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Thermo-chemical conversion of carbonaceous wastes such as tyres, plastics, biomass and crude glycerol is

a promising technology compared to traditional waste treatment options (e.g. incineration and landfill). The

process promotes the sustainable management of carbonaceous wastes and realizes the potential value of

these wastes. Carbon nanotubes (CNTs) are one of the most extensively investigated and high-value

materials due to their featured electrical, mechanical and physical properties. Producing CNTs from

waste materials could solve the issues of waste management and simultaneously bring down the cost of

CNT production. This review focuses on the four most abundant waste carbonaceous materials (waste

tyres, plastics, biomass and crude glycerol) which have great potential to be alternative feedstocks for

CNT production. The review considers the background of these four major types of waste to highlight

the incentives in using thermo-chemical conversion to deal with these waste materials. Catalyst

development for thermo-chemical conversion is discussed to summarize the most common catalysts

and provide guidance for future novel catalyst improvement. Current research studies regarding CNT

and hydrogen production from waste materials have been reviewed which show that the topic is highly

attractive for researchers. The applications of CNTs have also been grouped based on different

properties, aiming to guide the future research to explore the potential applications of CNTs synthesized

from wastes. This review provides an overview of the recent developments in this research area and

stimulates research to promote the deployment of the technology.
1 Introduction

An enormous amount of waste is produced globally every year
which attracts people's concern in terms of waste management,
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cost and pollution. There are four abundant carbonaceous
wastes (waste tyres, plastics, biomass and crude glycerol) from
different sectors which will be introduced in this section
regarding waste generation and management.

1.1 Waste tyre production and management

A large number of used tyres are generated around the world
each year. It has been reported that the annual global waste tyre
production is approximately 17million tonnes.1 The automotive
retail economy is still in high demand throughout Europe
accompanied by the growth of the transport sector; therefore,
the increasing trend of end-of-life tyre waste generated in the EU
is still expected to show an upward trend.2

Waste tyres are a mixture of elastomers (e.g. natural
rubber, butadiene and styrene–butadiene rubbers), carbon
black ller/strengthener, metal reinforcements, zinc, sulphur
and other additives.3 They are considered as one of the most
Dr Yao is a research fellow at National University of Singapore,
Singapore, who has expertise in converting plastic wastes into
CNTs. She has four related research articles published in Appl.
Catal., B in the last 4 years.
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difficult waste materials to degrade due to chemical and
biological resistance to degradation, which results in
extremely long periods in waste landll sites. Moreover, the
waste tyre dumps could be the habitats for mosquitos and
rodents that induce many diseases.1 Therefore, most devel-
oped countries have banned the landlling of waste tyres. In
the EU, the Waste Landll Directive has banned whole used
tyres going to landll since 2003 and shredded used tyres
going to landll since 2006.3 The uncontrolled combustion of
waste tyres produces smoke, oil and other toxic substances
that pollute the atmosphere, soil, surface water and ground-
water. With the demand for tyres growing globally each year,
in 2020, ETRMA reported that 324 million tonnes of tyres were
sold, representing 20% of the world tyre market,4 and the
environmental issues caused by waste tyre disposal is
becoming more serious.3 There is a need to nd alternative
methods to retreat the waste tyres. The approaches to manage
the waste tyre issue include energy recovery, recycling and
reuse.1
1.2 Waste plastic production and management

The large quantity of plastic consumption around the world
results in the production of enormous amounts of waste
plastics. Global annual commercial plastic production
reached 359 million tonnes (Mt) in 2018 (ref. 5) and is esti-
mated to double within the next 20 years.6 It was reported that
plastic converter demand in European countries was 51.2
million tonnes, and 29.1 million tonnes of waste plastics were
generated in 2018.5 The amount of plastic waste will inevitably
Prof. Williams is a Professor of Environmental Engineering at the
University of Leeds, UK, and has a research background in both
applied chemistry and process engineering. He is a Chartered
Engineer and Fellow of the Institute of Energy. He has published
more than 400 academic papers in the area of environmental
engineering, including waste and biomass pyrolysis, waste incin-
eration and the development of analytical methodologies for the
detailed analysis of complex organic liquids, characterisation of the
organic fraction of particulate emissions and the speciation of
heavy metals in ue gases. He has also authored a second edition of
a text book entitled ‘Waste Treatment and Disposal’ (John Wiley &
Sons, 2005). He has an ‘h’ index of 50 and more than 10 000
citations to his work (Google Scholar).

Dr Wu is a Reader at Queen's University of Belfast, UK. His
research interests include energy/chemical production from the
catalytic thermo-chemical conversion of biomass and municipal
solid wastes, and multifunctional catalytic sorbent development
for carbon capture and utilisation. He has published >150 peer-
reviewed journal papers (with an h-index of 45 in Google Scholar).
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increase further in 2020 because of the outbreak of COVID-19,
as more plastic materials are needed whether in medical areas
(especially for personal protective equipment like masks) or in
daily packing areas (for food hygiene and increasing online
purchases).7 There are growing concerns that the current
consumption and disposal of plastics bring substantial
problems. A vast unmanaged plastic waste stream which leaks
into the environment can be transformed into micro-/nano-
plastics, posing a threat to the terrestrial and oceanic
ecosystems.8,9 For those collected plastic post-consumer
waste, there are three options that are commonly used for
disposal, including landll, energy recovery and recycling. In
Europe, though the recycling rate has doubled since 2006, the
amount of plastic waste sent to landll still accounts for
25%.10 The landll represents the cheapest and the least
environmentally harmful waste tyre management method,
while it requires hundreds of years for degradation and calls
for much land area which is unrealistic in land-scarce areas
such as Singapore. Energy recovery (also known as incinera-
tion) would signicantly reduce the volume of plastic waste
with simultaneous generation of heat, but hazardous
substances may be released during incineration. Mechanical
recycling provides a solution to recover some industrial
plastic waste (especially PET and HDPE) into new low-grade
plastic materials; however, the feasibility of such technology
highly depends on the purity of waste and the availability of
cost-efficient sorting equipment.10 Chemical recycling, espe-
cially pyrolysis is another option for plastic waste manage-
ment, which would be discussed in detail in a later section. It
should be noted that most currently available recycling
options are not cost competitive, hampering the commer-
cialization of plastic recycling. More efficient and sustainable
recycling options, which ideally not only solve the environ-
mental issues caused by plastic but also generate value-added
materials or fuels are needed to ensure the circular economy
economy of plastics.11
1.3 Biomass waste production and management

Biomass is one of the most abundant and renewable carbon
sources around the world that originates from the photosyn-
thesis process taking place in plants utilizing carbon dioxide,
water and solar light.12 In 2017, electricity generated from
biomass-based sources was the third largest renewable elec-
tricity source aer hydropower and wind (596 TW h). In 2018,
Prof. Brett specialises in electrochemical materials science and
technology development. He is the co-founder of the UCL Electro-
chemical Innovation Lab (www.ucl.ac.uk/eil) that provides
a sandpit environment where basic science meets industrial
development leading to exploitation of new technologies. He has
published >600 peer-reviewed journal papers (with an h-index of
56 in Google Scholar) and was awarded the 2009 De Nora Prize in
recognition of his ‘outstanding contribution to fuel cell and battery
research’, along with the 2011 Baker Medal from the Institute of
Civil Engineers for his published work on fuel cells.

This journal is © The Royal Society of Chemistry 2021
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35.4 million tonnes of wood pellets were produced, of which
55% of the production was from Europe and 31% from the
Americas (mainly USA).13 Biomass waste as a low-value
material has raised urgent environmental concern. The
devastating environmental and health issues are caused by
the disposal of very large quantities of biomass;14,15 it is esti-
mated to be 100 billion metric tonnes every year, including
forestry residues, agricultural wastes and waste generated
from food processing.16,17 The food and green waste make up
44% of global waste.18 Nearly 36% of waste generated globally
has been landlled and 33% of waste is disposed in open
dumpsites. A limited amount of waste (�19%) can be recov-
ered through recycling and composting, and �11% of global
waste is sent to incinerators.19 In most developed countries,
the recycling rate of the waste is higher than the global rate. In
2016, 47.4% of waste generated from 28 EU member countries
has been sent to landll or incinerators without energy
recovery, and 52.6% of the waste was treated by recycling
(36.7%), backlling (10.1%) or energy recovery (5.8%).20

However, waste management in most developing countries
such as South Asia is still facing serious disposal issues as the
most widespread disposal method is to dump in open
sites.21,22
1.4 Crude glycerol production and management

Recently, biodiesel is increasingly used as a transport fuel since
the derived engine emissions are much lower than the use of
fossil fuels; in particular, biodiesel utilisation has a low overall
carbon dioxide (CO2) emission.23,24 Also, biodiesel is biode-
gradable and nontoxic. It can be made from domestic or
renewable resources, such as plain oil, animal fat, used cooking
oil and algae. Biodiesel can be blended with regular diesel and
used in diesel engines.24 It can be produced by micro-emul-
sions, thermal cracking (pyrolysis) and trans-esterication,
which is the most common method to produce biodiesel,
yielding 10 wt% of glycerol as a by-product.25,26 Considering all
the benets from biodiesel, the large scale production of bio-
diesel dominates the renewable energy industry in the EU. The
EU expects 8.6% of its overall transport consumption in 2020 to
be from biodiesel and its capacity of biodiesel production needs
to reach around 23 million tonnes.27,28 However, there is the
expectation that a large amount of glycerol produced from the
biodiesel production process will be usefully employed, making
biodiesel more cost-competitive with the conventional diesel
fuel.29

As a by-product of biodiesel manufacturing, the large
amount of glycerol can inuence the development of the bio-
diesel industry.28 Volatility in the glycerol market can lead to
a decrease in price, thereby bringing a series of problems
including waste storage and treatment. The disposal or use of
glycerol has become a challenge to make it a competitive
commodity in the market. One issue is the presence of impu-
rities in crude glycerol.29 The impurities include water, ash,
methanol and certain fatty materials. The impurities could
cause catalyst deactivation and impede the performance of
catalysts used in the glycerol steam reforming process.30 There
This journal is © The Royal Society of Chemistry 2021
is a need to unlock the potential value of the crude glycerol as
a by-product of the biodiesel industry.31

An enormous amount of waste is produced globally every
year and is attracting people's concern in terms of waste
management, cost and pollution. Four abundant carbonaceous
wastes (waste tyres, plastics, biomass and crude glycerol) from
different sectors are introduced in the review. Thermo-chemical
conversion of waste is more desirable compared with tradi-
tional recycling methods, as it could ease the environmental
issues caused by landlling or incineration. Also, the waste
hydrocarbons can be present as an alternative feedstock for
CNT and hydrogen production due to the much lower costs of
feedstock.

The review summarizes the research works published in the
last 20 years on the use of thermo-chemical conversion to
produce high value products from waste materials, especially
for obtaining CNTs. The development of this research eld is
discussed critically. There is a lack of research covering the
applications of the CNTs produced from waste materials due to
the impurities and un-controllable quality of the CNT produc-
tion. So, a broad range of applications of CNTs have been
covered in this review that would guide the researchers for
extending the investigation to further imply the CNT products.
There is potential to achieve commercialization of this tech-
nique for converting waste to high-value products.

This review would guide the researchers for further devel-
oping the technique for scaling-up. A larger scale of research
would further boost the commercialization of this technique to
extract values from waste materials. Also, the technique could
guide the government sector to promote sustainable techniques
for waste management.

The products from thermo-chemical conversion process
consist of liquid, solid and gaseous products. Recently, Nanda
and Berruti32 reviewed the thermo-chemical conversion of
plastic wastes to liquid fuels. Paul33 reviewed the topic of
pyrolysis-catalysis of waste plastics for hydrogen and CNT
production. However, the previous reviews did not cover the
applications of the CNTs which could be the future direction of
this research. Solis and Silveira34 critically reviewed different
techniques based on thermo-chemical conversion and high-
lighted the economic feasibility of chemical recycling, which is
still challenging to assess. The most important reasons are the
uncontrollable quality of the products, purication methods of
the products and potential applications. So, our review covers
a more comprehensive summary regarding the most up-to-date
research outcomes and critically discusses the research gaps to
guide the researchers for next stage investigation. Although,
thermo-chemical conversion of other waste materials has also
been reviewed, such as biomass,35 tyres36 and glycerol,37 they all
focus on one single feedstock with a limited insight of the
overall eld. The catalyst development has been mentioned as
a small proportion in the published reviews; here, we have
made a more comprehensive catalyst development table to
cover as much catalysts as possible. The future outlook high-
lights the future directions of this research, which show the
potential of this technique for future development to nancially
and environmental benet mankind.
Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4175
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2 Thermo-chemical conversion of
carbonaceous wastes

Pyrolysis/gasication of waste is a thermo-chemical process
which can be used for energy recovery from waste tyres, plastics,
biomass and crude glycerol to prevent the waste going to landll
or incinerators.38,39
2.1 Thermo-chemical conversion of waste tyres

A typical tyre has a high carbon content of �81.2 wt% and
a hydrogen content of �7.2 wt%.40 The recovery of valuable
products from tyres has been studied by many researchers,
including the production of hydrogen, aromatic compounds,
activated carbons, and others.40–43 Pyrolysis as a thermal
degradation process for recovering more valuable products
from waste tyres has been investigated as a process option for
waste tyre recycling.41,43 The typical pyrolysis temperature for
pyrolysis of tyres is around 500 �C, where the tyre is heated in an
inert atmosphere for tyre degradation to produce gases, solid
chars and oils. The gaseous products contain hydrogen and C1–

C4 hydrocarbons (methane, ethene, ethane, propene, propane,
butene, butane, and butadiene) and have a high caloric value
of up to 65 MJ m�3 under atmospheric conditions, depending
on the process conditions.41 The solid char contains carbon
black llers that could be used as solid fuels or upgraded to
activated carbons, which have been widely used for purication
and separation.44 Oils from pyrolysis of waste tyres are complex
liquids with the texture of oil/wax, dark brown or black colours
and with a sulphurous odour. The oil consists of over 100
identied compounds with chemical structures between C5–

C60. The fractionation of these oils shows the presence of
aliphatic hydrocarbons (including decane, undecane, dodec-
ane, tridecane, tetradecane and others), aromatic hydrocarbons
(including toluene, ethylbenzene, xylene, propylbenzene, eth-
ylbenzene, naphthalene, phenanthrene, and pyrene), hetero-
atoms and polar fractions.45

Different compositions of tyre pyrolysis oils have been re-
ported by different researchers. Using a circulating uidized-
bed reactor at 500 �C, Dai et al.46 obtained a tyre pyrolysis oil
which contained 26.77 wt% alkanes, 42.09 wt% aromatics,
26.64 wt% non-hydrocarbons and 4.05 wt% asphalt. Conesa
et al.47 reported that a pyrolysis oil produced with a uidized-
bed reactor at 700 �C consisted of 39.5 wt% aliphatic fraction,
19.1 wt% aromatic fraction, 21.3 wt% hetero-atom fraction and
20.1 wt% polar fraction. Aylón et al.48 produced a tyre pyrolysis
oil at 600 �C by a screw kiln reactor and contained 6.7 wt%
alkane fraction, 65.5 wt% aromatic fraction and 27.8 wt% polar
fraction. The difference in oil compositions is due to various
tyre compositions and reaction temperatures.

Pyrolysis processes are normally carried out at relatively low
temperatures (around 500 to 600 �C) with a higher yield of oils
than gaseous products.41 The typical gasication process is
usually carried out at temperatures between 800 and 1200 �C,
yielding more gaseous products than pyrolysis.49 During gasi-
cation of waste tyres, hydrogen-enriched syngas is normally
the target product. Syngas can be used for power generation
4176 | Sustainable Energy Fuels, 2021, 5, 4173–4208
using internal combustion gas engines or for producing
chemicals through the Fischer–Tropsch process.50–53 Hydrogen
is regarded as a clean energy carrier for a projected future
hydrogen economy, as it can be produced from many sources,
its combustion only generates water and it has broad applica-
tions e.g. fuel cells.54

Tyres are a type of polymeric material made of single or
double-bonded carbon atoms, where the rubbers are charac-
terized by carbon–carbon double bonds.55 The thermal
decomposition of tyre rubber produces sub-units of the tyre
rubber's molecular structure which are highly reactive free
radicals.56 The mechanism of tyre decomposition can be
explained by reactions (1)–(5):57

CaHbOc4

�
a� b

4
� c

2

�
Cþ b

4
CH4 þ c

2
CO2

DHr ¼ 218:9 kJ mol�1
(1)

C + CO2 4 2CO, DHr ¼ 172.5 kJ mol�1 (2)

C + H2O 4 CO + H2, DHr ¼ 131.3 kJ mol�1 (3)

CH4 + H2O 4 CO + 3H2, DHr ¼ 205.8 kJ mol�1 (4)

CO + H2O 4 CO2 + H2, DHr ¼ �50.8 kJ mol�1 (5)
2.2 Thermo-chemical conversion of waste plastics

Thermo-chemical recycling has been seen as a promising
technology with a low carbon footprint for disposing of waste
plastics. Quite a number of projects have been conducted on
chemical recycling of waste plastics to produce liquid fuels.
However, many challenges still exist in the product homoge-
neity from a mixed feedstock, optimization of liquid quality,
and minimization of handling cost, before such technology is
accepted and widely applied for plastic waste.58 Many
researchers also investigated the gasication of plastic waste for
producing hydrogen or syngas.59–63 It is oen suggested that
large quantities of waste plastics are available and can be used
to produce signicant amounts of hydrogen. Polyethylene,
including HDPE and LDPE, is one of the main types of waste
plastics.64 Many researchers have focused on the thermal
decomposition of plastics, and their results are indicative of the
viability of using plastics to produce hydrogen.59–61,65 Gasica-
tion of waste plastics to produce synthesis gases (H2, CH4 and
CO) could effectively convert all of the carbon compounds in
waste plastics to valuable products.66 The reactions can be
explained by eqn (6)–(9).67 By using waste plastics to replace the
conventional feedstock for hydrogen production, there is
a promising potential to mitigate the high demand for fossil
fuels.65

C + H2O 4 CO + H2, DH ¼ 131.3 kJ mol�1 (6)

CnHm þ nH2O/nCOþ
�
nþ m

2

�
CO2 DH298 K . 0 (7)
This journal is © The Royal Society of Chemistry 2021
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H2O + CO 4 H2 + CO2, DH ¼ �41.2 kJ mol�1 (8)

C + CO2 4 2CO, DH ¼ 162.4 kJ mol�1 (9)

In the thermo-chemical conversion of waste plastics to
produce hydrogen, catalysts play a key role in maximizing
hydrogen production. Also, two-stage pyrolysis-catalysis
systems are more controllable than one-stage catalysis
processes because they separate the pyrolysis residues con-
taining contaminants from catalysts.64 From previous studies,
nickel-based catalysts are the most common catalysts used for
hydrogen production from plastics by thermal processing,
mainly because of their high thermal stabilities and hydrogen
selectivity.59,62,64 Many types of Ni-based catalysts have been
investigated such as Ni/Al2O3,68 Ni–Mg–Al64 and Ni/MgO
catalysts.69

2.3 Thermo-chemical conversion of waste biomass

Biomass waste contains a higher fraction of oxygen and a lower
percentage of hydrogen and carbon compared with petroleum
resources.70 Thermo-chemical conversion/pyrolysis-gasica-
tion/reforming of biomass has been extensively studied by
researchers through supercritical water gasication,71 micro-
wave-assisted gasication72 and chemical looping gasication.71

Pagliaro23 summarized the chemistry of energy from biomass
and highlighted that it will play a crucial role in future bio-
reneries. The energy from biomass includes biomass for
glycerol and biodiesel production; the biodiesel can be used to
produce energy, or the CO2 and H2O could be the source of
biomass through photosynthesis, and glycerol can be catalyti-
cally converted to chemicals, fuels and drugs. A bio-renery can
be considered as an integral unit that can accept different bio-
logical feedstocks and convert them to a range of useful prod-
ucts including chemicals, energy and materials.23 The chemical
reactions occurring during thermo-chemical conversion of
biomass can be described through eqn (10)–(15):73

CxHyOz / (H2 + CO2 + CO + CH4 +C2.) + tar + char,

DH298 K > 0 (10)

C + H2O 4 CO + H2, DH ¼ 131.3 kJ mol�1 (11)

CxHy þ xH2O/xCOþ
�
xþ y

2

�
CO2 DH298 K . 0 (12)

CH4 + H2O 4 3H2 + CO, DH ¼ 206.3 kJ mol�1 (13)

C + CO2 4 2CO, DH ¼ 162.4 kJ mol�1 (14)

CO + H2O 4 CO2 + H2, DH ¼ �41.2 kJ mol�1 (15)

2.4 Thermo-chemical conversion of crude glycerol

Increasing the value of glycerol is an effective way to meet the
challenges of the future development of biodiesel production.15

Considering the relatively high costs of producing biodiesel and
This journal is © The Royal Society of Chemistry 2021
the purication of crude glycerol, the development of convert-
ing glycerol to value-added chemicals is important.15,21,22 Many
reactions occur during the pyrolysis of glycerol across the
temperature range of 650 to 800 �C. Products from pyrolysis of
glycerol include gases, liquids and chars. Gas components
include H2, CO, CO2, CH4, and C2H2. The liquid components
include methanol, ethanol, acetone, acetaldehyde, acrolein,
acetic acid and water.74 The liquid, gas and char are produced by
dehydration reactions when the temperature is relatively low.
When the temperature is relatively high, H2, CO and char are
produced as the main products by consecutive thermal cracking
reactions.74 Valliyappan et al.74 surmised that the total char
production from pyrolysis of glycerol is below 10 wt%, which
means that the process is quite feasible.

The chemical process for conversion of glycerol to CO and H2

is shown in eqn (16). CO and H2 are the main gaseous products
from thermo-chemical conversion of glycerol. There are also
small contents of other gases such as CO2, CH4, C2H4, C2H5 and
C3H6. There are also simultaneous reactions happening during
the decomposition of glycerol, as shown in eqn (17).74 Subse-
quent reactions, such as water–gas shi and methanation
reactions, are shown as eqn (18) and (19).30,75

Decomposition of glycerol:

C3O3H8 �!H2O
3COþ 4H2 DH298 K . 0 (16)

Simultaneous reactions:

CmOnHk / CxHyOz + gas (H2, CO, CH4, CO2.) + coke,

DH298 K > 0 (17)

Water–gas shi reaction:

CO + H2O 5 CO2 + H2, DH ¼ �41.2 kJ mol�1 (18)

Methanation reaction:

CO + 3H2 / CH4 + H2O, DH ¼ �206.1 kJ mol�1 (19)
2.5 Discussion of thermo-chemical conversion of
carbonaceous waste

The production and disadvantages of conventional waste
management for the four most abundant waste carbonaceous
materials (waste tyres, waste plastics, biomass and crude glyc-
erol from the biodiesel industry) have been discussed in
Sections 1.1–1.4. There is a need to develop recovery methods to
further improve the energy recovery efficiency from these waste
materials. Thermo-chemical conversion/pyrolysis–gasication
as a relatively mature and effective route to convert these four
waste materials to protable liquid, gaseous and solid products
is explained in Sections 2.1–2.4, which are summarized in
Fig. 1.76,77 Liquid products containing naphtha, tars and
phenols can be applied straightaway or upgraded as fuels.78 Gas
products containing syngas (H2 + CO), methane and other gases
can also be used as fuels;79 and solid products are mainly chars
Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4177
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that can be upgraded to activated carbons.80 As gasication is
different from pyrolysis, it requires gasifying agents such as
water, air or CO2 to enhance the gaseous products, and this
consequently results in lower production of oils. The gaseous
products are mainly H2, CO, CO2, CH4 and H2O.76 As there are
many products produced through thermo-chemical conversion
of carbonaceous waste, the development of the technique
should focus on the most valuable products which have great
potential to reach a higher recovery rate or nancial values. So,
hydrogen gas and CNTs (CNTs) will be further discussed as the
targeting products.

3 Hydrogen and CNT production

As discussed in Section 2.5, the products from thermo-chemical
conversion of carbonaceous waste are generally grouped as
gaseous, liquid and solid products, and the targeting products
of hydrogen and CNTs are mainly covered in this review.
Therefore, the production and background of hydrogen and
CNTs are discussed in this section to explain the reasons for
targeting these two products, especially CNTs from the thermo-
chemical conversion of pure gas precursors and carbonaceous
wastes.

3.1 Hydrogen

There is around 5 � 1011 N m3 of hydrogen produced in the
world, and around 96% of hydrogen is produced from fossil
fuels. Hydrogen is mainly produced through methane reform-
ing (48%), oil/naphtha reforming (30%), coal gasication (18%)
and electrolysis (3.9%).81 Costs and alternative material sources
are key challenges for the development of a sustainable
hydrogen economy. Therefore, using alternative sources to
generate hydrogen is imperative.

Hydrogen is considered as a clean energy fuel which has the
potential to reduce the world consumption of fossil fuels to
meet sustainable development targets. Currently, the methods
to produce hydrogen energy are not renewable. The costs and
alternative sustainable energy sources are issues for hydrogen
economy development.82 There is increasing research interest
in investigating new feedstocks to produce hydrogen. Waste
hydrocarbons are a signicant potential source as it can help
solve waste disposal issues and maximise the value of wastes by
producing hydrogen and value-added products such as CNTs.

3.2 CNTs

Since the discovery of CNTs in the early 1990s, CNTs have been
popularly applied in a wide range of science and engineering
elds due to their unique physical and chemical properties.83,84

Single-walled carbon nanotubes (SWCNTs) are formed by
a single graphite sheet wrapped around to form a cylinder with
the diameter in the range of 0.8–1 nm. Multi-walled carbon
nanotubes (MWCNTs) are formed by nested cylinders of gra-
phene sheets in which the diameters are typically in the range of
5–20 nm but can also exceed 100 nm. The length of CNTs varies
from 100 nanometers to centimeters.85 CNTs have several
featured properties including relatively high tensile strength
4178 | Sustainable Energy Fuels, 2021, 5, 4173–4208
(around 100 GPa) which is 100 times greater than that of
stainless steel, high modulus (around 1 TPa),86 a large aspect
ratio of length to diameter, a cylindrical structure, low density
(around 1100–1300 kg m�3) which equates to one-sixth of that
of stainless steel, small size on the nano-scale, and good
chemical and environmental stability. CNTs have relatively high
thermal conductivities of about 3500 W m�1 K�1 at room
temperature, similar to those of diamond and a relatively high
electrical conductivity of 109 A cm�2 comparable to that of
copper.87,88 The applications of CNTs are widely varied, making
CNTs a high-value material.

Bulk CNTs have been used for a wide range of applications
including rechargeable batteries, automotive parts, sporting
goods and boat hulls.86 The initial applications of CNTs on
super-capacitors, actuators and lightweight electromagnetic
shields have already achieved commercial impact. CNTs can be
used as multifunctional coating materials. For example,
MWCNTs can be added to paint which can discourage algae and
barnacles attached on boat hulls and therefore reduce bio-
fouling.89 MWCNTs have been widely used in lithium-ion
batteries by blending MWCNTs with active materials and
a polymer binder.90,91 MWCNTs can increase the electrical
connectivity and mechanical integrity; therefore, the rate
capacity and life cycle of batteries can be enhanced.92,93

Considering the low electron scattering and band gap of high
quality SWCNTs, they have been used in transistors. CNTs have
also been used in biosensors and medical devices because of
their chemical and dimensional compatibility with
biomolecules.94

However, the commercial applications of CNTs have still not
reached their full potential, and there is still room for the
development of CNT production from wastes as a complemen-
tary process for large-scale CNT production. The existing
methods for CNT production are energy and resource intensive
and include but are not limited to the electric arc-discharge
method, laser ablation method, catalytic chemical vapour
deposition (CVD), ame synthesis and a solar energy route.95

Among these methods, CVD is currently the most promising
and preferred method for large-scale production. The typical
reactor used for CVD is a uidized bed reactor which improves
the gas diffusion and heat transfer to catalyst nanoparticles.95

The low-cost feedstock, efficiency improvement, energy
consumption reduction and waste reduction are the main
factors that affect the scale-up of CNTs produced by CVD.96

There is a successful example of scaled-up camphor CVD for
MWCNT production that has been commercialized in Japan
(Meijo Nano Carbon Co. Ltd.).97 It has been reported that due to
the relatively low price of camphor, the cost for producing CNTs
has been reduced to around $100 kg�1, which is the lowest
commercial price reported for puried CNTs.85

Nevertheless, researchers are still looking for more efficient
and cost-effective ways for large-scale production of CNTs which
has been dened as the production of 10 000 tonnes of CNTs
per year. Hence, in recent years, there have been efforts
regarding possible alternative routes for producing CNTs or
investigating alternative feedstocks.85
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Products from the pyrolysis and gasification of carbonaceous materials.
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3.2.1 Conventional methods for CNT production and
purication. CNTs are currently mainly produced by electric arc
discharge,83 laser ablation, catalytic CVD, ame synthesis, solar
energy route and others.98 The electric arc discharge method
requires two graphite electrodes with 1 mm gap under an inert
gas atmosphere at a pressure of 500 torr. A current of 50–120 A
with a voltage of 20–25 V produces an arc which occurs between
the two electrodes. The carbon evaporates from the electrodes
which then condense on the cathodes with CNT formation. The
advantage of this method is that both SWCNTs and MWCNTs
can be synthesised at low cost.99 The laser ablation method
employs the same conditions as the arc-discharge method,
including condensation of the graphite vapour to form CNTs.
Graphite to CNT conversions of 60–90% can be achieved by
using the laser ablation method.100

Dasgupta et al.101 noted that both the arc discharge and laser
ablation methods have the issue of requiring a large amount of
energy to induce the reorganization of carbon atoms into CNTs.
The temperature for the process needs to reach 3000 �C or
higher for effective crystallization and good graphite alignment
of CNTs. Difficulties have emerged in meeting the basic
required conditions for the large-scale production of CNTs,
such as a vacuum environment and continuous graphite target
replacement. CNTs produced by the arc-discharge method and
This journal is © The Royal Society of Chemistry 2021
laser ablation are normally in a carbonaceous soot form, which
consists of amorphous carbon and metal particles from cata-
lysts. This will signicantly affect the purity and quality of the
products. Transition metal carbide has been considered by
many researchers to promote lamentous carbon deposi-
tion.102–104 Aligned SWCNTs can be synthesised by an attractive
coagulation-based spinning of CNT suspensions, which has the
potential to enlarge the scale and be extended to the production
of MWCNTs.105

CVD is the most common and popular method to commer-
cially synthesise CNTs. The CVD method is based on the
thermal decomposition of hydrocarbon vapour, and the process
can be promoted by adding metal-based catalysts. The general
process includes the passing of a hydrocarbon vapour through
a tubular reactor at temperatures of 600 to 1200 �C, in the
presence of a catalyst. As the hydrocarbon decomposes in the
reactor, CNTs grow on the surface of the catalyst. The growth
ends with the system cooling down to room temperature.
Precursors for CNT synthesis by the CVD method can be of
various phases, such as liquid and solid hydrocarbons.97 The
CVD method is more energy-saving compared with the arc
discharge method and the laser ablation method. Also, the
structure of CNTs can be properly controlled in the CVD
process, such as the wall number, length, diameter and
Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4179
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alignment. In consideration of the advantages of CVD, such as
mild operations, low cost and a well-controlled process, CVD
has great promise as a feasible method for large-scale produc-
tion of CNTs.106 However, the disadvantage still exists that the
CNTs produced are a mixture of MWCNTs and SWCNTs.99

3.2.2 Catalysts and precursors for CNT production by CVD.
Although noble metals are the most effective catalysts to
promote hydrogen production,107,108 they are not the ideal
catalysts for large scale applications considering their high
costs. Currently, Ni-, Fe- and Co-based catalysts have been
commonly used for the gasication of hydrocarbons.97 The
most common carbon precursors used for CNT production are
methane,109,110 ethylene,111,112 acetylene,113 benzene,114 xylene115

and carbon monoxide.116 Hernadi et al.109 investigated Fe-based
catalysts with different supports to produce CNTs via CVD using
different hydrocarbons including acetylene, ethylene and
propylene. They found that a Fe/silica catalyst presented the
highest activity for CNT formation compared with other types of
catalysts, such as graphite and ZSM-5.

Weidenkaff et al.117 produced MWCNTs with diameters in
the range of 5 to 20 nm from carbon monoxide and gaseous
hydrocarbons by CVD in the presence of a Fe-based catalyst in
a uidized bed reactor. Venegoni et al.118 produced MWCNTs
from a mixture of hydrogen and ethylene in the presence of an
Fe/SiO2 catalyst by a CVD method in a uidized bed reactor.
Homogeneous MWCNTs were produced with diameters in the
range of 10 to 20 nm. Morançais et al.119 selectively synthesised
MWCNTs from ethylene by the CVD method in a uidized bed
reactor, in the presence of a Fe/Al2O3 catalyst. The improved
CVD process with efficient mixing of carbon precursors and
catalysts resulted in a high selectivity of MWCNTs and a high
purity. Philippe et al.120 also produced MWCNTs by a CVD
method with a uidized bed reactor in the presence of a Fe/
Al2O3 catalyst. They also proposed a two-stage MWCNT growth
mechanism based on their experiments and characterizations,
which started with the MWCNT nucleation and grew by recon-
struction as well as simultaneous carburization of the catalytic
lm. When the catalytic lm was consumed, the catalyst parti-
cles inside of the mesoporous support were reduced and
tangled CNTs were formed. Li et al.121 used Fe/Al2O3 catalysts
prepared by an ion-beam assisted deposition method to
produce well-aligned CNT arrays with lengths in a range of 500
mm to 1.5 mm by the CVDmethod. See et al.122 used Fe/Co/Al2O3

catalysts in their experiments to investigate process parameters
for CNT synthesis in a uidized bed. The results showed that
the synthesis temperature affected the formation of CNTs
greatly while the inuence on the CNT diameter, quality, and
yield was not clear. With the increase of synthesis temperature
in all of their experiments, the yield of carbon increased rapidly
and the increment of the CNT yield is small. It was indicated
that the selectivity to CNTs decreased when the catalytic
temperature increased. Nevertheless, See and co-researchers123

found that the quality of CNTs improved with the increase of
reaction temperature in relation to the graphitization of CNTs.
The results also showed that a higher uidization ratio resulted
in a pronounced increase of carbon yield compared with the
increase of the deposition time. The type of catalyst and the
4180 | Sustainable Energy Fuels, 2021, 5, 4173–4208
interaction between the catalyst and the temperature were
proved to have signicant effects on carbon yields. The selec-
tivity to CNTs signicantly depended on the type of catalyst. In
addition, their experimental results showed that the Fe–Co/
Al2O3 catalyst had a relatively higher selectivity toward CNT
formation than the Fe/Al2O3 catalyst.

Some researchers have used Co-based catalysts to enhance
the growth of CNTs obtained from hydrocarbon reforming.124

Qian et al.124 used Co- and Ni-based catalysts in methane
decomposition to enhance CNT production in a uidized bed
reactor. They compared the decomposition of methane with
and without catalyst reduction. The yield of CNTs produced by
the process without catalyst reduction was 3 to 4 times less than
the CNT yield from the methane decomposition process with
catalyst reduction. They explained that the in situ catalyst
reduction provides energy for endothermic methane decom-
position. Also, the in situ catalyst reduction consumed hydrogen
and carbon to form water and carbon monoxide, which
promoted hydrogen and CNT formation. Kong et al.110 syn-
thesised CNTs by CVD from methane in the presence of
different catalysts. They reported the effect of different metals
(Fe-, Ni-, Co- and Fe/Co-based) and different supports (alumina
and silica) on the formation of CNTs.

Wei et al.125 investigated the thickness of Fe- and Ni-based
catalyst lms on CNT formation by the CVD method. They
found that there was no correlation between the thickness of
the catalyst lm and the formation of CNTs. However, the
vertically oriented CNTs formed by using plasma-enhanced
CVD with the nickel catalyst showed a strong correlation
between the diameter of CNTs and the thickness of the catalyst
lm. Fang et al.126 reported that Ce–Nimixed oxide can be one of
the most effective and stable catalysts in steam reforming of
ethanol to produce hydrogen and carbon nano-materials. The
results from their research showed that the Ce–Ni catalyst is not
only active for hydrogen production but also is the most effec-
tive catalyst to produce carbon nano-materials. They also found
that co-precipitation is the most suitable method for catalyst
preparation in terms of hydrogen and carbon nano-material
production for ethanol steam reforming. The co-precipitation
method can form small size NiO with a diameter of 15 nm and
CeO2 with a diameter of 4 nm. These led to less formation of
nano-brous carbon materials. In addition, the size of nano-
brous carbon materials depended on the size of Ni nano-
particles. Ce–Ni catalysts prepared by the co-precipitation
method can form smaller and more homogeneous carbon la-
ments compared to the catalysts prepared by other methods.
The graphitic laments are CNTs and carbon nanobres
(CNFs).

Ni-based catalysts have signicant catalytic activity; their
catalytic activity and stability are determined by the size of NiO
and CeO2 and the interaction between nickel and cerium
species, which are dened by the method of preparation.
Considering the strong relationship between the catalytic
stability and the type of carbon formation, catalytic stability can
be analysed according to the size of graphitic laments.127

Fe, Co and Ni are the most common metals used in CNT
synthesis for two reasons: rst, the carbon solubility can reach
This journal is © The Royal Society of Chemistry 2021
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high levels at high temperature and second, carbon diffusion
can attain high rates in these metals. Apart from the common
transitionmetals used in CNT production, Cu, Au, Ag, Pt and Pd
were also found to catalyse hydrocarbon decomposition to form
CNTs.128 Kong et al.129 synthesised single-walled CNTs
(SWCNTs) of high quality by CVD of methane with Fe-based
catalysts at 1000 �C. Different catalyst supports were investi-
gated, and the authors concluded that the catalysts supported
by amorphous silica particles could produce SWCNT bundles.
However, the catalysts supported by crystalline alumina nano-
particles produced individual SWCNTs and small bundles. Fan
et al.111 produced self-oriented regular arrays of CNTs by CVD of
ethylene with patterned porous silicon as the substrate. Sat-
ishkumar et al.112 produced bundles of aligned CNTs by pyrol-
ysis of ferrocene and hydrocarbonmixtures. They found that the
ferrocene–acetylene mixture is ideal for producing compact
aligned nanotube bundles. The bundles of CNTs were associ-
ated with nanoparticles in a size range of 2–13 nm, and the
alignment of catalyst nanoparticles was dominated by the
ferromagnetism of transition metal nanoparticles. Li et al.113

enlarged the scale of aligned CNT production by CVD of xylene
with iron nanoparticle embedded mesoporous silica catalyst.
The growth direction of aligned CNTs was controlled by the
pores of the mesoporous silica catalyst support. Sen et al.114

investigated the effects of metallocenes such as ferrocene,
cobaltocene and nickelocene on CNT synthesis by pyrolysis of
benzene. The wall thickness of nanotubes was associated with
the metallocene content.

Organometallocenes have also been widely used as catalysts
to produce CNTs because the metal particles can be liberated in
situ and effectively promote hydrocarbon decomposition to
form CNTs.97 Wei et al.115 synthesised multi-walled CNTs using
a promoted method by exposing a silica substrate to a xylene
and ferrocene mixture at 800 �C. The authors reported that the
mixture of xylene and ferrocene vapour enhanced the selectivity
to multi-walled CNTs. Nikolaev et al.116 synthesised SWCNTs by
gas-phase catalytic reforming of carbonmonoxide. The catalysts
were obtained by in situ decomposition of iron pentacarbonyl in
a hot carbon monoxide ow.

Cyclohexane130,131 and fullerene132,133 are also commonly used
as carbon precursors to produce multi-walled CNTs. Liu et al.130

prepared CNTs by catalytic decomposition of cyclohexane. Li
et al.131 synthesised three-dimensional hierarchical CNTs by
electrochemical iron deposition of cyclohexane. The CNTs were
shown to have high electrical conductivity. Nerushev et al.132

used fullerene and acetylene as carbon sources to investigate
the dependence of catalytic particle size in a CVD process. They
found that the diameter of CNTs increased when the catalytic
particle size increased. Morjan et al.133 used fullerene as
a carbon precursor to synthesize multi-walled CNT lms by an
iron-catalysed thermo-chemical vapour deposition process. The
structural properties of CNTs produced from fullerene were
different from the CNTs produced from acetylene.

Catalyst supports used in CNT production by the chemical
vapour deposition process include graphite,134 quartz,135,136

silicon,137,138 silicon carbide,139,140 silica,141,142 alumina,143–146

alumina-silicate (zeolite),147,148 CaCO3,149 and magnesium
This journal is © The Royal Society of Chemistry 2021
oxide,150–152 among others. The interactions between catalytic
particles and supports play an important role in CNT formation.
The formation of chemical bonds between catalytic metal
particles and supports could inhibit the catalytic ability of metal
particles. Also, the morphology and textural properties of cata-
lyst supports could affect the yield and quality of CNTs.97 For
example, zeolite with nano-scale pores can signicantly
enhance CNT yields with a relatively small particle size.148

Alumina materials have been reported to be better catalyst
supports than silica due to their strong metal–support inter-
action which could promote metal dispersion on catalysts.153

Stainless steel meshes have been applied by many researchers
in CNT production from different sources.154–158 For example,
the use of a stainless steel mesh as a catalyst support has been
introduced in CNT and hydrogen production from the
reforming of toluene, which can easily separate the CNT
products from the catalysts.154 Alves et al.155 produced CNTs
using a stainless steel type 304 alloy which consisted of 67%
iron, 18–20% chromium and 11% nickel. They concluded that
stainless steel can promote CNT growth which has also been
reported by other researchers.156,157 Sano et al.156 produced
aligned multi-walled CNTs on the surface of stainless steel by
phenol decomposition. The stainless steel mesh was activated
by intensive oxidation in air and then reduced in H2. Wal and
Hall158 used an activated type 304 stainless steel mesh as
a catalyst to produce CNTs from a mixture of C2H2/benzene or
CO/benzene mixture by CVD.

3.2.3 CNT purications. To improve the purity of CNTs
formed by different methods and to apply them in different
industries, non-CNT impurities (metal or metal oxides from the
catalysts and amorphous carbon) should be removed. The two
most popular methods used to remove impurities from CNT
products are the dry method which involves oxidizing in air,
and the wet treatment which involves dissolving in an acid. The
dry method depends on the higher thermal stability of CNTs
compared with amorphous carbon and other highly reactive
impurities. The wet method is normally applied aer the dry
treatment and dissolves the metals or metal oxides in nitric
acid. Filtration and centrifugation steps are also applied to
improve the quality and the yield of CNTs. Ebbesen et al.159 used
a dry method to oxidize CNTs produced by the electric arc
discharge method, to remove impurities. The CNTs produced
were oxidized at 750 �C and held for half an hour. However, the
method was unsuccessful as most of the carbon, even CNTs,
was burnt off. Xu et al.160 puried CNTs produced by the CVD
method using carbon monoxide in a combined dry and wet
method. The produced CNTs were rst dry-treated to remove
active amorphous carbon. Then, the samples were wet-treated
in HCl to remove the iron catalyst particles. When the oxidation
temperature was 350 �C, 98% of CNTs were obtained with
a signicant reduction of iron content from 30 to 1%. The total
weight loss of the CNT yield was around 30 wt%. Moon et al.161

obtained CNTs with 96% purity, which were also treated by
a combination method. The CNTs produced by the electric arc
discharge method were rst heated to 450 �C and held for 50
minutes to remove amorphous carbon. Then, the produced
CNTs with impurities were dissolved in HCl to remove catalyst
Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4181
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Fig. 2 Themost acceptedmechanism for CNT growth: (a) tip-growthmodel and (b) base-growthmodel.162 (This publication is distributed under
the terms of the Creative Commons Attribution-NonCommercial-ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and derivative works building on this content are distributed under the same
license.)
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particles and nally the CNTs were boiled in 30% nitric acid to
unbundle the CNTs.

Overall, common CNT synthesis methods like CVD always
come with impurities from the production process, such as
amorphous carbon and catalyst metal particles. Furthermore,
the incorporation of dry and wet treatments can improve the
purity of CNTs dramatically.

3.2.4 Mechanism of CNT growth. The mechanism of CNT
growth has been debated since they were discovered. Mecha-
nisms proposed by different researchers are based on different
catalysts, substrates, hydrocarbons and carrier gases. However,
the most acceptable mechanism for CNTs formed by the CVD
method has been proposed by Kumar in 2011.162,163 They
claimed that hydrocarbon vapours start to decompose into
carbon and hydrogen atoms when in contact with metal nano-
particles at higher temperatures; then the carbon atoms
dissolve into the metals until the metals are saturated with
carbon at a certain temperature; the carbon precipitates out and
crystallizes as hollow tubes which have no dangling bonds and
are thus energetically stable. There are two models to explain
this growth mechanism according to the catalyst metal and
support interaction as shown in Fig. 2.

Fig. 2(a) shows the tip-growth model and describes the
growth of CNTs on the catalyst where there is a weak metal–
support interaction when the metal particles are at an acute
contact angle with the support. The hydrocarbons decompose
4182 | Sustainable Energy Fuels, 2021, 5, 4173–4208
on the tip of the metal particle, then carbon atoms diffuse down
through themetal particles and accumulate at the bottom of the
metal particles. Because of the weak interaction between the
metal particles and the support, the accumulated carbon on the
bottom of the particle would push the metal particle away from
the support. The accumulated carbon are hollow carbon CNTs
which can keep growing until they reach the carbon solubility of
the metal particle. Fig. 2(b) illustrates the base-growth model
which describes the growth of CNTs on the catalyst where there
is a strong metal–support interaction. The strong metal–
support interaction indicates that the metal particle has an
obtuse contact angle with the support. The beginning stage of
hydrocarbon decomposition and carbon atom diffusion is
similar to that of the tip-growth model. Due to the strong
interaction between metal particles and support, the carbon
precipitates out on top of the metal particles as a hemispherical
dome. As more and more hydrocarbons decompose and diffuse
to the lower peripheral surface of the metal particles, the carbon
atoms accumulate as crystallized CNTs.97,162 The authors also
broadly concluded that SWCNTs are formed when the catalyst
particle sizes are of a few nanometers in size and the MWCNTs
are formed when the catalyst particle sizes are of a few tens of
nanometers. CNT growth is affected by a number of parameters,
including the hydrocarbon precursors and the type of catalyst.
Other factors such as the synthesis temperature, pressure,
residence time, reactor type and ow rate of reactant can also
This journal is © The Royal Society of Chemistry 2021
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inuence the quality of CNT formation. Tessonnier and Su164

reached a similar conclusion that the diameter of the SWCNTs
increases as the size of the catalyst particles increases. However,
the nature of the CNTs would change at a certain point where
double walled carbon nanotubes and MWCNTs are formed.
They also highlighted that large metal particles at diameters
above micro-meter size could dominate graphene or graphite
formation. The shapes of catalyst particles also affect the
features of lamentous carbon formation; round shape catalyst
particles lead to hollow CNTs, while irregular metal particles
with sharp edges lead to shbone carbon nanobers.165

In 2011, Tessonnier and Su164 proposed a vapour–solid–solid
growth mechanism based on the vapour–liquid–solid mecha-
nism proposed by Baker et al. in 1970s,134 as shown in Fig. 3(I)–
(III). The vapour–liquid–solid mechanism includes three main
steps. The rst step (I) is the elementary carbon atom formation
by the absorption and dissociation of a gaseous carbon
precursor on the surface of the catalyst particle. In the second
step (II), the carbon atoms dissolve in the bulk of nanoparticles,
the liquid metastable carbide forms and carbon diffusion
occurs within the particles. Finally, in the third step (III), the
carbon atoms precipitate out at the side of the catalyst particles
to accumulate as carbon laments. Steps (II) and (III) could be
alternatively described as (IV) and (V) that carbon species
diffuse only on the surface of the catalyst particle. The vapour–
liquid–solid mechanism has been supported by many other
researchers as the calculated activation energy for carbon
nanober formation agrees with the calculation of carbon
dissolution in metals.134,166,167

There are still debates on the vapour–liquid–solid mecha-
nism because the diffusion step is not clear, especially the
nature of the driving force pushing the carbon atoms to diffuse
on the catalyst particle surface has not been stated clearly. The
Fig. 3 The vapour–liquid–solid mechanism of carbon nanotube growth
and Sons.

This journal is © The Royal Society of Chemistry 2021
vapour–liquid–solid mechanism could explain the CNT growth
mechanismwhen themetal particles melt. The study of the CNT
growth mechanism has been modied as the carbon diffusion
occurs at the surface of the catalyst particle instead of through
the bulk of catalyst particles, which has been supported by
many researchers. Tessonnier and Su164 investigated the
vapour–solid–solid mechanism including the carbon precursor
dissociation, carbon atom diffusion on the surfaces of catalyst
particles and carbon precipitation to form CNTs. They also
proposed a hypothesis about the sub-diffusion of carbon atoms
according to the calculation that each carbon atom could gain
0.3 eV energy by diffusing on the sub-surface.

3.2.5 Recent CNT growth mechanism development. The
CNT growth mechanism is complex and may vary under
different reaction regimes, catalysts and feedstocks, especially
for the waste material which has a complex composition.

In 2018, Yang et al.168 proposed a multi-route reaction in the
gas-phase-assisted vertically aligned CNT growth mechanism in
temperature gradient chemical vapour deposition of acetylene,
whose growth kinetic characterization shied from a single
rate-limiting reaction to a multi-route reaction. C2H2 contrib-
uted to CNT growth through dissociation, followed by path one
of bulk diffusion or path two of surface diffusion without gas-
phase reactions. The secondary products (C4 and C6 species)
were formed and approached the Fe-based catalyst substrate by
the enhanced gas-phase reactions, which could be path three or
others. The authors highlighted that the ndings could help
understand the vertically aligned CNT growth from thermally
rearranged precursors, which would then guide the diameter-
controlled and low-temperature growth.

In 2019, Li et al.169 reported the vaporizing phenomenon of
the Na catalyst in low-temperature (�400 �C) CNTs catalyzed by
sodium-based ingredients coupled with an oxidative
, which is reproduced from ref. 164 with permission from John Wiley

Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4183
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dehydrogenation of acetylene, which is feasible for the
synthesis of metal-free CNTs. The authors proposed a plausible
CNT growth mechanism as C2H2 reacts with metallic liquid Na
to produce Na2C2 where sodium carbide could have several
stoichiometries, then Na2C2 decomposes in the presence of H2

to produce metallic Na and a free C precursor. The graphitic
structures of carbon will start assembling once free condensed
C is present on the surface.

In 2020, Ashok et al.170 proposed the growth mechanism of
bamboo-like N-doped CNTs from the polymerization of mela-
mine. The C atoms keep accumulating at the base of the NiCo–
graphene interface, and more atoms are nucleated on the edge
and bottom of the deformed particle with the formation of
bamboo knots over the outer layer. A restoring cohesive force
developed through an increase in the surface tension force and
the compressive stress from the growth walls of the CNTs. This
could provoke the catalytic particle to be released from the
newly formed graphene layer, and the growth process is
repeated to form a complete bamboo-like structure with
multiple knots. The authors also mentioned that the growth
mechanism of CNTs is specically different from bamboo-like
CNTs whose most favourable route is a chain of adsorption–
decomposition–diffusion–nucleation. The nucleated carbon
atoms that are excreted through the surface of the catalyst and
form a multiple graphene layer that is in line with the diameter
of the catalytic nanoparticle form MWCNTs.
4 Influence of waste feedstock on
CNT and hydrogen production

It is known that both amorphous and lamentous carbons are
formed during the catalytic conversion of carbonaceous feed-
stocks.171 As the carbon deposition deactivates the catalyst and
reduces the efficiency of thermo-chemical conversion of waste
feedstock, enhancing the production of CNTs as well as
reducing the production of amorphous carbon will add signif-
icant value to the process of hydrogen production from waste
carbonaceous feedstocks.

The catalyst deactivation resulting from carbon formation on
the surface of catalyst would decrease the efficiency of the
catalytic process.29,172 However, CNTs produced in the process of
tyre gasication for hydrogen production can be regarded as
a secondary product, instead of considering it as unwanted
coke. It is therefore interesting to manipulate the gasication
process e.g. using a catalyst to maximize the production of
CNTs. Thus, the economic feasibility of hydrogen production
would be effectively increased from waste hydrocarbons by
thermo-chemical conversion.

Although the most common method to synthesise CNTs is
via a CVD process from hydrocarbons like methane, benzene,
xylene or other hydrocarbons,173,174 waste hydrocarbons such as
waste tyres, plastics and crude glycerol, with their high content
of hydrocarbons also represent a potential feedstock for the
production of CNTs. A large amount of publications have been
reviewed by Bazargan98 in relation to the synthesis of CNTs from
waste plastics.
4184 | Sustainable Energy Fuels, 2021, 5, 4173–4208
4.1 Waste tyres for CNT and hydrogen production

As tyres have high carbon and hydrogen contents,81 the recovery
of valuable products from tyres has been studied by many
researchers.6,29,31,81 Pyrolysis as a thermal degradation process to
recover more valuable products from waste tyres has been
investigated.29,31 Recent works50,175–178 have shown that under
certain process conditions, carbon deposited on the surfaces of
catalysts during pyrolysis catalysis of waste tyres is composed
mainly of CNTs. Yang et al.179 successfully used waste tyres as an
alternative carbon source to produce CNTs by a CVD method
over a cobalt-based catalyst. This indicated that there is
potential for waste tyres to be used as carbon precursors to
synthesise CNTs. Murr et al.180 investigated a novel electric arc
discharge method for the synthesis of MWCNTs from tyre
powder. Poyraz et al.181 produced CNTs from devulcanized
ground tyre rubber particles. The short-term microwave irradi-
ation devulcanization of ground tyre rubber was rst carried out
in a microwave for less than 4 min. The microwave-treated
ground tyre rubber particles were coated with polypyrrole as
a substrate to grow CNTs by a secondary microwave treatment.
The successful growth of CNTs was conrmed by TGA, FTIR,
SEM and TEM techniques.
4.2 Waste plastics for CNT and hydrogen production

Co-production of hydrogen and CNTs by pyrolysis-catalysis of
plastics has become more attractive to researchers for simulta-
neously solving the plastic waste related issues and upcycling the
waste to get value-added products.182 Among all kinds of plastics,
PE (LDPE and HDPE), PP, PS and their mixtures have displayed
their superior potential to be used as feedstocks for the synthesis
of carbon nanomaterials. Kukovitskii et al.183 conrmed that
crooked CNTs with 10–40 nm diameters were produced from
polyethylene by pyrolysis at 420–450 �C and 4 atm in a quartz
tube in the presence of a nickel plate catalyst in the early 90s. The
CNT production rate could reach up to 200–300mg h�1. Recently,
quite a few researchers have worked on the production of CNTs
within a exible pyrolysis-catalysis system at atmospheric pres-
sure. Liu et al.184 investigated the inuence of temperature on
MWCNTs and hydrogen-rich syngas production from poly-
propylene by a pyrolysis catalytic-reforming process. The two-
stage reaction process involved polypropylene pyrolysis over
a HZSM-5 zeolite catalyst in a crew kiln reactor and further
catalysis of the pyrolysis vapour over a nickel-based catalyst in
a moving-bed reactor. They found that 700 �C was the optimum
temperature for MWCNT and hydrogen production. Recently, Jie
et al.185 also used waste plastics as the feedstock to produce
hydrogen and MWCNTs but using a different technique of
microwave-initiated catalytic deconstruction of plastic waste
under 1000 W microwave irradiation.
4.3 Waste biomass (including bio-oil) for CNT and hydrogen
production

Waste biomass is a biodegradable, eco-friendly resource, which
is a low-cost, readily available, widely distributed, renewable
carbon source with the ability to make renewable fuels and
This journal is © The Royal Society of Chemistry 2021
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high-value carbon materials.12 Wang et al.12 recently reviewed
the technology of the preparation of CNTs from biomass in the
last few decades and summarized the CNT production from
biomass, together with the application of biomass as a catalyst
and a catalyst support, which have been extensively investi-
gated. The authors also pointed out the potential of the
biomass-based carbon nano-material market.

He et al.186 utilized the Ni/a-Al2O3 catalyst for catalytic
reforming of biomass-derived organics (toluene, 1-methyl-
naphthalene, phenol, ethanol, etc.). It was found that phenol
and ethanol yielded a higher amount of hydrogen and CNTs
than the other two organics, due to the enhancement of the
oxygen functional group in phenol and ethanol. In addition, the
lower molecular weight and the higher degree of saturation of
organics stimulated CNT growth. Zhang et al.187 prepared high-
quality three-dimensional graphene foams by utilizing waste
biomass pyrolysis gases. The resulting 3DGFs exhibited excel-
lent performance in environmental and energy-storage appli-
cations. Nevertheless, considering the congenital characteristic
of biomass that contains sufficient oxygen and strong chemical
bonding, as well as multiple ash components, it is difficult to
realize direct conversion from biomass to CNMs.
4.4 Crude glycerol for CNT and hydrogen production

Glycerol can be a potential feedstock for producing H2, with
a theoretical production ratio of glycerol/hydrogen of
1 : 4.188,189 Comparing all the processes of glycerol production,
the recovery of hydrogen from the glycerol reforming process
is the most effective way to improve the utilization of glyc-
erol.190–192 Avasthi et al.29 summarized that hydrogen produc-
tion from glycerol could be a very good option because the
amount of hydrogen produced from glycerol reforming
processes was stoichiometrically higher than the hydrogen
production from conventional methods e.g. methane reform-
ing. At high temperatures, gasication of glycerol can produce
H2 and CO. The Fischer–Tropsch synthesis is a way to produce
green biodiesel using syngas as the feedstock, at a H2/CO ratio
of around 2 : 1.188,193 The gas produced from glycerol can be
used to produce electricity because of the medium heating
value.188,194 Valliyappan et al.195 produced syngas by pyrolysis of
glycerol at atmospheric pressure and at different nitrogen ow
rates and temperatures with different types or sizes of packing
materials in the reactor. Simonetti et al.196 focused on syngas
production from glycerol by gas-phase reforming. They used
carbon-supported platinum (Pt) and platinum–rhenium (Pt–
Re) catalysts in the experiments and measured the rates of
glycerol conversion and H2/CO ratio by controlling the reac-
tion conditions. The interaction of CO with the surface was
decreased by the primary promotional effect of Re. Therefore,
the coverage of CO decreased and the catalyst operated more
effectively when the gaseous CO was presented. Peres et al.197

found that the optimized output of converting glycerol to gas
in their pyrolysis of glycerol (they used commercial glycerol
with a purity of 99% in experiments) reached up to 80 wt%.
The highest hydrogen concentration was up to 40%, and the
highest CO concentration was up to 48%.
This journal is © The Royal Society of Chemistry 2021
Similar to carbon deposition in waste tyre and plastic
pyrolysis catalysis/catalytic reforming processes, coke forma-
tion on the surface of catalysts during hydrogen production
from glycerol reforming processes is also a challenge which
cannot be avoided. Efficiencies of the reforming process could
be reduced dramatically due to catalyst deactivation. Therefore,
it would reduce the heat transfer from gas to catalyst.29,172

Ebshish et al.172,198 reported that coke formation during their
glycerol steam reforming process was due to the acidic prop-
erties of the catalyst support, which affected the glycerol
conversion process including hydrogen production. Chiodo
et al.199 concluded that coke formation is mainly due to the large
amounts of olens that exist in the reaction streams. Investi-
gations on how to convert coke to value-added products would
increase the feasibility of glycerol reforming to such products.27

Wu et al.27 reported that 500 N m3 hydrogen fuel produced from
1 tonne of glycerol through gas-phase catalytic reforming along
with �2.8 kg CNT production could have a considerable impact
on the economics of glycerol utilization. Charisiou et al.200 also
detected CNT formation through the glycerol steam reforming
reaction. However, for future applications, this process needs
further investigation because of the impurities contained in the
crude glycerol which include spent and excess alkali metal
catalysts, salts, excess methanol, fatty acids and esters.
5 Catalyst development for thermo-
chemical conversion of carbonaceous
wastes
5.1 Active metal types (monometallic type – Ni-, Fe-, and Co-
based – and multi-metal based)

5.1.1 Non-noble transition metal-based catalysts. Transi-
tion metals are considered as efficient catalysts for the
reforming of hydrocarbons.201 Currently, Ni-, Fe-, Cu- and Co-
based catalysts are normally used for the gasication of waste
polymers.7,116–119 Ni-based catalysts are most frequently used in
the production of hydrogen by thermo-chemical processing of
plastics and biomass, primarily because of their stability at high
temperatures and high selectivity for hydrogen.59,64,65,69 Acomb
et al.202 investigated different metal catalysts (Ni/Al2O3, Co/
Al2O3, Cu/Al2O3 and Fe/Al2O3) for both hydrogen and CNT
production from LDPE by a catalytic pyrolysis process at 800 �C.
Except for the Cu-based catalyst, MWCNTs were successfully
formed with the three other catalysts. Fe-based and Ni-based
catalysts gave the highest amounts of CNT and hydrogen
production due to the weaker metal–support interaction of Ni/
Al2O3 and Fe/Al2O3 catalysts, and the interaction between the
catalytic site and catalyst support was believed to be the key
factor that affected CNT formation. The Fe/Al2O3 catalyst gave
the highest CNT production due to its adequate metal–support
interaction and larger carbon solubility of iron. The authors
mentioned that purication processes would be necessary to
separate CNTs from contaminants in future applications. Wu
et al.27 also pointed out that intensive work was required to
separate CNTs from Ni–Mg–Al catalysts for end-use
applications.
Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4185
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Ni-based catalysts are some of the most widely used catalysts
in the catalytic reforming of tyres. Several Ni-based catalysts
have been investigated by Elbaba et al.50,175,177,178 to improve the
production of hydrogen from waste tyres. They used a two-stage
pyrolysis coupled with a catalytic steam reforming reactor in the
presence of nickel catalysts to produce a syngas with a high
content of hydrogen (65 vol%) from waste tyres.178 The
authors50,178 reported that hydrogen production could be
increased with a higher nickel content in catalysts. Zhang
et al.189,203–206 also used Ni-based catalysts to produce hydrogen
and CNTs from waste tyres by catalytic pyrolysis/catalytic steam
reforming. Ni-based catalysts are also the most common cata-
lysts used in the glycerol reforming process.207 Different catalyst
supports have been investigated in steam reforming/catalytic-
gasication processes. Adhikari et al.208 considered that active
catalysts for ethanol steam reforming could also be active in
glycerol steam reforming. They used Ni-based catalysts in
glycerol reforming experiments to produce hydrogen. The
recent research they carried out on a crude glycerol conversion
process showed that the maximum hydrogen production and
purity of 68% could be achieved at 600 �C. Czernik et al.209

investigated the glycerol steam reforming process in a uidized-
bed reactor by using a commercial Ni-based catalyst. The
hydrogen production efficiency reached around 80% of the
theoretical yield. Adhikari et al.210 focused their research on the
kinetics and reactor modelling of hydrogen production using
Ni/MgO, Ni/TiO2 and Ni/CeO2 catalysts in a glycerol reforming
process. They reported an activation energy of 103 kJ mol�1. The
surface area of the Ni/CeO2 catalyst was the highest (67.0 m2

g�1) and therefore it gave the maximum hydrogen selectivity
(74.7%) compared with the Ni/MgO and Ni/TiO2 catalysts under
same experimental conditions: 600 �C, a water to glycerol molar
ratio of 12 : 1 and a feed ow rate of 0.5 ml min�1.210,211

Alkali metals are effective for eliminating tar formation or
upgrading the gaseous products formed in the thermo-chemical
conversion of biomass, and the presence of alkali carbonates
increased the carbon conversion to gases from biomass gasi-
cation processes.212 Hauserman213 investigated primary alkali
catalysts for hydrogen production from wood gasication. The
alkali catalyst from wood ash aer gasication showed a high
content of alkali metals (CaO, 44.3 wt%; MgO, 15 wt%; and K2O,
14.5 wt%).

Although the Ni-based catalyst is effective in the catalytic
conversion process, there is still room for development of the
catalysts. As the current research indicates that when using Ni-
based catalysts in the reforming process, efficiency mainly
depends on the temperature of the reaction which needs to be
at a minimum of 550 �C. An impregnation method was used by
Buffoni et al.214 to modify a catalyst by adding ZrO2 and CeO2

oxides onto a commercial a-Al2O3 support to boost the activity
and stability of the Ni catalyst. The results proved that the
modied Ni–Ce/a-Al2O3 catalyst could reduce the coke forma-
tion and was more stable in the reforming process. This is
because the character of Ni/Ce restrains lateral dehydration,
rearrangement and condensation reactions which result in coke
formation with intermediate components.214 A precipitation
method was used by Zhang et al.215 to prepare an M/CeO2 (M ¼
4186 | Sustainable Energy Fuels, 2021, 5, 4173–4208
2% Ir, 15% Co and 15% Ni in weight) catalyst. The conversions
of glycerol to hydrogen achieved up to 85% at a temperature as
low as 400 �C using the Ir/CeO2 catalyst in the glycerol
reforming process.215 To achieve the same conversion efficiency
using Co/CeO2 and Ni/CeO2 catalysts required temperatures of
425 and 450 �C, respectively.172,215

Modications of the Ni-based catalysts by adding promoters
have been investigated by researchers to improve the catalytic
activity. Wu et al.27 used Ni–Mg–Al catalysts for a glycerol
pyrolysis/catalytic-gasication process. They found that the
catalysts stayed effective aer six hours of testing in terms of
hydrogen production and the concentrations of gases. Iriondo
et al.216 investigated hydrogen production from a glycerol
reforming process by using an alumina supported nickel-based
catalyst modied with Mg, Zr, Ce, and La. They found that the
addition of promoters to catalysts could promote hydrogen
selectivity in the glycerol reforming process. The results showed
that when Mg was used as a promoter in the catalyst, the
improved surface area of the catalyst resulted in high hydrogen
selectivity. Also, when Zr was used as a promoter in the catalyst,
the capacity of activating steam increased. Higher catalyst
stability was achieved when Ce and La were used as promoters.
The conversion of glycerol could stay at 100% over 50 h when
using a Ni/Al2O3–ZrO2 catalyst.172 Iriondo et al.172,217 also inves-
tigated the possibility of improving the activity of an alumina
supported Ni-based catalyst by adding intermediate amounts of
La to the catalyst. Hao et al.218 synthesised CNTs by using an Fe/
Mo/Al2O3 catalyst in the catalytic pyrolysis of polypropylene in
a nano-agglomerate uidized bed reactor. The researchers218

studied the formation of CNTs during this process including
the initial fragmentation of the support of the catalyst, sub-
agglomerate formation and the growth of CNTs which
expanded the agglomerates. The CNT product yield was high
when the agglomerates were fully developed. Ateyya A.219 used
a Fe–Mo/MgO catalyst with different Fe/Mo ratios for the cata-
lytic pyrolysis of polyethylene waste to produce carbon nano-
materials. MWCNTs, CNFs and graphene nanosheets were
detected individually, or as a binary or ternary mixture
depending on the Fe/Mo ratio. Higher Fe or Mo ratios were
found to be optimal for enhancing the growth of CNTs and
CNFs.

Fe- and Ni-based bimetallic catalysts have also been inves-
tigated in waste plastic pyrolysis-catalysis processes.203,220–224 He
et al.221 recently studied the effect of the addition of Fe to the Ni
catalyst on CNT growth. The interaction in the Ni–Fe alloy
promoted the generation of metal carbide for enhancing CNT
growth and H2 production. Yao et al.220 investigated the effects
of Ni : Fe molar ratios at 1 : 3, 1 : 2, 1 : 1, 2 : 1 and 3 : 1 on the
production of hydrogen and CNTs from waste plastics in a two-
stage pyrolysis-catalysis steam reforming process at 800 �C. The
results showed that the ratio of Ni : Fe at 1 : 3 supported by g-
Al2O3 gave the highest H2 yield of 84.72 mg g�1 plastic. Zhang
et al.203 also studied the effect of different Fe/Ni weight ratios
(00 : 20, 05 : 15, 10 : 10, 05 : 15, and 20 : 00) on hydrogen
production from waste plastics in a two-stage xed bed reactor.
The authors pointed out that the presence of Fe and Ni together
on the MCM-41 supported catalysts produced a synergistic
This journal is © The Royal Society of Chemistry 2021
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enhancement of the total gas yield, especially for hydrogen
production. The Fe : Ni weight ratio of 10 : 10 produced the
highest gas yield of 95 wt% and the highest H2 production of
46.1 mmol H2 g�1 plastic. Yao et al.224 co-produced hydrogen
and CNTs from the steam gasication of real-world waste
plastics (a mixture of disposable drink cups, lunch boxes and
plastic wraps) over Fe/Ni supported Al2O3 catalysts, yielding 287
mg gplastic

�1 of CNTs and 31.8 mmol gplastic
�1 of H2 for the

bimetallic Ni–Fe/g-Al2O3 catalyst at 800 �C in the absence of
steam.

5.1.2 Noble metal-based catalysts. It has been reported that
not only the transition metal-based catalysts but also noble
metals such as Pt, Pd and Rh could also be used in the
reforming process. However, noble metal-based catalysts will
increase the cost of production from the reforming
process.172,207,215,225 Pt-based catalysts with various catalyst
supports have been investigated to achieve the high catalytic
activity and reduce the cost of catalysts. Soares and Simonetti
et al.192,196 found that a carbon-supported platinum (Pt/C) cata-
lyst gave the best performance of glycerol reforming when
compared to other Pt catalysts with different supports. The
supported Pt catalysts consisting of Al2O3, ZrO2, CeO2/ZrO2 and
MgO/ZrO2 were deactivated aer glycerol conversion. On the
other hand, the Pt/C catalyst showed much better stability and
selectivity to H2/CO at around 620 K. The Pt/Al2O3 catalyst was
able to activate the reaction for certain periods and then was
suddenly deactivated. However, the high catalytic activity of Pt/
C catalysts required the temperature to be lower than 570 K.
Also, considering that the Fischer–Tropsch synthesis of syngas
from glycerol reforming to fuel required reaction temperatures
between 470 and 550 K, Soares and Simonetti192 found that
a carbon-supported Pt–Re catalyst could be used in this
temperature range. When the Pt/Re ratio was 1 : 1, it gave
a better reaction stability, higher activity and selectivity of H2/
CO at the desired temperature. The authors prepared the
carbon supported Pt–Re catalysts by the incipient wetness
method, impregnating carbon black with aqueous solutions of
H2PtCl6$6H2O and HReO4. The carbon support needed to be
dried up for 12 hours at 373 K before impregnation. For every
gram of support, 1.7 g of solvent was needed. Aer impregna-
tion and drying at 403 K for 12 hours, catalyst preparation was
done.192,196 Slinn et al.226 found that when using a Pt/Al2O3

catalyst in the glycerol reforming process, optimum hydrogen
production could be achieved at 860 �C with a ow rate of 0.12
mol glycerol per min per kg catalyst and a steam to carbon (S/C)
ratio of 2.5. The optimized hydrogen selectivity was 70% and the
glycerol conversion to gas was 100%.

As Ni-based catalysts are some of the most widely used and
effective catalysts in the catalytic conversion process, various
kinds of noble metal-based catalysts have been investigated to
compare the catalytic activities with the Ni/Al2O3 catalyst.
Adhikari et al.208 performed different experiments at 900 �C,
with a water to glycerol molar ratio of 9 : 1 and a feed ow rate of
0.15 ml min�1 by using 14 different catalysts in a glycerol steam
reforming process. These included Al2O3, Rh/Al2O3, Pt/Al2O3,
Pd/Al2O3, Ir/Al2O3, Ru/Al2O3, Ni/Al2O3, Ce/Al2O3, Rh/Ce/Al2O3,
Pt/Ce/Al2O3, Pd/Ce/Al2O3, Ir/Ce/Al2O3, Ru/Ce/Al2O3, and Ni/Ce/
This journal is © The Royal Society of Chemistry 2021
Al2O3. The catalysts were prepared on 92% alumina ceramic
foam monoliths, which contained 8% silica, by the wetness
technique using nitrate and chlorate precursors. Among the 14
different catalysts, Ni/Al2O3 and Rh/CeO2/Al2O3 resulted in the
best H2 selectivity and glycerol conversion. The results showed
that the highest hydrogen selectivity of 80% was achieved by
using Ni/Al2O3, and the H2 selectivity realized using Rh/CeO2/
Al2O3 was 71%. They also found that the increase in the water/
feedstock ratio led to an increase of H2 selectivity and glycerol
conversion. However, the efficiency of H2 production from the
glycerol conversion process was reduced because of the increase
of energy needed for water evaporation. Sanchez et al.225 found
that the glycerol reforming efficiency could increase from 96.8%
to 99.4% when the temperature was increased from 600 to 700
�C at 1 atm pressure and a 16 : 1 water/feedstock ratio using
a Ni/Al2O3 catalyst (5.8 wt% Ni). The maximum glycerol
conversion efficiency reached 99.7% at 650 �C and started to
decrease at 600 �C over time. However, Chiodo et al.199 found
that a Rh/Al2O3 catalyst showed higher activity and better
stability compared to a Ni/Al2O3 catalyst in hydrogen produc-
tion from their glycerol steam reforming process.

Hirai et al.227 found that H2 selectivity could reach up to 90%
in the glycerol steam reforming process with complete conver-
sion at 600 �C by using a Ru/Y2O3 catalyst. Also, a Ru/Y2O3

catalyst with 3 wt% Ru loading was considered as a more
durable catalyst for limiting deactivation of catalysts caused by
carbon deposition in the glycerol steam reforming process.
They reported that this catalyst demonstrated a very high
activity in a prolonged experiment. In their experiments,
Groups 8–10 metals were used to prepare the catalysts over
Y2O3, ZrO2, CeO2, La2O3, SiO2, MgO, and Al2O3 supports. The
results showed that the order of catalyst activity was as follows:
Ru z Rh > Ni > Ir > Co > Pt > Pd > Fe. In addition, Kikuchi
et al.228 found the order of the activity of the catalyst on silica in
steam reforming methane was as follows: Ruz Rh > Ni > Ir > Pt
z Pd > Coz Fe. Hirai et al.227 summarized that active metals in
steam reforming of methane also afforded high activity in the
glycerol steam reforming process. Their results showed that Ru
exhibited the highest H2 yield at a reaction temperature of 600
�C. Although Al2O3 could be a favorable support for the steam
reforming of hydrocarbons, Ru on an Al2O3 support gave the
lowest conversion in the glycerol steam reforming process. The
greater the CH4 produced and the lower the CO2 produced, the
less the amount of H2 was produced. So, the Ru/Y2O3 catalyst
showed the best performance in the glycerol steam reforming
process. The optimal Ru loading was attained at 500 �C. The
results also showed that when the Ru loading increased, the H2

yield increased until the Ru loading was up to 3 wt%. The
further increase of Ru loading up to 5 wt% had no signicant
effect on the H2 yield.227

Noble metals have also been added into the Ni-based
catalysts as promoters to investigate the effects on the catalytic
activity. Catalytic performances of Ni/CeO2–Al2O3 catalysts
were promoted by the addition of noble metals (Pt, Pd, Ru, Ir).
The results showed that the modied catalyst with noble
metals led to higher H2 yields than the catalysts without noble
metal promoters. The best result from their glycerol reforming
Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4187
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process was achieved when the Ni/Pt/CeO2–Al2O3 catalyst was
used at 700 �C.229 Profeti et al.229 found that a Ni/CeO2–Al2O3

catalyst can be promoted by noble metals (Pt, Ir, Pd, and Ru)
since the dispersed CeO2 on alumina can prevent the forma-
tion of active nickel aluminate. The addition of noble metals
could stabilize Ni sites in the reduced state in the reforming
process, leading to a decrease in coke formation and an
increase in glycerol conversion. In their experiments, a higher
catalytic performance together with the highest H2 yield and
a lower CO yield was achieved by using the Ni/Pt catalyst. Ni/
CeO2–Al2O3 catalysts were prepared by a sequential impreg-
nation method. The rst step was to incorporate CeO2 on g-
Al2O3 using the incipient wetness method. An aqueous solu-
tion of Ce(NO3)2 prepared in a rotary evaporator at 60 �C was
also required. For the removal of adsorbed contaminants, the
g-Al2O3 pellets needed to be sieved to 80–100 mesh particles
and treated at 550 �C for three hours under the synthetic ow.
The sample was calcined at 550 �C for 3 hours under a 20 cm3

min�1 airow aer drying at 80 �C for 10 hours. Then, Ni was
incorporated on the CeO2–Al2O3 support by using the incipient
wetness method with an aqueous solution of Ce(NO3)2$6H2O.
Finally, the catalysts were obtained by calcination at 550 �C for
three hours and drying at 80 �C for 10 hours. Cui et al.230

investigated the performance of a La1�xCexNiO3 catalyst in the
glycerol steam reforming process by comparing its catalytic
activity with that of a Pt metal catalyst. They found that Ni can
be easily reduced in the La0.3Ce0.7NiO3 structure. The results
were calculated by a non-stoichiometric method and
compared with the thermodynamic equilibrium. The result
showed that the catalyst had the highest activity in the glycerol
steam reforming process. The glycerol conversion efficiency
was close to the thermodynamic equilibrium when the
temperature was in the range of 500 to 700 �C. The minimum
carbon formation on the surface of the catalyst was achieved
by using the La0.3Ce0.7NiO3 catalyst.172
5.2 Catalyst supports (articial – Al-, Si, Si–Al, and activated
carbon – and natural-based supports)

Alumina support has been applied widely in many reactions
and considered to be the most effective support for catalysts.
Mirodatos et al.145 found that Ni/Al2O3 catalysts demonstrated
the highest amount of carbon deposition in the methanation
reaction compared to Ni/SiO2 catalysts. Ni/Al2O3 catalysts pre-
sented the highest catalytic stability in reforming processes. A
similar situation occurred in the reforming of methane using
Ni/Al2O3 and Ru/Al2O3 catalysts carried out by Zhang et al.146

and Slagtern et al.231

There are also some other common catalyst supports which
have been used in hydrocarbon reforming processes to obtain
hydrogen, such as g/a-Al2O3, MgO, MgAl2O4, SiO2, ZrO2, CeO2

and TiO2.232 Adhikari et al.210 found that hydrogen production
from glycerol reforming reached a maximum of 56.5% using
a Ni/MgO catalyst and compared it with that from Ni/TiO2 and
Ni/CeO2 catalysts at 650 �C and 1 atm.233 The catalysts were
prepared using Ni(NO3)2$6H2O over three supports including
MgO, TiO2 and CeO2, by the wet impregnation method. The
4188 | Sustainable Energy Fuels, 2021, 5, 4173–4208
same content of Ni loading (15 wt%) was used in all prepared
catalysts. All catalysts were dried at 110 �C for 12 hours and then
calcined at 500 �C in air for 6 hours. The nal step was to sieve
the catalyst using sieves with 16–35 mesh sizes. Dou et al.198

used a commercial Ni-based catalyst and dolomite sorbent in
the glycerol conversion process. CO2 removal progressed
simultaneously with hydrogen production from the glycerol
conversion process. The results showed that the optimum
temperature for the reactions was around 500 �C. Rossetti
et al.234 prepared Ni-based catalysts supported on TiO2, ZrO2

and SiO2 by synthesizing supports in a liquid phase. These were
followed by impregnation with the active phase and calcination
at 800 �C. The metal–support interaction and surface acidity are
the most important parameters for assessing catalysts. The
metal–support interaction strongly depends on the catalyst
preparation procedure. If the metal–support interaction is
stronger, the activity and the stability of catalysts will be rela-
tively higher. The surface acidity of catalysts can be modied
using different catalyst supports.

Different catalyst supports also have an effect on the
performance of a catalyst through the interaction of the active
metal with the support, surface area and porosity of the support
material, among others. Miyazawa et al.235 investigated the
performance of nickel catalysts on various supports for steam
reforming of tars derived from biomass pyrolysis. Ni/Al2O3, Ni/
ZrO2, Ni/TiO2, Ni/CeO2 and Ni/MgO catalysts were studied. The
Ni–Al2O3 catalyst was reported as the most active one and the
Ni–MgO catalyst showed the lowest activity in relation to
hydrogen production. It was suggested that the type of support
inuenced the nickel metal particle size, which was key to the
catalyst activity. Inaba et al.236 investigated Ni/SiO2, Ni–ZrO2, Ni–
CeO2 and a series of Ni-zeolites for hydrogen production from
the gasication of cellulose. The production of hydrogen fol-
lowed the order Ni/SiO2 > Ni/ZrO2 > Ni/CeO2. The production of
hydrogen using the Ni-zeolites depended on the type of zeolite.
Wu and Williams59 used a two-stage pyrolysis-catalytic steam
reforming process to produce hydrogen from polypropylene
using various substrate supports with nickel, including Ni/
Al2O3, Ni/MgO, Ni/CeO2 and Ni/ZSM-5. The ZSM-5 zeolite per-
formed as a relatively good support for the Ni-based catalyst
with a high rate of hydrogen production; this could be due to
the high surface area compared with other catalysts. He et al.237

synthesized CNTs through toluene steam reforming with Ni/g-
Al2O3 and Ni/a-Al2O3 catalysts. They reported that the strong
interaction between Ni particles and g-Al2O3 led to the base-
growth mechanism of CNTs that the active sites of Ni-based
catalyst will be covered. In contrast, the Ni/a-Al2O3 catalyst with
a weaker interaction would lead to the tip-growth mechanism
that would increase the Ni dispersion and promote the
reforming reaction. Similar results were also reported by Yao
et al.224 in the co-production of hydrogen and carbon nanotubes
from real-world waste plastics in a xed-bed reactor.

MCM-41 is a mesoporous material with a high surface area
(up to 1000 m2 g�1), pore diameters of �2–10 nm and a exible
structure of amorphous silica walls.238 It has been used as
a catalyst for hydrogen production, Wu et al.238 investigated Ni
on a MCM-41 support for H2 production from biomass and
This journal is © The Royal Society of Chemistry 2021
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Zhao et al.239 compared Ni–Al2O3 and Ni/MCM-41 for hydrogen
production from cellulose. Zhao et al.239 reported that the highly
ordered mesoporous structure of an MCM-41 support improved
the dispersion of active nickel particles and subsequently
increased the interaction between the nickel sites and gaseous
products. However, few studies have investigated the produc-
tion of H2 from waste plastics using Ni/MCM-41 or the role of
the addition of metal promoters such as Fe- to Ni-catalysts. Yao
et al.240 investigated a series of zeolite supported Ni-based
catalysts (Ni/ZSM5-30, Ni/b-zeolite-25 and Ni/Y-zeolite-30) for
the catalytic steam reforming of polyethylene process with
a two-stage pyrolysis-catalytic steam reforming reactor. The
authors found the ranking of syngas selectivity of each catalyst
as Ni/ZSM5-30 > Ni/b-zeolite-25 > Ni/Y-zeolite-30 catalyst. In
addition, the Ni/ZSM-5 catalyst showed excellent coke resis-
tance and thermal stability.
5.3 Discussion of catalyst development for thermo-chemical
conversion of carbonaceous waste

Catalysts play an important role in the waste hydrocarbon
pyrolysis-catalysis/catalytic gasication process/thermo-chem-
ical conversion processes. A comprehensive table and
a summarized gure about different catalysts have been
reviewed in the thermo-chemical conversion process and are
shown in Table 1 and Fig. 4, respectively. The most common
catalysts used in this process are transition metals-based cata-
lysts like Ni-, Co-, Cu- and Fe-based catalysts. Noble metal-based
catalysts, such as Rh, Pt, Pd, Ir, Ru and Ce also promote the
catalysis or reforming process. However, the cost of noble
Fig. 4 A summary of how reviewed catalyst materials have been applied

This journal is © The Royal Society of Chemistry 2021
metals is considerable, and as such, noble metal-based catalysts
could not be commercialized for the large-scale production, for
thermo-chemical conversion of waste feedstock.

Catalyst supports also affect the process and play an
important role in terms of hydrogen selectivity and catalyst
stability because of their basic characteristics and redox prop-
erties.241 The most commonly used catalyst supports are
alumina, zeolite and silica. Catalyst synthesis methods are also
very important which mainly include incipient wetness
impregnation, precipitation and sol–gel. Although the impreg-
nation is the most used method, the reported sol–gel method
could signicantly improve the catalyst porosity and nickel
dispersion, which leads to the highest activity among the cata-
lysts prepared by impregnation and co-precipitation.242

In addition, a xed-bed reactor is the most typical reactor
used in thermo-chemical conversion, which also has been
modied and renamed as two-stage xed-bed, tubular reactor,
clear fused quartz compression tube, xed-bed quartz micro-
reactor, xed-bed linear quartz micro-reactor, packed-bed
reactor, xed-bed quartz micro-reactor and tubular stainless
steel reactor. There are also other types of reactors, such as
bench-scale bubbling uidized-bed, laboratory-scale contin-
uous feeding dual-bed reactor, conventional autoclave with
a magnetic stirrer and TGA-MS. Kikuchi et al.228 summarized
a table about the types and methods of gasication and smelt-
ing processes for a semi-pilot scale test for hydrogen-rich fuel
gas produced from different wastes. Muhammad et al.243

reviewed different pyrolysis techniques for synthesizing carbon
nanomaterials.228 Williams33 recently reviewed the specic
reactor designs for hydrogen production from waste plastics.
in catalytic conversion processes.
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So, the types of reactors of pyrolysis techniques are not included
in this review.

Catalyst deactivation resulting from coke formation on the
surface of the catalyst is one of the challenges in hydrogen
production from tyre gasication.235,244–247 Catalyst deactivation
is also affected by sulphur poisoning. Elbaba et al.50 found that
the deactivation of a Ni/Al2O3 catalyst in gasication of a waste
tyre for hydrogen production was due to sulphur poisoning and
carbon deposition. It was noted that there were different forms
of carbons generated in the process, including amorphous
carbon and graphite carbons, for instance, CNTs. Giannakeas
et al.248 found the evidence from X-ray diffraction results
regarding the deposition of carbons on the surfaces of reacted
catalysts, which caused catalyst deactivation in waste tyre
reforming.

6 Evaluation of process parameters
on CNT and hydrogen production from
thermo-chemical conversion of
carbonaceous waste
6.1 Process conditions for thermo-chemical conversion of
carbonaceous wastes

Pyrolysis of waste tyres can be inuenced by process conditions
including the type of raw material, sample size, residence time,
temperature and feeding rate that have been studied by many
researchers.47,51,190,253–255 Dai et al.46 investigated the pyrolysis
temperatures, residence times and particle sizes of samples by
using a circulating uidized-bed reactor in which pyrolysis and
secondary reactions occurred. They reported that secondary
reactions were favored by a longer residence time, and
carbonization is favored at lower temperature and heating rates.
Gas product yields increased with the increment of temperature
from 400 to 800 �C. The yields of CH4, H2 and CO were also
increased with the increment of temperature. However, the
yields of CO2 and heavier hydrocarbon gases decreased. As the
residence time increased, the production of syngas and light
hydrocarbon increased, while CO2 production decreased. This
is because the enhanced secondary reactions, such as further
cracking of heavy pyrolysis oils, char reduction and shi reac-
tions. The temperature and residence time played predominant
roles in the production of gas and tar/oil. Furthermore, the
particle size of feedstock showed only a slight inuence on
gaseous production.

Aylón et al.48 carried out tyre pyrolysis using a moving-bed
reactor at different temperatures (600, 700 and 800 �C). The
yield of pyrolysis oil decreased dramatically from 41.5 to 27.5
wt% as the temperature increased from 600 to 800 �C. However,
gaseous production signicantly increased from 17.9 to 31.5
wt%. The reason for the promoted tar cracking reactions at
higher temperatures was due to the enhanced primary cracking
of heavy hydrocarbons. Cunliffe and Williams255 investigated
the temperature and chemical class fractions of tyre pyrolysis
oil using a xed-bed reactor. They found a clear increase of the
aromatic fraction from 36.7 to 45.6 wt% and a decrease of the
aliphatic fraction from 51.3 to 36.1 wt% as the temperature
4194 | Sustainable Energy Fuels, 2021, 5, 4173–4208
increased from 450 to 600 �C. They also pointed out that the
extended residence time of pyrolysis gases in the reactor could
increase the fraction of aromatic compounds. Kyari et al.253

compared pyrolysis products from seven different types of tyres
(countries of origin: Poland, Korea, Japan, South Africa, Italy
and Great Britain) also with a xed-bed reactor to investigate the
inuence of tyre origin on the yields of pyrolysis products. They
found that the yields of gases, chars and oil products were not
signicantly affected by the type of tyres. However, the compo-
sition of the pyrolysis gas and pyrolysis oil varied between
different tyres. Leung et al.51 studied the inuence of opera-
tional parameters (equivalence ratio, tyre feed rate, tempera-
tures and particle sizes) on hydrogen production from waste
tyre gasication using a tubular reactor. They concluded that
the yield of gaseous product was proportional to the equiva-
lence ratio, tyre feed rate and tyre particle size. The yield of char
decreased slightly when the equivalence ratio, feed rate or
particle size increased. The yield of oil reduced considerably
with the increase of the equivalence ratio and tyre feeding rate.
The gaseous products were mainly H2, CO, CO2, H2S and other
light hydrocarbons (C2–C4), with relatively high heating values
ranging between 20 and 37 MJ m�3. Rodriguez et al.254 used an
unstirred stainless steel 0.0035 m3 autoclave to run tyre pyrol-
ysis experiments at temperatures in the range of 300 to 700 �C
with 100 �C intervals. They found that the pyrolysis temperature
signicantly affected the gas production in the waste tyre
pyrolysis process, and the highest temperature of 700 �C
resulted in the highest gas yield. The caloric value of the
pyrolysis gases was in the range of 68 to 84 MJ m�3, which is
much higher than the values found in the literature (20–37 MJ
m�3).256–258 Ucar et al.190 also investigated the pyrolysis of two
types of tyres (passenger car tyre and truck tyre) using a xed-
bed reactor. They reported that there was no signicant differ-
ence in the composition of gases. Hydrogen production from
the waste car tyre was higher than that from the waste truck tyre.
The composition of pyrolysis oil obtained from the two types of
tyres was different. For example, the oil produced from the
passenger car tyre contained more sulphur and aromatic
compounds compared to the oil produced from the truck tyre.
Solid char obtained from the truck tyre contained less ash,
which is more suitable for upgrading to activated carbon.190
6.2 Effects of reaction conditions on CNT production

In addition to the effect of catalysts and precursors on CNT
production, process conditions such as temperature and addi-
tion of oxidants also play dominant roles. Zhou et al.259 and
Zhao et al.260 concluded that the orientation of graphene sheets
of CNTs can be turned to 0–90� relative to the lament axis. The
nature of the carbon precursor and synthesis temperature could
lead to the re-construction of carbon particles.

Hata et al.137 investigated water addition in SWCNT forma-
tion by a CVD method. The results showed that water could
stimulate the catalyst activity and increase the catalysis lifetime
by an etching effect, which oxidized the carbon encapsulated on
the catalyst particles. The enhanced aligned SWCNTs with 2.5
mm height were formed within 10 minutes with 99.98% carbon
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 A summary of the findings obtained by Zhang et al.189,204,264 about CNT and hydrogen production from pyrolysis-catalysis of waste tyres.
(a) Optimum conditions for CNT and hydrogen production under different process conditions (catalysts, temperatures, sample-to-catalyst ratios
and water injection rates); (b)-1 DTG of carbon produced with different catalysts (Ni/Al2O3, Co/Al2O3/Fe/Al2O3 and Cu/Al2O3); (b)-2 and (b)-3
SEM and TEM micrographs of CNTs produced with Ni/Al2O3; (c)-2 and (c)-3 SEM and TEM micrographs of CNTs produced at 900 �C; (d)-2 and
(d)-3 SEM and TEM micrographs of CNTs produced with the sample-to-catalyst ratio of 1 : 0.5; (e)-2 and (e)-3 SEM and TEM micrographs of
CNTs without water.

This journal is © The Royal Society of Chemistry 2021 Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4195
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Fig. 6 Summary of the relevant process parameters that can affect
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purity by this water-assisted CVD of ethylene, also called “super
growth”. However, the oxidant (normally less than 1000 ppm)
could also etch CNTs. Magrez et al.261 mixed CO2 with ethylene
to grow CNTs at a ratio of 1 : 1. Zhang et al.262 added ethanol
(C2H5OH) to the CNT formation process to grow vertically
aligned CNT forests. The modied process had insufficient H2O
or CO for the etching effect in this process with ethanol addi-
tion. However, there was still a small amount of water formed by
the ethanol decomposition. The results showed that the walls of
the CNTs could be reduced by ethanol addition and the catalyst
lifetime also increased by more than three times. They used
online dewpoint and mass spectrometry measurements and
found that the decomposition of ethanol forming active
carbons could enhance the growth of CNTs, and the water was
used to etch the amorphous carbons accumulated on the
surface of catalysts, whereas the catalyst activity was subse-
quently improved and the lifetime was prolonged. Motta et al.263

investigated the effects of sulphur on SWCNT and MWCNT
production at high temperatures between 1200 and 1300 �C in
the presence of Fe-based catalysts. The results showed that
sulphur could enhance the growth of CNTs by the diffusion of
sulphur atoms into the rst layers of iron atoms to form Fe–S.
The surface energy could potentially be modied by the liquid
Fe–S layer due to the lower melting point compared to iron.
Also, the presence of sulphur prevented the diffusion of carbon
inside bulk catalyst particles, promoting the production of
SWCNTs instead of MWCNTs which need sub-surface diffusion
of carbon atoms.

In 2017, Zhang et al.189,204,264,265 completed a more compre-
hensive study on MWCNTs produced from waste tyres, and
a summary of the results obtained under different process
conditions is presented in Fig. 5. The preliminary investigations
concerned different metal catalysts (Ni/Al2O3, Co/Al2O3/Fe/
Al2O3 and Cu/Al2O3), which were investigated to determine the
effect on the production of CNTs and hydrogen by pyrolysis-
catalysis of waste truck tyres. The results showed that the
addition of catalysts in the pyrolysis-catalysis of waste tyre
process can increase hydrogen production. The Ni/Al2O3 cata-
lyst gave the highest hydrogen production at 18.14 mmol gtyre

�1

along with the production of relatively high-quality CNTs which
were homogeneous.189

The inuence of catalyst support was investigated with
different SiO2 : Al2O3 ratios (3 : 5, 1 : 1, 3 : 2, 2 : 1) with nickel.
The results showed that the Ni-based SiO2 : Al2O3 supported
catalyst at a 1 : 1 ratio at 900 �C with the tyre sample to catalyst
ratios at 1 : 2 gave the highest hydrogen production at 27.41
mmol g�1, and the 1 : 1 ratio gave the highest lamentous
carbon production at 201.5 mg g�1.250 The inuence of process
parameters on hydrogen and CNT production was investigated
with the Ni/Al2O3 catalyst. Hydrogen production reached the
highest level of 27.41 mmol g�1 at 900 �C with a sample-to-
catalyst ratio of 1 : 2. The highest lamentous carbon produc-
tion was obtained with the sample to catalyst ratio of 1 : 1 at 900
�C. The inuence of water injection rate was also investigated
that water introduction inhibited lamentous carbon produc-
tion but increased hydrogen production.204
4196 | Sustainable Energy Fuels, 2021, 5, 4173–4208
Three different tyre rubbers were investigated to understand
themechanism of CNT formation from the pyrolysis-catalysis of
waste tyres.205,264 The results showed that natural rubber, which
is the main component of most tyres, dominated hydrogen
production at 25 mmol g�1 and styrene–butadiene rubber gave
the highest carbon formation at 40 wt%. The study was further
extended to investigate waste plastics and different types of
waste plastic feedstocks used in the pyrolysis catalysis/catalytic
reforming process to produce hydrogen and CNTs.265 As the
separation of CNTs from catalysts is a challenge, a nickel metal
catalyst was loaded on a stainless steel mesh and applied in the
high-density polyethylene pyrolysis-catalysis process. The
benet of this catalyst has shown that the formation of carbon
could be easily separated by physical shaking from the stainless
steel–nickel mesh catalyst.265 However, further investigation on
waste plastics was concentrated on hydrogen production and
where CNTs were the by-products of the process. Fe–Ni bime-
tallic catalysts supported by MCM-41 with different Fe : Ni
ratios were investigated using simulated mixed waste plastics. A
synergistic effect of iron and nickel was observed, particularly
for the (10 : 10) Fe/Ni/MCM-41 catalyst, where the highest gas
yield (95 wt%) and the highest H2 production (46.1 mmol
gplastic

�1) have been achieved, along with the lowest carbon
deposition, which was 6 wt% with the formation of CNTs.252
6.3 Discussion of process parameters on CNT and hydrogen
production from thermo-chemical conversion of
carbonaceous waste

A summary of the inuence of process parameters on the
production of CNT and hydrogen is shown in Fig. 6. Relevant
CNT and hydrogen production.

This journal is © The Royal Society of Chemistry 2021
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process conditions include the temperature, purging gas, ow
rate, heating rate and type of reactors. There are various
parameters involved in the catalysis process, such as the type of
active metals and supports, active metal contents, and feed-
stock-to-catalyst ratios. The precursor also plays a dominant
role in the formation of CNTs, and the production of hydrogen
including four most abundant waste carbonaceous materials
(biomass, tyres, plastics and crude glycerol) has been reviewed.

From the literature, reaction parameters such as the
temperature and the addition of oxidants such as water and CO2

could improve the yield of CNTs by improving the catalyst
activity and prolonging the catalyst life. The most common
precursors for CNT synthesis are ethanol, methane, ethylene,
acetylene, benzene, xylene and carbon monoxide, while ethanol
has become the most popular precursor for SWCNTs syn-
thesised at low temperatures.85,140 The molecular structure of
the precursors affects the morphology of CNTs directly.
Hydrocarbons with linear structures such as methane, ethylene,
acetylene result in a dominance of linear structured CNTs, since
the hydrocarbon could decompose into atomic carbons, linear
dimers or trimers of carbon and form the straight hollow la-
mentous carbons. Likewise, cyclic hydrocarbons such as
benzene, xylene and cyclohexane would lead to a dominance of
curved CNT formation, with bridges inside of the tubes.132

SWCNT formation generally requires a higher temperature than
for MWCNTs, which is 600–900 �C and 900–1200 �C,
respectively.97

The most popular transition metals used for the produc-
tion of CNTs and hydrogen from waste polymers are Fe, Ni,
and Co due to their high solubility of carbon at high
temperatures, high diffusion rates, relatively high melting
points and low equilibrium-vapour pressures. It is also known
that Fe, Ni and Co have stronger adhesion to CNTs. These
transition metal-based catalysts are also suitable for CNTs
formulated by arc-discharge and laser-vaporization methods
in addition to the CVD method. Solid organometallocenes
like ferrocene, cobaltocene and nickelocene are used as
catalysts for CNT formation because they could liberate metal
particles in situ and effectively improve the catalytic activity.97

It has been reported that the same metal-based catalyst sup-
ported on different supports could have different catalytic
activities. The common catalyst supports are graphite, quartz,
silicon, silicon carbide, silica, alumina, zeolite, calcium
oxide, and magnesium oxide, among others. The quality and
yield of CNTs are affected by the morphology and textures of
supports. Aluminium supports are more suitable for CNT
formation compared to silica supports, because a stronger
metal interaction would promote a higher metal
dispersion.153

7 Applications of CNTs

In recent years, CNTs have been one of the most frequently
investigated materials due to their physical, chemical,
mechanical and thermal properties, and their potential appli-
cations in different industries which have grown rapidly since
they were rst discovered by Iijima.83 The commercial interest
This journal is © The Royal Society of Chemistry 2021
in CNTs is reected in their production of thousands of tonnes
every year. The wide range of applications will be reviewed in
this section and summarized into different groups based on
their different properties.
7.1 Applications based on electrical properties

To date, lithium-ion batteries (LIBs) have dominated the global
battery market. They have a higher energy density and a longer
lifespan compared to lead-acid, nickel–cadmium, or nickel–
metal hydride batteries.266,267 However, some issues such as
resource availability, limited energy density, etc. are being
exposed. Lithium–sulfur batteries (LSBs) possess a much higher
theoretical energy density of 2600 W h kg�1 than that of LIBs.268

However, the high solubility of polysulde intermediates and
the consumption of metallic lithium anode restrain the large-
scale production.

MWCNTs can be blended with active materials and polymer
binders in LIBs for laptops and mobile phones, since they can
substantially enhance electrical connectivity and mechanical
integrity, consequently increasing the electrochemical perfor-
mance of the cells due to three reasons.269,270 First, CNTs can act
as electron- and ion-transport facilitators to construct a robust
and interpenetrating conductive network when integrated with
electroactive phases. Therefore, the diffusion of Li+ can be
improved to increase the energy density and the specic
capacity of LIBs.271 Cao et al.272 synthesized Fe2O3 hollow
spheres anchored on CNT composites for the application in
LIBs. The Fe2O3/CNT hybrid delivered a reversible specic
capacity of 1176 mA h g�1, which is approximately a 40-fold
enhancement compared to bare Fe2O3 (31.2 mA h g�1). Second,
the structure characteristics of MWCNT also play an important
role in electrochemical performance. Li et al.273 found that
highly uorinated MWCNTs with larger diameters of around 50
nm displayed better electrochemical performance in lithium/
solid cathode systems because the larger diameter of MWCNTs
could effectively avoid the diffusion path of lithium ions from
being plugged by the swelled LiF crystals. The high strength and
one-dimensional structure of CNTs can buffer the volume
change of materials like sulphur, silicon, metal oxides, etc. in
the process of battery cycling. The addition of CNTs can also
maintain a complete conductive network and improve the
cycling performance of these materials.274–278 Zhang et al.276

prepared nickel sulde anchor on CNT nanocomposites for all-
solid-state LIBs. The NiS-CNT nanocomposites exhibited
a much higher reversible capacity of 259.6 mA h g�1 at 1 A g�1

than that of bulk-NiS owing to the presence of MWCNTs that
increased the specic area of NiS-CNT composites, accommo-
dated the volume changes and prevented the structural distor-
tion. Third, when metallic lithium is used as the negative
electrode, the formation of lithium dendrites results in dura-
bility limitations and safety issues. The introduction of CNTs
with a high specic surface area and a superior electrical
conductivity to those of lithium metal anodes can suppress the
dendrite growth by means of changing the local current density,
controlling the lithium nucleation and accommodating lithium
deposition.279 In addition, due to its fascinating features,
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Table 2 A summary of CNT applications

Type of
CNT Application Applied industries Advantages

MWCNTs Electrical/
physical

Conductive additive for LIB electrodes Enhance the electrical connectivity and mechanical integrity;269,270

boost the specic capacity272

MWCNTs Physical Lithium/carbon uoride batteries,
lithium-metal anodes, exible lithium-
organic batteries, solid-state lithium
batteries, LIB anodes

Avoid the diffusion path of lithium ions from being plugged by the
swelled LiF crystals.273 Buffer the volume change of materials
(sulphur, silicon, metal oxides, etc.) during cycling, to maintain
a complete conductive network and improve the cycling
performance.274–278 Boost reversible capacity, accommodate volume
changes and prevent structural distortion276

MWCNTs Electrical/
physical

Additive to LIB anodes Suppress the dendrite growth by means of changing the local current
density, controlling the lithium nucleation and accommodating the
lithium deposition279

MWCNTs Electrical/
physical/
mechanical

Assembled into current collectors for Li–
S batteries

CNT-based current collectors can serve as a porous reservoir to
accommodate polysuldes in Li–S batteries280

MWCNTs Electrical/
physical/
mechanical

Incorporating CNTs into sodium-ion and
potassium-ion battery (SIBs and PIBs)
anodes

Alleviate poor transport kinetics and low power density of anode
materials281

MWCNTs Electrical As conductive bridges of LIBs, SIBs, and
PIBs

To interconnect the mixed Ni–Fe–S units and shorten the diffusion
path of lithium/sodium/potassium ions, leading to enhanced charge
capacity282

MWCNTs/
SWCNTs

Electrical/
physical

Additive to lead-acid batteries (LABs) Increase the electronic conductivity and the contact among the
particles. SWCNTs mitigate pronouncedly the detrimental sulfation
phenomena283

MWCNTS Physical Catalyst support in fuel cells Reduce Pt usage compared with normal carbon black.284 The doped
CNTs may not need Pt285,286

MWCNTS Physical Electrode materials for hydrogen
evolution and oxygen reduction reactions
(HER and ORR)

MWCNTs exhibit a high electrocatalytic performance for ORR287

SWCNTs Electrical Supercapacitors Enhance the energy density, power density and lifetime85

Hierarchical hybrid nanostructure CNTs Electrical/physical
Supercapacitors Increase the electrical conductivity. The inter-tube structure of the

open-tipped CNTs provide fast transfer channels for electrolyte
ions291

MWCNTs Electrical Supercapacitors, hybrid supercapacitors,
anodes of asymmetric supercapacitors

Reduce the resistance, enhance the specic capacitance and high
rate cyclability.288–290,292,294 Enhance the energy and power
densities293

SWCNTs Electrical/
mechanical

CNT-based electrochemical sensors Remarkable electrical and mechanical performances295,296

SWCNTs Electrical/
physical

Additive for carbon paste electrode (CPE)
bulk for the voltammetric determination
of histamine

Increased sensitivity than blank CPE297

MWCNTs Electrical/
physical

Gold nanoparticles-MWCNTs to modify
the glassy carbon electrode (Au-
MWCNTs/GCE) for the determination of
anti-cancer drugs

Improve the selectivity, sensitivity and reproducibility298

MWCNTs Electrical/
physical

Electrically conductive llers in plastics To form a percolation network and enhance the conductivity of
disordered polymers299

MWCNTs Physical/
mechanical

Composition of plastics; microelectronic
industry (electromagnetic interference
shielding packages and wafer carriers)

To enable electrostatic-assisted painting of mirror housings, fuel
lines and lters in order to prevent electrostatic charge85

MWCNTs Physical/
mechanical

Resins mixed with CNTs, multifunctional
coating materials (additive of paints and
CNT-based transparent conducting
lms)

Tomanufacture lightweight and strong wind turbine blades and boat
hulls;300,301 reduce biofouling of ship hulls which could possibly
replace the conventional environmentally hazardous biocide-
containing paints.89 A potential replacement of expensive and scarce
indium tin oxide to form more exible transparent conductors for
displays304

MWCNTs Physical/
mechanical

As ame-retardants in plastics Potential to replace environmentally hazardous halogenated ame
retardants302

MWCNTs Physical/
mechanical

Additive to metals To enhance the modulus and tensile strength303

SWCNTs Physical/
mechanical

Thin lm coating The surface resistivity is suitable for some applications such as CNT
thin-lm heaters, defrosting windows and sidewalks, but are of
considerably higher price than those of the indium tin oxide
coatings309
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Fig. 7 Grouped applications of CNTs according to electrical, physical and mechanical properties.
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including lightweight, mechanical durability and chemical
stability, CNTs can be easily assembled into freestanding lms
for use as current collectors. CNT-based current collectors can
serve as a porous reservoir to accommodate polysuldes in Li–S
batteries.280

Sodium-ion and potassium-ion batteries (SIBs and PIBs) are
considered as low-cost alternatives.281 However, their poor
transport kinetics and low power density of anode materials
hinder the wide application of SIBs and PIBs. Incorporating
CNTs into battery electrodes is a feasible strategy for alleviating
the problem. Zhang et al.282 employed CNTs with hetero-
structure bimetallic suldes to form a special three-dimen-
sional hierarchical structure, which was used as the anode for
LIBs, SIBs, and PIBs and PIBs. CNTs as conductive bridges
interconnected the mixed Ni–Fe–S units and shortened the
diffusion path of lithium/sodium/potassium ions, leading to an
enhanced charge capacity of 1535 mA h g�1 aer 100 cycles at
0.2 A g�1 for LIBs, 431 mA h g�1 aer 100 cycles at 0.1 A g�1 for
SIBs, and 181 mA h g�1 at 0.1 A g�1 aer 50 cycles for PIBs.
Additionally, other types of batteries such as lead-acid batteries
(LABs) are still widely employed in vehicles and popular in
developing countries. Carbon nanomaterials such as MWCNTs
and SWCNTs can be embedded in negative plates as sulfation-
suppressing additives for high-performance LABs.283

CNTs can be used as catalyst supports for fuel cell electrodes
since they can reduce more than half of Pt usage compared with
This journal is © The Royal Society of Chemistry 2021
normal carbon black.284 Further research has also proven that
the application of doped CNTs in fuel cells may not need
Pt.285,286 Veksha et al.287 processed plastic packaging waste (11.8
wt% polyethylene terephthalate) through catalytic-pyrolysis to
produce MWCNTs and prepared them as electrodematerials for
the hydrogen evolution and oxygen reduction reactions (HER
and ORR), respectively. Although the catalytic activity of the
obtainedMWCNTmaterials is lower than that of Pt/C electrodes
in the HER, MWCNTs exhibited a higher electro-catalytic
performance for ORR, where the overpotentials of MWCNT
electrodes reached �0.033 V, lower than those of reported gra-
phene-based materials.

CNTs can also be used in supercapacitors and hybrid
supercapacitors.288–290 SWCNTs have been studied for packaged
cells which show a remarkable performance of using forest-
grown SWCNT application. An energy density of 16 W h kg�1

and a power density of 10 kW kg�1 have been achieved for a 40 F
supercapacitor, with a maximum voltage of 3.5 V. The lifetime
of this supercapacitor has been forecasted to reach 16 years at
105 �C.85 Zhou et al.291 synthesized three-dimensional hierar-
chical hybrid CNT nanostructures and used them for high-
performance supercapacitors. The electrical conductivity of
electrode aer CNT growth was elevated to 0.1 S cm�1, in
comparison to the initial value of 9 � 10�5 S cm�1. The inter-
tube structure of the open-tipped CNTs provided fast transfer
channels for electrolyte ions, increasing the specic capacitance
Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4199
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to 440 F g�1 at 1 A g�1, as well as the enhancement of cycling
stability (98.4% retention of initial capacitance aer 3000 cycles
at 5 A g�1). Natalia et al.292 found that the addition of a small
percentage of MWCNTs to a glucose-derived carbon material
not only reduced the cell resistance but also promoted the
formation of phenol/carbonyl surface functionalities. Corre-
spondingly, a better capacitance of 206 F g�1 and a high rate
cyclability (97% aer 5000 cycles) were achieved. Wu et al.293

prepared core–shell Bi–Bi2O3/MWCNT composites by directly
annealing Bi2O3/MWCNTs due to the high reducibility of CNTs.
A three-dimensional structure of CNTs was used as cell bodies
to support Bi–Bi2O3 nanospheres. The Bi–Bi2O3/CNT electrode
delivered an excellent capacitance of 714 F g�1 at 30 A g�1.
When it was used as the negative electrode for an asymmetric
supercapacitor, a high energy density of 36.7 W h kg�1 and
a maximum power density of 8000 W kg�1 were obtained.
Wen294 used carbon black combined with the Ni2O3 catalyst for
catalytic carbonization of plastics and obtained CNTs with high
yield and quality. Electrodes made from the synthesized CNTs
displayed a higher specic capacitance than those of commer-
cial CNTs and carbon black electrodes.

CNT-based electrochemical sensors have also been investi-
gated extensively in recent decades, owing to their remarkable
electrical and mechanical performances.295,296 Zorica et al.297

incorporated SWCNTs into carbon paste electrodes (CPEs) for
the voltammetric determination of histamine. The SWCNT-CPE
showed 50 times higher sensitivity than that observed for the
blank CPE to histamine, due to enhanced conductivity and
a large specic surface area. Moreover, CNTs have been used as
the support of metal and metal oxides. Najari et al.298 utilized
gold nanoparticles–MWCNTs to modify a glassy carbon elec-
trode (Au-MWCNTs/GCE) for the determination of an anti-
cancer drug. The results showed a sharp decline in the charge-
transfer resistance (RCT). As a result, Au-MWCNTs/GCE has
good selectivity, sensitivity and reproducibility due to the large
surface area and rapid electron-transfer rate.
7.2 Applications based on physical and mechanical
properties

7.2.1 Composite materials. MWCNTs can be used as elec-
trically conductive llers in plastics. The percolation network
can be formed with only 0.01 wt% concentration of MWCNTs
due to their high aspect ratio. The conductivity of disordered
polymers with 10 wt% CNT composition can reach 10 000 S
m�1.299 MWCNTs have also been applied in the automotive
industry. By mixing CNTs into plastics, it can prevent electro-
static charge in the electrostatic-assisted painting of mirror
housings, fuel lines and lters. MWCNTs can also be added to
products in the microelectronic industry, such as electromag-
netic interference shielding packages and wafer carriers.85

Due to the different features of CNTs with different diame-
ters, aspect ratios, alignment, dispersion and interfacial inter-
action with the matrix, CNTs mixed with polymers or precursor
resins can meaningfully improve the stiffness, strength and
toughness of composite materials. It is reported in the literature
that with a 1 wt% addition of CNTs into epoxy resins, the
4200 | Sustainable Energy Fuels, 2021, 5, 4173–4208
stiffness was increased by 6% and the fracture toughness was
increased by 23%.300,301 The resins mixed with CNTs have
recently been used to manufacture lightweight and strong wind
turbine blades and boat hulls.

MWCNTs can also be added to plastics as ame-retardants,
which can potentially replace environmentally hazardous
halogenated ame retardants. The reasons for use of CNTs as
ame-retardant additives are due to the changes in rheology.302

CNTs can be added not only to polymers to form composite
materials but also to metals to enhance themodulus and tensile
strength. These metals with improved features can be applied in
the aerospace and automotive industries.303 For example,
commercial aluminium and MWCNT mixtures have strengths
close to that of stainless steel which are in the range of 0.7 to 1
GPa. However, the density is only 2.6 g cm�3. The mixture of
MWCNTs and aluminium provides higher strength with a lower
cost than those of the Al–Li alloy.

7.2.2 Coatings and lms. CNTs are emerging as multi-
functional coating materials due to the development of
dispersion and functionalization techniques. The addition of
MWCNTs into paints could reduce biofouling of ship hulls
which could possibly replace the conventional environmentally
hazardous biocide-containing paints by preventing attachments
of algae and barnacles on boat hulls.89

Indium tin oxide is commonly used in displays, touch-screen
devices and photovoltaics. The price of indium tin oxide
continues to rise due to a scarcity of indium.304 As an alternative,
CNT-based transparent conducting lms could take the place of
indium tin oxide to form more exible transparent conductors
for displays. Currently, SWCNTs lms have been commercially
produced. The surface resistivity is suitable for some applica-
tions such as CNT thin-lm heaters, defrosting windows and
sidewalks, but the price is considerably higher than those of the
indium tin oxide coatings.303
7.3 Discussion of CNT applications

A comprehensive andmost up to date list of CNT applications is
summarized in Table 2 and Fig. 7. The applications of the most
typical types of CNTs are summarized in Table 2 including
advantages of using CNTs in the specic industry and the
correlated properties with the applications. This section aims to
guide the researchers to further investigate the potential
applications of CNTs produced fromwaste materials. The initial
applications of CNTs in super-capacitors, microelectronic
industry and lightweight electromagnetic shields appear to
have been successful. For example, using CNTs as a conductivity
additive for LIB electrodes to boost the electrical connec-
tivity269,270 results in improved specic capacity.269,270 CNTs can
be used as multifunctional coating materials. For example,
MWCNTs can be added to paints to discourage the attachment
of algae and barnacles to the hulls of boats and therefore reduce
bio-fouling.89,305 MWCNTs have been used widely in LIBs by
blending MWCNTs with active materials and polymer
binders.41,305,306 MWCNTs can increase the electrical connec-
tivity and mechanical integrity with the result that the rate
capacity and the life cycle of batteries have been
This journal is © The Royal Society of Chemistry 2021
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enhanced.93,305,307 Considering the low electron scattering and
band gap of high-quality SWCNTs, they have been used in
making transistors. CNTs could also be used in biosensors and
medical devices due to their chemical and dimensional
compatibility with biomolecules.305,308

As shown in Fig. 7, most of the CNT applications are corre-
lated with the physical properties, or electrical and mechanical
properties. The applications rely on both the electrical and
physical properties, such as their use as a conductive additive
for LIBs, LABs and CPEs in the microelectronic industry, the
composition of plastics, the anode of supercapacitors, and
glassy carbon electrodes. The applications that rely on both
physical and mechanical properties include their use as trans-
parent conducting lms, additives to metals and paints, ame-
retardants and resins. There are a few applications that rely on
the combination of electrical, physical and mechanical prop-
erties, including SIB and PIB anodes, and Li–S battery
composites. There are still many applications that relate to the
physical properties only, which mainly focus on battery appli-
cations, such as LIB anodes, Li-metal anodes, exible Li-organic
batteries, catalyst supports for fuel cells, Li/C uoride batteries
and all-solid-state batteries. Applications that only rely on
electrical properties include supercapacitors (also include
hybrid supercapacitors and asymmetric supercapacitors) and
LIB anodes. There are limited applications that solely rely on
their mechanical and electrical properties, which is in electro-
chemical sensors.
8 Conclusions, challenges and future
prospects
8.1 Conclusions

Thermo-chemical conversion of waste hydrocarbons including
waste tyres, plastics, biomass and crude glycerol is more
desirable, compared with traditional recycling methods, as it
could ease the environmental issues caused by landlling or
incineration. Also, the waste hydrocarbons can be used as an
alternative feedstock for CNT production due to the much lower
cost of feedstocks. Therefore, this work targets reviewing CNT
production from thermo-chemical conversion of carbonaceous
waste streams including waste tyres, plastics, biomass and
crude glycerol and guides the researchers to use alternative
resources to manufacture high-quality CNTs for furthering
a broad range of applications.

The production and management of waste tyres, plastics,
biomass and crude glycerol show the necessity of treatment to
deal with these wastes. First, the inuence of feedstocks on CNT
and hydrogen production by a thermo-chemical conversion
process is introduced. Then, the associated catalyst develop-
ment is deliberated, including the inuence of active metals,
catalyst supports, synthesis methods, catalysis temperatures
and reactors. The process parameters that are involved in the
thermo-chemical conversion process and the effects on CNT
and hydrogen production are also discussed in detail. Then, the
existing applications of the CNTs were discussed according to
their electrical, physical and mechanical properties, which
This journal is © The Royal Society of Chemistry 2021
could be the future direction of the research, aiming to further
apply the CNTs synthesised from wastes in different sectors.
Finally, the review ends up with a discussion of challenge and
future outlook about thermo-chemical conversion of carbona-
ceous waste.
8.2 Challenges and future prospects

CNTs produced from waste tyres, plastics, biomass and crude
glycerol have been extensively studied for many years. However,
there are still challenges to develop a techno-economic feasible
process to realize the value of CNTs produced from waste
materials. The CNT growth mechanism is complex and it varies
with different feedstocks and reactors. Investigations are
mainly carried out with lab-scale reactors and lack of research
covering the applications of the CNTs produced from waste
materials. Therefore, this review discusses the key challenges
and future prospects on CNTs produced from waste carbona-
ceous materials which include the mechanism study, CNT
purication and applications, and quality control and larger
scale of CNT production.

8.2.1 Mechanism study. The rst key challenge is the CNT
growth mechanism from waste materials. The existing mecha-
nism is based on the model established decades ago using pure
carbon precursors by the CVD method. However, the mecha-
nism of CNT growth from waste carbonaceous materials is far
more complicated as the waste precursor is extremely complex
in terms of the composition and reactors are different as well.
So, there is a need to carry out an in-depth study to understand
the mechanism of CNT formation from waste materials in
a specic reactor.

More research studies could be conducted using pyrolysis of
oil model compounds to simplify the mechanism studies. There
might be differences in the behavior of different model
compounds; therefore, more complicated structures of model
compounds should be investigated for CNT production derived
from waste carbonaceous materials. The investigation on the
formation of CNTs from waste materials is worthy of further
efforts, which could help to compare the particular CNT
formation mechanism under different reaction regimes with
the mechanism of CNT formation from the conventional CVD
method. Applications of advanced metrology, such as in situ
TEM, X-ray diffraction, X-ray photoelectron spectroscopy,
Raman spectroscopy or other metrology could help to under-
stand the growth mechanism of CNTs formed by pyrolysis-
catalysis of wastes to monitor the carbon formation process on
metal catalysts. There is also a need to explore a more advanced
metrology to study the CNT growth mechanism.

8.2.2 CNT purication and applications. The CNTs
produced from waste carbonaceous materials are normally
formed on the surface of the catalysts and are difficult to purify,
although some catalyst supports that aim to ease CNT collection
have been studied, such as stainless steel meshes265 and
ceramic membranes.310 The reported results show the advan-
tages of using novel catalyst supports to solve the problem of the
recovery of CNTs. There is a need to further develop catalyst
supports for CNT recovery. The conventional purication
Sustainable Energy Fuels, 2021, 5, 4173–4208 | 4201
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methods rst remove the amorphous carbons by mild oxidation
at low temperatures, then dissolve the metals into an acid to
remove the impurities from the catalysts. However, the quality
of the puried CNTs may change due to the purication per-
formed under harsh conditions. The damage level of the
conventional purication methods need to be identied. There
are many applications of CNTs, but they are all synthesized
from pure precursors, for example, methane. There is also a lack
of research covering the application of CNTs produced from
waste materials due to the impurities and uncontrollable
quality of CNT production. A more simplied and less damaged
purication method could assist the research on developing
potential applications of CNTs produced from waste.

8.2.3 Quality control and larger scale CNT production. The
quality of CNTs produced from waste varies mainly due to the
complex composition of feedstocks. This could be controlled by
optimizing the process conditions. However, accurate quality
control of CNTs is still difficult to achieve, in relation to the
chirality of the CNTs, their diameter, length, purity etc. This also
limits the future applications of these CNTs synthesized from
waste materials as the applications closely correlate with their
properties and quality. A better understanding of the CNT
growth mechanism directly from waste carbonaceous materials
could support the realization of the CNT quality control.
Therefore, a more advanced and controllable process could be
developed for producing CNTs from waste materials with tar-
geting applications. It could also support a larger scale of
research and there is potential for commercialization of this
technique for converting wastes to high-value products.
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D. M. Stanković, Food Anal. Methods, 2016, 9, 2701–2710.

298 S. Najari, H. Bagheri, Z. Monsef-Khoshhesab, A. Hajian and
A. Ahami, Ionics, 2018, 24, 3209–3219.

299 W. Bauhofer and J. Z. Kovacs, Compos. Sci. Technol., 2009,
69, 1486–1498.
4208 | Sustainable Energy Fuels, 2021, 5, 4173–4208
300 T.-W. Chou, L. Gao, E. T. Thostenson, Z. Zhang and
J.-H. Byun, Compos. Sci. Technol., 2010, 70, 1–19.

301 F. Gojny, M. Wichmann, U. Köpke, B. Fiedler and
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