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The conversion of low-value plastic waste into high-value products such as carbon nanomaterial is of recent
interest. In the current study, the non-condensable pyrolysis gases, produced from Polypropylene Copolymer
(PPC) feedstock, was converted into bamboo-type carbon nanotubes (BCNTs) through catalytic chemical vapour
deposition using biochar. Experiments were conducted in a three-zone furnace fixed bed reactor, where PPC was
pyrolysed in the second zone and carbon nanotubes (CNTs) growth was eventuated in the third zone. The effects
of different growth temperatures (500, 700, 900 °C) and biochar particle sizes (nanoparticle as well as 0-100 and
100-300 pm) were investigated to optimise the production of hydrogen and the yield of carbon nanotubes on the
biochar surface. Biochar samples used in the synthesis of CNTs were obtained from the pyrolysis of saw dust at
700 °C in a muffle furnace. Analyses performed by using Scanning electron microscopy, Transmission electron
microscopy, X-ray diffraction, and Raman spectroscopy techniques suggested that the best crystalline structure of
CNTs were obtained at 900 °C with nano-sized biochar as a catalyst. The strong gas-solid contact and void
fraction of nano-sized particles enhances the diffusion—precipitation mechanism, leading to the growth of CNTs.
The nano-sized biochar increased hydrogen production at 900 °C and reduced the polycyclic aromatic hydro-
carbons content in oil to only 1%, which is advantageous for further utilisation. Therefore, the production of
high-value CNTs from waste plastic using low-cost biochar catalyst can be a sustainable approach in the man-
agement of waste plastic while participating in the circular economy.

1. Introduction of recycled plastics are often compromised and are not suitable for their

original applications (Al-Salem et al., 2009). The recycled plastics are

Most polymers are mass-manufactured and inexpensive, thereby
they are discarded readily after being used. Recently, the methods of
recycling and recovery of waste plastics are promoted instead of the
existing widespread incineration and landfilling practices due to their
high energy value. However, the rate of global recycling and recovery is
still not very high, and it differs across various geographic areas (Zhuo
and Levendis, 2014). In 2015, nearly 20% of global plastic waste was
recycled, 25% was incinerated and 55% was landfilled (Ritchie and
Roser, 2020). In addition, only 9% of plastic waste, generated between
1950 and 2015, was recycled (Ritchie and Roser, 2020). The properties

particularly used for packaging and other fast-moving consumer goods,
where they participate in the circular economy by downcycling their
original values. Apart from this, the recycled plastics should not be used
in the medicine and food sectors. Therefore, recycling may not be an
attractive solution in the world for circular economy. Bio-plastic, pro-
duced from bio-materials such as fruits and vegetables waste can be an
environmentally sustainable and circular approach alternative to
petroleum-based traditional plastics (Acquavia et al., 2021). However,
only 1% of total global plastic generation (360 million tons) is being
produced from bio-materials, which emphasises on the exploration of

* Corresponding author. Chemical & Environmental Engineering, School of Engineering, RMIT University, Melbourne, Victoria, 3000, Australia.

E-mail address: kalpit.shah@rmit.edu.au (K. Shah).

https://doi.org/10.1016/j.jenvman.2021.113791

Received 22 January 2021; Received in revised form 26 August 2021; Accepted 18 September 2021

Available online 27 September 2021
0301-4797/© 2021 Elsevier Ltd. All rights reserved.


mailto:kalpit.shah@rmit.edu.au
www.sciencedirect.com/science/journal/03014797
https://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2021.113791
https://doi.org/10.1016/j.jenvman.2021.113791
https://doi.org/10.1016/j.jenvman.2021.113791
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2021.113791&domain=pdf

K. Shah et al.

Table 1

Product yields and carbon produced from PPC.
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Particle size

Temperature (°C)

Yield (%)

Carbon deposit on catalyst (g) Carbon deposition rate (mg‘h’l/gcatalysl)

Pyrolysis CVD Gas Liquid
100-300 pm 500 500 75.17 +£ 1.11 24.83 +1.11 0.000 + 0 0.0+0
100-300 pm 500 700 77.12 + 0.9 22.81 +0.91 0.007 + 0.001 1.4+0.2
100-300 pm 500 900 78.49 + 0.75 21.02 +£0.8 0.047 + 0.003 9.4 + 0.6
0-100 pm 500 500 75.16 + 1.0 2483 £ 1.0 0.001 £0 02+0
0-100 pm 500 700 77.11 + 0.8 22.81 + 0.82 0.008 + 0.001 1.6 + 0.2
0-100 pm 500 900 78.44 + 0.9 21.02 £+ 0.97 0.051 + 0.004 10.2 + 0.8
Nano 500 500 75.13 + 0.6 24.82 + 0.61 0.005 + 0.001 1.0 £ 0.2
Nano 500 700 77.07 + 0.75 22.81 +0.78 0.011 + 0.001 2.2+0.2
Nano 500 900 78.15 + 1.2 21.03 +1.31 0.078 + 0.004 15.6 + 0.8
No catalyst 500 75.15 + 0.8 24.85 +0.8

circular approach for plastic wastes management. Considering the cur-
rent scenario of plastic wastes management, alternative circularities are
in demand for plastic wastes and it is possible to produce high-value
products such as carbon nanotubes (CNTs) and/or carbon nanofibers
(CNFs) from this low-cost waste, which upcycles the waste material and
maintains the environmental sustainability (Bazargan and McKay, 2012;
Zhuo and Levendis, 2014). The upcycling of waste plastics into
high-value CNTs rather than their traditional recycling can be an
attractive route of circular economy that can improve the environmental
sustainability.

CNTs can be used for many advanced applications in various sectors
such as textile (Kang et al., 2010), ultra-strong fibres (Kang et al., 2010),
hydrogen storage (Chen et al., 2010), electronics (Kalita et al., 2009),
fuel cell (Jin et al., 2007), microwave absorption (Narayanan et al.,
2009), manufacture of nano-cables and transistors (Lefebvre and Ding,
2017), catalysis process (Liu et al., 2018b; Louisia et al., 2018), actuator
(Biso and Ricci, 2009), and biomedical (Zanello et al., 2006). So far, a
number of methods have been developed for the synthesis of CNTs, for
example, laser ablation (Guerrero et al., 2008), arc discharge (Berkmans
et al., 2014), plasma-assisted deposition (Chhowalla et al., 2001), py-
rolysis (Liu et al., 2003), and thermal chemical vapour deposition (CVD)
(Reddy et al., 2006). Among these methods, the most widely used
thermal CVD is a relatively low-cost technology, which can produce
high-quality CNTs at a large scale (Paradise and Goswami, 2007; Song
and Ji, 2011).

Methane or natural gas has been used as a major carbon precursor for
the production of CNTs and hydrogen production using the CVD method
(Ahmed et al., 2016; Awadallah et al., 2016). Various studies have
attempted to use alternative sources of carbon including ethylene
(Cheng, 2012; In et al., 2011; Savva et al., 2010), acetylene (Per-
ez-Cabero et al., 2003; Qin et al., 2004), toluene, aromatic hydrocar-
bons, xylenes, benzene and alcohols (Das et al., 2006; Ren et al., 2014;
Shaikjee and Coville, 2012; Shirazi et al., 2011). A more environmental
and economical method for carbon nanomaterial (CNM) production is of
great interest to industry. Cost-effective and innovative alternative
sources such as plastic waste as a carbon source can be very attractive in
this sense (Arena et al., 2006; Gong et al., 2014; Liu et al., 2011; Mishra
et al.,, 2012). According to the literature, CNTs have been produced
through either a one-stage process (Gong et al., 2012, 2013; Mishra
et al., 2012) or a two-stage process (Aboul-Enein et al., 2017; Borsodi
et al., 2016; Liu et al., 2011). In the one-stage process, precursor and
catalyst are mixed together and therefore, temperature of pyrolysis and
CVD cannot be controlled. However, in the two-stage process, temper-
ature in each stage can be easily and independently controlled.
Two-stage process enhances the interaction between the pyrolysis gases
and catalyst compared to one-stage process. Most importantly, the
deposited carbon and reacted catalysts can be easily recovered, recycled
and reused in the two-stage process.

The pyrolysis vapours, produced from the pyrolysis of waste plastics,
can be the main source for the formation of CNTs on the surface of
catalyst. However, the yield and quality of CNTs depends on the

temperature, type of plastic polymer, reaction time, catalyst, and reactor
used in the CNT synthesis (Bazargan and McKay, 2012; Zhuo and Lev-
endis, 2014). Aboul-Enein et al. (2018) demonstrated large gas yields
from the pyrolysis of polypropylene (PP) and low-density polyethylene
(LDPE) as well as the formation of high quality of CNTs with high yield
over Ni-Mo/Al;O3 catalyst. However, the use of polystyrene (PS) or
polyethylene terephthalate (PET) waste as carbon precursor provided a
low yield and poor quality CNTs. Mishra et al. (2012) used a one-stage
method to convert waste PP into Multi-Wall CNTs (MWCNTSs) via
chemical vapour deposition using nickel (Ni) catalyst. Liu et al. (2011)
and Borsodi et al. (2016) used a two-stage reactor to convert PP into
CNTs with HZSM-5 and Fe or Co as catalysts. Kong and Zhang (2007)
and Zhang et al. (2008) demonstrated that PE and maleated poly-
propylene (MA-PP) can be used as precursors for the synthesis of CNTs,
using ferrocene/Ni as catalyst at 700 °C for 100 min. Liu et al. (2011)
used a screw kiln reactor for the production of hydrocarbon gases from
catalytic pyrolysis of PP, which were used for the synthesis of CNTs.
Zhuo et al. (2012) used a two-step process, a combination of pyrolysis
and CVD methods, for the production CNTs from municipal plastic
waste. Nahil et al. (2015) explored the use of a Ni-based catalyst to
pyrolyse and reform heterogeneous mixed plastic waste into hydrogen
and CNTs. Chung et al. (Chung and Jou, 2005) observed that the CNTs
synthesised from the catalytic pyrolysis of PP were composed of wavy
carbon layers.

Many studies suggest that the use of transition metals as catalysts can
produce high yield and quality of CNTs (Aboul-Enein et al., 2018; Bor-
sodi et al., 2016; Mishra et al., 2012). However, transition metal cata-
lysts, amorphous carbon and CNTs need to be separated after the CVD
process via chemical and/or thermal treatment which may not be
cost-effective (Ghosh, 2018). Transition metal catalysts are highly toxic
to health and environment. In addition, transition metal catalysts are
costly and thereby, it is important to find a cost-effective process for
CNTs synthesis. Biochar can be an effective carbo-catalyst for CVD
process. Biochar can be produced from the pyrolysis of low-cost and
readily available waste biomass materials, which can take part in the
circular economy as well as environmental sustainability by properly
managing the waste materials. However, the effectiveness of biochar as
a catalyst for CVD process requires to be benchmarked with transition
metal catalysts. Recently, efforts have been made for the production of
CNTs from the pyrolysis of methane using metal-loaded biochar as a
catalyst in a microwave-assisted process. Hildago-Oporto et al. (2019)
synthesised CNTs from the pyrolysis of methane using hazelnut hull and
wheat straw derived biochar and ferrocene loaded biochar catalyst. The
biochar was produced at 600 °C using microwave irradiation. The re-
searchers observed a higher degree of CNTs wall graphitisation with a
smaller hydrodynamic diameter. Zhang et al. (2019) also obtained
tubular and multiwall CNTs using Ni-loaded biochar as catalyst.

To the best of our knowledge, there is no study on the application of
biochar only as a catalyst produced from the pyrolysis of biomass to
decompose non-condensable hydrocarbons produced from the pyrolysis
of Polypropylene Copolymer (PPC) for the formation of CNTs. The
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Fig. 1. Composition of the non-converted pyrolysis gas in the presence of
biochar with different particle size (A) nano-sized particle, (B) 0-100 pm and

(C) 100-300 pm.
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specific objectives of the current work include (i) study the applicability
of biomass-derived biochar as a catalyst to catalyse the carbonisation of
PPC to form large quantities and high-quality CNTs, (ii) investigate the
production of CNTs and its morphological behaviour at different CVD
temperatures and the biochar particle sizes and (iii) study the effect of
CVD temperatures and the biochar particle sizes on liquid oil product
composition. Biochar, produced from the low-cost and readily available
biomass, may have excellent physico-chemical properties such as func-
tional groups, surface area and micro-pore volume, which may allow it
to act as a carbon precursor, substrate and catalyst for enhancing CNT
growth from hydrocarbon vapours, produced from the pyrolysis of waste
plastics. In addition, at the same time, biochar may also act as a catalyst
for thermal cracking of oil produced from waste plastics pyrolysis and
improve its quality. Therefore, the current study will propose a new
circular way of managing plastic wastes and producing high-value
products using low-cost material.

2. Materials and methods
2.1. Experimental setup

The pyrolysis and CVD experiment for the formation of CNTs from
PPC waste was performed using two-step process inside a long quartz
tube reactor (ID = 27 mm and length = 1000 mm) as shown in Fig. S1.
The experiment was performed for 1 h. An electrically heated furnace,
comprised of three different heating zones, was used to provide thermal
energy to the reactor. Waste PPC bottle, collected from laboratory, was
used in the present work. The samples were washed, air-dried and
shredded into small pieces between 50 and 600 pm. Precisely, 10 g of
PPC sample was placed nearly in the middle of the reactor positioning
the sample at the second zone of the furnace, where pyrolysis occurs. At
the third zone of the furnace (or simply called the CVD zone), 5 g of the
biochar catalyst was charged inside the reactor. Zone I was kept empty
and used for pre-heating of inert gas (i.e. Ny) entering the reactor. Bio-
char catalyst was prepared from the pyrolysis of mixed sawdust,
collected from RMIT University workshop, using a muffle furnace. The
pyrolysis of biomass was carried out at 700 °C. The physical and
chemical properties of PPC and biochar, used in the current study is
presented in Table S1. The temperature of PPC pyrolysis in Zone II and
hydrocarbon vapour decomposition in Zone III were controlled using
two different electrical controllers. A controlled N3 (100 mL/min) gas
flow was used to provide an inert environment. The initial ramp rate of
35 °C/min was fixed for all experiments for the reactor to reach the
operating temperature. The effect of CVD temperature (i.e., from 500 to
900 °C) and biochar particle size (i.e., from nano to micro size) were
investigated in detail on the conversion of PPC into its vapour constit-
uents, CNM production and morphological transformations. Throughout
the study, plastic pyrolysis was conducted at 500 °C. Larger-sized par-
ticles such as 100-300 and 0-100 pm were obtained from the sieving of
biochar that is produced from muffle furnace while nano-sized particles
were prepared using the sonication bath as per the procedure described
elsewhere (Liu et al., 2018a). Each experiment was replicated three
times. The data presented in the manuscript, therefore, represent the
average values of three experimental data obtained under the same
condition.

2.2. Product analysis methods

The gases produced from the experiment were measured using an
online micro-GC (Agilent, micro-GC 490) analyser. The gases were
sampled every 4 min by micro-GC for the analysis. The micro-GC was
calibrated using standard calibration gases. Then, the components of the
pyrolysis gas were identified and the composition (vol%) of the gas was
measured based on the calibration of standard gases. The produced
carbon material (biochar and deposited carbon such as carbon nano-
tubes on the surface of biochar) was cooled to room temperature by
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900 °C

Fig. 2. SEM images of biochar samples with CNTs at different CVD temperatures and biochar particle size.

using 100 ml/min of N3 as a cooling gas. Scanning electron microscopy
(SEM) imaging of deposited carbon samples was performed using a FEI
Verios 460L instrument. Transmission Electron Microscopy (TEM)
analysis was carried out using a JEOL-1010 microscope. For TEM
analysis, the samples were initially finely grounded, dispersed in iso-
propyl alcohol (IPA) and a drop of this solution was then introduced on a
classical TEM carbon grid. XRD spectroscopic analysis was performed
using a Bruker Axs D4 Endeavor Wide Angle X-Ray Diffraction instru-
ment fitted with a copper tube (Cu Ka radiation). A PerkinElmer Raman
Station 400F instrument was used for Raman spectroscopic analysis of
carbon deposited on biochar samples. The pyrolysis oil, produced during
the process, was analysed using a GC-MS (Agilent, GC-7890A, MS-
5975C), equipped with a HP-5 capillary column (length = 30 m, ID =
0.25 mm and film thickness = 0.25 pm). The column temperature was
set at 45 °C for 3 min and then increased to 250 °C at 7 °C/min. Finally,
the column temperature was maintained at 250 °C for 5 min. The ion
source temperature was also maintained at 250 °C. High purity helium
gas was used as the carrier gas.

2.3. Modelling study

The process modelling was performed using ASPEN Plus software
assuming steady-state conditions, zero-dimensional model, isothermal
bed (uniform bed temperature). As can be seen from Fig. S2, the stream
POLY-PRO was specified as a non-conventional stream and the ultimate
and proximate analyses of PPC were used as the input. The thermody-
namic conditions and mass flow rate of streams were entered as used in
the experimental section. The PPC (POLY-PRO) enters in the pyrolysis
yield reactor (Y-PYRO), where yields were set by a calculator block,
which in turn determines the mass flow of each component in the block
outlet stream ELE-PYRO. The pyrolysis reactions occurred at 500 °C in

PYROLYSE reactor in the presence of nitrogen environment and pro-
duced gas and oil. The streams PYRO-OUT entered the block CVD
reactor. The pyrolysis product, produced from PYROLYSE, entered into
the CVD, where decomposition occurred at 500, 700 and 900 °C in the
presence of biochar catalyst. Carbon and hydrogen, produced from CVD
process, were separated using a cyclone separator.

3. Results and discussion
3.1. Mass balance and carbon yield

Table 1 shows the carbon deposition rate (mg of carbon deposited on
the surface of catalyst per g of catalyst (mg/gcatalysp)) at different tem-
peratures and particle sizes. Carbon deposition on the surface of catalyst
was estimated by the mass balance of biochar catalyst at before and after
CVD experiment. Obviously, the slow pyrolysis of PPC yielded the
highest gaseous products and lowest liquid products. The hydrocarbon
gases, released from the PPC pyrolysis, were responsible for carbon
material production in zone III at temperatures above 700 °C. These
hydrocarbon gases broke down into nanostructured carbons and light
gases such as CO, CO; or Hy. Nano carbons were found to have deposited
on the surface of the biochar catalyst. It can be seen from Table 1 that the
yield of carbon deposition increases with the increase in reaction tem-
perature. The two-sample t-test of carbon deposition at different reac-
tion temperatures showed a p-value between 0.001 and 0.011 (<0.05),
which indicates the difference in carbon deposition at different reaction
temperatures is statistically significant. This observation is in accor-
dance with several previous studies, showing that the carbon deposition
increases at higher temperatures (Das et al., 2006; Lee et al., 2001). The
gas production increased initially with temperature due to the splitting
of larger hydrocarbons into gases, which is in line with the reduction of
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Fig. 3. TEM images of CNTs, formed at CVD temperature of 900 °C.

liquid yield. At higher temperatures, the high molecular weight com-
ponents converted into low molecular weight components, and thereby,
more gases transformed on the catalyst surface and converted into solid
carbons through equation (1). Thus, higher solid yields were observed at
higher temperatures. The carbon deposition rate was calculated as a
ratio between the mass of carbon produced and the mass of the catalyst
(Becker et al.,, 2011; Setyopratomo et al., 2018). As shown, the
maximum carbon yield of 15.6 mg/gcatatyst With gases yield of 78.15%
was obtained at 900 °C in the case of nanoparticle biochar catalyst.
However, a slight difference in carbon deposition rate was noticed
between 500 (1.0 mg/gcatalyst) and 700 °C (2.2 mg/gcatalyst)- A similar
pattern in carbon yield was also observed for pm sized particles at any
specific temperature. Fig. S3 compares the modelling and experimental
values of carbon deposition on the biochar surface. It was observed that
experimental values of carbon deposition on the catalyst surface were
much lower than those achieved from the process modelling at 900, 700
and 500 °C. This was primarily because of the variation in thermody-
namic equilibrium calculations. The modelling work considered

thermodynamic equilibrium calculations, whereas the experiments
deviated from the equilibrium calculations. The cracking of methane on
the biochar surface depends on the amount of methane transfers to the
biochar surface.

CHy > C + Hy m

3.2. Gas product analysis

Fig. 1 illustrates the non-converted pyrolysis gas profiles in the
presence of micro and nano-sized biochar particles. It can be seen from
the figure that the volume of methane increases with the increase in
temperature. The amount of carbon production increased, when the
conversion of gases increased from higher molecular weight to lower
molecular weight such as methane. The production of hydrogen was also
increased with the increase of carbon deposition, as both carbon and
hydrogen produced from the decomposition of hydrocarbons according
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Fig. 4. XRD patterns of carbon, deposited on different biochar samples (A) 100-300 pm (B) 0-100 pm, (C) nano-sized particle and (D) at CVD temperature of 900 °C.

to Eq (1). This observation was identical with other studies on hydrogen
and carbon nanotubes production (Gallego et al., 2010; Liu et al., 2011).
Fig. 1 shows that the volume of Co—C4 gases decreases as the temperature
increases since they decompose into lower molecular weight compo-
nents such as methane or deposit on the catalyst in order to form solid
carbon. In the presence of nano-sized biochar particles, the methane gas
increased from 16 to 30 vol% and the hydrogen gas increased from 0 to
13 vol%, when the decomposition temperature increased from 500 to
900 °C. Similarly, an increasing trend of methane and hydrogen release
from the reactor was also observed in the presence of 0-100 and
100-300 pm particle size. The nano-sized particles had a higher overall
conversion and higher gas concentrations compared to that of pm size
biochar particles.

3.3. Characterisation of solid product

3.3.1. Scanning electron microscopy

Fig. 2 shows the effect of decomposition temperature on the carbon
morphology formed on the biochar surface. The carbon structure formed
at 900 °C had uniform distribution (Fig. 2(G)-(I)), while at a lower
temperature (700 °C) only a primary growth of CNTs was observed.
However, there was no filamentous structure formation at 500 °C. Thus,
the decomposition temperatures such as 500 and 700 °C are not ideal
temperatures for achieving higher CNTs yield on the surface of biochar.
No severe sintering or agglomeration was observed during experiments
with biochar catalysts at 900 °C. The length of CNTs was very short in
the case of biochar microparticles. The length and growth of CNTs on the
nano-sized biochar surface was higher (Fig. 2(G)) compared to that of
0-100 and 100-300 pm particle size biochar. The biochar nanoparticles
positively impacted the growth of CNTs (Esteves et al., 2018; Jourdain
and Bichara, 2013; Wang et al., 2019). The strong gas-solid contact and

void fraction in the case of nano-sized biochar stimulates the axial
growth of CNTs (Esteves et al., 2018; Jourdain and Bichara, 2013). The
nano-sized biochar catalyst produced about 30% more carbon, when
compared with that of biochar with pm size particles. This was most
likely due to the greater capacities of the nanoparticle catalysts during
the frontal diffusion of the smaller diameters. The biochar with a larger
particle size produced amorphous carbons and prohibited the formation
of uniform CNTs due to the lower active site surface area with larger
particle size (Liu et al., 2018c). Therefore, the process of CNTs forma-
tions can be explained by the diffusion-precipitation mechanism, which
involves the diffusion of carbon to the biochar surface and carbon pre-
cipitation on the biochar. The differences in the morphology at different
temperatures can be influenced by the rate of hydrocarbon decompo-
sition to solid carbon and the diffusion rate of carbon.

3.3.2. Transmission Electron Microscopy

Fig. 3 shows TEM images of the CNTs produced on the biochar
catalyst surface from the thermal decomposition of PPC waste at 900 °C
at different particle sizes. The formation of concentrated CNTs was
observed for every particle size, suggesting that the diffusion barrier is
reduced at a higher temperature. The majority of carbon filament was
made of CNTs with a central bamboo-type structure. It was seen that the
growth of CNTs increased with the decrease of the particle size from 100
to 300 pm to nano-sized particle.

The variation of the biochar particle size also impacted the diameters
of CNTs samples. The narrow and irregular inner hollow core were ob-
tained at 100-300 pm size (Fig. 3(A)-(C)), which indicated the presence
of many defects and rugged surface in the graphitic structure of CNTs.
On the contrary, CNTs with few defects and smooth surface were
observed in the case of 0-100 pm size (Fig. 3(D)-(F)), which suggested
the low graphitisation degree. The nano-sized biochar produced more
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Fig. 5. Raman spectra of carbon, deposited on different biochar samples (A) 100-300 pm (B) 0-100 pm, (C) 100-300 nm and (D) at CVD temperature of 900 °C.

entangled CNTs with a diameter ranging from 50 to 100 nm (Fig. 3(G)—
(1)), indicating the formation of CNTs with more uniform diameters with
a complete bamboo type structure. These results prove that the unifor-
mity and size of MWCNTSs can be adjusted by varying the particle size of
the catalyst.

3.3.3. XRD pattern analysis

The XRD patterns presented in Fig. 4 show the degree of graphiti-
sation of CNTs formed on the biomass-derived biochar catalyst’s surface
during the CVD of oil and gas vapours produced from the pyrolysis of
PPC. The peaks at angle 26~26.6° and 26~40.5° corresponding to the
lattice plane Inoz and I oo respectively represent the presence of graphite
structure (Mishra et al., 2012). It can be seen from the XRD patterns that
the intensity of peak at Ipoz significantly increased, when the CVD
temperature was increased from 500 to 900 °C for all the biochar cat-
alysts (Fig. 4(A)-(C)). This increase in the intensity of diffraction peak at
Ino2 indicates a higher degree of graphitisation and increase in crystal-
linity (Chen et al., 2008). In order to investigate the effect of biochar
particle size on CNTs formation, the XRD patterns of biochar samples of
three different particle sizes (i.e., 100-300 pm, 0-100 pm and
nano-sized particle) were compared at CVD temperature of 900 °C as
shown in Fig. 4(D). An increasing trend of graphitisation was observed,
when the particle size of biochar reduced from 100 to 300 pm to
nano-sized particle. However, the nano-sized biochar showed the
highest growth of CNTs formation with a crystallinity of 64.1% as
evident in the SEM and TEM images. The interlayer spacing, also termed
as d-spacing (dgo2) values of the major graphite peak (Ipo2), were in the
range of 0.334-0.335 nm, which is in agreement with the typical

graphite structure (0.335 nm) (Kharisov and Kharissova, 2019). How-
ever, Ali et al. reported higher interlayer spacing value (0.349) of
MWCNTs, synthesised using Ni/MgO catalyst in microwave assisted
process (Ali et al., 2021).

3.3.4. Raman spectroscopic analysis

Fig. 5 shows the Raman spectra of CNTs formed on the different
biochar catalysts. As can be seen from the figure, the two distinct peaks,
observed at Raman shift of 1322 cm ™! and 1567 cm ™!, are termed as D
and G band, respectively for all the biochar samples (Dresselhaus et al.,
2005). The D band refers to the structural disorders in the graphitic
layers, while the G band indicates the graphitised CNTs (Dresselhaus
etal., 2002). The ratio of the intensity of G band (Ig) and D band (Ip) was
used to evaluate the graphitisation degree of CNTs formed on the bio-
char surface. It can be seen from Fig. 5 that the value of Ig/Ip increased
with the increase in CVD temperature for all the biochar samples.
However, the maximum increase in Ig/Ip values (i.e., from 0.83 to 0.94)
was observed in the case of nano-sized biochar samples, when the CVD
temperature increased from 500 to 900 °C. The increase in Ig/Ip and Ig
values at higher temperatures indicate a higher degree of graphitisation
and higher quality of CNTs formation (Aboul-Enein and Awadallah,
2018). Ali et al. found a lower Ig/Ip value (0.85) of MWCNTSs compared
to the present study using Ni/MgO catalyst in microwave assisted pro-
cess (Ali et al., 2021). However, Hidalgo et al. reported higher Ig/Ip
values (0.99-1.21) of CNTs, synthesised using different agricultural
wastes derived biochar and hexane via microwave assisted solvent
autoignition method (Hidalgo et al., 2020). Yuan et al. also noticed a
higher Ig/Ip value (1.66) of MWCNTs, produced using CoHy as a carbon
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100-300 nm.

precursor and red soil as a catalyst in CVD process (Yuan et al., 2021).
The Raman spectra of CNTs obtained using biochar of different particle
sizes were compared for understanding the effect of particle size on
CNTs formation as shown in Fig. 5(D). The degree of graphitisation and
quality of CNTs increased with the reduction of biochar particle size;
however, the nano-sized biochar sample was found to be the best in
terms of quantity and quality of CNTs formation. The conclusion from
the Raman spectroscopic analysis supports the findings from SEM, TEM,
and XRD analysis, as discussed earlier.

3.4. Liquid product analysis

Fig. 6 shows the effect of CVD temperature and particle size of bio-
char catalysts on the composition of oil produced from the CVD of oil
and gas vapours produced from PPC pyrolysis. The species identified in
the oil was categorised into three different categories (i.e., aliphatic,
aromatic and polycyclic aromatic hydrocarbons (PAH)) as depicted in
Fig. 6(A)—~(D). Aromatics group mainly consists of benzene and its de-
rivatives and o-xylene, while PAHs group includes perylene, naphtha-
lene, indene, and their derivatives. Aliphatic group is comprised of
alkanes, alkenes, and their derivatives. As can be seen from Fig. 6 (A),
the pyrolysis of PPC only at 500 °C produced almost 55% aliphatic, 40%
PAHs, and 5% aromatic hydrocarbons. The use of biochar as a catalyst in
CVD of oil and gas vapours, produced from PPC pyrolysis significantly
reduced the PAH compounds. The PAH compounds are highly undesir-
able compounds as they are difficult to further transform and are
considered to be toxic. The catalytic activity of biochar destructs the

PAH compounds and enhances the formation of aliphatic and aromatic
hydrocarbons, as suggested by previous literature (Patel et al., 2019)
and as evident in Fig. 6. The CVD temperature significantly impacted the
distribution of the oil compounds for all the biochar samples. A drastic
reduction of PAH compounds (i.e., 36 to 2.5%) was observed, when the
CVD temperature increased from 500 to 900 °C for biochar of particle
size 100-300 pm. The nano-sized biochar sample outperformed the
other biochar catalysts at CVD temperature of 900 °C with the highest
aliphatic compounds (93%) formation and negligible PAH compounds
(~1%) production, which is beneficial as oil with high aliphatic com-
pounds and low PAH compounds is favourable for further utilisation.

3.5. Carbon materials from waste plastic towards circular economy and
environmental sustainability

Based on the current data, approximately 80% of waste plastic un-
dergoes incineration and landfilling, which is associated with a signifi-
cant CO, emission and microplastic formation (Ritchie and Roser,
2020). The remaining 20% of waste plastic is recycled and used
particularly for packaging, other fast-moving consumer goods and also
in construction; however, majority of the current plastics recycling ap-
plications are focused on the downcycling of the plastics waste (i.e. the
resulting product is of lower value than its original value). The con-
version of plastics into oil can be considered upcycling. However, oil
from plastics has a very high PAHs and therefore not suitable for direct
use without further upgrade. Additionally, PAHs are toxic and carci-
nogenic, which are associated with severe human health and
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environmental hazards. The current study transforms plastic wastes into
high-value CNTs, high-quality oil with a low PAHs and methane and
hydrogen rich gas via a two-step process. Methane and hydrogen rich
gas can be cleaned and used as a replacement of fossil fuel, which can
provide considerable environmental benefits compared to fossil fuel,
particularly when producing heat and electricity. The gas can also be
used to provide energy to the pyrolysis and CVD reactions to make the
overall process energy neutral. Therefore, the upcycling of plastics waste
into CNTs, clean oil (with lower PAHs) and gas, as described in this
study, can be certainly more appealing than currently available options
and truly demonstrates an environmentally sustainable and circular
economy approach. Fig. 7 shows the sustainable circular economy
concept of plastic wastes via CNTs and clean oil production using bio-
char catalyst. Biochar, as a catalyst, offers a number of advantages. The
major advantage is that it can be produced from low-cost and easily
available biomass or similar wastes, which can have negative environ-
mental impacts, when they are discarded or burnt. Production of biochar
transforms carbon into a more stable form as well the CNTs synthesis
process from waste plastics using biochar sequesters carbon in the form
of a high-value product. Therefore, biochar can be a low-cost and sus-
tainable catalytic material, while replacing costly metal catalysts.

4. Practical applications and future research prospects

In the past few decades, CNTs have received significant research
interests due to their excellent mechanical, chemical, optical, thermal,
and electrical properties (Iijima, 1991). However, large scale continuous
production of CNTs is still facing a number of challenges in the area of
cost-efficient designs of reactor and catalysts. The CVD process operates
at extremely high temperatures and is highly endothermic in nature,
requiring a significant amount of energy to sustain reaction tempera-
ture. The growth of CNTs on the catalyst surface is also limited by a
number of factors such as the surface area of catalyst and the presence of
functional groups (Ashik et al., 2015; Patel et al., 2019).

The current CVD reactor designs generally suffer from poor heat and
mass transfer and are significantly difficult to scale-up (Moene et al.,
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1997). The synthetic catalysts used for CVD are also very expensive and
their production may cause serious environmental pollution during the
production and end of life phases. The two-stage process as proposed
here integrating pyrolysis and CVD with biochar as a catalyst for plastic
conversion to high-quality oil and CNTs can help minimising the nega-
tive environmental impact of catalysts as well as waste plastics. How-
ever, the challenge related to the design of CVD rector with improved
heat and mass transfer still remains there. Several reactor designs such
as fluidised bed, floating catalyst and inclined bed rotary systems need
to be designed, developed and demonstrated for this concept. The RMIT
University patented fluidised bed heat exchanger can also play an
important role in demonstrating this concept at large scale (Shah, 2021).
Apart from these, comprehensive mass and energy balance studies as
well as techno-economic study needs to be performed for the develop-
ment of scale-up rule.

Also, future research is required to identify ways of improving con-
version rates as well as controlling the product quality, morphology and
size of CNTs without affecting the oil quality with biochar catalyst. CNTs
produced from plastic wastes using biochar catalysts should be charac-
terised and demonstrated for a number of advanced applications in
various sectors including textile, ultra-strong fibres, hydrogen storage,
electronics, fuel cell, microwave absorption, manufacture of nano-cables
and transistors, catalysis process, actuator and biomedical. The oil with
a very low concentration of PAHs can be demonstrated for its use with
minimal upgrading for energy and transport applications or for the
synthesis of high-value chemicals and fuels.

The underdeveloped and developing countries are producing a huge
quantity of plastic wastes, which are poorly managed due to the lack of
proper management systems and awareness. Additionally, these coun-
tries have an abundant amount of biomass resources, which are usually
burnt for energy purpose, leading to the environmental emission.
Therefore, the current approach can be implemented in the underde-
veloped and developing countries for boosting the economy of waste
plastics by renewing its life as a highly priced CNT materials and oil
using biomass-derived biochar catalyst.

More importantly, in the future, this process can be used to treat
municipal solid waste (MSW) as shown in Fig. S4. The organic fraction of
the municipal solid waste can be used to produce biochar and segregated
plastics waste can be pyrolysed and passed through CVD reactor to
produce CNTs and high-quality oil with biochar as catalyst. With effi-
cient integration, the process can be a net energy generator.

5. Conclusions

Carbon nanotubes and high-quality oil were produced from waste
PPC using biochar micro- and nanoparticles as catalysts in two-stage
pyrolysis—catalytic reactor, which can offer an attractive circular econ-
omy. Carbon deposition was increased with the increase in reaction
temperature and a larger amount of CNTs production was observed at
900 °C. This was because the growth rate of CNTs increased with re-
action temperature as a result of faster carbon diffusion through the
catalyst particle. This is assumed to be the rate determining step in CNT
formation and the increase in diffusion leads to a larger CNT production.
When compared with biochar microparticles, nano-sized biochar
exhibited higher growth of CNTs formation with better quality due to
their strong gas-solid contact and void fraction, which enhanced the
diffusion—precipitation mechanism. Apart from these, biochar nano-
particles enhanced hydrogen production and significantly reduced
polycyclic aromatic hydrocarbons in oil.
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