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Abstract: Thermal chemical conversion of waste plastics for syngas production is a
promising alternative methods for the management of waste plastics. However, one of
the challenges to facilitate the deployment of this technology is the low economic
benefit of waste plastic recycling. By producing a high value carbon nanotubes (CNTs)
by-product, an interesting alternative solution is provided. To further enhance the
quality of CNTs produced from catalytic thermal chemical conversion of waste plastics,
a template based catalyst (Ni/anodic anodic aluminium oxide—AAQ) is proposed in this
work. In addition, reaction temperature, Ni content and water injection were studied for
their influences on the formation of CNTs on Ni/AAO using a two-stage fixed bed
reactor. Various analytical methods e.g. scanning electronic microscopy (SEM) and X-
ray diffraction (XRD) were used to evaluate the performance of catalyst in relation to
the production of CNTs. The results show that a higher loading of Ni on AAO resulted
in the formation of metal particles with various sizes, thus leading to the production of
non-uniform CNTs. In addition, an optimal catalytic temperature of 700 °C is suggested
for the production of CNTs. As catalyst might not be activated at 600 °C, which
produced a low yield of CNTs. However, a reaction temperature of 800 °C resulted in
a low yield of CNTs. Carbon deposition decreased with an increase of steam injection,
but the quality of CNTs formation in relation to the uniform of CNTs seems to be
improved in the presence of steam.
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1. Introduction

In 2015, approximately 3.7 million tonnes of plastics waste was produced in the UK !.
Landfill, energy recovery and recycling are the three main treatment methods of waste
plastics. Recycling of waste plastics is a high efficient method as compared to energy
recovery and landfill. In particular, thermo-chemical recycling of waste plastics is a
promising advanced technology. It has been reported that through high temperature
pyrolysis (>800 °C) or gasification of waste plastics in the presence of catalyst,
hydrogen-enriched syngas was produced 2. Syngas can be directly combusted for the
production of heat and power, converted to liquid fuel through Fischer-Tropsch process
3. According to the recent research, the syngas (mainly CO2, CH4 and CO) form wasted
rubber tyres and plastics could be also used for growth of NiO nanorods, SiC nanowires
and monolayer graphene via a Green-CVD method *.

For the last several decades, pyrolysis/gasification of waste plastics has been
extensively studied. Park et al. ° investigated pyrolysis and steam reforming of waste
plastics in the presence of a Ru/x-Al>O3 catalyst to produce hydrogen-enriched syngas.
Erkiaga et al. ® studied the influences of various parameters including temperature and
steam addition on the production of hydrogen and carbon conversion from gasification
of high density polyethylene (HDPE), and reported around 60 vol% yield of Hz (1.5
wt.% of plastics). However, gasification of waste plastics has two key challenges,
including low economic profit and the deactivation of catalyst due to the deposition of
coke on the surface of spent catalyst.

Recently, study on co-production of carbon nanotubes (CNTs) and hydrogen from

2



pyrolysis/gasification of waste plastics were investigated and developed "°. For
example, Liu et al. !° converted polypropylene (PP) into multi-walled CNTs (MWCNTs)
and hydrogen-rich gas. The production of MWCNTs was investigated in relation to
the yield and concentration of pyrolysis gas. CNTs were initially introduced by
Radushkevich and Lukyanovich in 1952, and have attracted many attentions from the
early 1990s ' 2. CNTs are classified into two types, including single wall carbon
nanotubes (SWCNTs) which comprise only one cylinder and multi-walls carbon
nanotubes (MWCNTS) containing at least two cylinders *. CNTs has attracted a wide
attention because of the extraordinary properties, and the promising potential
applications '°>. However, the high price (~$35/g for MWNTs, $270/g for SWCNTs) of
CNTs significantly prohibits the applications of CNTs 4. Therefore, converting waste
plastics into CNTs and hydrogen-enriched gases is a promising alternative to manage
waste plastics, and to produce cost-effective CNTs.

Chemical vapour deposition (CVD) method is currently the most common method for
the synthesis of CNTs from pyrolysis of waste plastics due to its simplicity and low
cost. For example, Barbarias et al. ' studied two different types of plastics including
polystyrene (PS) and HDPE to produce CNTs in the presence of a Ni catalyst by using
CVD method. HDPE was found to produce a higher yield of CNTs when compared to
PS. Wu et al. '® reported that an increase in the ratio of catalysts to plastics from 0.5 to
2 and a gasification temperature of 700 °C could improve the quality of CNTs in relation
to the purity. Similar results were also found by Acomb et al !7. They reported that the

conversion of waste plastics into CNTs decreased from 29.1 wt. % to 13.1 wt. % when
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the catalyst/plastic ratio was reduced from 1 down to 0.4. Yao et al. produced high
quality of CNTs with clean hydrogen from waste plastics by Ni-Fe bimetallic catalysts
18 HZSM-5 zeolite and NiO were used to convert polypropylene into muti-walled
carbon nanotubes by Liu et al., and the pyrolysis and decomposition temperature were
studied, respectively '°. The CNTs yield reached to the highest at the decomposition
temperature of 700°C. Similar temperature study was also carried out by Mishra et al,
a waste polypropylene was used as carbon source for CNTs synthesis with nickel
catalysts, 800°C was found to produce the purest CNTs '°.

However, CNTs produced from catalytic thermo-chemical conversion of waste plastics
are generally with poor quality due to the use of granular catalysts e.g. uncontrollable
diameter, non-uniform thickness or length of CNTs. The catalysts used for CVD
synthesis of CNTs formation normally consist of transition metal and substrates.
Various substrates have been widely used for CVD of CNTs synthesis, such as silicon

20 21 The surface

dioxide, alumina, quartz, calcium carbonate, zeolite and etc.
morphology and texture properties of substrates were reported to affect the yield and
the quality of CNTs formation 2. The physical and chemical interactions between the
substrate and active metals are also important factors during CNTs synthesis process.

In order to produce high quality CNTs in relation to the uniform distribution of CNTs
diameter length and wall thickness 2, template controlled CNTs production has been
studied. For example, Ni-coated glass was successfully used as a template by Ren et al.

24 to synthesise ordered CNTs from acetylene at above 700 °C using plasma-enhanced

hot filament CVD method. Che et al. % prepared graphitic carbon nanotubes within a
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porous alumina template from ethylene and pyrene using a CVD method in the presence
of Ni-based catalysts. The template method was introduced to provide a support with
uniform structure for the growth of CNTs.

Anodic aluminium oxide (AAQO) membrane which was used in this paper, has been
studied as a template for CNTs growth using pure carbon source 2>2’. AAO membrane
presents several advantageous features compared to granular catalysts, such as
achievable pore diameter, lengths and inner pore distances. These features could lead
to the production of CNTs with a high morphological quality. In addition, AAO can be
easily dissolved in alkaline or acidic during the separation of CNTs 2%, Kyotani et al. *°
produced CNTs at 800 °C on AAO membrane from pyrolytic propylene, the CNTs
presented with an outer diameter of 30 nm and a length of 60 nm corresponding to the
channel diameter and the thickness of AAO membrane, respectively. Chen et al. °
synthesized CNTs by casting thin films of polyacrylonitrile and polystyrene-block-
polyacrylonitrile within AAO membrane followed by pyrolysis. They found that the
wall thickness of the produced CNTs was controlled by the concentration of the
precursor solution. The effect of reaction gases (CO and CzH>) on the formation of
CNTs has been studied by Jeong et al. 2 with a Co-based AAO catalysts, CNTs
synthesized in the presence of CO showed a lower growth rate as compared to CoHoz. In
addition, key parameters such as deposition time, temperature and precursor gas flow
rate have been studied by Golshadi et al. 3! to synthesize CNTs from a 30/70 (vol%)
ethylene/helium gas mixture using AAO-based catalysts. They found that longer

deposition time and higher reaction temperature could enhance the yield and the
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thickness of CNTSs.

However, most previous studies focused on the production of CNTs on AAO based
catalysts used pure carbon sources. There are only a few publications that have reported
using waste plastics as feedstock in the presence AAO template catalyst to synthesize
CNTs 27, Therefore, in this work Ni-based AAO catalysts were investigated to produce
CNTs from pyrolysis/gasification of waste plastics aiming to generate high quality
CNTs with uniform distributions of diameters. In addition, the influence of metal
loading, reaction temperature and steam injection were studied to optimize the process

conditions.

2. Experimental

2.1 Materials

Waste high density polyethylene plastics (HDPE) with a diameter around 2 mm were
obtained from Poli Plastic Pellets Ltd., UK. AAO membrane used in this study was
from Whatman (Anodisc 13) with a 200 nm nominal pore diameter and a 60 um
thickness. Initially, the required amount of nickel nitrate hexahydrate Ni (NO3)2.6H20
(0.1, 0.5, 1 or 2 mol L") was dissolved in ethanol. Nickel precursor was doped on AAO
membrane by dropping the precursor on the surface of AAO membrane. Filter paper
was used to absorb the extra solvent left on the AAO membrane avoiding accumulation
of Ni particles on the AAO membrane surface. The obtained Ni/AAO membrane
precursor was dried in an oven at 100 °C for 24 hrs, then calcined in air for 3 hrs at

700 °C with a 10 °C min'! heating rate. It was noted that the Ni/AAO catalysts prepared
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from using 0, 0.1, 0.5, 1.0 and 2.0 mol L! of Ni (NO3)2.6H20 were assigned as original

AAOQO, 0.1/AAO, 0.5/AAQO, 1.0/AAO and 2.0/AAO catalysts, respectively.

2.2 CNTs synthesis from catalytic thermo-chemical conversion of waste plastics

A two-stage catalytic thermo-chemical conversion reaction system (Fig. 1) consisting
of a plastic pyrolysis stage and a catalytic gasification stage was used in this study. For
each experiment, about 1 g of HDPE was pyrolysed at temperature of 500 °C in the
first stage, and the produced vapours representing a hydrocarbon source passed to the
second reaction stage where a bed of the Ni/AAO catalyst was located. N> was used as
carrier gas with 100 mL min™! flow rate. It was to be noted that the catalytic reactor (2™
stage) was preheated to a desired catalytic temperature (600°C, 700°C, and 800°C) prior
the heating of the 1% stage (pyrolysis). 1g of conditioning catalysts (10 wt. % Ni/A1,03),
which placed on the top of the Ni/AAO catalyst, was used to modify the hydrocarbon
sources before the growth of CNTs on the AAO catalysts. This layer of conditioning
catalyst was used to investigate other experimental factors e.g. reaction temperature.
However, the reacted conditioning catalyst was not analysed in this work, which
focused on the Ni/AAO catalyst for CNTs production. The total reaction time was 60
mins. The system was then slowly cooled down to the room temperature with
continuous N> gas flow rate of 100 mL min™!. The spent Ni/AAO catalysts with
produced CNTs were collected for further characterizations.

The effect of gasification temperature, steam injection and the content of Ni on AAO

membrane were studied in relation to their influence on the growth of CNTs. It was
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noted that gas and liquid product that were produced as part of this work were not
analysed, as the main aim of the research work was to investigate the influence of

template catalyst on the production of CNTs in relation to the quality of CNTs.

2.3 Sample characterizations

A high resolution scanning electron microscope (SEM) Stereoscan 360 and a
transmission electron microscope (TEM) JEOL 2010 were used to analyse the
morphologies of the fresh catalysts. Elemental analysis of the fresh Ni/AAO catalysts
were studied by dispersive X-ray spectroscopy (SEM/EDX). Fresh Ni/AAO catalysts
were also characterized by powder X-ray diffraction (XRD), and the data was further
analyzed with Stoe IPDS2 software. In addition, the particle size of NiO was calculated
from XRD results using Highscore software.

CNTs formed on the reacted Ni/AAO catalysts were also investigated by SEM and
TEM. The distribution of CNTs diameters according to SEM results was determined
using an Image-J software. Temperature programmed oxidation (TPO) of the reacted
Ni/AAO catalysts was carried out to obtain the information of carbon formation (e.g.
weight loss and oxidation temperature) on the reacted catalysts. For each experiment,
around 5 mg reacted Ni/AAO catalysts was placed inside the TGA (TA Instruments,
SDT-Q600), which was heated from room temperature up to 800 °C with an air flow

rate of 100 mL min’'.

3. Role of AAO membrane substrate



AAO membrane was used as substrate of catalyst in this study. The original AAO
without nickel loading was identified by XRD diffraction (Fig.2), the original AAO
membrane showed the presence of three main diffraction peaks at around 43°, 50° and
74°, respectively. These three peaks were identified as A,O3 32 33 and marked as ‘AAO’
peaks for the following XRD analysis. According to SME analysis, a large number of
uniform pores (Fig. 2) and highly ordered nanochannels (Fig. S1) could be observed on
the surface of the AAO membrane without nickel loading. The structure of the AAO
membrane used and reported in this study was consistent with AAO templates used in
other studies 262734,

Fresh Ni/AAO catalysts with four different Ni loadings were characterized by XRD
(Fig S2), EDX (Table S1), SEM (Fig. 3A-D) and TEM (Fig.3 i-v). The diffraction peaks
of NiO were clearly observed at 37°, 62°, 75° and 78° ¥ for the 0.5/AAQ, 1.0/AAO,
and 2.0/AAO (Fig. S2 B-D), respectively. Only one weak diffraction peak at 62° was
observed in relation to NiO for the 0.1/AAO (Fig. S2 A). It is suggested the NiO
particles in the 0.1/AAO were too small to be detected by XRD. However, the EDX
analysis (Table S1) confirmed the presence of Ni on the surface of the 0.1/AAO. Semi-
quantitative analysis using EDX showed that Ni content was increased from 2.4 to 28.2
wt. % with increasing Ni concentration in the precursor during catalyst preparation.
Element of O was originated from NiO and AAO, and Al was from AAO. According to
the TEM results (Fig.3 i-v), the particle size of NiO for the 0.1/AAO (Fig.3 1) was

hardly observed, which was consistent with the XDR results. The NiO diameter was

increased from around 20 nm to over 50 nm when the catalyst was changed from the
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0.5/AAO to the 2.0/AAQO. In addition, various sizes of NiO particles (5-60nm) were
observed on the 2.0/AAQO. According to the SEM results (Fig.3 A-D), the formation of
large NiO particles would occur more on the AAO surface rather than the inner channel,
resulting in covering and blocking the pores on the surfaces. The blockage of AAO
pores with NiO particles is particularly observed on the surface of the 1.0/AAO and the
2.0/AAOQO as shown in Fig. 3. Ordered pores could still be clearly observed on surface
of'the 0.1/AAO and the 0.5/AAO (Fig. 3A and 3B). The particle size of NiO calculated
from the XRD analysis is shown in Table 1. The NiO particle sizes are consistent with
the ones shown in the TEM results. The catalytic particle size was too small to be
analysed through XRD, while around 32.6 nm of NiO particles are obtained for the
0.5/AAO, and larger particle sizes of NiO were observed on the 1.0/AAO (36.9 nm)
and the 2.0/AAO catalyst (47.7 nm).

It is suggested that the regular pores and ordered channels of AAO could control the
diameters of NiO loaded inside the membrane when the Ni loading was low (e.g. the
0.1/AAQO). However, when Ni content was further increased (e.g. the 1.0/AAO), the
membrane could no longer control the size of NiO particles. Therefore, a larger range
of diameters of NiO appeared. The CNTs diameter was reported highly depending on
the sizes of active metals from our previous study *°. Therefore, the AAO used in this
study aims to control the active metal sizes, in order to produce a high quality of CNTs

with uniform diameter distribution.

4. Production of CNTs
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Three reaction parameters using Ni/AAO membrane catalysts were investigated in
relation to their effect on the formation of CNTs from waste plastics. Table 2 is a
summary of different experimental parameters (Ni content, reaction temperature, and
steam addition) and the information of carbon formation (amount of amorphous carbon,
filamentous carbon and CNTs average diameter). When the effect of Ni content was
studied, thermo-chemical conversion of waste HDPE was carried out in the presence of
Ni/AAOQ catalyst with four different Ni contents (0.1, 0.5, 1.0 and 2.0) at 700°C. When
the reaction temperature was studied, the 0.1/AAO catalyst was used to investigate the
influence of reaction temperature (600 °C, 700 °C and 800 °C) on the formation of
CNTs. The effect of water presence was studied with three different flow rates of 0, 2
and 5 mL h™! with the 0.1/AAOQ catalyst; thus the total amount of water injected into the
reactor was 0, 2, and 5 ml, respectively.

In Table 2, the produced amorphous and filamentous carbons were calculated according
to TGA analysis under air (TGA-TPO), as shown in Fig. S3, S4, and S5. TGA-TPO
analysis of the spent catalyst was carried out to obtain the quantification of the formed
carbons on the reacted catalyst, and also to discuss the oxidation temperature of the
formed CNTs. It is assumed that the oxidation temperature below 550 °C was assigned
to amorphous carbons and the oxidation above 550 °C in TPO was assigned to
filamentous carbon (assumed as CNTs in this work) *”. The fractions of the two different
types of carbon are summarized in Table 2. The carbon fraction/yield was obtained by
the weight in relation to carbons divided by the weight of reacted catalyst.

The quality of CNTs is discussed mainly according to the distribution of CNTs diameter.
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The average diameter of CNTs was calculated based on the SEM results and was
summarized in Table 2 (shown in Fig. S6, S7 and S8). The standard deviation (SD)
number is used as the factor which identifies the quality of CNTs in this study. A smaller

SD indicates a better quality of the produced CNTs.

4.1 Effect of Ni content on the production of CNTs

In this section, thermo-chemical conversion of waste HDPE was investigated in the
presence of Ni/AAO catalyst with different Ni contents. Table 2 shows that the total
carbon deposition was increased with the increase of Ni loading, indicating that the
formation of carbons was enhanced. The fraction of amorphous carbons was also
increased with the increase of Ni content, as the availability of Ni-based particles was
increased. Ni was the main active site for C-C and C-H bond cleavage to enhance the

production of carbons 3*

. Higher metal loading was reported to enhance the
dehydrogenation of C, hydrocarbons to form CNTs *°. Wu et al. ** found that a
comparatively lower amount of carbon deposition but a higher quality of CNTs was
obtained when the Ni content in catalyst was reduced.

The quality of CNTs derived from the spent Ni/AAO catalysts with different Ni
loadings were analysed by SEM. The images of surface and cross-section of the reacted
Ni/AAOQO catalysts are shown in Fig. 4 and Fig.S9, respectively. Filamentous carbons
were clearly produced in the presence of Ni-based catalyst (Figs. 4A-D). For the

0.1/AAQO, 0.5/AAO and 1.0/AAOQO catalysts, filamentous carbons are observed on the

surface (Fig. 4) and in the channels (Fig. S9) of AAO. It seems that there are a large
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amount of amorphous carbons with short and un-uniform tube structure covered on the
surface of the 2.0/AAO catalyst; this is consistent with that a large fraction of
amorphous carbons is calculated from TPO analysis (Table 2). TEM results (Fig. 5)
further prove that most of the filamentous carbons are CNTs.

In this study, the mechanism of CNTs synthesis with AAO based catalyst was
summarized in Fig. 6, combining with SEM cross-section images of the reacted
0.1/AAO. AAO membrane with two-side open was used in this study (Fig. S1). The
diameter of NiO particles in the Ni-based catalysts in this study was around 20—-50 nm
(Fig. 3 and Table 1), which was much smaller than the pore size of the AAO used (200
nm). It is indicated that many NiO particles could be located inside the pores, as shown
in Fig. 6A. In addition, the growth of CNTs was reported could be sustained and reached
the outside of the pores 2’. Therefore, many CNTs could be produced inside and outside
the pores of AAO (Fig. 6B).

The distribution of CNTs diameters was analysed, and the results were summarized in
Table 2 and Fig.7. It is demonstrated that the CNTs produced from the 0.1/AAO catalyst
have the smallest average diameter of 26.7 nm and a deviation of 4.0 nm. The CNTs
produced from the 0.5/AAQO catalyst showed the largest deviation of average diameter
(14.2 nm). The 2.0/AAO catalyst produced CNTs with the largest average diameter of
54.1 nm, which is corresponding to the size of metal particles as shown in the TEM
results of Fig. 3v. It can be noticed that the diameter of CNTs is increased with an
increase of Ni content (Fig. 7). It was reported that the growth of CNTs was governed

by the diameter of metals ® *I*3, Sinnott et al. ** studied CNTs growth from methane
13



with Fe/C based catalysts. They found that a lower metal content produced a smaller
average diameter and a narrower diameter distribution of CNTs. Takenaka et al.
reported that the diameter of Fe-based particles was increased with an increase of metal
loading, resulting in a production of non-uniform CNTs. Other researchers have also
reported that metal particles such as Ni, Fe, and Co had a proportionally relationship
with the diameter of produced CNTs 2% 44 Therefore, uniform distributed metal
particles are important to produce high quality CNTs in relation to the distribution of
CNTs diameters. It is suggested that an AAO substrate could contribute to the uniform
production of CNTs.

Although the 1.0/AAO and 2.0/AAO catalysts generated a higher carbon yield
compared to the 0.1/AAO and 0.5/AAO catalysts, the 0.1/AAO catalyst produced a
higher quality of CNTs in relation to the purity (less amorphous carbons) and a uniform
distribution of the diameter of CNTs (Table 2). Therefore, the 0.1/AAO catalyst was

used for further studies in this work.

4.2 Effect of reaction temperature on the production of CNTs

The 0.1/AAO catalyst was used to investigate the effect of reaction temperature (600 °C,
700 °C and 800 °C) on the formation of CNTs. SEM analysis (Fig. 8) was carried out
on the reacted catalysts. CNTs could be clearly observed on the reacted catalysts
derived at reaction temperatures of 600 °C and 700 °C. However, less CNTs could be
found when the reaction temperature was 800 °C (Fig. 8C). In addition, at 800 °C, the

AAO membrane was cracked, as shown on the surface (Fig. 8C) and cross-section (Fig.
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8D).

The distribution of the diameter of CNTs was analysed to further determine the quality
of CNTs produced at different temperatures. The results are shown in Table 2. The
diameter of CNTs was increased from 26.2 + 6.6 nm to 33.5 = 5.6 nm when the reaction
temperature was increased from 600 °C to 700 °C. The average diameter of CNTs
formed at 800 °C was around 27.2 nm with 7.2 nm deviation which is the largest among
the three temperatures. This might be caused by the fracture of the AAO membrane at
such high temperature. Reaction temperature was reported as a dominating factor
influencing the morphology of CNTs by Kumar and Ando *°, who found that the
diameter range of CNTs was increased from 5-10 nm to 10-80 nm with the increase of
reaction temperature from 550 °C to 1000 °C as the metal atoms of catalysts
agglomerated to bigger clusters at high temperature. It is suggested that the reaction of
vapour deposition was enhanced with the increase of reaction temperature, causing
faster carbon deposition and resulting in the production of thicker CNTs 3!,

The yield and types of carbon deposition was further determined by TGA analysis (Fig.
9 and Fig. S4). As summarized in Table 2, the yield of carbon was increased with the
increase of reaction temperature from 600 to 700 °C. Two oxidation peaks at around
300°C and 450°C are assigned as the oxidation of heavy hydrocarbons which were
deposited on the surface of the reacted catalysts._The total carbon yield obtained at
700 °C was nearly three times higher than the carbon yield obtained at 600 °C,
indicating that much more CNTs were produced at 700 °C. It is noted that an oxidation

temperature at around 680 °C for the reacted catalyst obtained at reaction temperature
15



of 800 °C. This oxidation peak might be be the oxidation of highly graphite carbons,
which are not preferred in this work, as CNTs are barely observed from SEM analysis
(Fig. 8 C). In addition, the deformation of AAO support at reaction temperature of
800 °C indicates that this temperature is not suitable for CNTs production from waste
plastics. Thus carbon production at 800 °C are not presented in Table 2.

The influence of reaction temperature on the formation of CNTs has also been reported
by other researchers. For example, Acomb et al. 7 studied the effect of temperature
(700, 800, and 900 °C) on the growth of CNTs growth using a low density polyethylene
and a Fe/Al,O3 catalyst. They found that the yield and the quality of CNTs were
improved with the increase of reaction temperature. Wu and Williams !¢ also reported
that more reactive carbons were produced at higher temperature from the gasification

of waste plastics. Mishra el al.

used waste polypropylene as a precursor for
synthesizing CNTs by CVD method with a nickel-based catalyst. They reported that a
high degree of impurity and irregularities of CNTs was obtained at 600 °C and 700 °C.
The quality of CNTs in relation to the purity and uniformity was enhanced when the
reaction temperature was increased to 900 °C. In addition, a reaction temperature higher
than 500 °C was suggested for the synthesis of CNTs !>}, However, the selection of
reaction temperature for the growth of CNTs should also be related to other process
conditions e.g. feedstock and catalyst. For instance, it was indicated that CNTs were
produced at temperature higher than 1000 °C using ethanol and ferrocene as feedstock

54 while no CNTs were formed at high temperature of 1000 °C from acetylene as a

feedstock >>-7.
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Similar AAO catalysts were studied by Golshadi et al. 3! to investigate the influence of
reaction temperature of 650, 700, 750 and 800 °C, using ethylene/helium gas mixture.
At 750-800 °C, a layer of amorphous carbon was formed, prohibiting the diffusion of
hydrocarbon gases, resulting in a decrease of CNTs formation. The authors suggested
that 650-700 °C was an optimal temperature for CNTs growth using AAO based
catalyst. This is consistent with this work confirming that 700 °C is preferable for the
growth of CNTs. Similar result was also reported by Li et al. **. They reported that the
yield of CNTs was changed with increasing temperature from 500 to 800 °C and that
the maximum yield was obtained at 700 °C by using PP as feedstock and HZSM-5
zeolite as a catalyst. Furthermore, higher temperature was reported to cause the
deformation or the sintering of catalyst, and the formation of amorphous carbons. Park
et al. °> found that high temperature could led to an increase of the deposition of
amorphous carbons on the surface of catalyst particles to deactivate catalysts. Therefore,
in this work, 700 °C is suggested to be an optimal temperature for the production of
CNTs. 600 °C is too low in relation to the thermodynamics of carbon formation
reactions, while 800 °C is too high to crack the AAO catalyst and also to form a large

amount of un-desired amorphous carbons.

4.3 Effect of steam addition on the production of CNTs
Water was reported as a catalytic enhancer to improve the quality of CNTs >°. In this
study, water with three different flow rates of 0, 2 and 5 mL h™! was injected into the

system to investigate the effect of steam on CNTs synthesis. The results were analysed
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by SEM as shown in Fig. 10. DTG-TPO results are presented in Fig. 11. The key
reactions of catalytic pyrolysis of plastics waste with steam injection are shown by
Reactions 1-4. Initially, the hydrocarbons derived from plastics decomposition are
cracked into carbon and hydrogen (Reaction 1). In the presence of steam, water reacts
with deposited carbons to produce CO», CO and H> (Reaction 2). Therefore, hydrogen
and carbon dioxide in the gas could be increased with an increase of steam addition.
The introduction of steam into plastic gasification has been widely reported to enhance
the production of CO and Hz !>, According to the study from Barbarias et al. °!, CO
could further promote carbon growth, however, CO could also be transformed to CO»
by water gas shift (Reaction 3) with the addition of water. Therefore, the decomposition
of CO into carbon could be prohibited (Reaction 4).

CoHn

- nC
+ (T) H, (cracking)
2

2C + 3H,0

- C0, + CO

+ 3H, (carbon steam gasification) (2)
CO + H,0

> H,

+ CO, (water gas shift)

2C0 — C(filamentous coke) +

18



CO, (boudouard reaction) (4)

SEM results (Fig. 10) of the reacted Ni/AAO catalysts derived from using 2 and 5 mL
h! of water steam injection were studied. Long and thin uniform CNTs on the surface
of reacted catalyst have been observed. According to the SEM results, it is difficult to
find the differences of CNTs produced between without steam (Fig. 4A), with 2 mL h
!'steam (Fig. 10A) and 5 mL h'! steam (Fig. 10B). However, the diameter distribution
analysis shows that the average diameter of CNTs is decreased with an increase of the
steam flow rate from 2mL h™! to 5 mL h'!. The average diameter of CNTs is decreased
to 29.7 + 5.7 nm and 21.9 + 3.9 nm, when 2, and 5 mL h™' of steam were used,
respectively, compared to an average diameter of CNTs of 33.5 £ 5.6 nm with no steam
injection. The deviation of CNTs diameter is similar for the CNTs produced with 0 and
2 mL h'! water injection. This deviation decreased to 3.9 nm as the steam injection was
increased to 5 mL h™!. It is suggested that the quality of CNTs could be improved with
the increase of water injection in the process of catalytic steam conversion of waste
plastics. The amorphous carbons were known to encapsulate the reactive catalytic sites
and influence the quality of the formed CNTs *’. Amorphous carbons could be etched
away through weak oxidation reactions with an appropriate amount of steam to enhance
the continuous growth of CNTs. For example, water-assisted CNTs production was
carried out on different catalysts (Fe, Al/Fe, Al,Os/Fe, and Al,0O3/Co on Si wafers,
) 62

1.6

quartz and metal foils) . Also Ago et al. *° generated CNTs from methane with Ni, Fe,

and Co/MgO catalysts. Ago and co-workers ® reported that water injection prolonged

the catalyst lifetime and enhanced the morphology of CNTs.
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However, it is shown an obviously decrease of carbon deposition with increasing steam
injection. 10% carbon formation without steam injection is obtained in relation to the
weight of used catalyst. The yield of carbon was decreased to around 4.1% when the
steam injection rate was 2 mL h™!, and was further decreased to less than 2.5% with the
increasing steam injection to 5 mL h™!. It is suggested that the amount of steam injected
into the reactor might be higher than the optimum value. It was reported that over
injection of steam could increase carbon steam gasification (Reaction 2), resulting in a

reduction of carbon yield **. Lee et al. ®

pointed out that the excess steam would limit
the supply of carbon sources reaching the catalytic active sites, due to the reduced
diffusion of carbon. Liu et al. ®® studied the effect of wet argon flow rate of 0 to 700
cm’ min! at standard temperature and pressure (sccm) on CNTs growth from m-xylene
using SiO7 based catalyst. They found that the flow rate of wet argon in the range of
100—-150 sccm performed best for CNTs formation. With the introduction of excess
steam, low quality of CNTs was produced because the diffusion and penetration of
hydrocarbons through the nanotube bundles was reduced making it difficult for

hydrocarbon molecules to reach catalytic sites for CNTs growth. Hu et al. ¢’

prepared
vertically-aligned CNTs by waster assisted CVD using a Mo/Fe/Al based catalyst from
a C2H4 and H> gas mixture. They reported that the best CNTs were found at 100 sccm
water vapour and that the formation of CNTs was reduced as the vapour was increased
to over 150 scem.

In addition, the excess steam would largely enhance the oxidation of catalytic metal,

consequently, deactivating the catalyst for the formation of CNTs. Furthermore, the
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0.1/AAO catalyst contained a small amount of Ni (~2.4 wt.% according to EDX).
Therefore, when more steam was injected, a small amount of active Ni catalysts might
be oxidized in the process to lose the catalytic activity for CNTs growth. Yamada et al
68 reported that water could oxidize metal catalyst, causing the deactivation of CNTs

formation.

5. Conclusions

Waste plastics was processed and converted into carbon nanotubes. This work focused
on the formation of CNTs using anodic aluminum oxide membrane AAO as a support
in order to improve the quality of CNTs in relation to the homogeneous properties
(diameter distribution). The main results are concluded as follows:

(1) An increase of Ni content on Ni/AAO (Ni precursor concentration was increased
from 0.1 to 2.0 mol L) resulted in the accumulation of metal particles on the surface
of the AAO membrane. As a result, more amorphous carbons were produced. 0.1 mol
L' of Ni solution (catalyst precursor) assigned as 0.1/AAO is suggested to produce
high quality CNTs in relation to the uniform distribution of diameter of CNTs.

(2) An optimal catalytic temperature of 700 °C is suggested in this work. 600 °C was
too low to activate catalyst resulting in a low yield of CNTs, while 800 °C might cause
the sintering of Ni-based particles resulting in the production of a large fraction of
amorphous carbons which are not preferred in this work.

(3) An increase of steam injection is suggested to enhance the quality of CNTs formed

on the Ni/AAO catalyst, but resulted in a large decrease on CNTs production.
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Table 1 X-ray diffraction crystallite size measurements of NiO
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Table 2 — Overall view of experiments parameters and carbon depositions

700 2.5 7.5

26.7+4.0

0.5 700 1.2 5.3 38.3+14.2
1.0 700 3.0 22.0 40.1 #11.5
2.0 700 3.0 20.5 54175
0.1 600 1.2 1.8 26.2+6.6
0.1 700 1.1 4.7 33.5+56
0.1 800 = - 27.2+7.2
0.1 700 0 1.7 3.3 33.5+56
0.1 700 2 1.7 11 29.2+5.7
0.1 700 5 2.2 7.5 219+39
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Fig. 1 Schematic diagram of the two-stage fixed bed reactor for the synthesis of CNTs

from waste plastics
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Fig. 3 SEM (A-D) and TEM (i-v) results for fresh 0.1/AAQO, 0.5/AAO, 1.0/AAO, and

2.0/AAO catalysts
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Fig. 5 TEM results of CNTs for the reacted 0.1/AAO catalyst at different

magnification

38



f

Fig. 6 Mechanisms of CNTs growth using Ni/AAO membrane catalyst
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Fig. 7 CNTs diameter distribution for different contents of AAO membrane catalysts

40



Fig. 8 SEM results of 0.1/AAO catalyst for CNTs growth at different temperatures.

(A) 600 °C; (B) 700 °C; (C) 800 °C; and (D) cross-section for cracking boundary at

800 °C
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Fig. 9 DTG-TPO results of the reacted 0.1/AAO catalyst tested at 600 °C, 700 °C and
800 °C
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Fig. 10 SEM results of the reacted 0.1/AAQ catalyst at 700 °C with different rate of
steam injected. (A) 2 mL h' and (B) 5 mLh'!
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Fig. 11 DTG-TPO results of the reacted 0.1/AAO catalyst tested with 0, 2 and 5 mL h”

! steam injection
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