential factor; R represents the gas con-
stant; E describes the activation energy, kJ mol L.

Coupling heating rate p = d(T))/d(t) and Eq. (1) into Eq. (3) can
obtain:
A E
=" exp(—)d(T
e —gpd(T)

Eq. (4) can be integrated when o = 0 and T = Ty, and then the ki-
netics of the pyrolysis reaction were represented as Eq. (5)(Ding et al.,
2021; Qu et al., 2019):
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Consequently, activation energy (E) can be calculated by FWO, KAS,
and Starink methods, respectively, which are defined as Eq. (2-4):
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where a, f refers to the reaction conversion degree and heating rate;
G(a) is the kinetic model; E describes the activation energy, kJ mol}; A
works as the pre-exponential factor; R represent the gas constant.

Furthermore, the composition of the pyrolysis products was char-
acterized using Py-GC/MS. This analytical setup consisted of a Shimadzu
GCMS-QP2010 SE and a Multi-Shot Pyrolyzer EGA/PY-3030 D. During
each test, the samples were heated at 500 °C with 2 mg of injection
volume. The resulting volatiles were analyzed through a GC column
(Rtx-5,30 m x 0.25 mm x 0.25 um) and an EI (Electron Ionization) mass
spectrometer. The sample was injected at a split injection mode with a
50:1 split ratio using helium (99.99%) as the carrier gas (54.1 mL
min~1). The MS scan was performed at 45-300 m/z, with a scanning
interval of 0.3 s and a speed of 1666. The peaks were identified using the
NIST mass spectrometry library and literature.
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2.2. Pyrolysis—catalysis catalysts and reactor system

The Fe-based catalyst was obtained by using a wet impregnation
method. The necessary materials, Fe(NO3)3-9H20, AlyO3 and ethanol,
were purchased from Sigma-Aldrich (UK). Fe(NO3)3-9H,0 was dissolved
in ethanol, then Al,O3 was added and stirred. The mixed precursor was
put in a heating oil bath and then in an oven to form a slurry. The final
product was dried overnight at 100 °C. The prepared catalyst precursors
were transformed into a muffle furnace and calcinated for 3 h at 800 °C.
Finally, the Fe@Al;O3 catalyst was collected after the muffle furnace
cooled down to room temperature.

As displayed in Fig. S1, the CNTs production experiments using
RWWP were employed in a two-stage reactor. The system with two
separate electrical furnaces provided corresponding pyrolysis and
catalysis zones for heating the quartz tube reactor. Each furnace was
independently monitored and controlled. The experiments in this work
were conducted using Ny as an inert gas (100 mL min ). 1 g of RWWP
was placed in a cylindrical quartz container in the upper reactor, while
0.25 g of Fe@Al;03 was evenly placed on quartz wool in the center of
the lower tube reactor. The lower reactor was firstly heated to 800 °C at
a rate of 20 °C min . The target temperature of upper furnace was
reached, and the RWWP sample in the upper reactor was then heated to
500 °C at a heating rate of 10 °C min~" and kept isothermal for 10 min.
The resulting black powder was collected. The carbon products obtained
from different RWWP were assigned as PRWWP-n (n = 1-6). Carbon
yield can be calculated using Eq. (4):

Mass of reacted catalyst — mass of fresh catalyst

x 100%(wt.%)
©)

Carbonyield =
Y Mass of plastic used

2.3. Product characterization

The products were characterized by several different techniques.
Temperature-programmed oxidation (TPO) for the products was con-
ducted using the TGA 2950 thermogravimetric analyzer under the air
atmosphere. XRD was employed on a PANalytical Empyrean series 2
diffractometer with Cu Ka X-ray source. The surface morphology and
diameter of the products were analyzed using SEM and TEM, specifically
with a FEI Quanta FEG Oxford Ex-ACT scanning electron microscope
and a TECNA1 G2F20 transmission electron microscopy. The extent of

TG:——10 °C min™’ 20 °C min

30 °C min™'; DTG:
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graphitization of the carbon products was analyzed by a Raman spec-
trometer (WITec Alpha 300R Confocal Raman Microscope: laser wave-
length = 532 nm, spectra 1000-3500 cm™1). Using a nitrogen
adsorption measurement system (Micromeritics Tristar 3020) at
—196 °C, the pore size distribution (Dpore, nm), total pore volume (V,
cm3g’1), specific surface area (Sggr, ng’l) of the products were
analyzed by the Brunauer-Emmett-Teller (BET) method.

3. Results and discussion
3.1. Characterization of RWWP

Fig. 1 illustrates the thermogravimetric (TG) and differential ther-
mogravimetric (DTG) behavior of RWWP in a nitrogen atmosphere at
10, 20, and 30 °C min ", respectively. The results demonstrate that the
thermogravimetric and differential thermogravimetric curves move to-
wards lower temperatures as the heating rate increases, which implies
that the rate of weight loss in the samples becomes more rapid. This
phenomenon can be attributed to two factors: thermal hysteresis and
limitations in heat transfer(Ding et al., 2021). The results in Fig. 1
further reveal that the maximum weight loss rate for all RWWP samples
ascends as heating rate increased from 10 to 30 °C min . Additionally,
the pyrolysis process of all RWWP samples in the work is characterized
by a single stage, as evidenced by the presence of only one distinct peak
in each DTG curve. It is further implied that the main component of each
RWWP in this work was single. On the other hand, an inspection of the
end of the TG curves reveals that the weight ratio of solid residue for
different RWWP samples was different. For example, the residue mass of
RWWP-3,4 was significantly larger than that of RWWP-1,2,5,6, which
indicated that RWWP-3,4 contained less volatile content. In other
words, the samples of RWWP-1,2,5,6 were easier to generate hydro-
carbon gases rather than ash residues. The pyrolysis process was more
advantageous when the amount of volatile matter was higher to
generate higher gas production and caloric value (Ding et al., 2021).

Pyrolysis characteristic parameters for different RWWP samples are
displayed in Table 1. The data indicate that the pyrolysis process of all
RWWP samples occurred between 330 and 560 °C. The concentrated
pyrolysis temperature range indicated that the pyrolysis reaction was
fast, and the RWWP samples in this work exhibited high pyrolysis po-
tential. The pyrolysis temperature zone is close to the findings in Xu
et al.’s work, and they reported that the pyrolysis interval was
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Table 1
Pyrolysis characteristic parameters for RWWP-n (n = 1-6) samples.

Plastic Heating rate TS T Tmax’ (°C) DTGmax" DTGmean" NS DE(x107)

Samples (°C min™) Q) Q) (Wt.% min~) (Wt.% min~) [€9)] (Wt.%?2 min? °C>")

RWWP-1 10 364.92 494.61 444.93 —27.36 —7.44 30.41 4.10
20 382.68 516.68 463.04 —47.49 —14.53 35.26 10.99
30 395.52 532.71 481.23 —64.61 —21.34 40.49 17.81

RWWP-2 10 411.00 510.57 490.43 —40.01 —-9.98 22.28 8.84
20 417.41 528.13 508.98 -74.10 -17.85 22.60 27.41
30 431.66 546.99 523.27 —109.68 —25.89 23.76 52.64

RWWP-3 10 365.84 515.09 444.44 —19.28 —5.46 35.97 1.52
20 372.30 534.36 452.56 —37.55 —10.06 37.19 5.08
30 385.94 549.57 478.00 —56.22 —15.36 39.07 10.10

RWWP-4 10 331.38 514.70 444.74 —19.72 —4.45 33.00 1.54
20 349.98 530.98 462.67 —38.76 -9.23 35.64 5.29
30 371.09 551.44 481.77 —56.82 —-13.72 33.77 11.01

RWWP-5 10 379.62 493.52 468.72 -30.21 —-8.35 27.06 5.05
20 394.52 516.19 489.72 —58.82 —15.61 27.84 16.45
30 414.07 533.23 505.13 —86.24 -23.86 28.48 33.30

RWWP-6 10 377.74 490.23 467.99 -33.37 —8.77 26.35 6.26
20 390.40 516.19 488.77 —60.43 —15.77 26.99 18.43
30 407.06 531.42 502.78 —91.62 —24.18 29.38 36.70

T, the temperature of the onset of thermal decomposition.
Ty, the final decomposition temperature.

¢ Tmax the temperature related to the largest weight loss rate.
4 DTGpnax, the highest weight loss rate.

DTGmean, the average weight loss rate.

f AT; /5, the half-peak width of the DTG curve.

& D, the characteristic index for pyrolysis.

o

e

391-551 °C for PP and 440-572 °C for PE, respectively(Xu et al., 2018).
To enhance the characterization of the pyrolysis behavior, a compre-
hensive pyrolysis characteristic index (referred to as index D) was
introduced (Fang et al., 2015; Peng et al., 2015). The degree of the
thermal degradation process difficulty could be represented by index D,
which can be expressed as Eq. (5):

(dm/dt),,,un % (dm/dr)

T, Tax ATy 2

Where (dm/dt),,,, and (dm/dt),, correspond to the mean and
largest weight loss rate. m,, represents the pyrolysis mass loss. T; and
Tmax are used to denote the temperature of the onset of thermal
decomposition process and the temperature related to the maximum
weight loss rate, respectively. AT, ; is defined as the half-peak width for
the DTG curves.

The larger value of (dm/dt),,,,,, the larger value of (dm/dt),,,, and
the smaller value of T; represents an easier and more vibrant release of
volatiles. In addition, the smaller value of Ty, and AT,/ demonstrates
that the weight loss peak occurred earlier. The bigger index D represents
the more vigorous decomposition of plastic, which is related to the
easier and more dramatic pyrolytic reaction. As displayed in Table 1, the
index D of RWWP-1,2,5,6 was larger than that of the RWWP-3,4, espe-
cially when the heating rate was increasing. It is implied that the carbon
formation process was easier to be produced during the thermal
degradation process of RWWP-1,2,5,6(Jung et al., 2010). Furthermore,
the values of (dm/dt),,,, and index D for RWWP samples ascended with
rising heating rate, suggesting that pyrolysis efficiency may be enhanced
by pyrolysing plastics at a high heating rate. When municipal solid waste
was thermal degraded at a high heating rate, rapid biomass fragmen-
tation and increased volatile products could be obtained(Qiao et al.,
2018). In addition, the values of DTGyax and D; (the devolatilizatio-
n index) increased with a higher heating rate for processing food waste,
demonstrating that the pyrolysis process might be improved(Ming et al.,
2020).

As a result of the stronger interaction between the sample molecules,
the higher E value showed that more energy was needed to start the
reactions(Zou et al., 2019). In Table S2-S4, three methods, namely FWO,
KAS, and Starink methods, were applied at different conversion levels,

X Mg

max

D= (10)

max
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with a step of 0.1, to accurately determine the activation energy values
and their correlation coefficient (R%) for the thermal degradation of the
RWWP samples. An inspection of the data in Table S2-54 reveals that the
E values obtained by different methods were very close, and the R?
values were all in the range of 90.67-99.99%. The mean E values for
RWWP samples were found to lie within the range from 131.04 kJ mol ™~}
to 171.04 kJ mol L. Furthermore, the difference among the E values was
attributed to the distinction in the component or molecular structure of
plastic samples(Zhang et al., 2022). Recent studies also reported the
activation energy for other types of municipal solid wastes. For example,
the activation energy for paper sludge, pine sawdust, and rice husk was
133.98 kJ mol !, 108.18 kJ mol?, 185.7 kJ mol ™}, respectively(Fang
et al., 2015; Gao et al., 2013; Loy et al., 2018). Therefore, different E
values are obtained for the RWWP samples and the above-studied
municipal solid wastes. This can be attributed to the fact that the
decomposition reaction of different municipal solid wastes is needed to
break different levels of energy barriers. In other words, a higher E value
indicated that it was more challenging for the substance to be degraded
(Chen et al., 2015). Moreover, since each reaction has a unique activa-
tion energy at various conversions, the activation energy for different
RWWP samples pyrolysis significantly changed with conversion, which
was displayed in Table S2-S4. It was noteworthy to observe that, for the
pyrolysis of various RWWP samples, the activation energy value was
small for the initial step of conversion at 0.1, except for RWWP-1. This
phenomenon has been attributed to the presence of increased reaction
rate or thermally labile bonds in the polymer chains(Das and Tiwari,
2017). These findings are anticipated to contribute to comprehending
the intricacies of the pyrolysis methodology as applied to waste plastics
in real-world scenarios.

Total ion chromatograms of RWWP-n (n = 1-6) are shown in Fig. S2
and the identification of the peaks is presented in Table S5-S10. The
pyrolysis products of different waste plastics are various, as the cracking
process is very diverse. Styrene, styrene dimer, and styrene trimer were
reported to be the principal products of PS pyrolysis, while PE pyrolysis
produced C4-C3s hydrocarbon(Sophonrat et al., 2017; Zhang et al.,
2022). Besides, a similar composition was found in PP pyrolysis products
when it was compared to PE pyrolysis products. The differing point is
that alkanes from PP pyrolysis products usually contained a branched
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chain, as the methyl groups existed in the PP molecular(Das and Tiwari,
2018). In terms of PET, low hydrocarbon content was produced, and
gases produced from PET contained CO; since oxygen is a component of
its molecular structure (C19HgO4)n(Honus et al., 2018). In this work,
styrene ranked at the top (51.59%) of RWWP-1 pyrolysis products, fol-
lowed by cyclohexane (32.90%) and toluene (2.98%). For RWWP-2
pyrolysis products, compounds with a benzene ring can barely be
observed. The main products included heneicosane (16.45%), n-tetra-
cosanol-1 (10.16%), 1,19-eicosadiene (9.98%), etc. In terms of RWWP-
3,4, their main products are compounds with oxygen-containing func-
tional groups, in which 4-acetylbenzoic acid, benzoic acid, methyl tet-
ratriacontyl ether, accounted for the top three portions. For RWWP-5, 6,
the pyrolysis products were cyclohexane, 1-heptene, 11-methyl-
dodecanol, etc. To be more specific, the main products (top three
compounds) from RWWP-n (n = 1-6) pyrolysis are displayed in Table 2.
Overall, the evidence from Py-GC/MS analysis suggests that the possible
definition for RWWP-1 was PS, RWWP-2 was PE, RWWP-3,4 was PET
and RWWP-5,6 was PP. Thus, based on their varying chemical compo-
sitions and thermal decomposition products, RWWP-1, 2, 5, 6 are
deemed more suitable as a carbon source for producing carbon nano-
tubes compared to RWWP-3, 4.

3.2. Characterization of fresh catalyst

The physical property of the prepared fresh Fe@Al,O3 catalyst was
characterized by several technologies. The XRD of the fresh Fe@Al,03
catalyst identified the presence of Fe;Os3, and Al;O3, as shown in Fig. 3
(a). The crystallite dimension of Fe;O3 has been calculated to be 31.30
nm through the utilization of the Scherrer equation. It is suggested
active Fe species were well dispersed on the surface of Al,O3. The Fig. 2
(b) displays the results of Ny absorption and desorption(BET) for
Fe@Al,03 catalyst. Fe@AlO3 displays Type II isotherms behavior and
H3 hysteresis looping pattern. Within elevated relative pressures
(around 0.5-1.0), the latter resulted in the development of slit-like
pores, which enabled the arrangement of plate-like particles in a
stacked configuration, which could be commonly shown in mesoporous
materials(Cao et al., 2021). The specific surface area, pore volume, and
average pore diameter of the fresh Fe@Al,0j catalyst were 1.05m? g7,
0.01 cm?® g’l, and 77.63 nm, respectively. Besides, Fig. 2(c, d) illustrates
the morphology of the fresh Fe@Al;Os3. Fig. 2(c) depicts the low
magnification microscopy of the catalyst exhibiting a crystalline struc-
ture, while Fig. 2(d), which displays high magnification microscopy,
reveals the presence of a substantial number of small catalyst particles
that were aggregated on the surface of the AlyO3 substrate.

3.3. Characterization of carbon products from pyrolysis-catalysis of
RWwWP

Fig. 3 shows XRD patterns, Raman spectra, N3 absorption-desorption
patterns, and pore size distribution patterns of the carbon products ob-
tained from RWWP samples. As shown in Fig. 3(a), the crystalline phases
of all the carbon deposition can be indexed into three categories, which
are Al»03, C, and Fe, respectively. The peaks corresponding to Al;O3 in

Table 2
Main products (top three compounds) from RWWP-n (n = 1-6) pyrolysis.
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the fresh catalyst as depicted in Fig. 2(a) were found to be comparable to
those of pure Al,Os, indicating a high degree of thermal stability for
Al,Os. Besides, it is worth noting that new peaks appeared at around 26
= 26.4° when RWWP-1,2,5,6 was used as feedstock. The peak, associ-
ated with the (002) lattice plane, could be referred to as graphite, which
was reported in previously published works (Deck and Vecchio, 2006;
Weizhong et al., 2004). Conversely, when the XRD result of Fe@Al,Os,
as presented in Fig. 2(a), is compared to that of the new catalyst, newly
observed peaks at around 44.7°, which are indicative of iron, are
discernible in Fig. 3. The appearance of metallic iron can be understood
by the reduction of hematite at heating: hematite can be first trans-
formed into magnetite at about 400 °C; then, with the consumption of
hydrogen, magnetite can be further transformed into the unstable
mineral wustite, and eventually into metallic iron(Yao et al., 2018a).
The XRD patterns of all the products display peaks that correspond to
metallic Fe. Specifically, the peak intensity of Fe in PRWWP-3,4 was
much stronger than that in PRWWP-1,2,5,6. Additionally, no distinct
graphite peak appears in XRD patterns of PRWWP-3,4. Therefore, it
reveals that Fe;Os in the catalyst was reduced to Fe in all experiments,
but carbon deposition could only be observed using the RWWP-1,2,5,6
samples during the catalytic pyrolysis reaction. In addition, the XRD
results can be utilized to calculate size of the carbon products (D¢) and
Fe particles (Dg.) through the application of the Scherrer equation, while
the interlayer spacing for the carbon products (dgop2) can be determined
by utilizing Bragg’s equation(Major et al., 2018). In Table S11, the
crystallite size of PRWWP-1,2,5,6 is 5.32 nm, 7.30 nm, 7.26 nm, 7.06
nm, respectively. In terms of the Fe crystallite size, PRWWP-3 (38.10
nm) and PRWWP-3 (33.45 nm) are much larger than that of PRWWP-
1,2,5,6 at 19.76 nm, 17.16 nm, 16.18 nm, 18.88 nm, respectively. It
implies that catalyst particles without carbon deposition are more likely
to be aggregated in larger sizes. Moreover, the number of carbon layers
(N) and the degree of graphitization (g%) can be estimated through
analysis of the interlayer spacing(Maldonado-Hodar et al., 2000). An
analysis of dggz for the carbon products suggested a slight difference
from the theoretical value (0.335 nm), a phenomenon that can be
attributed to the occurrence of defects during the CNTs synthesis pro-
cedure(Xia et al., 2019). The graphitization degree of the obtained
carbon deposits is also presented in Table S11 for comparison purposes,
with an ascending tendency in the order of PRWWP-2 > PRWWP-6 >
PRWWP-5 > PRWWP-1. Furthermore, the number of carbon layers
(ranging from 15 to 22) of PRWWP-1,2,5,6, indicates that the produced
graphitized carbon products (CNTs in this work) might be multiwall
carbon nanotubes.

The Raman spectra of the products obtained from different RWWP
are depicted in Fig. 3(b). The spectra exhibit three distinctive peaks,
including (1) the D peak located at approximately 1346 cm™!, which is
associated with amorphous or sp3 disordered carbon structures, (2) the
G peak situated at approximately 1575 ¢cm™!, which pertains to the
highly ordered graphene layers found in CNTs, and (3) the G’ peak at
around 2680 cm’l, which arises from vibrational modes characterized
by the breathing of six carbons in the hexagonal lattice of graphene
(Jorio and Saito, 2021). The Ip/Ig ratio measures the degree of defects
and the I /Ig ratio assesses the purity of the CNTs in the products. It is

Compound names Relative content (%)

Compound names Relative content (%)

RWWP-1 Styrene 51.59
Cyclohexane, 1,3,5-triphenyl- 33.29
Toluene 2.98

RWWP-3 4-Acetylbenzoic acid 16.09
Benzoic acid 12.15
Methyl tetratriacontyl ether 11.03

RWWP-5 Cyclohexane, 1,2,3,5-tetraisopropyl- 139
1-Heptene, 5-methyl- 13.07
11-Methyldodecanol 6.25

RWWP-2 Heneicosane 16.45
n-Tetracosanol-1 10.16
1,19-Eicosadiene 9.98
RWWP-4 Benzoic acid 22.87
4-Acetylbenzoic acid 19.89
Methyl tetratriacontyl ether 12.44
RWWP-6 Cyclohexane, 1,2,3,5-tetraisopropyl- 22.45
1-Heptene, 5-methyl- 15.03
11-Methyldodecanol 10.65
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Fig. 2. The different characteristics of fresh Fe@Al,O3 catalyst: (a) XRD pattern, (b) N, absorption and desorption curve, (c, d) SEM images.

noteworthy that the broad bands exist in the pattern of PRWWP-3,4,
with no distinct peak at 1346-2680 cm ™!, indicating limited amounts
of the carbon structure. Based on the Py-TG/MS findings, it can be
concluded that RWWP-3,4 can be identified as PET, which contains
oxygen in its molecular structure. As a consequence of the dominant
formation of CO and CO; during PET pyrolysis, the catalyst cannot
facilitate carbon deposit, leading to the products exhibiting the lowest
degree of graphitisation and CNTs purity. In contrast to the results of
PRWWP-3,4, however, the Raman spectra of PRWWP-1,2,5,6 display
three individual peaks. The value of Ip/Ig for responding carbon prod-
ucts (PRWWP-5, PRWWP-2, PRWWP-6, PRWWP-1) follows the order of
0.87 > 0.64 > 0.58 > 0.49. The larger ratio of Ip/Ig refers to a lower
degree of graphitization, and therefore the PRWWP-1 reached the
lowest graphitization degree. Besides, the Ig/Ig ratio for PRWWP-2
exhibited the largest value, indicating the highest purity of CNTs pro-
duced. The CNTs purity can be present in the following order: PRWWP-
2 > PRWWP-6 > PRWWP-5 > PRWWP-1. This is also consistent with the
results of graphitization degree (gd) in the XRD analysis. RWWP-1, 2, 5,
6 (identified as PS, PE, PP, PP, respectively) generate non-oxygenated
hydrocarbons as the primary pyrolysis products, which are suitable as
carbon sources for CNT synthesis. PE/PP (RWWP-2, 5, 6) waste yields a
high quantity of gaseous products, whereas PS (RWWP-1) waste yields
aromatic hydrocarbons with a wide distribution of carbon numbers and
a higher carbon deposition with more amorphous carbon. In contrast,
PE/PP (RWWP-2, 5, 6) produce more graphitic carbon deposition, sug-
gesting their higher suitability for the production of high-purity CNTs
than PS(Cai et al., 2021a).

The nitrogen adsorption-desorption isotherms and the pore size
distributions for various PRWWP are depicted in Fig. 3(c, d). A closer
inspection of Fig. 3(d) reveals the pore size distribution curves for
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PRWWP, which were obtained using the BJH method. The most prom-
inent pores of PRWWP-1,2,5,6 are in the mesopore region, while the
most probable apertures of PRWWP-3,4 are not distinct. Furthermore,
Table S12 shows that the detailed parameters on pore structure for the
carbon products. The highest Sgrr of the carbon product reaches 45.65
ng’l using RWWP-1 as the feedstock, and the Sggr value of PRWWP-
2,5,6 is slightly smaller, which are 40.43 m?g~!, 36.40 m?%g~}, 42.31
m2g !, respectively. In terms of the average pore diameter of PRWWP-
1,2,5,6, ranging from 12.21 nm to 16.90 nm, it confirms all the products
have mesoporous. It is evident that the Sggr and pore volume of
PRWWP-3,4 were significantly lower compared to the other samples and
were almost equivalent to the Sggr and pore volume of the fresh
Fe@Al,O3 catalyst. The catalysts covered by numerous CNTs could
achieve much higher specific surface areas, which reach the maximum
at 45.65 m?g~ ! in PRWWP-1.

The SEM images in Fig. 4 provide further insight into the structure of
the produced carbon deposits. In Fig. 4(a, c, i, k), it can be observed that
filamentous carbons have densely grown around the catalyst particles.
At higher magnifications, as displayed in Fig. 4(b, d, j, 1), it can be seen
that the length of the produced CNTs can be several micrometers long,
with highly entangled morphologies. This might have been caused by
the interweaving of the CNTs with each other, as the presence of ash
could have poisoned the metal catalyst particles and impeded their
ability to produce CNTs effectively. (Yildiz et al., 2015). Nevertheless,
CNTs are barely observed in terms of the SEM images of PRWWP-3
(Fig. 4(e, ), and limited quantities of filamentous carbons were pro-
duced in terms of PRWWP-4 (Fig. 4(g, h)). Catalyst particles in Fig. 4(e,
g) were correspondingly exposed as there were not enough carbon
deposits.

To obtain a further understanding of the structure about the
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Fig. 3. The different characteristics of the products obtained from RWWP-n (n = 1-6): (a) XRD patterns, (b) Raman spectra, (c) N absorption and desorption
patterns (d) pore size distribution patterns.

Fig. 4. SEM morphology analysis of products obtained from different RWWP: (a, b) PRWWP-1 (c, d) PRWWP-2, (e, f) PRWWP-3, (g, h) PRWWP-4 (i, j) PRWWP-5, (k,
1) PRWWP-6.
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produced carbon materials, TEM analysis was performed on the sample
obtained from PRWWP-2. As shown in Fig. 5(a), the produced fiber-like
carbons can be identified as smooth CNTs. Fig. 5(a) illustrates the
diameter distribution of the fabricated CNTs, exhibiting an average
outer diameter of 31.16 nm and a range of 10-60 nm, which is in close
correlation with the size of the catalyst particle, as frequently reported in
many literature (Chen et al., 2005; Ding et al., 2004). According to tip
growth mechanism, small catalyst particles can also be observed trapped
within the CNTs(Amelinckx et al., 1994). The active metal of catalysts
caused the CNTs growth attributed to weak metal-support interaction,
leading to the formation of metal nanoparticles at the apex or center of
the CNTs(Liu et al., 2022). From Fig. 5(b), the HRTEM image confirms
that the rod-like catalyst particle was encapsulated in the CNTs. The
elongated shape of the catalyst particles contributes to the stress and
movement during the formation of graphene layers, leading to a
continuous squeeze and stretch process for the catalysts. In addition, as
Golunski reported(Golunski, 2007), the Tamman temperature of
metallic iron is 630 °C, which is much lower than that of the catalytic
reaction in this work (800 °C). Therefore, the iron in the catalyst par-
ticles starts started to become mobile. Furthermore, the liquid-like
behavior of the metal particles was attributed to their migration away
from the catalyst substrate under high temperature(Kalantar-Zadeh
et al., 2019). The inset TEM image in Fig. 6(b) shows a lattice fringe of
0.203 nm, indicating the (110) plane of iron, and confirming the
reduction of FeyOg in the fresh catalyst to metallic Fe during the cata-
lytic pyrolysis process.

Fig. 6 shows the degradation properties of the carbon products,
which were analyzed through TPO experiments. The weight loss from
the oxidation of graphite and amorphous carbons can be distinguished
by their varying oxidation temperatures(Wu et al., 2014a). The weight
loss occurring prior to 600 °C is attributed to the oxidation reaction of
amorphous coke, while the weight loss resulting from the consumption
of graphite carbon is seen at temperatures above 600 °C. An increase in
the weight ratio was observed in PRWWP-3,4 at temperatures between
400 and 500 °C (Fig. 6(a)), which might be related to the oxidation
process of metallic Fe(Yao et al., 2018a). In addition, it is apparent from
Fig. 6(a) that the weight loss linked to PRWWP-1,2,5,6 is similar at
around 50-52 wt%. In contrast, only 13 wt% of the weight loss can be
observed in terms of PRWWP-4. Furthermore, no significant weight
difference in PRWWP-3 before and after the TPO process. In Fig. 6(b),
the oxidation peak of PRWWP-1, 2, 5, 6 was observed within a tem-
perature range from 653 °C to 667 °C, which was significantly higher
than that in the case of PRWWP-4 (No oxidation peak can be observed in
PRWWP-3). It is demonstrated that the carbon deposits produced from
RWWP-1,2,5,6 show higher thermal stability, linked to graphitic carbon
than that obtained from RWWP-4. Together these results provide
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important insights into which type of RWWP could be optimal for syn-
thesizing CNTs.

As shown in Fig. 6(c), the carbon yield was obtained using Eq. 9. The
value of the carbon yield ranged from around 26-32 wt% except for
PRWWP-3,4. It validated the feasibility of transforming real-world waste
plastics into valuable carbon material at a considerable yield. In addi-
tion, the dominant type of carbon in the products from RWWP-1,2,5,6
was graphitic, and the proportion of graphite-type carbon followed
the order of PRWWP-2 > PRWWP-6 > PRWWP-5 > PRWWP-1, which
was consistent with the position sequence of the oxidation peak in Fig. 6
(b). Moreover, the results of the graphite proportion of P-RWWP agree
with the order of graphitization degree (g%) in XRD analysis (Table S11).
Besides the TPO data presented in Fig. 6, which enables the character-
isation of carbon deposits on the catalyst surfaces, the quantification of
the ratio of carbon conversion from RWWP samples to carbon deposits
on the catalysts can be evaluated by utilising the carbon content values
of the RWWP samples, as provided in Table S1. The corresponding re-
sults are 35.16 wt% (RWWP-1), 34.49 wt% (RWWP-2), 32.64 wt%
(RWWP-5), 35.14 wt% (RWWP-6). As for RWWP-3,4, the carbon
deposition process was very limited. It can be hypothesised that the rest
of carbon constituents, which were present within the RWWP samples,
could have undergone volatilisation and a lesser extent of condensation
into the liquid phase (Wu and Williams, 2010).

In addition to the solid carbon products that have been investigated
in this work, the process of catalytic pyrolysis of waste plastics can also
generate valuable gaseous. In particular, the production of hydrogen
could contribute to the hydrogen economy, which plays an important
role in the future energy system (Nnabuife et al., 2022). Yao et al. (Yao
et al., 2018b) reported that the highest syngas production was obtained
when polystyrene was converted in the presence of a sol-gel derived Ni/
Al,03 catalyst, which resulted in the generation of 62.26 mmol Hy g;ﬁlsﬁc
and 36.10 mmol CO g;ﬂ,sﬁc. Besides, the waxes produced from the high-
density polyethylene pyrolysis process can be co-fed with vacuum gasoil
for catalytic cracking, which exhibited a high yield of olefinic gaseous
fraction and a naphtha with high content of iso-paraffin and olefins and
low yield of aromatics (Rodriguez et al., 2020). Moreover, high-density
polyethene pyrolysis waxes were reacted using fluidised catalytic
cracking technology, and various products can be obtained, including
dry gas, liquefied petroleum gas, naphtha, light cycle oil, heavy cycle oil,
and coke (Rodriguez et al., 2019). Vela et al. (Vela et al., 2021) reported
several hydrocracking techniques to improve waste plastic and vacuum
gasoil blends, which revealed that the hydrocracking of blends (waste
plastics/vacuum gasoil/plastic pyrolysis oil) resulted in naphtha and
light cycle oil with reduced aromatic concentration, making them more
appealing for inclusion in fuel pools within a refinery.

Fig. 5. TEM morphology analysis of PRWWP-2: (a) TEM image of CNTs and the outer diameters, (b) HRTEM image of CNTs.
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4. Conclusion

In this work, the pyrolysis characteristic parameters of real-world
waste plastics were determined, followed by a further study on high-
value CNTs production by a catalytic-pyrolytic method. RWWP sam-
ples exhibited different pyrolysis behaviour. RWWP-1,2,5,6 were more
feasible for generating volatile matter than RWWP-3,4. Besides, the re-
sults of the pyrolysis characteristic index showed that the efficiency of
the pyrolysis process enhanced because of the increasing heating rate.
This was reflected in the higher levels of pyrolysis intensity observed in
the RWWP-1,2,5,6 samples. Furthermore, activation energy values from
131.04 kJ mol ! to 171.04 kJ mol ! of different RWWP were calculated
by three methods (FWO, KAS, Starink methods), and the corresponding
correlation coefficient (R?) in the range of 90.67-99.99% suggested a
reasonable result. Significantly, the Py-GC/MS experiments indicated
that the possible compound for RWWP-1 was PS, RWWP-2 was PE,
RWWP-3,4 was PET, and RWWP-5,6 was PP, respectively. The fresh
catalyst and CNT products were then analyzed to validate the potential
of producing high-value CNTs from the RWWP-1,2/5,6 samples. The
carbon yield reached the top at 32.21 wt% in RWWP-1, and the highest
CNTs purity of 93.04 % was obtained when RWWP-2 was performed as
the feedstock. Overall, the results of this work serve to expand and
deepen our understanding about the pyrolysis behavior of genuine waste
plastics, and offer a sustainable solution to the worldwide waste plastic
crisis by enabling the production of advanced carbon materials in an
environmentally friendly manner.
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